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SUMMARY

Global climate change has been a huge matter of concern today. While there are sev-
eral factors that contribute to greenhouse gases, adversely affecting the planet, CO; em-
mission is one of them. It is said that 8% of total carbon dioxide emission is caused
due to the production of Ordinary portland cement used for concrete in construction
[30]. The construction industry highly relies upon concrete as a major and widely used
construction material. Solutions to reduce the production of Portland cement without
having to entirely remove concrete as a building material has been an important discus-
sion. A possible solution is to replace the Portland cement in concrete with industrial
by-products further activating the binder with alkali activators producing a green con-
crete called ‘Geopolymer concrete’ (GPC) which would reduce CO, emission.

The biggest challenge yet is that, designing any structure, a standard validated code/
regulation is required and GPC doesn’t have a standard code of practice. All the concrete
codes till now are formulated taking the parameters for Ordinary Portland cement con-
crete. This lack of design models specifically formulated for GPC restricts contractors
and engineers to use GPC in structures. This is why GPC has not gained much accep-
tance in practice. This gives the main motivation towards carrying out this research giv-
ing the main research question of this thesis as: “Upto what extent can Eurocode 2 be
applied for Geopolymer concrete”.

This research was done in collaboration with Boskalis. A bridge (KW15-N69) has been
constructed using geopolymer concrete in North Brabant province of the Netherlands.
To make the bridge sustainable and circular, the GPC used contained no cement and
aggregates were fully replaced by thermally recycled asphalt aggregates. For design of
the bridge, Eurocode 2 for concrete structures was used and additionally regulations by
dutch ministry of transport and infrastructure was followed. As discussed earlier that
since EC2 has not been validated for GPC, an additional test program was planned to
check how safe are the beams that would be used in the bridge. This was intended to be
done at Stevin II laboratory in TU Delft.

To answer the research question and to test the beams for construction, an experimen-
tal investigation to study the behaviour of GPC concrete beams with respect to design
models in Eurocode 2 was done. A total of 24 beams (representing different components
of the bridge) were casted which was designed in accordance to EC2 regulations. An ex-
perimental program was setup for four point bending tests with an aim to study shear
and bending behaviour of these beams. LVDTs were attached to all of the beams to mea-
sure the crack openings during the experiment. 12 beams (without shear reinforcement)
were designed to fail in shear and 12 of them to fail in flexure which was an assumption
made prior to the experiment. These beams varied in parameters like concrete strength

vii



SUMMARY SUMMARY

class, depth, amount of reinforcement and distance between loads and supports. Me-
chanical behaviour of GPC like compressive strength, tensile strength and elastic mod-
ulus were tested over time in commercial laboratory and the data obtained were used
for this research. Eurocode models for shear, bending, crack were used to calculate and
predict the results and further was compared to the obtained data from the experiments.

The failure modes of these beams were observed as predicted from EC2 calculations.
Ultimate force at failure for the beams that failed in shear resulted to be more than ana-
lytically calculated shear capacity (Vgg,c). Primarily, all the calculations were made using
mean values and later using design values. Test to prediction ratios of all these beams
were more than 1. Different influencing parameters were further studied using experi-
mental results. The main influencing factors of shear capacity of normal cement con-
crete are reinforcement ratio, effective depth and a/d ratio. These factors were seen to
have a similar effect on shear capacity of GPC beams tested here. In addition to these
comparisons, some data of OPC reinforced concrete beams from past research whose
parameters were close to the range of GPC beams used here were taken to compare the
ultimate shear capacity and found to be similar.

Secondly, bending capacity was checked. Ultimate moment capacities of beams that
failed in bending were also more than the predicted ones. Moment at every stages -
cracking moment (M), yielding moment (M), ultimate moment (M,) were compared
to the analytically obtained values. Furthermore, the factors effecting these capacities
were studied.

The predicted load at which first crack would occur was close to the actual crack that
was observed in the experiment. Cracking moment calculated using the experimental
results was observed to be close to the predicted cracking moment. The maximum crack
spacing and crack width calculated using EC2 equations were compared. Crack width
was measured by the LVDTs and using crack measuring card at certain load steps. For
most of the beams, crack spacing noted in the experiments were less than the calculated
ones.

Additionally, the expressions given by Eurocode 2 to estimate the compressive strength
over time and to calculate tensile strength using f.; were analysed for Geopolymer con-
crete. Comparing the estimated and measured values, although the values were close,
it is still uncertain if these formula can be used to estimate the strength development of
GPC.

Lastly, this research concludes that Eurocode 2 models for shear and bending are con-
servative for GPC. While this gives a positive indication towards the applicability of Eu-
rocode 2 for Geopolymer concrete, the design models were not validated in this research.
The results obtained here can be added to expand the database to further study and val-
idate the models to be able to use GPC for construction freely. To verify that Eurocode 2
models are "safe" for the type of GPC utilized here, more statistical analysis is required.
Only two GPC mixtures are employed in this study and every type of GPC can vary in
proportions affecting the overall behavior. As a result, calculating design value from ex-
perimental data using a probabilistic approach employing Eurocode 1990:2002, which
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covers all model uncertainties, would be the best way to demonstrate the safety. Us-
ing all the results obtained from experiments, GPC was considered safe to use for this
bridge and the construction was completed in July this year, which is said to be the first
prestressed Geopolymer concrete bridge in the Netherlands.



Green building is not about buildings, it is about people.

-Sandy Wiggins
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INTRODUCTION

1.1. PROJECT DESCRIPTION

This research is carried out in collaboration with Boskalis. The idea of this research is
motivated by a project of a sustainable and fully circular bicycle bridge (no use of Port-
land cement and aggregates partially replaced with recycled aggregates) recently con-
structed near Eindhoven, Netherlands.

This project is one of Boskalis’s remarkable works- the post-tensioned bicycle bridge
KW15 shown in figure 1.1. Since the idea was to use Geopolymer concrete for this partic-
ular bridge, various mixes were tested, and the results were analysed as per requirements
of the bridge construction. According to the structural calculations, there were certain
criteria to be fulfilled in terms of structural stability, strength, environmental safety and
service life. The superstructure of this bridge was intended to be fully post tensioned
concrete solid slab (no cracks in SLS and no cracks in ULS), supported by a substructure
of reinforced concrete abutments. The approach slabs were made of reinforced concrete
as well.

Figure 1.1: Site and the bridge picture after construction of KW15 (Boskalis)



1.2. RESEACH GAP AND MOTIVATION 1. INTRODUCTION

Coming to the design aspect, the current design of this bridge is based on Eurocode 2 for
regular concrete and ROK 1.4 (additional regulations by the Dutch Ministry of Transport
and Infrastructure). Because the bridge would be build making use of geopolymer con-
crete, an additional experimental program has been set up to prove the structural safety
and durability, since the bridge should have a lifetime of 100 years. Several tests were
performed in TU Delft and obtained results were then processed to construct the bridge
and draw conclusions required for the research. Figure 1.2 shows a 3D representation of
the bridge which was to be built and figure 1.3 shows a detailed structural drawing of the
bridge.

Figure 1.2: 3D plan of KW15 (boskalis)
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Figure 1.3: Structural detailed drawing of KW15 (Bosaklis)

Other companies contributing in this project for the Geopolymer concrete production
part are SQAPE and AJansen BV, the concrete contractor for this project. Together the
companies carry out different experiments and research to optimize the use of geopoly-
mer concrete and make it better for all applications.

1.2. RESEACH GAP AND MOTIVATION

The growing concern about climate change and CO2 emissions has escalated a number
of research in Geopolymer concrete. The benefit of using GPC has been discussed better
in the literature review section (2) of this document. Designing any structure a standard
code is used in engineering practice. And almost all the standard codes (for concrete
structures) were formulated for conventional cement concrete (produced using OPC).
This is one of the main reasons that GPC has not gained much acceptance in practice.
Several research regarding the study of general property of GPC as a material has been
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done and are still being done. But on the structural point of view, engineers tend to
look for the structural behavior and how it can be used safely. The structural aspects
like shear, bending, cracks behavior has also been experimented and studied in the past
but a standard code of practice has not been formulated as such or there are no any
modification done in the existing codes and design models which would give a freedom
to use GPC in structures or provide a safety assurance. Therefore, this research will act as
one of the pioneer studies to investigate the overall structural behaviour of geopolymer
concrete beams with respect to standard codes which should help design engineers up
to some extent to execute and design structures using GPC in future.

1.3. RESEARCH OBJECTIVES, RESEARCH QUESTIONS AND SUB-
QUESTIONS

The main objectives of this thesis are as follows:-
e To study the structural behaviour of Geopolymer concrete from the experiments.

¢ To analyse the correlation between experimental findings and current Eurocode
prediction methods for reinforced Portland cement concrete structural members
to check the accuracy of Eurocode.

* To identify the main influencing factors from experimental observations.

¢ To observe the similarities and differences in overall behaviour of GPC and normal
cement concrete within the scope of the research.

Some research has been done in the past about the use of Geopolymer concrete and
how it is different in structural aspect from that of Portland cement concrete. It has been
concluded that the strength development of GPC varies from that of cement concrete but
eventually it is possible to achieve a similar strength which is one of the facts that can be
taken into account to draw a line between GPC and OPC concrete and also can provide
areason that both of them can be used for similar application. Some more conclusions
drawn from past researches which are discussed in the literature review section (2). In
this research, the main focus will be the cracking behavior, bending behavior and shear
behavior the beam as a part of the bridge. Also, the research consisting of both structural
and material aspect, the beam composition and that as a whole in regard to the how it
behaves as a material, its properties are also to be studied which is important to an-
swer some questions. For designing concrete structures, Eurocode 2 (en.1992.1.1.2004)
is used and this design code was formulated for normal cement concrete; it does not give
avalid safety proof for the usage of GPC which gives THE MAIN RESEARCH QUESTION
as,

"Upto what extent can Eurocode 2 be applicable for Geopolymer concrete structures”

Although there is one main question, it requires few more questions to be explained to
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draw conclusion and to answer the main research question. This will be derived from
the experimental results and past research and studies making comparisons depending
on the conditions. Some relevant and useful sub questions that are important to be an-
swered are given below:

1.

What are the observed mechanical behaviour like tensile, compressive strength,
etc. of the concrete mix used here? Can EC2 estimations for calculating these
properties according to time formulated for normal cement concrete be used for
GPC as well?

. How do the failure of the beams look like? Are the crack initiation, crack propa-

gation, crack pattern any different from that of normal concrete? If yes, in what
way?

. How accurately does the analytical models by EC2 predict the experimental re-

sults?

. Are the critical parameters influencing mechanisms in normal concrete influential

for GPC as well?

. Is it safe to use GPC over normal cement concrete for similar application? Is there

a way to prove the overall safety? How?

1.4. SCOPE OF THE THESIS

¢ Evaluation is done comparing between the predicted values (from Eurocode mod-

els) and the obtained experimental values to prove that Eurocode can be used for
Geopolymer concrete as well. These comparisons in general will include the resis-
tance of bending and shear and crack width control.

Further, possible influencing parameters is discussed for each model (shear/ bend-
ing/ crack) given by EC2 to check how much variation would those result for GPC
beams used with respect to normal concrete which is done using the available ex-
perimental data. However, since all the parameters is not studied in detail; firstly
because of a limited time for this research, evaluating them in detail to give a con-
crete conclusion would take a long time and secondly because of lack in variation
of the parameters to compare with each other.

Time dependent effects in GPC are out of scope of this thesis.

Prestressing component will be disregarded from analytical calculations using EC
models for this research. Although it is an important area to study and the bridge
construction itself used prestressing, the experimental beams did not have pre-
stressing and thus was not possible to study this part.
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1.5. THESIS OUTLINE

Chapter 1

Introduction

schapter 1 gives the introduction of this thesis project highlighting
background and motivation behind this research. The research
question, and derived sub questions, goals and objectives have been
covered in this chapter.

«Chapter 2 is about the Literature review which covers a general survey
Cha ter 2 about Geopolymer concrete structual behaviour. Furthermore, EC

: models formulated for normal cement concrete are briefly introduced
Literature along with important and affecting parameters. Relevant information

5 from past researches needed to compare and analyse this research has
Review been studied and written.

Cha ter 3 «Chapter 3 covers a step by step methods and approach adopted for this
research. Detailed description about all the experiments carried out
Metho do]ogy and the whole research plan has been discussed.
Cha ter 4 «Chapter 4 provides an overview of all the results and observations
obtained from the experiments carried out in Stevin II laboratory as
Results and well as some from the company laboratory. Comparisons are made to
discussions derive conclusions and and answer the research questions.
Chater 5 «Chapter 5 is about conclusions and recommendations. This chapter
includes summarizing the conclusions from the observations,
Conclusions and comparisons and analysis done in chapter 4. Furthermore, answers of

the research questions is discussed. Lastly, research limitations are

recomendations mentioned and future research recommendations are suggested.

A en le «Appendix includes all the calculations done required for this research.
pp All experimental pictures and graphs are attached in this section.

Figure 1.4: A Summary of all the chapters



LITERATURE REVIEW

This chapter consists of study done during the research that were relevant for this thesis.
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2.1. GEOPOLYMER CONCRETE

CO2 emission has become one of the major causes of global warming according to US
Environmental protection agency. According to BBC climate change statistics [30], 8%
of the total emission of CO2 is due to the production of Portland cement. And since
the construction industry highly relies upon concrete as the major and widely used con-
struction material, moreover the demand for concrete will never stop as it is hugely used
by construction industry. Concrete is used in such large amounts because it is,simply, a
remarkably good building material; not just for basic road construction [38]. Because an
important fact that it leaves a carbon footprint cannot be ignored as well, since it is then
not sustainable which will lead to continuation of the existing environmental problems
because of carbon emission.

One of the possible solutions of this problem is suggested to replace ordinary Portland
cement (major contributor of CO2 emission) with precursors made of industrial by-
products such as fly ash and blast furnace slag activated by alkali solutions. This technol-
ogy is referred to as alkali activation or under certain conditions geopolymerization, and
the concrete — geopolymer concrete. Huge research has been done and is still being done
to study the specialties of geopolymer concrete as a new construction’s material in terms
of strength, durability, and sustainability. However, it is still rarely used in real-world
constructions due to lack of data about mechanical properties of geopolymer concrete.
The authorities demand equivalent performance in Eurocode design methods (design
by testing) for bringing this into industrial application.

2.1.1. BACKGROUND

Geopolymer concrete which is also known as Alkali activated concrete (AAM) comes
from ’'geopolymer’ binders which is said to be first invented by Joseph Davidovits to
describe inorganic polymers based on alumino-silicates that can be formed by the re-
action of pozzolanic chemicals or alumino-silicate source materials with very alkaline
solutions[17]. Geopolymer binders are environmentally friendly polymers that have the
potential to replace cement in the construction sector. Fly ash (FA), granulated blast fur-
nace slag (GBFS), rice husk ash, and red mud are all examples of waste materials that can
be used to make geopolymer binders.[14]. The geopolymerization reactions are the reac-
tion processes in geopolymer binders that primarily involve three processes: the first is
the dissolving process, in which the alkali solution dissolves the aluminosilicate precur-
sors to liberate the aluminum and silicon species in the combination.Geopolymerization
process is the reaction that occurs in geopolymer binders. It includes three processes-
dissolution, condensation and hardening.
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2.1.2. APPLICATIONS AND ADVANTAGES OF GPC

The applications of Geopolymer concrete are no different than that of Portland cement
concrete. Geopolymer concrete has been used for the construction of different struc-
tures like water tanks, pavements and roads, walls, bridges[27].

ENVIRONMENTAL BENEFITS

There is a growing demand for innovative materials with low CO2 emissions that can be
used for a variety of applications and a potential material to use in construction industry
can be GPC. There are multiple benefits of using GPC over normal cement concrete from
environmental point of view.

Sustainable
construction

Low Carbon Longer
emission service life

Geopolymer concrete

Remarkable Reduce global
life-cycle cost warming
saving potential
Recycled Redu'c.aﬁonof
industrial e
— materials
usage

Figure 2.1: Advantages of Geopolymer concrete [21]

2.1.3. CHALLENGES AND LIMITATIONS OF GPC

Some building owners, concrete suppliers, and finishers have been reluctant to replace
cement with fly ash on steel-trowelled floors because of the increased risks associated
with the fly ash like its tendency to effloresce along with concerns about freeze/thaw
performance, Increase of salt scaling, etc.[39]

Despite the fact that GPC is good for sustainability and reduction of Global warming,
itis still not used in practice. Although many tests and researches have been carried out,
it still faces challenges. One of the most significant obstacles is the lack of standards that
should be developed by a global committee. Institutional difficulties and a lack of speci-
fications or standards will restrict the adaption of such new materials[15]. This is one of
the main motivations behind this research.
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2.1.4. COMPONENTS USED IN GEOPOLYMER CONCRETE

Like in ordinary portland cement concrete, Geopolymer binder (Geopolymer cement)
needs aggregates to form Geopolymer concrete. Additionally, alkali activator is needed
for reaction to set and harden the concrete. This geopolymer cement is composed of
industrial byproducts from steel industries, thermal power plant, etc., like blast furnace
slag, fly ash, rice husk ash, metakaolin etc. Geopolymer concrete can be composed of
varying proportions in regard to FA, GGBS,

FLY ASH (FA)

Fly ash is a byproduct of pulverized coal combustion in electric power plants. Mineral
impurities in coal fuse in suspension during burning and float out of the combustion
chamber with the exhaust gases. The melted material cools and forms into spherical
glassy particles known as fly ash as it rises. Although the fine powder resembles portland
cement, it is chemically distinct[41]. Depending on the physical and chemical proper-
ties, all fly ashes display cementitious properties in different degrees. Generally, there
are two types of Fly ash commonly known as Type F and Type C. Type F fly ash is mostly
used for geopolymer binders. The use of type C fly ash for geopolymerisation has re-
ceived little attention, because of its rapid setting qualities[17]

BLAST FURNACE SLAG (BES)

Blast furnace slag is a non-metallic byproduct obtained from the production of hot metal.
During production process, iron ore converted to iron sinks to the furnace’s bottom leav-
ing materials on the top known as slag. The quenching procedure of slag improves ce-
mentitious qualities and generates granules that resemble coarse sand particles. which
further refined is called Ground Grnulated blast furnace slag [18].

ALKALI ACTIVATORS

One of the important components used in GPC is alkali activator. It helps in the activa-
tion process while hydration of the binder. The activators are often added as a solution
to the mixture, but they can also be added as a solid, blended or integrated with the
slag and/or ash. Alkali hydroxides and silicates are the most commonly used activa-
tors. However, both in slags and fly ash, the type of the activators plays a critical role in
the activation process [19]. Most commonly used activators in GPC are sodium silicate
(Na,SiO3) and sodium hydroxide (NaOH).

AGGREGATES

Aggregates used in concrete can be of different types. Commonly used aggregates are
natural gravel and sand from river, seabed, etc. Due to growing concern about circular-
ity, recycled aggregates have also started being used. Using recycles aggregates instead
of natural aggregates could reduce the need to use raw natural resources. In regard of us-
ing recycled aggregates for GPC, some research have been done to study the influence.
In an experimental study about mechanical and durability properties of GPC with recy-
cled aggregates (RCA) by Faiz Uddin et al. [16], replacing natural aggregates with RCA
partially showed a decrease in compressive, tensile strength.
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For this project, the GPC mix used thermally recycled asphalt aggregate (TRI). To pro-
duce TRI, the process can be described as a thermal process in which tar containing as-
phalt is cleaned in to fine and coarse granulates. Therefore bitumen and Tar-containing
products are evaporated during the process at about 600 - 650 degrees Celsius. The ag-
gregates/granulates are suitable for use in Concrete production.

But this type of aggregate has not been used in practice much and hardly any research
or experiments have been performed to study it’s influence in concrete mechanical or
structural behaviour.

2.1.5. MECHANICAL PROPERTIES

COMPRESSIVE STRENGTH

Compressive strength of the concrete is one of the most important and useful properties
of a concrete. For all the other behaviour of concrete, compressive strength is the first
base parameter to be considered. This factor is needed for almost all other verifications
in standard codes as well which makes it more important to study and analyse. In short,
directly, or indirectly the behaviour and capacities are primarily dependent on concrete
compressive strength. In some studies done eatlier, it has been observed that GPC has a
compressive strength comparable to that of OPC concrete. Mustafa et al. [10] concluded
that the fly ash-based geopolymer concrete produced higher compressive strength com-
pared to OPC concrete at 1, 7 and 28 days.

However, the development of compressive strength on itself depends on several factors
such as chemical composition, water binder ratio, curing conditions, strength develop-
ment over time, aggregate binder ratio, type of aggregate used etc.[8]. And thus a general
conclusion cannot be given as every mixes can be different in proportion.

TENSILE STRENGTH

Tensile strength of Geopolymer concrete is seen less than the compressive strength, sim-
ilar to that of normal OPC concrete. In a research done by Zhu Pan et al.[9] to compare
the properties between GPC and OPC, it was concluded that GPC showed higher ten-
sile strength than that of OPC. However, it can again vary depending on the type of GPC
used. Different research carried out had varying parameters and gave different conclu-
sions. Many research concluded a correlation of tensile strength to compressive strength
in GPC which is seen in OPC concrete too. In an experimatal study for mechanical prop-
erties of GPC by Azad et al. [24], after performing number of tests, it was concluded that
the relation between compressive and tensile strength could be influenced by number
of factors like varying amount of components used, curing temperature.
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2.1.6. STRUCTURAL BEHAVIOUR OF GPC CONCRETE

Some experimental investigations and research have been done to study the structural
behaviour behaviour of GPC Some studies done in the past indicate a similar structural
behaviour of GPC and conventional concrete. Sumajouw et al.(2006) concluded from his
experimental research on GPC columns that the crack patterns, modes of failure, mid-
span deflection, the affect of longitudinal reinforcement, concrete compressive strength,
load-eccentricity were similar to that of observed in conventional OPC concrete [37]. To
analyse the structural behaviour of fly ash Geopolymer concrete, in another study by
Sumajouw [36], the flexural behaviour and strength of reinforced GPC beams were con-
cluded to be similar to that of OPC concrete beams. Similar conclusion about failure
modes was drawn in Sarker’s comparative experimental study [13] where both reinforced
OPC concrete and GPC beams showed a similar behaviour.

Yost [43], from his experimental observations from testing alkali activated fly ash con-
crete (AAFAC) concluded that the shear mechanism is identical to that of ordinary port-
land cement concrete. However, for flexure, the failure was observed to be more brittle.
In terms of performance, both the OPC and AAFAC behaved in a similar way.

In one recent experimental research [25], flexural behaviour of GPC (with flyash, GG-
BFS, and cement) was studied comparing it with OPC concrete beams. It was concluded
that the load carrying capacity was 10% higher in GPC beams. The observed crack width
was also wider in OPC concrete beams and beam deflection was higher too. The load
deflection curve obtained from the experiment for both the samples (OPC & GPC) has
been shown in figure 2.2

Figure 2.2: Load deflection curve OPC vs GPC beam [25]
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2.1.7. EXISTING/AVAILABLE CODES IN PRACTICE

e Australian AS 3600:2018 for concrete structures and American Concrete Insti-
tute Building Code
A study by Sumajouw et al. (2006) experimented and came to a conclusion that
the design provisions contained in the Australian Standard for Concrete Struc-
tures AS3600 and the American Concrete Institute Building Code ACI318-02 are
applicable to reinforced geopolymer concrete columns.[37]. The deflection and
load capacity predicted using Australian standard AS3600 and American Concrete
Institute Building Code ACI 318-02 did agree with the obtained results in experi-
ments. In an experimental research done by Ee Hui Chang, a comparison between
experimental results and prediction for shear strength using American Concrete
Institute Building Code ACI 318-08 and Australian Standard for Concrete Struc-
tures AS3600-05 was done [5]. He concluded that the verification procedure and
calculations used to calculate and predict the shear strength can be applicable and
are safe for GPC. He tested several beams to study the behaviour of GPC with re-
spect to different parameters. Additionally, it was observed that shear capacity in
GPC increased with the increase in reinforcement ratio which is similar to normal
cement concrete as well.
From another experimental study by Yost [43], it was concluded that flexure mem-
bers for alkali activated fly ash concrete could be designed using the same models
formulated for that of OPC concrete. Sarker from his comparative study about GPC
beams design, arrived to the conclusion that the current Australian code and ACI
are conservative in designing the shear and flexure failures of Geopolymer con-
crete beams suggesting that the current current practices and procedures can be
used conservatively for design of Geopolymer concrete structural members [13].

¢ Eurocode en.1992.1.1.2004
In an investigation about properties and structural design relation for new con-
cretes by R. K. Dhir et al.[3], EC2 equations for predicting the shear strength of
reinforced concrete beams were used to predict that for concrete produced par-
tially replacing portland cement (PC) with fly ash (FA) and Ground granulated
blast furnace slag (GGBS), it was concluded that EC2 equations to predict the shear
strength was valid for the concrete beams used.

A discussion from a paper [6] of comparative study between American code for structural
concrete, ACI and Eurocode 2 for study of flexure design, it was concluded that both the
codes show a significant difference in the safety theory. However, this did not seem to
have a large effect on calculating the flexure strength. It was also observed that EC2
regulations are more conservative in this regard.
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2.1.8. OBSERVED PERFORMANCE IN REAL CONSTRUCTIONS

1. Queensland’s University GCI:

The University of Queensland’s Global Change Institute (GCI), in Australia is said
to be the world’s first building successfully constructed using GPC. It consists of
comprises 3 suspended geopolymer concrete floors with 33 precast panels, shown
in figure 2.3 which are made from slag/fly ash-based geopolymer concrete[42].The
Global Change Institute (GCI) is a University of Queensland organisation research-
ing global sustainability issues including resource security, ecosystem health, pop-
ulation growth and climate change[29]. The idea was to make it sustainable and
the motivation behind that was to achieve Australia’s first Living Building Chal-
lenge compliance which is an international rating system. It was initially thought
to make use of Timber-Composite Concrete (TCC) but later, the benefits of replac-
ing the GPC with normal concrete in TCC was realised.

Vs M

s

—

Figure 2.3: Global change Institute (GCI), Australia (top) and Geopolymer concrete beam being
positioned at the site during construction [29]

As for the design procedure, primarily to check the material properties, compres-
sive strength, flexure strength, tensile strength, density, elastic modulus, shrink-
age creep, stress-strain, chloride and sulphate content, alkali aggregate reaction
etc. tests were carried out. Secondly, for the structural verifications, they relied on
Autralian standard code for concrete structures- AS 3600. A load test was done to
study the midspan deflection behaviour which can be seen in figure 2.4 which was
predicted to be 3mm but resulted in 2.85 mm.
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Figure 2.4: Load deflection curve of the GPC used for GCI [27]

It was found that the structural property held with the design basis for reinforced
concrete structures provided in AS 3600. After multiple tests and investigation
for this project, it was concluded that as long as necessary verifications are done
(which in this project was all fulfilled) for the necessary structural performance,
structures can be designed using GPC.

2. Brisbane West Wellcamp Airport:

Bisbane West Wellcamp Airport (BWWA) constructed in November 2014, which
is another successfully constructed structural pavement using Geopolymer con-
crete of approximately 40,000 m? is said to be the largest project in the world using
GPCI12]. Prior the actual construction, a trail construction for a private apron was
done 6 months before to check the mix design’s suitability for the actual project.
The concrete specification and requirements for flexure strength and shrinkage
given by engineers according to standard codes were verified for that mix design.
The trial phase was successful and eventually the main apron was constructed.

Figure 2.5: Brisbane West Wellcamp Airport construction site [12]
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The rapid and successful execution of this project gives an example that GPC can
be a great alternative for OPC with many benefits- both sustainable and structural.
In the BWWA report. It serves as an encouragement and confidence for future en-
gineers for designing, producing and using this kind of concrete. However, since
this project was not executed using standard code that would give a structural ver-
ification but just on the basis of lab tests and trial construction, a challenge still
remains. Also, there are not any old structures to give a practical verification and
information about the durability of GPC.
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2.2. STRUCTURAL BEHAVIOUR AND EUROCODE FORMULATIONS:

2.2.1. POSSIBLE FAILURE MODES IN NORMAL RC BEAMS:

A reinforced concrete beam can fail in two different ways commonly known as shear and
flexure. In simple terms, if a beam has less shear capacity it fails in shear whereas flexure
failure occurs when the load exceeds the bending capacity of the beam. Furthermore,
shear failure can be categorised as: Diagonal tension failure, shear compression failure
and splitting shear (true shear) failure.[11][33]

Flexure Failure

This kind of failure starts from tension zone of the beam. The vertical cracks are
initiated due to yielding of steel reinforcement. Crack slowly propagates upwards
leading to crushing of concrete in compression zone. This failure shows ductile
behaviour. The amount of deflection is more in this failure.

| }
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Figure 2.6: Flexure failure mode[34]

Shear compression failure

Flexure shear/Diagonal tension failure

This failure occurs when a critical diagonal
crack leads to crushing of concrete in
compression zone. In some cases, this
crushing and failing might lead to
propagation of another splitting crack of
concrete strut as shown in the figure
below.

This failure mode originates from flexure
shear crack at the bottom. The crack
grows diagonally with increment of load
towards the loading area of top fibre of the
beam, shown in the figure as critical
inclined crack.

Figure 2.7: Shear failure mode: a)Shear compression failure b)Flexure shear failure[11]

[44][11]
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A DETAILED LOOK AT EUROCODE EN.1992.1.1

In this section, a detailed look at the Eurocode EN 1992-1-1:2004 aspects to calculate and
design will be done- the ones to be analysed within this research.

2.2.2. MATERIAL PARAMETERS

Concrete class/Strength:

Concrete strength for any concrete is decided

based on compressive tests carried out for Characleristic strength

cylindrical and cube specimens after 28 days of N o iese —

casting. According to EN 206 "Concrete speci- L +— Mean strength

fication, performance, production and confor- E |

mity", compressive strength is defined by char- g 5% results i

acteristic value f;x below which not more than % below  fcl: |

5% of the test results fall. In the curve, prob- &« I

ablity variability for compressive strength is o f; - Strength

shown to understand the explanation. Concrete

cla§s for example, ifis C35/45 : ir}dicates that the Figure 2.8: Normal distribution curve for
cylinder and cube characteristic strengths are compressive strength[31]

35 MPa and 45 MPa respectively. Eurocode (Ta-

ble 3.1) gives an approximation to calculate the

mean compressive strength as f,,, = f.x +8 where, f is the characteristic cylinder com-
pressive strength.

Additionally, EC clause 3.1.2(6) suggests a prediction of strength development of con-
crete according to the age. Formulated in accordance with EN 12390, the expression to
estimate compressive strength at various ages is given as,

fcm(t) = ﬁcc(t)fcm

where,

Bec(t) = exp{s

1
282
1-(3)? ] }
Here, "s" is a coefficient which depends on the type of cement used classified as:

0.20 for Class R (rapid hardening); cement of strength classes CEM 42,5R, CEM 52,5N
and CEM 52,5R

0.25 for Class N (normal hardening); cement of strength classes CEM 42,5N and CEM
32,5R

0.38 for Class S (slow hardening); cement of strength class CEM 32,5N.




2.2. STRUCTURAL BEHAVIOUR AND EUROCODE FORMULATIONS: 2. LITERATURE REVIEW

Tensile strength of concrete:

To calculate the tensile strength of concrete, there is no direct test to identify the value;
first split tensile strength test is carried out which gives the value of splitting tensile
strength, f;;sp and using that, Eurocode provides an approximate value to calculate the
axial tensile strength and then the tensile strength using the relation:

fctm = O-9fct,sp

According to EC (Table 3.1)A.3, tensile strength,

ferm=0.30% 213 for (< C50/60).

2.2.3. SHEAR

Eurocode gives some general procedure for the verification of shear capacity in concrete
for the following:

Vra,c, the design shear resistance of the member without shear reinforcement.This ex-
pression gives the shear capacity of the concrete when shear force is less than the con-
crete capacity.

VRra,s, the design value of the shear force which can be sustained by the yielding shear
reinforcement. When Vg . is less than the shear force, then there is a need to add stir-
rups in the concrete to take that shear force and increase the resistance; the resistance
then is determined by Vg, ;.

VRd,max, the design value of the maximum shear force which can be sustained by the
member, limited by crushing of the compression struts.

*Other components for shear verification of inclined chords are out of the scope of this
research.

Members not requiring design shear reinforcement:

The design shear resistance of the member without shear reinforcement, Vg, . is given
as,

Vea,e = [Cra,ck(100p; fei) 3 + k1o cplbwd > (Wmin + k10 cp)buwd

where:

Vra,c s the design value of the shear force capacity.

fek  is the characteristic compressive strength of concrete.
Ay is the area of the tensile reinforcement, which extends

—_ 200
k =1+4/57 =2
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pI =L <002

w
b, isthe smallest width of the cross section in the tensile area.
Ed

ocp isthe axial stress caused by loading or prestressing: o¢p = 1\2—6 <0.2fcqa

A, isthe cross-sectional area of the concrete. 2
fea isthe design cylinder compressive strength of the concrete.
Ngg4 is the axial force due to loading or prestressing (NEd > 0 for compression);
3 1
Umin =0.035k2 £

The expression provides particulars about variables that influence the shear capacity
that would be calculated using this formula. Firstly, compressive strength of concrete is
one of the important parameters is a base for all other behaviours of concrete as well.
Longitudinal reinforcement ratio, size of the beam (width & effective depth), k factor
(size effect), k1 and Cgg, factor also play role in providing resistance to shear in concrete
according to the formula. However, it has been observed from experiments that tensile
strength has more effect than compressive strength[2]. To calculate the tensile strength,
code gives a general rule of compressive strength to the power 2/3. It shows that shear
strength increases as the reinforcement ratio increases. Another variable known to have
a significant effect on capacity is the size effect (k). The Dutch Annex of EN 1992-1-1
uses recommended values: Crg, = 0.18/y, = 0.12 and k; = 0.15. However, the factor
Cra,c was decided for design shear resistance in Eurocode 2 but to have a better predic-
tion of mean value of shear resistance, Regan replaced this factor with Cg,; . = 0.15 and
was later used by Konig and Fischer to evaluate where value 0.163 for Cg, . was found
to be better fitting [11].

Members requiring design shear reinforcement

*Only the part for members with vertical shear reinforcement will be analysed as among
the beams experimented, the ones with shear reinforcement were only vertical shear rein-
forcement. Members with inclined shear reinforcement is out of the scope of this research

The resistance of the member with shear reinforcement (for vertical shear reinforce-
ment) Vg, is the smaller value of:

VRa,s = A%zfywd cotf
and
VRd max = @cwbuw V1 feq/ (cotl +tand)

where:

Agwp is the cross sectional area of the shear reinforcement.

S is the spacing of the stirrups

fywa is the design yield strength of the shear reinforcement

V1 is a strength reduction factor for concrete cracked in shear

acyw s a coefficient taking account of the state of the stress in the compression chord
0 is the angle made by compresiive strut with the beam axis

zZ is the inner lever arm, for a member with constant depth, corresponding to the
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bending moment in the elemnet under consideration. In the shear analysis of re-
inforced concrete without axial force, the approximate value z = 0.9d may nor-
mally be used.

The recommended limits for cotf given in national annex are 1 < cotf < 2.5

In case of beam without shear reinforcement, the imposed load leads to bending causing
flexural cracks slowly developing into a shear crack eventually leading to failure.

But by adding the shear reinforcement in the beam, an inclined crack does not lead to
a failure but introduces a new load transfer mechanism which is explained and derived
using a truss model. This truss has to carry design shear force. In the figure below, «
denotes inclination of the tensile ties and 6 denotes the compression struts. The shear
carried by these tensile ties and compressive strut derived using this truss model are de-
noted by Vrg s and Vrg, max respectively. When 0 is taken as 45 degrees (cotd = 1), the
shear capacity is underestimated. Eurocode 2 then follows another approach where it is
assumed that shear reinforcement carries all the shear force taking value of 8 between
cot™10.4 and cot™! 2.5. It can only go below this angle if there are constraints and differ-
ent geometrical detailing. [2][35]

From the Vg, ¢ formula, it can be said that the capacity can be increased simply by in-
creasing the amount of reinforcement. But the capacity of strut rather varies according
to the strength and not the shear reinforcement.

It is evident that the amount of shear reinforcement, compressive strength of concrete,
yield strength of reinforcement, strut angle and size of the beam influences the overall
shear capacity of beams with shear reinforcement.

The truss model used to derive these capacities according to forces can be seen in the
figure below

internal \
leveram % Y
\

N e
z pd " // \
e fe as\ /

z (cotg B+ cotg 0)

VRd,;s

VRds |\
\

Figure 2.9: truss model used to calculate shear capacities for beams with shear reinforcement present [35]
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MECHANISM OF SHEAR TRANSFER IN CONCRETE

The above section provides an overview of the formulation and background of Eurocode
models. But shear failure mechanism of reinforced concrete beams is a complex process,
there has been a lot of discussion about the mechanism of shear transfer in reinforced
concrete members, particularly about the relevant variables to incorporate in shear pre-
diction models. As stated in the textbook of Prestressed Concrete [35], this is a conser-
vative model to predict the shear resistance but in reality the simple truss assumed here
will not have this simple pattern with perfect hinges connections and thus it difficult to
analyze this accurately.

According to ASCE-ACI Committee 426 [26], when a diagonal crack occurs, the shear
force is transferred by several internal shear transfer mechanisms which are widely dis-
cussed in many researches about shear. These mechanisms are- Shear force transfer
due uncracked concrete compression zone, aggregate interlock, dowel action (longitu-
dinal reinforcement) as shown in the figure below. Experimental analysis by Walraven [1]
suggest that, aggregate interlocking contributes towards a large amount of shear transfer
which is influenced by the size of aggregate, compressive strength, etc. The contribution
of dowel action, however in cracked beams without shear reinforcement can be small as
it has to take the tensile strength of concrete cover as well.

I b= VL‘C+ Va+ Vd
V... shear resistance of compression zone
V,: shear resistance by aggregate interlocking

V' shear resistance by dowel action

Figure 2.10: Shear transfer mechanisms

[7]

FACTORS INFLUENCING SHEAR BEHAVIOUR

Compressive strength:

According to the design equation, compressive strength directly affects the shear resis-
tance for both beams with (resistance provided by strut) and without shear reinforce-
ment . However, from Walraven’s study (1978)[40] about concrete strength, the devia-
tions in shear strength were less in concrete with lower strength and higher deviations
with increase in concrete strength class[32].

Shear span-Depth Ratio (a,/d):

For studies done for conventional concrete beams previously, it has been proved from
experiments that it has a significant effect in the shear behavior of reinforced concrete
beams. In a research done by Wu et al.[22][23], it was proved that a/d ratio has a notable
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influence in shear strength provided by both concrete and reinforcement. Eurocode
6.2.2 clause (6) states the In an experimental observation done by Biao Hu et al.[20],
it showed that values of Vg, s and Vg, . are significantly affected by a/d where Vg, . de-
creases much as a/d increases, while Vg4 s has an opposite behavior.

EC clause 6.2.2 (6) states the need of multiplying shear force with a reduction factor
(B = ay/2d) if shear span ratio (a,/d) is less than 2. And even when the shear span
ratio is greater than 2 there is another check. So Eurocode does account the shear span
ratio although not directly put in the shear resistance formula.

Amount of reinforcement in tensile zone:
Reinforcement ratio is another influencing factor that affects the shear capacity. In shear
models by EC, the design equation takes into account the area of reinforcement.

2.2.4. CRACK WIDTH CONTROL

From the beginning of the loading phase, involved forces and induced stresses, the mech-
anism of how crack initiates, propagates, eventually leading to failure — everything re-
lated in this process has a significant effect to determine the crack pattern. The formula
to calculate the crack width in EN 1992-1-1 (expression 7.8) is given as,

Wi = Srmax(Esm — €cm)

where,

Sr.max 1s the maximum crack spacing

Esm is the mean strain in the reinforcement under the relevant combination ofloads,
including effect of imposed deformations and taking into account the effects
of tension stiffening. Only the additional tensile strain beyond the state of zero
strain of the concrete at the same level is considered.

Eem is the me?n strain in the concrete between cracks

cte

Esm—Em= Us_ktﬁ?*—aepp,eff) = 0.6%—§

where:

E; is the modulus of elasticity of steel

k¢ is a factor dependent on the duration of the load

O is the stress in the tension reinforcement assuming a cracked section.

e is the ratio Eg/E.

Ppeff =As/Acerr
Aceff =heepr*b
heepr  =Minimum of 2.5(h— d), (h—x)/30rh/2)

The maximum spacing is given as,
Srmax = ksc+ kikokap/pp ety

BACKGROUND AND MECHANISM BEHIND A CRACK IN CONCRETE

Cracks in concrete can occur due to various causes like shrinkage, imposed deformation
(thermal loading), external loading etc. Shrinkage cracks can be controlled to some ex-
tent but not fully as there will always be temperature differences and relative humidity.
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These cracks are small but might show big influence in the structural behaviour of con-
crete. However, if we have a look on to the micro structure level, certainly there are ways
to reduce these kinds of cracks to some extent. But due to limited scope of the research,
the main concern will be given to the cracks induced by external loading. The cracks
caused due to shrinkage and thermal loading are out of scope of this research.

Concrete when cracks, cannot carry the tensile force anymore which is then carried by
the reinforcement. It is well known that concrete is strong in compression and weak in
tension. When reinforcement starts taking the tensile force of concrete, a bond stress is
activated between concrete and steel which is assumed to be constant and two times the
mean tensile strength f;,, of the concrete i.e. bond stress (7p,,,)= 2 form-

The formulation of crack width and spacing was established relating to a reinforced con-
crete bar subjected to axial tensile force. This whole mechanism is distinguished into 4
stages- uncracked stage, crack formation stage, stabilized cracking stage, steel yielding
stage. [35]

Phase 1- Uncracked phase:
Here, the concrete doesn't crack and behaves as linear elastic. In this phase the force
required for concrete to crack is small. The tensile stress is less than the mean tensile

strength and thus the concrete can take all tensile stress. Both steel and

concrete has same the strain and thus stiffness is constant too.

Phase 2- Crack formation stage:

Further when concrete strain increases, the concrete tensile stress reaches the mean ten-
sile strength , thus now concrete cannot take the tensile stress anymore
giving rise to the first crack from tension side of concrete. From this point, the reinforce-
ment takes the tensile stress of the concrete. After crack initiates, force and stiffness
decreases although the strain keeps increasing. Further increase in strain causes force
increase. This force keeps increasing till another crack forms and this keeps repeating
again and again-the series of appearance of new cracks- thus is called "Crack formation
stage".

Phase 3- Stabilized cracking stage
Now, as the load increases, the concrete tensile starts exceeding the mean tensile stress

and the yielding of steel also starts . This can also be know as the beginning

of plastic phase.

Phase 4- Crushing of concrete:

In this phase, compressive stress reaches the maximum strength of concrete| (o, = f;4)
in fibres of compression zone resulting in crushing of concrete and corresponding strain
of concrete is 3.5%o.
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1 = uncracked stage

2 = crack formation stage

3 = stabilisd cracking stage

4 = steel bar(s) only (unbonded)
5 = yielding of reinforcement
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Figure 2.11: Different phases of crack of concrete

The assumption of stage 2 being horizontal is not true in reality; it is rather inclined.
However, this assumption of horizontal line is considered to be accurate enough taking
into account the influence of uncertainties like reinforcement position, actual tensile
strength etc. [Beton1993CEBFIPMC]

FACTORS INFLUENCING CRACK BEHAVIOUR IN CONCRETE

Looking at the model to calculate crack width, multiple variables can be seen as influenc-
ing factors like Concrete strength:, Concrete cover, Reinforcement ratio, Bond strength
between steel and concrete, shape of the bar. Another important factor that influences
the crack behaviour is bond between reinforcement and the concrete. In conventional
RC application, efficient and reliable force transfer between reinforcement and concrete
is required for optimal design for safety measure in structural components . To under-
stand how the bond force transfers is important to determine the crack pattern. The
part where concrete is cracked, all the tensile stress is taken by steel. On both sides of
the crack, there is a gradual increase of concrete tensile stress up to a point where the
concrete has its initial tensile stress back. From the crack to this point, which is called
transfer length, there is a gradual process of re- introducing force into the concrete and
here the bond strength comes into importance.

2.2.5. BENDING MOMENT

Bending moment of a concrete cross section with increasing load is calculated using
equilibrium of forces and moment with an assumption that plane section remains plane
(Bernoulli’s law).

¢ Cracking moment: When the concrete on loading loses its tensile strength, it is
not able to take the tensile stress anymore when the first crack appears; then the
reinforcement in tension takes the tensile stress of concrete. This is the cracking
moment of concrete and is calculated as a product of section modulus of cross
section and mean axial tensile strength,

I# ferm
e

Mcr,fl =
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* Yielding moment: The height of compressive zone needed to resist the reinforcing
steel force is estimated using compressive forces of steel and concrete and because
of the equilibrium, all the horizontal forces are equated to get height of compres-
sive zone (for rectangular cross section) as,

_ __Ne
Xu = braxfeq

where,

N¢ = As * fyq (Horizontal equilibrium: N; = Nj)

where a can be obtained from the bi-linear stress-strain relationship Further, steel
strain is calculated using this calculated/assumed compression zone height. This
calculated strain values are checked with yielding strain of given concrete and
steel.

d

—X,
€s=( xu“)ec and

My:Ns*(d—%xu)

» Ultimate moment: When the concrete reaches its ultimate compressive strain, ul-
timate moment is calculated as

M, =z N,

where,
z=d — B * x, (P again is obtained using the bi-linear stress-strain relationship of
the concrete.)

M-« diagram:

Further, M-« diagram can be drawn to observe and study these moments at every step
with increasing load until the failure. The respective stages in M — x diagram are crack-
ing moment (M., ), yielding moment (M), plastic moment (M,;) and ultimate moment
(My),

FACTORS INFLUENCING BENDING BEHAVIOUR IN CONCRETE

From above expressions to calculate moments at different phases, clearly, the influenc-
ing factors are mean axial tensile strength, compressive strength, section modulus,
amount of reinforcement, compression zone height.
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2.3. EXPERIMENTS

To test the beams to study shear and bending, four point bending test can be done. In the
4 points bending test, there is a central zone with pure and constant flexure. In 4-point
bending, the shear stress is zero in the region between the two loading points (region
of pure bending) and has a non-zero value outside this central region (out of the two
loading points). This helps study the behaviour in that region clearly as the moment is
constant.



METHODOLOGY

This chapter provides all the information and step by step approach adopted for this
research. This includes description of all the experiments carried out and a general
overview about further step of analysing and studying.
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3.1. RESEARCH PLAN

¢ Preparation of the experiments:

This research is an experimental study and analysis of structural behaviour of Geopoly-
mer concrete to check the Eurocode applicability. Thus, the first step was to pre-
pare for all the experiments that needs to be carried out to sufficiently answer the
research questions. This includes collecting all the background information about

the beams needed to be experimented, designing a setup according to the capac-

ity of the testing machine in Stevin II Laboratory, deciding how to place the LVDTs,
arranging and checking all the equipment and materials needed to be used during

the experiment like ensuring proper functioning of machine, arranging rods for
LVDTs, paint, glue, crack measuring ruler, etc.

¢ Performing the experiments:

The second step was to start the experiments according to the planning. The
beams were transported from the company to TU Delft and after all the arrange-
ments, experiment was started. The aim was to 2 to 3 beams per day initially. How-
ever, from placing the beams to drawing the lines to glue LVDTs, painting etc. all
the preparation would take few hours and some days no beams were tested be-
cause of technical problems. A total of 1 month and 1 week was needed to test
all the 24 beams. The beams tested with the respective date of testing is shown in
table A.1. To perform the experiments, for each beam, LVDT positions were mea-
sures drawn in the beam and accordingly glued to the beam. The front side of
beam was painted white to get the clarity of the cracks and to draw the crack pat-
tern. This section also includes clicking pictures and collection of data obtained
as per the beam, writing a log about observations. Details about LVDTs and beams
are given in other sections followed in this chapter.

¢ Analytical prediction of results:
After the completion of experiments, analytical calculations were made as per EC2
regulations as it is directly related to the main topic of this research. The formulae
used are shown in 3.3.1 section of this chapter and all the calculations are attached
in the appendix from A.2.5. section of the report. These calculations were done to
check and compare with the obtained experimental data.

¢ Post processing:
After getting all the data from the experiment and from the company (for mechani-
cal properties), they were used to compare by means of tables and charts. Detailed
look at parameters and their influence on the results and experiments were stud-
ied.

A detailed description of each step of the plan is done in coming sections.
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3.2. EXPERIMENTAL PART

Although this research’s main area of focus is to study the structural behaviour, a brief
analysation of material behaviour in regard to EC has been done too. The first part of
the experiments to obtain the mechanical properties results were done in the company
laboratory and the data was used here to analyse the areas within the scope.

3.2.1. SAMPLES USED

Two types of concrete mix was prepared namely RAMAC 28/35 and RAMAC 33/43. The
strength class for these samples was initially aimed for C 30/37 and C 50/60 but was not
achieved and are C28/35 and C33/43 respectively. With an aim of making the bridge
fully circular and sustainable, the concrete was produced without using any amount of
ordinary portland cement (OPC) and using recycled aggregates. The type of recycled
aggregate used is Thermally Recycled Asphalt Aggregate (TRI) instead of natural or recy-
cled (common type of recycled aggregate from demolished buildings) aggregates. This
type of aggregate hasn’'t been used much in practice.

3 cube specimens were prepared per sample mix each of dimension 150 x 150 x 150 mm3
using EPS mold. Due to a low temperature at the time of casting, after pouring into the
molds it was closed with lid and kept in heated container for hardening.

Figure 3.1: Cube specimen prepared (Jansen and Sqape laboratory)
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3.2.2. TESTS FOR MECHANICAL PROPERTIES

The tests to check the mechanical properties were carried out at the company labora-
tory. The ones to be discussed in this research include compressive strength test, split
tensile strength test and Elastic modulus test.

3.2.3. CASTING AND CURING OF BEAMS:

A total of 24 beams were casted using those 2 types of mixture RAMAC C28/35 and RA-
MAC C33/43. All the beams were casted in January and outdoors. Concrete was mixed
at Jansen Beton BV (mixing plant) and from there transported to Valkenswaard which
is approximately which is 35 kms from the mixing plant. The temperature then was
around 4°C outside. The method of curing the beams were done by casting in tempo-
rary wooden formwork (18mm thickness) as shown in the figure below. During the start
of casting, measures were taken for the formwork to be above 5°C. Right after casting
some plastic foils were laid on top of the fresh concrete. Additionally, an extra layer of in-
sulation foil was applied because of the cold weather conditions. For a period of at least
a week, the temperature was kept under the insulation foil between 18 and 22 degrees
Celsius as temperature is one of the important factors influencing the hydration process
of concrete. While casting the beams, workability was observed to be harder than the
normal concrete.

Figure 3.2: Casting of GPC beams at Valkenswaard (Boskalis)

3.2.4. CLASSIFICATION OF THE BEAMS:

Second and the major experiments in this research for beams were carried out in TU
Delft Stevin II Laboratory. A total of 24 beams were tested. These tests were entirely done
to study the structural behaviour of GPC. To study and achieve the goal of this research,
12 beams were designed to fail in shear and 12 beams were designed to fail in bending so
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that it could be studied for the respective behaviour. Within these groups, height, layout
of reinforcement and distance between support and the loads were variables.

Characterisation based on depth, reinforcement layout and strength class:
Table 3.1 below shows all the specimens according to layout of the reinforcement, depth
of the beam in and their strength class.

beam 1-2-3
beam 13-14-15

r _—
LxBxH =2500x 300 x 250mm’ ||| | | | l 1 | | | | | | | | | | | | | | | | | | | | | | | || 250 mm
Strength class C28/35 s |
cover 60mm
top reinf. 2 diameter 16mm 300 mm
bottom reinf. 3 diameter 20mm
stirrups diameter 12-125
beam 4-5-6
beam 16-17-18
LxBxH=2500% 300 x 400mm’
Strength class C28/35 400 mm
cover 60mm
top reinf. 2 diameter 16mm
bottom reinf. 2 diameter 16mm
stirrups diameter 16-150 —
300 mm
beam 7-8-9
beam 19-20-21
LxBxH=2500% 300 x 400mm’
Strengthclass  C33/43 1 25m zare without stirupst
cover 60mm 400 mm
top reinf. 2 diameter 16mm
bottom reinf. 3 diameter 16mm
stirrups diameter 16-150 —
300 mm
beam 10-11-12
LxBxH=2500%300 x 400mm’
Strength class C33/43 1.25m zone without stirrups!
cover 60mm 400 mm
top reinf. 2 diameter 16mm
bottom reinf. 3 diameter 16mm
stirrups diameter 16-150 —
300 mm
beam 22-23-24
LxBxH=2500%300 x 400mm’
Strength class €33/43 1.25m zone without stirrups!
cover 60mm 400 mm
top reinf. 3 diameter 16mm
bottom reinf. 2 diameter 16mm
stirrups diameter 16-150 —*
300 mm

Table 3.1: Classification of beams according to depth, reinforcement layout and strength class

All these beams shown above used for testing aren’t of the actual dimension that would
be used for construction of the bridge except for beams 1, 2, 3, 13, 14, 15 which would be
used as approach slab in the bridge. And this modification in the beam dimensions for
all other beams were done as per the capacity of testing in TU Delft Stevin Laboratory.
Taking into account the maximum beam length that could be fitted and to maintain the
required a/d ratio, beam dimensions were designed.

The first two set of beams (1, 2, 3, 4, 5, 6, 13, 14, 15, 16, 17, 18) were casted using C28/35
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whereas the remaining 3 set of beams (7, 8, 9, 10, 11, 12, 19, 20, 21, 22, 23, 24) were
casted using C33/43. Shear reinforcement in 12 of the beams are only placed in half of
the member and this is because these were to be used as bridge deck (plate element) and
in this case bridge deck according to design requirements for the bridge, didn’t require
shear reinforcement. Those are beams 7, 8, 9, 10, 11, 12, 19, 20, 21, 22, 23, 24. These
beams were intended to be analysed for shear behaviour during the experiments.

Other beams were designed for approach slab and abutments which has been classified
and shown in table 3.2

Characterisation based on components/different parts of the bridge
Each beam casted for the experiments represented different components of the bridge

structure. These have been listed in the table 3.2 along with the actual height that was
designed for the bridge construction.

Beams Representing the part Actual height In the
structure (mm)
1 Approach slab 250
2 Approach slab 250
3 Approach slab 250
4 abutment 700
5 abutment 700
6 abutment 700
7 Deck (plate element) 700
8 Deck (plate element) 700
9 Deck (plate element) 700
10 Deck (plate element) 700
11 Deck (plate element) 700
12 Deck (plate element) 700
13 Approach slab 250
14 Approach slab 250
15 Approach slab 250
16 abutment 700
17 abutment 700
18 abutment 700
19 Deck (plate element) 700
20 Deck (plate element) 700
21 Deck (plate element) 700
22 Deck (plate element) 700
23 Deck (plate element) 700
24 Deck (plate element) 700

Table 3.2: The components in the structure and respective beam representative
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Reinforcement Details of all the beams:

BEAMS LAYOUT Cover REINFORCEMENT Tensile
(mm) Compression Tension Reinforcement
v p (%)
Beam 1-2-3
Beam 13-14-15 t
Q 250 mm 60 2p¢l6émm 3¢ 20mm 1.84
+
300 mm
Beam 4-5-6 N
Beam 16-17-18
400 mm 60 2p¢leémm 2p 16mm 0.42
v
>
300 mm
Beam 7-8-9
Beam 19-20-21
400 mm 60 2p16mm 3¢20mm 1
-«e e
300 mm
Beam 10-11-12
(—\
400 mm 60 2¢16mm 3¢20mm 1
-“e e
—»
300 mm
Beam 22-23-24
200 mm 60 3¢ 20mm 2@ 16mm 0.42
—»
300 mm

Table 3.3: Reinforcement layout in all the beams

Figure 3.3 shows the cross section of all the beams with respective longitudinal rein-
forcement (both in tension and compression zone). Reinforcement used in all the beams
were designed to provide minimum yield strength of 500 MPa and were of ribbed type
and grade B500B. Amount of reinforcement meets the minimum design reinforcement
requirement. Beam group 22, 23, 24 had the same cross section as beam group 7, 8, 9
and later was decided to reverse upside down to decrease the amount of reinforcement
in tensile zone to check the governing failure mode.

The design for cover was also done in accordance to EC 2 depending on the exposure
class. The table of EC classification of Exposure class is attached in appendix A.3. The
beams designed for this research falls under the exposure class XD3 as they are all com-
ponents of a bridge which matches those environmental conditions (Cyclic wet and dry-
Parts of bridges exposed to spray containing chlorides, pavements, car park slabs).




3.2. EXPERIMENTAL PART 3. METHODOLOGY

Characterisation based on application of load:

0.5F 0.5F

l {<1.1m) 1

a

A 2.2m A
Beams number Distance Effective depth Shear span depth
between load (mm) ratio
and the support (a\d)
(mm)
1,2,3,13,14, 15 600 170 3.53
4,5,6,22,23,24 950 316 3.01
7,8,9 950 314 3.03
10 750 314 2.39
11 850 314 2.72
12 950 314 3.03
16,17,18 850 316 2.69
19,20,21 1100 314 3.50

Table 3.4: Classification of beams according to the distance between loads and supports

Within the 12/12 beams designed to shear and bending, distance between loads and
supports were changed to compare and study the varied behaviour according to varied
a/d.

The first 3 beams tested were 10, 11, 12 beginning with beam 10 (750 mm) increasing
100 mm for beam 11 and again 100 mm for beam 12. This was done to check the load
transfer of load to the support to decide distances for other beams.
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3.2.5. EXPERIMENTAL SETUP AND INSTRUMENTATION

The main aim for the tests carried out in Stevin Lab was to analyse the structural be-
haviour of GPC beams intended to be used in the bridge construction (KW15). The main
areas to be analysed were shear, flexure and cracks. Taking that into consideration, a
setup was designed. Depending on the maximum test capacity, the beam depth was
decided as 400 mm before the casting. The experiment was planned with some pre-
decided conditions. All the beams had a span of 2.5 m (which again is the maximum
length which could be fitted there) and the center-to-center distance between the sup-
ports was set to 2.2m for all the 24 experiments.

[————|
FIL » Jack
| — : g | —]
_ |!@ | yﬁl » Loads
e » Beam
: » Support
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Q
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Figure 3.3: Designed test setup
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4-point bending test was carried out for all the beams except beams 19, 20, 21 for
which 3 point bending test was done. As 12 beams were planned to be tested for shear
and 12 for bending, the distance between load and the support (av) was a variable in
every beam depending on the required mode of failure which is distinguished in tables
in the previous section. For that, the loads shown in figure 3.3 was adjusted accordingly.
The loading was deformation controlled and was set to 0.01 mm/sec. All the specimens
were painted white to facilitate marking of cracks. For the first experiment, load was
applied at increment of 10 kN in every step to observe the behaviour in change of the
beam. From second experiment it was realised that increment of 20 kN load per step
was more efficient, less time taking and the deformation was also notable. After every
load step of 20 kN, the machine was paused to stop loading and the beam was observed
at the painted side to check appearance of cracks if any. Gradually when crack initiated
and propagated, pictures were taken after every 20 kN load step and crack pattern was
drawn along with measuring crack widths approximately at the bottom longitudinal re-
inforcement level. And eventually the governing failure mode was observed after the
failure of the beam.

A .
TUDelft

Dut sy o ek

Stevin || Laboratory

Figure 3.4: Actual test setup in the lab with a beam

Figure 3.3 shows the designed setup according to the requirement of the research.
The machine was adjusted according to length of the beam. All the components are
mentioned in the diagram. Figure 3.4 shows the actual picture of experimental setup of
one beam right before the experiment.
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3.2.6. LVDTS POSITIONING

The LVDTs were placed in such a way that the outcome of the results from these LVDTs
would give displacement values of the required location, the critical points. As men-
tioned earlier, these beams were tested for both shear and flexure and thus two kinds of
LVDT placement were done as shown in the figure 3.5. However, due to change in the
distance between supports and the load points, distance between LVDTs were changed
accordingly within the same type of positioning as well to cover the crack displacement
effectively.

The distance between LVDTs were decided this way: Firstly, a line of 45° from both the
loads and supports were drawn towards each other. Then three lines normal to those
previously drawn lines were drawn equally distributed to cover those lines where the
main shear crack is expected to occur. To measure the flexure crack widths, bottom
LVDTs were placed at the bottom surface of the beam equally distributed.

Beams LVDT 1 LVDT on front side of the LVDT on the bottom side of
beam (LVDTs 2,3,4,5,6,7) | the beam (LVDTs 8,9, 10)
4,5,6,7,8,9, To measure the To measure the inclined To measure the flexure
10,11,12, 16, vertical displacement | shear cracks at the front cracks of the bottom fibre
17,18, 19, 20, of the beam surface of the beam of the beams
21, 22,23,24
Beams LVDT 1 LVDT on the bottom side of the
beam (LVDTs 2,3, 4,5, 6)
1,2,3,13,14, To measure the To measure the flexure cracks
15 vertical displacement | of the bottom fibre of the
of the beam beams

Table 3.5: LVDTs used in each beam and their aim
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500

Figure 3.5: LVDTs positions and dimensions of beams 10, 11, 16, 17, 18 (all dimensions are in mm)

Figure 3.5 shows the LVDT placements that was taken for beams 10, 11, 16, 17 and 18. The
LVDT positions and distances of rest all other beams are attached in appendix section A.1

Figure 3.6: Picture after placing the LVDTs in one of the beams (front part)
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Figure 3.7: Picture after placing the LVDTs in one of the beams (bottom part)

While the crack was measured by LVDTs, an additional way of measuring cracks using
concrete crack width ruler was done at the level of bottom longitudinal reinforcement at
certain load steps. This can be seen in the figure 3.8. This additional way of measure-
ment would provide a basis of comparison between LVDT and ruler measured cracks.
This could give an indication of weather the LVDT can give an accurate measurement.

006 —
008 —
010 —
012 —
014 —
016 —
020 —
025 ==
030
040 m—
060w

élnchg

E Concrete Crack width
= 3 measuring ruler

L preaahs o
= 8888883858k
e I RN

Figure 3.8: Measurement of cracks using concrete crack width ruler
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3. METHODOLOGY

3.3. POST EXPERIMENTAL PART
3.3.1. ANALYTICAL CALCULATIONS

Moment capacity and curvature

Cracking M. — 1* fetm
Moment o e
K= 2*£r:r/h

Yeilding Moment | py

1
v =N.(d - ;x] where,

24, n+VErn2+ A —4xbx(—2*n*d*A)

X =

2*Db

K = (ect+es)/d

Bending Moment M, = N, (d _ alxc)’ where x, = Ng

when £ = £

brasfem

K = &/(d-x)
Ultimate M, =z+N, where,z=d—f+x, and x,=; Ne
Bending Moment *atfem

K= Ecu&‘/xu
Shear capacity
Shear capacit L EN 1992-1-1
Shear AT g = [Cam k(1001 f )7 + Ky | By o
Shear capacity . Aﬂ EN 1992-1-1
stirrups Vea.s = S Zfywm cOLO (6.8)
Ultimate Vedmax = Cawby Vi fom (cot 8 + tan 8) EN 1992-1-1
capacity (6.9)
Compressive
strut
Crack width control
Maximum crack | S, o = ks + ki kaky@/pp o EN 1992-1-1
spacing (7.11)
Crack width Wy =S, max(Eem — €cm) 1(3;18%992—1—1

Table 3.6: An overview of all the formulae used to make analytical predictions
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Parameters:

In the formulae given in EC, design values for materials are used taking into account the
partial safety factors. The parameters highlighted in the table are the mean values of ma-
terials and not the design values which were taken for calculations to compare with that
of the experimental results to make it more comparable. This was done because using
the mean values would give a more realistic prediction to compare with the experiments
and considering the fact that EC is too conservative. The calculations made for all the
beams using these models are shown in appendix A.2.5. Calculations using design val-
ues were done too in order to check the accuracy of EC models for GPC.

Assumptions:

e The main assumption made is that the models for designing and calculating ca-
pacities for a (normal cement) concrete structural element/beam can be used for
Geopolymer concrete as well which is why the predictions were made using these
models.

* The influence of mechanical properties of GPC are similar to that of normal con-
crete which is why all the calculations take material parameters the same way as
taken in Eurocode models.

3.3.2. POST PROCESSING OF RESULTS

After completion of all the experiments and making required calculations, the collected
data obtained from the experiments were used to draw graphs, charts characterizing the
structural behaviour of Geopolymer concrete. These data were further used to compare
with that of Eurocode predictions done after the experiments.

Literature study was done where a detailed study of Eurocode models and the influenc-
ing parameters for different behaviours like shear and bending were identified. From the
obtained results, the influence of these parameters for GPC was known and compared
accordingly.
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RESULTS & DISCUSSIONS

Experimental results of all the tests performed are shown in this chapter.

A part of the research experiments were done in Ajansen and Sqape laboratories whose
results are important for the research and the data will be taken for further analyzation
and comparisons. Those include the results of compressive strength and splitting tensile
strength. Besides those, are the results of experiments for beams carried out in Stevin II
laboratory.

43
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4.1. MATERIAL BEHAVIOUR

4.1.1. COMPRESSIVE STRENGTH

Compressive strength of the samples was measured according to NEN-EN 12390-3 stan-
dard. The strength of 1, 3, 5, 14, 28, 56, 91 days of the two mixes were checked which are
presented below in table 4.1 and graph figure 4.1.

Table 4.1 gives an overview of measured cube compressive strength over time. 3 cubes
were measured at every age and an average of those 3 cube samples were taken as the
cube compressive strength for the respective number of days.

From the graph, strength development over time of the concrete can be studied. It is
evident that there is an increase in the strength up to 28 days. And the rate of increase
of the strength slows down till 56 days. However, a slight increase in rate of strength
development can be seen after 56 days. RAMAC C28/35-2 and RAMAC C33/43 shows a
similar trend of strength development. It can be seen in the graph that RAMAC C28/35-2
shows an increasing trend of strength development from day 1 to day 91. And for RAMAC
C28/35-2 mix, there is less increase in strength between 5 and 15 days compared to that
of RAMAC C33/43. But if the strength between 28 and 91 days are compared, RAMAC
C28/35-2 shows a higher increase compared to that of C33/43.

Compressive strength (MPa)

Age RAMAC 28/35-2 RAMAC 33/43
(Days)
Measured Mean Standard Measured Mean Standard
(N/mm?) deviation (N/mm?) deviation

1 11.1 23.2
8.4 9.7 1.35 25.3 23.7 1.45

9.7 22.5

3 279 35.0
27.1 27.5 0.4 34.5 335 2.12

27.5 31.1

5 35.4 36.8
32.7 33.0 2.26 37.3 36.6 0.81

30.9 35.7

14 36.6 45.4
34.6 35.5 1.02 46.8 46.9 1.55

35.2 48.5

28 43.1 50.3
42.3 42.3 0.85 49.2 50.4 1.20

41.4 51.6

56 43.4 49.6
42.3 43.1 0.7 51.9 51.5 1.69

43.6 52.9

91 517 54.3
48.9 48.7 3.05 55.5 54.0 1.61

45.6 52.3

Table 4.1: Overview of measured compressive strength values according to time (Tests done in Jansen and
Sqape laboratory)
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Cube strengths corresponding to every age can be seen in the table 4.1. This gave the
mean value of cube compressive strength which was further used to determine the char-
acteristic cube strength using f i = fom — 8. This value further multiplied with a factor of
0.8 gave the characteristic cylinder strength of the concrete.

So at 28 days, for C28/35, the mean cube strength in table 4.1 is 42.3 N/ mm? which gave,
characteristic cube strength as 42.3 — 8 = 35N/mm? and

characteristic cylinder strength as 35 0.8 = 28N/mm?.

This is how the strength class was decided as C28/35 and same way for C33/43 as well.

Strength development over time

60

50 s RAMAC C28/35-2

RAMAC C33/43
40

30

[MPa]

20

10

Average cube compressive strength

0 20 40 60 80 100
Age (Days)

Figure 4.1: Development of compressive strength with time

Secondly, EC clause 3.1.2(6) expression:

Sem (D) = Bee(8) fem

is used to estimate the strength development according to time to further compare it
to obtained trend of strength development of the mix used. This expression was formu-
lated for normal cement concrete.

}

0.20 for Class R (rapid hardening); cement of strength classes CEM 42,5R, CEM 52,5N
and CEM 52,5R

0.25 for Class N (normal hardening); cement of strength classes CEM 42,5N and CEM
32,5R

0.38 for Class S (slow hardening); cement of strength class CEM 32,5N.

1
1-(2)?

Bec(t) =exp {S

Here, the factor "s" is initially taken as 0.20 assuming class R according to the observed
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hardening behaviour (rapid) of this type of concrete. The comparison of estimated and
experimental strength development can be seen in the figure 4.2 and 4.3 and the calcu-
lated table in the appendix A.2.2

Compressive strength comparison

40 RAMAC C33/43

35

30
25
—e—fck(t) (calculated using EC)
20
15

10

—e—fck (from experiment)

Compressive strength (MPa)

0 20 40 60 80 100
Age (days)

Figure 4.2: Strength development over time for RAMAC C33/43 taking "s"=0.2
(Eurocode 2 estimation vs measured)

Compressive strength comparison
RAMAC C28/35-2

35
30
25

20 —s—fck(t) (calculated using EC)

15
—e—fck (from experiment)

10

Compressive strength (MPa)

0 20 40 60 80 100

Age (days)

Figure 4.3: Strength development over time for RAMAC C28/35-2 taking "s"=0.2
(Eurocode 2 estimation vs measured)

Graphs shown in figures 4.2 and 4.3 show comparison between the strength develop-
ment with age estimated using EC vs measured from the experiment. " f.(¢) (calculated
using EC)" represents the curve drawn with the values obtained calculated using the
expression for f.;,(f). Then f.,(f) was calculated using determined f,,(¢) and plotted
along with the " f.;(experiment)" which represents the cylinder compressive strength
obtained from measuring in the lab. In figure 4.2, for RAMAC C33/43, both the lines
align with each other quite closely. The ratio to observe the difference in both can be
seen in table 4.2. However, at 5 and 56 days, the ratio between measured and estimated
values come less than 1. This decrease of ratio is also seen at 3, 14, 28 and 56 days in
RAMAC C28/35-2.
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RAMAC C33/43 RAMAC C28/35-2
Age fac (Mpa) fo(t) (MPa)  Measured- fox (Mpa) fox(t) (MPa) Measured-
(days) (from (calculated calculated (from (calculated calculated
experiment)  using EC) ratio experiment) using EC) ratio
12.53 9.38 1.34 1.39 7.26 0.19
20.43 19.18 1.06 15.60 15.87 0.98
7 22.88 23.20 0.99 20.00 19.39 1.03
14 3112 29.74 1.05 21.97 25.14 0.87
28 33.00 33.00 1.00 28.00 28.00 1.00
56 34.77 3547 0.98 28.08 30.17 0.93
91 36.83 36.82 1.00 32.59 31.35 1.04

Table 4.2: EC calculated vs measured (experimental) compressive strength over time for both RAMAC C33/43
and RAMAC C28/35-2

In the classification of "s" value, for class S, cement is of strength class CEM 32,5N. Here,
one of the concrete mixes has the same strength (RAMAC C33/43). Then, the estimation
was calculated taking "s" values as 0.25 (Class N) and 0.38 (Class S) as well for one mix
to check and compare the variation. Values 0.25 and 0.38 has cement strength classes
32,5R and 32,5N respectively.

Compressive strength comparison (s=0.25)
RAMAC 33/43

40
35

30

25
20 —e—fck(t) (calculated using EC)

—e—fck (from experiment)

Compressive strength (MPa)

0 10 20 30 40 50 60 70 80 90 100

Age (days)

Figure 4.4: Strength development over time for RAMAC C33/43 taking "s"=0.25
(Eurocode 2 estimation vs measured)
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Compressive strength comparison (s=0.38)
RAMAC C33/43

—eo—fck(t) (calculated using EC)

—e—fck (from experiment)

Compressive strength (MPa)
rd

0 10 20 30 40 50 60 70 80 90 100

Age (days)

Figure 4.5: Strength development over time for RAMAC C33/43 taking "s"=0.38
(Eurocode 2 estimation vs measured)

Comparing all three (graphs) figures 4.2, 4.4 and 4.5 for RAMAC C33/43 with different
values of "s", it is observed that the closest values between measured and estimated are
obtained when s = 0.20 is taken which was initially assumed. So, the classification of
factor "s" given in EC2 seems to be fine for the concrete mix RAMAC C33/43 as well
given that the hardening of concrete observed is rapid. To check the accuracy of other
"s" values given, samples of concrete with varying nature of hardening can be taken to
estimate and further compared. Similarly, looking at the strength development of RA-
MAC C28/35-2, it can be observed that there is a significant difference in the strength
development estimated vs measured. most of the measured strengths being less than
the estimated ones. The non uniformity in this measured curve of RAMAC C28/35-2
could be due to the composition of concrete.

Additionally, from all these observations, it is can be inferred that the expression used
to estimate mean compressive strength development in normal concrete cannot be en-
tirely relied on for estimating that for GPC mainly looking at the measured-calculated
ratio of RAMAC C28/35-2.

However, this can be said only for the geopolymer concrete mix used in this project and
not for other mixes. Geopolymer concrete can vary in mix proportions. Compressive
strength of concrete depends on factors like type of alkaline activator, curing conditions,
aggregate binder ratio, etc [8]. Thus, a general conclusion for all GPC concrete cannot
be given in this regard about Eurocode expression not being applicable for calculating
strength over time.
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4.1.2.SPLIT TENSILE STRENGTH

Table 4.3 below shows the values of splitting tensile strength that were measured in lab
over time (1, 3, 5, 14, 28, 56, 91 days). 3 cubes were tested per mix at a time and the
average of that 3 has been taken as the mean splitting tensile strength.

Splitting tensile strength (MPa)

Age RAMAC 28/35-2 RAMAC 33/43
(Days)
Measured Mean Standard Measured Mean Standard
(N/mm?) deviation (N/mm?) deviation

1 1.46 2.31
0.78 1.06 0.35 3.39 2.72 0.58
0.93 2.47

3 2.67 0.22 2.66
293 291 2.35 2.67 0.32
3.12 2.99

5 4.16 4.16
3.85 4.06 0.17 3.62 3.68 0.45
4.16 3.25

14 3.75 4.47
3.44 3.68 0.21 4.16 4.48 0.35
3.85 4.81

28 3.61 4.24
4.45 422 0.53 3.82 391 0.29
4.59 3.68

56 4.02 3.43
4.02 3.98 0.06 3.45 3.44 0.01
3.9 -

91 4.19 4.61
4.1 422 0.13 5.23 5.07 0.40
4.36 5.38

Table 4.3: Overview of measure Splitting tensile strength according to age (Tests done in Jansen and Sqape
laboratory)
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Splitting tensile strength over time
6,00
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4,00
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—&—RAMAC C33/43 (measured)
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Splitting tensile strength (MPa)
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Figure 4.6: Development of split tensile strength with time

In the figure 4.6, the development of splitting tensile strength can be studied. It is clear
that the development is not quite uniform throughout. For RAMAC C28/35-2, there is a
drop in strength after 5 days till 14 days and then a rise and again a slight decrease giv-
ing an average split tensile strength value of 4.22 MPa at 91 days which is the same as 28
days. In case of RAMAC C33/43, a continuous decrease can be seen after 14 days till 56
days and then a rise eventually resulting an average split tensile strength value of 5.07
MPa at 91 days.

Splitting tensile strength

2 ~ ® — RAMAC C33 /43 (Calculated using EC2)

— & - RAMAC C28/35-2 (Calculated using EC2)

Splitting tensile strength (MPa)
[¥5]

1 —e— RAMAC C33/43 (Measured)

—&— RAMAC C28/35-2 (Measured)

0 20 40 60 80 100
Age (days)

Figure 4.7: Comparison of split tensile strength over time (Calculated from cylinder compressive strength vs
average split tensile strength measured in the lab)
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Figure 4.7 shows a comparison of between split tensile strength over time calculated
vs measured in lab for both the mixes. In the graph, "calculated using compressive
strength" refers to the split tensile strength valued determined using the expression:

ferm =03 f23
where f;x is the measured cylinder compressive strength and further using the relation:

fet =0.9 % fer 5p to get the split tensile strength, fe,sp.
It is then plotted to compare with the measured average split tensile strength of the
mixes.

It can be seen in figure 4.7 that for RAMAC C28/35-2, the measured curve is higher than
the one drawn calculating with measured f, using EC expression. For RAMAC C33/43,
the curve drawn using measured values shows non uniform strength development at 56
days, the split tensile strength is lower than the calculated one.

RAMAC C33/43 RAMAC (C28/35-2
Age fetsp (Mpa) fetsp(MPa) Measured- fetsp (Mpa) fetsp(MPa) Measured-
(days) (measured) (calculated calculated (measured) (calculated calculated
from fa) ratio from fu) ratio
1 2.72 148 1.84 1.06 1.25 0.85
2.67 2.39 1.12 291 2.10 1.38
3.68 2.71 1.36 4.06 241 1.69
14 448 3.20 1.40 3.68 2.86 1.2
28 3.91 3.43 114 4.22 3.07 137
56 3.44 3.60 0.96 3.98 3.23 123
91 5.07 3.69 1.38 4.22 331 1.27

Table 4.4: calculated vs measured split tensile strength over time for both RAMAC C33/43 and RAMAC
C28/35-2

Table 4.4 is the tabular representation of figure 4.7. For both the mixes all the values of
measured-calculated ratio can be seen more than 1 except for RAMAC C33/43 at 56 days.
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RAMAC C33/43 RAMAC C28/35-2

Measured
—EC2
Log. (Measured)

Splitting tensile strength (MPa)
Splitting tensile strength (MPa)

s
°
&

Compressive strength (MPa) Compressive strength (MPa)
Figure 4.8: Ratio between splitting tensile Figure 4.9: Ratio between splitting tensile
strength and compressive strength (RAMAC strength and compressive strength (RAMAC
C33/43) C28/35-2)

Furthermore, the ratio between splitting tensile strength and compressive strength of
these concrete mixes were compared with EC2 shown in figures 4.8 and 4.9. The 'mea-
sured’ values shown in the graph refers to the observed splitting tensile strength and
compressive strength during the test.’EC2’ refers to the calculated values of compressive
strength and tensile strength using Eurocode 2 expressions for these. The calculated re-
sults has been presented in the appendix section A.2.3.

It can be seen that the ratio between between splitting tensile strength and compressive
strength of both the mixes doesn't show a consistent trend. However, almost all of them
have higher ratio that the one given by EC2. For RAMAC 33/43, the results are spread
more than that of RAMAC C28/35-2.

While majority results can be observed to be higher than the EC2 line, the inconsistent
trend of results does not give a clear indication of the overall idea of the relationship
between splitting tensile strength and compressive strength of these concrete mixes.
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4.2, BEAM RESULTS

This section comprises of all the obtained results done in Stevin Laboratory for analysing
bending/shear/cracks. For comparison, predictions were made prior the experiment
using Eurocode models. These predictive models for shear, bending and cracks all were
done with following approaches and the results are used accordingly where needed:

1. Using all mean values (to get the results closer to experimental values making it
more comparable)

2. Using all design values (to compare and check the applicability of Eurocode)

4.2.1. CRACK PATTERNS VISUALISATION & FAILURE MODES: u

Table 4.5 showing groups of beams with observed respective failure modes according to
shear span ratio and amount of tensile reinforcement is presented below.

Beams Strength Effective span Tensile First  Yielding Maximum Observed
class depth, d to reinforcement cracking Load Failure Failure
(mm) depth ratio Load (kN) Load Modes*
ratio [p (%0)] (kN) (kN)
la/d]
1 170 3.53 1.84 30 2214 2404 F
2 170 3.53 1.84 20 2174 231.7 F
3 170 3.53 1.84 25 2201 241.7 F
4 C28/35 316 3.01 0.42 50 126.1 160 F
5 316 3.01 042 52 1409 164.1 F
6 316 3.01 042 50 137.6 165.5 F
7 314 3.03 1 50 188.9 2343 SC
8 314 3.03 1 50 2043 255.1 SC
9 C33/43 314 3.03 1 40 183.4 232.8 SC
10 314 2.39 1 60 256.7 334.8 FS
11 314 2.72 1 50 217.5 270 FS
12 314 3.03 1 60 1725 206.5 SC
13 170 3.53 1.84 25 2207 244 F
14 170 3.53 1.84 25 2242 247.6 F
15 170 3.53 1.84 20 2327 252 F
16 €28/35 316 2.69 042 65 139.3 176.7 F
17 316 2.69 042 60 142.2 186.8 F
18 316 2.69 042 50 138.1 190.3 F
19 314 3.50 1 60 - 195.3 SC
20 314 3.50 1 50 164.5 184.9 SC
21 C33/43 314 3.50 1 40 - 178.1 SC
22 316 3.01 042 35 1248 175.2 FS
23 316 3.01 042 35 1208 148.02 FS
24 316 3.01 042 40 1218 172.52 FS

*F = Flexure; SC = Shear Compression; FS = Flexure shear

Table 4.5: General overview of results of all the beams showing the loads at different stages and respective
failure modes
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Table 4.5 gives a general overview of all the beams distinguished according to different
parameters with the resulting cracking load, yielding load and ultimate load observed
from the experiment. First cracking load refers to the load that was noted during the ex-
periment when first crack was seen. Yielding load was taken as the approximate value
observing from the load-deflection graph and maximum failure load refers to the ulti-
mate load before the beams failed; this data was recorded in the testing machine. These
values can be seen in load deflection diagrams too. For beam 19 and 21, the yielding of
reinforcement could not be observed in the load-deflection diagram. This could be an
indication that the beam failed before yielding of reinforcement with a brittle failure.

The judgement of failure modes shown in the last column of table 4.5 for these beams
were made using experimental observation, the resulting crack and deflection and from
the literature study (elaboration in section 2.2.1) about failure modes in normal rein-
forced cement concrete beams. An overview of failed beams and respective load deflec-
tion curve for few groups of beam are shown as follows.

Here, the crack development of one beam per group is shown since each group has the
same properties and loading conditions and respective failure type. However, remaining
pictures of all other beams not shown here are attached in the appendix A.7.
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Initiation of vertical cracks from tension zone

Load step: 40 kN Rl VK

Figure 4.10: Crack propagation in beam 3

Figure 4.10 above shows how the cracks initiate as vertical flexure crack around mid sec-
tion in the early stages. They slowly extends upwards resulting in crushing of concrete
in the final stage for beam 3 which can be seen in the last picture of 4.10. The failure
observed was ductile. The failure crack can be seen in precisely around the midspan at
compression zone.

In figure 4.11, as shown, the first crack appeared at 25 kN force (noted during the exper-
iment). This observation was made and noted during the experiment. Yielding of rein-
forcement can be noticed at 220 kN after which the concrete compressive zone crushed
resulting in failure at 240 kN. This can also be seen in figure 4.10.
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Load deflection curve - Beam 3
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Figure 4.11: Load deflection curves of beam 3 showing the cracking (F¢r), yielding (Fy) and ultimate load (F;)

Similar failure pattern was seen in beams 1, 2, 13, 14, 15 as well which can be clearly
seen in the load-deflection diagram below 4.12 and the pictures of respective beams with
respective loads at different steps are attached in appendix A.4 and A.7.

Load deflection curve - Beams 1, 2, 3, 13, 14, 15
-300

—1
—2

13
14
—15

Force (kN)

-40

Deflection (mm)

Figure 4.12: Load deflection curves of beam group 1-2-3-13-14-15
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Cracks initiation

| Load step: 200 kN

Figure 4.13: Crack propagation in beam 8

From figure 4.13, it can be observed that the cracks started from bottom as flexure cracks
concentrated at center portion of the beam, gradually spreading towards the supports.
The first crack started at 50 kN (figure 4.14). Formation of diagonal crack can be seen in
further stages. The governing crack here is the same diagonal/shear crack which further
gives rise to formation of a compressive strut after crushing of concrete in compression
zone (third figure). The failure is brittle and can be pronounced as shear compression
failure mode as discussed in the literature 2.2.1. In the ultimate stage, concrete spalling
could be seen at the compression zone (figure 4.13). The failure crack can be seen under
the point load within part the of beam without shear reinforcement
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Load deflection curve - Beam 8
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Figure 4.14: Load deflection curves of beam 8 showing the cracking (F¢,), yielding (Fy) and ultimate load (Fy,)

Figure 4.14 shows the load deflection curve for beam 8 where it can be seen that the
first crack was seen at 50 kN (noted during the experiment), yielding of reinforcement at
204.25 kN (approximate value taken from the graph) and finally failure at 248 kN. Beams
7,9 showed a similar failure pattern as well. The load deflection diagrams of these beams
can be seen in figure below. The loads at different of loading along with pictures for these
beams can be found in A.4 and A.7.

Load deflection curve - Beams 7, 8, 9

Force (kN)

0 -5 -10 -15 0 -25 -30 -35 -40
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Figure 4.15: Load deflection curves of beam group 7-8-9
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Flexure shear crack initiation

Figure 4.16: Crack propagation in beam 22

Similarly, in figure 4.16, failure type seen in beams 22 can be categorised under flexure
shear failure as it grows from flexure shear cracks developing a critical inclined shear
crack as a governing one. The failure was observed to be brittle. In early stages, the
cracks started at 23 kN and which followed by formation of flexure-shear cracks near
the supports. These cracks grew towards compression zone causing that flexure crack to
become a critical inclined crack at ultimate loading (174 kN). The failure crack was seen
under the point load within part of the beam without shear reinforcement.

Load deflection curve - Beam 22
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Figure 4.17: Load deflection curves of beam 22 showing the cracking (F¢r), yielding (F)) and ultimate load
(Fu)
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Load deflection curve - Beams 22, 23, 24
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Figure 4.18: Load deflection curves of beams 22, 23, 24

Few obtained experimental results were further compared with few data obtained from
past experiments for normal cement concrete of similar range parameters taken from
shear database [4]. The closest possible values were taken to observe their failure modes
and compare with similar GPC beams used in this research.

Beams f’ a/d d p Failure mode
(Geopolymer concrete) (MPa) (mm) (%) observed

7 343 3.03 314 1 SC

8 34.4 3.03 314 1 SC

9 34.4 3.03 314 1 SC

22 35.2 3.01 316 0.42 FS

23 35.2 3.01 316 0.42 FS

24 35.3 3.01 316 0.42 FS

From database*
(Normal cement concrete)

Tariq & Newhook 34.1 3.54 325 1.54 S
34.1 3.54 325 1.54 S
Sherwood et. al 37.5 3.38 307 0.93 S
37.1 3.38 307 0.93 S

f = concrete cylinder strength at the date of testing
a/d = shear span to depth ratio
d = effective depth
p = tensile reinforcement percentage
“S” = shear (which includes diagonal-tension, shear-compression, “shear proper” flexure-shear etc.)
“SC" = shear-compression
“FS” = Flexure-shear

Table 4.6: failure mode comparison with some past research database ([4])
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For beams taken in table 4.6, the compressive strength at the day of testing are quite
close in range. For all the samples taken, for both the normal concrete beam group and
geopolymer concrete beam group, it shows a shear failure. However, some variation can
be seen in values of a/d ratio and reinforcement percentage. But if beam group 7, 8, 9
is compared with Sherwood et al. samples, it is quite comparable and both the beam
group show a shear failure.

This, however, is just a small number of data found within the range of tested beams.

The predictions about failure modes made before the experiment calculating the bend-
ing and shear capacity and checking the governing one, all the GPC beams tested com-
plied with the predicted failure modes. Considering the comparison between past re-
search and the experiments and the similarity of failure modes in predictions and out-
come, it can be said that reinforced GPC beams behave the same way as reinforced OPC
concrete beams in regard to the failure mode.




4.2. BEAM RESULTS 4. RESULTS & DISCUSSIONS

4.2.2. SHEAR CAPACITY

12 of the beams (the part of the bridge they would be used for did fulfil the requirement
of having enough resistance without shear reinforcement) without shear reinforcement
were designed to fail in shear to check the shear capacity and study this behaviour for
GPC. Mostly those beams results will be used to analyse this section. The predicted val-
ues in table 4.7 were calculated using mean values. Values used and calculations are
attached in appendix A.2.5

Mean values here refers to fem, fym, Crm,c which was used instead of design values (f.4,
fyar Cra,c) in the formulae used assuming that the experimental results would be more
comparable to the predicted results (Eurocode being more conservative with design val-
ues).

The model given by Eurocode 2 for calculating shear resistance without shear reinforce-
ment is given as,
VRd,c = [CRd,ck(looplfck)l/S + klacp] byd > (Umin + klacp)bwd

In this model, o), is stress due to axial loading/prestressing and is not taken here for
calculations because although the bridge was prestressed, beams casted for testing were
not and thus this component of prestressing was not taken into account.

Table 4.7 shows a comparison between predictive and experimental ultimate shear ca-
pacity for beams failed in shear. Results are shown in groups of beams with similar prop-
erties. The beam groups vary according to distance between load and support and rein-
forcement in tensile zone. The first experiment was done for beam 10 followed by 11 and
12 to identify the load trasfer from load to support and to decide the distance between
load and support for other beams.

Distance Tensile Shear resistance, Vrm,c (kN)
Beam fa(t) betweenload a/d reinforcement Test to
o .
(MPa) a]}drsupport P (%) Predicted Experimental predu?tlon

a' (mm) ratio
7 42.3 950 3.03 3.38 88.61 117.18 1.34
8 42.4 950 3.03 3.38 88.61 127.57 1.46
9 42.4 950 3.03 3.38 88.61 116.39 1.33
10 42.2 750 2.39 3.38 88.47 167.44 191
11 42.3 850 271 3.38 88.54 135.00 1.54
12 42.3 950 3.03 3.38 88.54 103.29 1.18
22 43.2 950 3.01 1.28 67.31 87.63 1.32
23 43.2 950 3.01 1.28 67.31 74.01 1.12
24 43.3 950 3.01 1.28 67.37 86.26 1.30

*Beams 22, 23, 24 have the same cross section as beams 7, 8, 9 but during the experiment were inverted upside down
decreasing the tensile reinforcement
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Table 4.7: Summary of results of beams failed in shear (Predicted and Experimental)

Shear resistance in table 4.7 was calculated using compressive strength for that particu-
lar date the experiment was carried out. The dates and respective compressive strength
approximated from the measured strengths has been shown in appendix A.1.

It can clearly be seen in table 4.7 that for all the beams failed in shear, the test predic-
tion ratios for ultimate shear force are greater than 1 giving an indication that it would
be fine to calculate shear resistance using EC models for Geopolymer concrete. How-
ever, a statistical evaluation needs to be done to reach to a concrete conclusion to prove
that it is safe. The predictive results obtained in the table above were calculated using
mean values which are higher than the design values since partial safety factors are not
included and still the experimental results are higher giving a positive mark about using
EC2.
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Figure 4.19: Shear capacity of Beam group 7, 8, 9 (experimental vs analytical)
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Figure 4.20: Shear capacity of Beam group 22, 23, 24 (experimental vs analytical)
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Figures 4.19 and 4.20 show the comparison between analytical and experimental results
for beam groups 7, 8, 9 and 22, 23, 24. Table 4.8 below shows a clear comparison between
beams 7, 8, 9 and beams 22, 23, 24. The only difference between beam group 7, 8, 9 and
22,23, 24 was that, beams 22, 23, 24 were reversed upside down which changed the num-
ber and diameter of reinforcement in the tensile region decreasing the overall amount of
tensile reinforcement. Amount of decrease in shear resistance of concrete with decrease
in reinforcement in tensile region can be seen.

Beams 7,8,9 22,23,24 Percentage
decrease

Tensile reinforcement 3520 mm 216 mm
p (%)
Area (4s1) 942 mm? 402.00 mm? 57.32%
VR4, (kN) 175.25 132.30 24.50 %
[analytical]

23436 175.25 3136 %
Vra,c (KN) 255.14 240.76 148.02 165.26
[experimental] 23278 17252

Table 4.8: Comparison showing decrease in shear capacity due to decrease in reinforcement in tensile zone

There is a 24.5 % decrease in predicted shear capacity with 57.32 % decrease in rein-
forcement area which is expected because Ay (area of tensile reinforcement) in shear
resistance design equation Vg4 . (6.2.a, EN-1992-1-1) takes takes into account the diam-
eter and number of reinforcement. But a higher decrease (31.36%) in shear capacity can
be seen from the experimental results (i.e, for GPC).

However, overall capacity is still greater than the calculated capacity which is a positive
sign.

180 91% B VRd,c analytical
160 = VRd,c experimental
140 54%
120 1 8%

=

) 100

g 80

£

60
40
20

Beam 10 (av=750mm) Beam 11 (av=850mm) Beam 12 (av=950 mm)

a/d=2.39 a/d=2.71 a/d=3.03
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Figure 4.21: Shear resistance comparison (Experimental vs analytical) according to shear-span ratio

The bar chart above (figure 4.21) helps to understand the influence of span-depth ratio.
The shear resistance of 3 other beams (10,11,12) which are similar to previously com-
pared beams (7,8,9) but the a/d ratio are different. A distinct effect of a/d ratio can be
noticed by the trend of decrease in shear capacity with increase in a/d ratio. Looking at
the results of Vrg canalyricar Which is same for all the three beams gives an additional in-
dication that shear resistance doesn’t directly take into account the a/d ratio in the shear
model (EC 6.2.a) as discussed earlier about factors influencing in section 2.2.3. This is
still a matter of discussion in Eurocode for concrete structures. However, it can be said
that clearly there is an influence of a/d ratio for shear capacity in GPC.

One of another important factors affecting the shear resistance is compressive strength.
The formula to determine the shear resistance also takes strength factor (f.;)'/3. The
strength class of all the beams failed in shear was the same. So study the influence of
this factor, beam groups 7, 8, 9 and 22, 23, 24 were considered taking the actual cylin-
der compressive strength at the day of testing which was approximated using measured
compressive strengths for other days.

Influence of compressive strength- Beam 7, 8,9
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Figure 4.22: Influence of compressive strength on shear capacity- beams 7, 8, 9
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Figure 4.23: Influence of compressive strength on shear capacity- beams 22, 23, 24




4.2. BEAM RESULTS 4. RESULTS & DISCUSSIONS

Figures 4.22 and figure 4.23 shows the effect of compressive strength on shear capac-
ity. For beam 7, 8, 9, there is an increase in shear capacity with increase in compressive
strength for one beam but for another beam it slightly decreases. Looking at these fig-
ures, nothing concrete can be concluded because firstly, the compressive strength varia-
tion among these beams is very small and secondly, the compressive strength taken was
approximated and it is not 100% accurate.

CHECKING THE ACCURACY OF EUROCODE FOR GPC:

Towards evaluating and supporting the predictive accuracy of shear model EC (eq. 6.2 a)
given in the Eurocode for Geopolymer concrete, comparisons and analysis using calcu-
lations with actual design values (and not characteristic value) were done which includes
safety factors as well. This was done to answer one of the research questions regarding
how accurate would Eurocode be for GPC. Along with design values, the compressive
strength was also taken as 28 days and not the one at actual day of testing.

The predictive calculations made in this whole section is done this way; using entirely
as it is in the EC (using design values)

180

160

Threshold line
Vu(exp)/Vu(pre)

Vu, exp (kN)

0 20 40 60 80 100 120 140 160 180

Vu, predicted (kN)

Figure 4.24: Graphical Comparison of prediction of EC2 with experimental results



4.2. BEAM RESULTS 67

The observations about test prediction ratios from these comparisons shown in fig-
ure 4.24 being more than 1 and also more than previously calculated test prediction ra-
tios for the calculations made using mean values is pretty obvious because of the fact
that design values in EC models make it more conservative.

Beams £’ a/d d P Experimental Analytical Test to
(Geopolymer (MPa) (mm) (%) Ultimate Ultimate prediction
concrete) Shear force Shear force ratio (EC2)
(kN) (EC2) (kN)

7 343  3.03 314 1 117.18 65.21 1.80

8 344  3.03 314 1 127.57 65.21 1.96

9 344 3.03 314 1 116.39 65.21 1.79

22 35.2 3.01 316 0.42 87.63 49.23 1.78

23 35.2 3.01 316 0.42 74.01 49.23 1.50

24 35.3 3.01 316 0.42 86.26 49.23 1.75

From database*
(Normal cement

concrete)

Tariq & Newhook 341 354 325 1.54 69.8 64,15 1.08
341 354 325 1.54 70.5 64,15 1.09

Sherwood et. al 375 338 307 0.93 119.65 104.17 1.14
371 338 307 0.93 125.1 105.21 1.18

Table 4.9: Comparison of ultimate shear force and test prediction ratios for GPC beams with that of normal
cement concrete from past database [4]

Furthermore, some shear test data from past within the range of Geopolymer beams
tested were taken to compare the ultimate shear force shown in table 4.9. All of these
beams failed in shear. Taking the GPC beam group 7, 8, 9 and comparing it with Sher-
wood wide beams (normal cement concrete) which has similar parameters, the ultimate
shear force is quite close. Additionally, the test results were compared to analytically cal-
culated values using Eurocode 2. The test to prediction ratio can be seen less than the
ones tested in this thesis for Geopolymer concrete using Eurocode 2. This clearly infers
that EC2 is more conservative for GPC than normal cement concrete.
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Behaviour of different parameters in shear resistance observed in experiment com-
pared with EC2 calculations are shown as follows.
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In figure 4.25, it can be seen that with a increase in span to depth ratio, the test to pre-
diction ratio gradually decreases. From fig 4.21 and 4.25, it can be inferred that the shear
resistance is underestimated this way for a lower a/d ratio if EC models are used to cal-
culate the shear resistance and vice versa. However, due to lack of data for higher a/d
ratio, the latter still remains to be discussed.
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Similarly,the influence of effective depth and reinforcement ratio in shear resistance can
be seen in figures 4.26 and 4.27. A decrease in test to prediction ratio can be seen with
increase in effective depth of beam cross section. Secondly, higher test prediction ratio
is observed with higher reinforcement ratio. This could indicate that EC underestimates
the shear capacity for higher reinforcement ratio. However, it should be noted that out
of these observations about influencing parameters, only the effect of a/d can be clearly
pronounced. This is because within the beams tested and observed for effective depth
and amount of reinforcement, other parameters vary too and not just those parameters
alone.
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4.2.3. BENDING CAPACITY

Out of the beams tested, 12 of them were designed to fail in flexure: 1, 2, 3, 4, 5, 6, 13, 14,
15, 16, 17, 18. These are the beams which had shear reinforcement throughout. Bending
moment in table 4.10 was calculated using compressive strength for that particular date
the experiment was carried out. The dates and respective compressive strength approx-
imated from the measured strengths has been shown in appendix A.1.

Distance Tensile Ultimate bending moment
Beams fa(t) betweenload a/d reinforcement (kNm) Test to
(MPa) and support p (%) M M prediction

i ur ur -
a’(mm) analytical experimental ratio

1 28.9 600 60.42 72.14 1.20

2 28.9 600 60.42 69.51 1.16

3 29 600 3.53 1.84 60.42 72.53 1.21

13 29.2 600 60.49 73.20 1.22

14 29.2 600 60.49 7431 1.23

15 291 600 60.49 75.57 1.26

4 35.8 950 67.11 75.99 1.13

5 358 950 3.01 0.42 67.11 77.95 1.16

6 35.85 950 67.11 78.62 1.17

16 35.85 850 67.12 75.12 112

17 35.9 850 2.69 0.42 67.12 79.42 1.18

18 35.9 850 67.12 80.89 1.21

Table 4.10: Summary of results of beams failed in bending (Predicted and experimental)

Table 4.10 shows an overview of experimentally obtained ultimate moment along with
analytically predicted ultimate moment for all the beams which failed in bending. The
predicted values for ultimate bending moment presented in this table were calculated
using mean values. Beams are categorised in groups depending on the variables the
cross section dimensions, reinforcement ratios and concrete compresssive strength. Al-
though a/d ratio is varying too, it is not of importance in bending moment calculation
as it is a cross section analysis. From the general overview of results, it can be seen that
all the test results are more than that of the calculated ones. This can also be seen in bar
charts presented below.
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Figure 4.28: Ultimate moment - Experimental vs Analytical (beams 1, 2, 3, 13, 14, 15)
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M-KAPPA DIAGRAMS:

Inreinforced concrete beam, there are phases defined until it reaches failure as discussed
in literature section 2.2.5. The experimental cracking moment (M,,) in the experimen-
tally obtained graph can be distinguished by observing an initial deviation of the linear
slope in M —x diagram. Secondly, the experimental yielding moment (M), is when the
curve starts deviating and showing a flat pattern. Lastly, the ultimate bending moment
(M) is when the beams fails after reaching its ultimate load.

M—x diagrams according to beam groups are shown in figures below where these phases
can be distinguished. The analytical calculation of M — «x diagrams are attached in the
appendix A.2.7 and all the experimental M — « for individual beams are attached in ap-
pendix A.5

M-kappa diagrams (Experimental vs Calculated)
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Figure 4.31: M —« diagram of beams 1, 2, 3, 13, 14,15 (experimental vs calculated); distance between loads for
these beams = 1000 mm
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Figure 4.32: M —« diagram of beams 4, 5, 6, 16, 17, 18 (experimental vs calculated); distance between loads for
beams 4, 5, 6 = 300 mm and for beams 16, 17, 18 = 500 mm
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For beam group [1, 2, 3, 13, 14, 15], calculated vs obtained experimental doesn’'t show
a large difference as beam group [4, 5, 6, 16, 17, 18]. The prediction for second group un-
derestimates the moments after linear elastic phase. To evaluate kappa, experimental
EI was calculated using four point deflection formula (appendix A.2.6). Following this
approach, stiffness is assumed to be average throughout the beam while in reality the
stiffness at the mid section (constant moment region or distance between the applied
loads) is less than the stiffness near the end supports. This leads to higher experimental
curvature for the given moment.

Beams Mg, exp Mcr, My, exp My, M,, exp Muy,
(kN-m) calculated (kN-m) calculated (kN-m) calculated
(kN-m) (kN-m) (kN-m)

1 7.81 9.5 66.3 58.7 71.4 60.1
2 6.42 9.5 65.3 58.7 68.8 60.1
3 8.02 9.5 65.8 58.7 67.8 60.1
13 7.2 9.5 65.0 58.7 729 60.1
14 8.1 9.5 65.2 58.7 717 60.1
15 7.9 9.5 65.7 58.7 719 60.1
4 - - - - - -
5 25.5 241 67.5 66.7 771 67.1
6 255 241 68.8 66.7 77.3 67.1
16 246 241 63.3 66.7 745 67.1
17 243 24.1 65.4 66.7 78.4 67.1
18 20.1 241 729 66.7 79.4 67.1

*Beam 4 graphs and values came a bit different than expected because of LVDT defect. So not included to analyse.

Table 4.11: Summary of predicted and experimental results for each phases

Table 4.11 shows experimentally obtained and the calculated cracking moment, yield-
ing moment and ultimate moment. The experimental values shown in the table were
taken from the M — x diagrams drawn for each beam which can be found in appendix
A.5. As mentioned in previous section, it should be noted that after cracking of concrete,
the stiffness is not constant in the beam and thus the calculated values of M, (exp) and
M, (exp) is not 100% accurate. Comparing both the results, it is clear that the predicted
moment at yielding and ultimate moment are lower than that of obtained from the ex-
periment. However, observing the comparison of cracking moment of beam group [1, 2,
3,13, 14, 15] and beam 18, cracking seems to have started before the prediction.
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Effect of different parameters:
The factors influencing moment capacity of concrete are compressive strength, rein-
forcement ratio, stiffness, cross section dimensions, stress-strain relation of concrete etc.
Results in regard to these areas are presented below.
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Figure 4.33: Flexure behaviour with varying compressive strength and reinforcement ratio

Graph 4.33 shows the experimental comparison of M-k between beam groups [4, 5, 6]
and [7, 8, 9] which varies in compressive strength and the amount of tensile reinforce-
ment. The cracking moment seems similar in both beam groups. To determine the
cracking moment analytically, mean axial tensile strength is used which is dependent on
compressive strength. But due to the similarity in cracking moment results in these two
groups, it can be assumed that compressive strength doesn’t have a major effect here.
However, the yielding moment of beam group [4, 5, 6] is visibly lower than that of group
[7, 8, 9]. This is possibly because reinforcement percentage is more in [7, 8, 9]. This
shows that the reinforcement ratio has greater effect in bending than the compressive
strength. The ultimate moment here cannot be compared as both beams had a different
failure mode (Beam [7, 8, 9] failed in shear). In a normal reinforced cement concrete,
before the occurrence of crack the tensile stress in concrete is taken by concrete tensile
strength and in this phase, reinforcement does not have any role. The results suggest a
similar behaviour for GPC in terms of dependency with compressive strength and the
amount of reinforcement.
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Figure 4.34: Behaviour with varying reinforcement ratio

Similarly, looking at figure 4.34, the effect of reinforcement ratio is realized as it is vis-
ibly clear, the difference in yielding moment between two groups [11, 12] and [22, 23,
24] which differs only by the amount of tensile reinforcement. To predict the yielding
moment analytically, moment equilibrium is used and the force exerted by steel is de-
pendent on the area of reinforcement. From this it can be said that the amount of rein-
forcement has an effect in bending.
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CHECKING THE ACCURACY OF EUROCODE:

Towards evaluating and supporting the predictive accuracy of shear model EC (eq. 6.2
a) given in the Eurocode, comparisons and analysis using the calculations with actual
design values (and not characteristic value) were done which includes safety factors as
well. To prove the accuracy of certain model, sufficient number of tests should be carried
out and here in this part, tested number (for shear) is 12.

Table 4.12 shows the comparison

Tensile Ultimate bending moment
Beams a/d reinforcement (kNm) Test to
o . .
p (%) M., M., prediction ratio
analytical experimental
1 51.39 72.14 1.40
2 51.39 69.51 1.35
3 3.53 1.84 51.39 72.53 141
13 51.39 73.20 142
14 51.39 74.31 1.45
15 51.39 75.57 1.47
4 64.57 75.99 1.18
5 3.01 0.42 64.57 77.95 1.21
6 64.57 78.62 1.22
16 64.57 75.12 1.16
17 2.69 042 64.57 79.42 1.23
18 64.57 80.89 1.25

Mean = 1.31
Standard Deviation = 0.12
Coefficient of variation = 8.7 %

Table 4.12: Comparison between EC2 and calculated values
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Figure 4.35: Comparison of prediction of EC2 with experimental results

From the table and graph above the experimental ultimate bending moment can be
seen higher than that of calculated one. The mean of test to prediction ratios is 1.31
which clearly indicates that the analytically calculated ultimate capacities can be con-
servative to use for Geopolymer concrete.
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It is observed in figure 4.36 that as the reinforcement in tension region increases, mo-
ment capacity increases as well. This effect has already been discussed earlier too. But
looking at the figure above, it can be said that for a higher reinforcement value, analyt-
ically calculated values can be more conservative for calculating moment capacities for
Geopolymer concrete.
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4.2.4. CRACK BEHAVIOUR

CRACK SPACING

Maximum | Maximum | Testto

measured | calculated | Prediction
BEAM Spacing between the cracks (mm) Crack crack ratio

spacing spacing

(mm) (mm)
1 140.14 147.09 | 95.14 106.82 184.5 155.96 | 100.43 247.38 | 247.38 298.56 0.83
2 216.29 311.87 15794 1847 2255 311.87 298.56 1.04
3 299.7 20697 16378 23133 117.8 299.7 298.56 1.00
4 170.81 49.26 138.26 170.81 470.33 0.36
5 391.1 3911 470.33 0.83
6 367.84 367.81 367.84 470.33 0.78
7 122.75 138,92  94.14 138.92 358.88 0.39
8 2134 286.96 | 100.2 286.96 358.88 0.80
9 229.69 140.73 229.69 358.88 0.64
10 253.67 212,19 183.68 233.68 253.67 358.88 0.71
11 254.04 179.75 254.04 358.88 0.71
12 269.23 284.04 284.04 358.88 0.79
13 130.97 128.38 17085 149.12 1747 94.01 172.21 140.04 | 174.73 298.56 0.59
14 104.68 174.52  163.68 120.3 1048 70.4 197.26 178.54 | 197.26 298.56 0.66
15 148.07 191.62  165.73 307.36 237.6 307.36 298.56 1.03
16 193.48 156.26 | 305.98 305.98 470.33 0.65
17 181.71 63.52 277.79 277.79 470.33 0.59
18 132.63 286.54  198.22 188.68 286.54 470.33 0.61
22 124.52 309.77 309.77 470.39 0.66
23 202.82 270.57 270.57 470.39 0.58
24 311.79 311.79 470.39 0.66

Table 4.13: Measured and calculated maximum crack spacing of all the beams

Figure 4.37: Crack spacing of beam 1 for reference

Table 4.13 shows the crack spacing values obtained from the experiment and the ones
calculated for each beam. In each row, all the spacing measured are noted (like shown
in fig 4.37) and the maximum of all the values are taken and then compared with the
calculated maximum crack spacing using EC expression 7.11:

Sr,max = kac+ ki k2k4¢/pp,eff
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Measured crack spacing refers to the ones obtained from the experiment and these
measurement were done scaling the actual dimension of the beam to Autocad and
measuring the spacing between the cracks of the beam after failure. Measured spacing
for all the beams from experiment can be seen in appendix section A.6. The measured
crack spacing however would not be 100% accurate because measuring in Autocad it
was measured linearly and in reality there is a curvature while the beam bends.

Looking at the test prediction ratios, clearly, for almost all the beams, the (experi-
mental) measured maximum spacing is less than that of the calculated one. From EC
expression, crack width is directly proportional to maximum crack spacing. So, higher
the crack spacing, larger will be the crack width. Here almost all the test-prediction
ratios are less than 1. The actual crack spacing being less than the predicted ones is a
positive mark towards using EC for calculating spacing for GPC as well. However, 3 of
the beams had larger spacing than the predicted ones which still restricts from relying
on EC entirely on this regard.

A clearer comparison chart of the same can be seen in the figure 4.38 as well. It
can be seen that in almost all the beams, experimentally measured crack spacing is less
than that of calculated ones.

Maximum Crack spacing comparison = Experimental Sr,max
m Calculated Sr,max

500
45
40

3
2
0 ‘ | ‘
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 22 23 24

Beam number

o o

Crack spacing (mm)
= e
150 =] [SA =] [SA =]
o (=] (=] (=] [=] (=]

Figure 4.38: Crack spacing (Experimental vs prediction)
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The expression for S; ;4 shows that crack spacing depends on bar diameter, effective
reinforcement ratio, cover and "k" factors.

1,00 4 100 Y
2 .
; 0,80 3 f % 0,80 4 : 4
5
g 060 i : R H B i
< 2
g -
;. 0,40 . P 5 040 N A
& H
= 0,20 = 0,20
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0 5 10 15 20 25 0 0,02 0,04 0,06 0,08 01
Tension zone bar diameter (mm) Effective reinforcement ratio u
Figure 4.39: Influence of bar diameter of Figure 4.40: Influence of effective
Sr,max(exp) Srmax(exp)

reinforcement on (

tension zone on ( Sr,max(pre) )ECZ

Sr,max(pre) )ECZ

In figures 4.39 and 4.40, the effect of bar diameter and effective reinforcement ratio in
the test prediction ratio have been shown. A clear effect of increasing either of the factors
cannot be observed from this graph. From the formula, S ;4 is directly proportional to
the bar diameter and inversely proportional to effective reinforcement ratio. However, in
figure 4.40, a slight increase in maximum spacing can be seen with increase in effective
reinforcement ratio which is against the formula. A concrete conclusion about these
influence couldn’t be pronounced from observing these graph.
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CRACK WIDTH

In order to analyse the crack openings in the beams, LVDTs were placed. The drawings of
positions of LVDTs with dimensions for each beam are attached in appendix A.1. These
LVDTs gave the measure of crack widths. Alternatively, crack widths were measured
using crack measuring scale after certain load steps. All these manually measured crack
widths can be found in appendix A.7 and tables where all these measurements are noted

down. Calculations to determine crack width at yielding moment was done using EC
expression 7.8:

Wi = Sr.max€sm — €cm)-
Using this expression, stresses at different moment were calculated to give crack

widths at different phases. This has been further plotted in figure 4.41 to compare with
experimentally obtained crack widths measured using LVDTs.

Crack width- predicted vs experimental (Beam 1)
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LVDT5
——LVDT6

100

Moment (kNm)
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Figure 4.41: Comparison of calculated crack width and LVDT measured crack width- Beam 1 (top) and Beam 2
(bottom)
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Figure 4.41 shows comparison of crack widths with increasing moment for beam 1 and
beam 2. IVDT 2, 3, 4, 5, 6 were the bottom LVDTs in these beams. The green curve show-
ing calculated crack width was determined for stage before yielding and all other exper-
imental curves show the crack width even after yielding till the failure. Looking at both
the curves, a clear distinction can be seen. Crack widths from the experiment are more
than the calculated one for the corresponding moment in both the cases. It should be
noted that the LVDTs being straight measure the exact horizontal cracks and doesn'’t take
curvature into account. In reality, the beam has certain curvature after it starts deflect-
ing. While taking these LVDT crack width values and plotting the graph, the curvature
was neglected. Had it been considered and had approximate crack width been calcu-
lated then the crack widths plotted for LVDTs would be even larger. But the formula to
calculate crack width only takes the steel stain and deducts the concrete strain, which in
reality is present. The crack width value given by LVDT measures both concrete strain as
well as steel strain. Calculations done for crack width can be found in appendix section
A.2.5.

Crack width- predicted vs experimental (Beam 4)
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Figure 4.42: Comparison of calculated crack width and LVDT measured crack width- Beam 4 (top) and Beam 5
(bottom)
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Similarly, the distinction of calculated and LVDT measured can be seen for beams 4 and
5in figure 4.42.

The part of beam within which LVDTs were placed, values (from crack width card) from
that part is only to be taken to maintain a basis of comparison.

Crack width measured vs LVDT reading- Beam 1
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Figure 4.43: Crack width comparison for beam 1
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Figure 4.44: Crack width comparison for beam 3

In the graphs, 2,3,4,5,6 of the legend denotes the LVDT numbers. It is represented seeing
the cracks between those LVDTs.

A difference in the graph of measured widths and widths from LVDT displacements can
be seen. This could be because of the fact that LVDT readings give the value of extreme
bottom fibre of the beam whereas manually measuring the cracks, no any strict rule was
decided (was measured at approx 30 mm above the bottom fibre; sometimes more and
sometimes less). There is a chance that sometimes it could have been measured at the
level of reinforcement which would give a less value because of the concrete and steel
bond at that point.

Similar difference could be observed in other beams whose results are attached in
the appendix.



CONCLUSIONS AND
RECOMMENDATIONS

This chapter consists of a summary of all the results obtained and conclusions derived
from those results followed by a discussion to answer the research questions of this re-
search. Furthermore, limitations and possible research recommendations for future has
been suggested.
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5.1. CONCLUSIONS

5.1.1. FAILURE MODES
The governing failure modes were observed as it was predicted using EC2 calculations
i.e. either it will fail in shear or bending.

5.1.2. MATERIAL PROPERTIES

¢ Studying the compressive strength behaviour from tests and predictions 4.1.1, it
can be concluded that the formula for predicting the compressive strength with
age, given for normal cement concrete in EC (3.1.2(6)) can be a give a good esti-
mation for that of GPC as well. However, it is still uncertain if this formula can be
used to estimate the strength development of GPC.

¢ The split tensile strength values that were estimated using EC2 expression with
the function of compressive strength were less than the measured values of split
tensile strength except for RAMAC 33/43 at 56 days.

e The ratios between splitting tensile strength and compressive strength were ob-
served to be higher than the relationship given by EC2 at all ages but one i.e. for
RAMAC C33/43 at 56 days.

5.1.3. SHEAR
¢ Comparing the test results and predictions (using both mean and design values), it
is observed that shear resistance using EC formula (6.2.a) seems to be conservative
for calculating shear capacity of geopolymer concrete.

¢ Studying factors that influence the shear capacity from the obtained results, it was
observed that amount of tensile reinforcement and a/d ratio has similar effect on
shear resistance to that of reinforced normal concrete.

* When the obtained shear capacities for GPC was compared with the shear
database of OPC with similar configurations, similar shear capacity was observed
for both the type of concrete.

5.1.4. BENDING
¢ For beams failed in bending, the experimentally obtained yielding and ultimate
moment were observed to be higher than predicted analytically. But the cracking
moment for a beam group showed a lower experimental value.

¢ Comparing the cracking moment between beams with different strengths, it was
seen that compressive strength did not show a major effect in the bending be-
haviour.
Further, to study the influence of different parameters on ultimate moment, both
concrete beam groups with varying compressive strength and tensile reinforce-
ment ratio showed that ultimate moment is directly proportional to the compres-
sive strength and reinforcement ratio.
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5.1.5. CRACK
* The predicted load at which first crack would occur was close to the actual crack
that was observed in the experiment. This can be seen in table 4.11. Cracking
moment calculated using the experimental results was observed to be close to the
predicted cracking moment.

* The maximum crack spacing observed in the experiments for almost all the beams
were less than that of analytically calculated ones. However, 3 of the beams had
larger maximum spacing than the predicted maximum crack spacing.

¢ In case of crack width, the calculated crack widths before yielding at various mo-
ments were less than the actual crack widths measured for corresponding mo-
ments obtained from the experiment (LVDT).

5.2. DISCUSSION REGARDING RESEARCH QUESTIONS

1. What are the observed mechanical behaviour like tensile and compressive
strength of the concrete mix used here? Can EC2 estimations for predicting
these behaviour according to time formulated for normal cement concrete be
used for GPC as well?

The compressive strength development (at ages 1, 3, 5, 14, 28, 56, 91 days)
although the values in the graphs plotted for estimated and experimental mea-
sured values were close and most of the test prediction ratios were more than 1,
some were still less than 1. Due to this reason, it still remains uncertain that EC2
expression can be used to estimate compressive strength over time. However, this
can be only said for the GPC mix used here. Some research done in the past for
GPC also show higher compressive strength than that of OPC concrete but GPC in
itself can vary in mix proportions, curing conditions etc. which can influence the
results.

To study the g factor, initial assumption made for the factor s’ (=0.20) to predict
the strength at given age, which in EC2 is taken based on the nature of hardening
of concrete showed to be the best fit for the concrete mix RAMAC C33/43. To
check the accuracy of other ’s’ values, samples with normal and slow hardening
concrete mix can be tested in the future. The same value of s’ however for RAMAC
C28/35-2 did not show very close comparison. A possible way to deal with this
would be to modify s’ factor to make it safe for all types of GPC. But due to the
non uniformity observed in the rate of strength development of RAMAC C28/35-2,
a better approach could also be to first study factors influencing the strength
development in concrete composition of this type of concrete.

For splitting tensile strength, almost all the measured values were higher than the
ones calculated using EC2 but the splitting tensile strength development over time
for these two mixes were not uniform and a clear indication from the measured
values could not be inferred. Additionally, the relationship between compressive
strength and tensile strength of these mixes with respect to relationship given by
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EC2 was checked and it was seen that the ratios of both the mixes from measured
values did not show a consistent trend. Thus, proper implication could not be
drawn about the behaviour of the mixes. However, almost all the obtained ratios
were higher than the EC2 ratio (except for RAMAC C33/43) and seemed to be
conservative for the mixes used here.

The inconsistency in the tensile strength development could be due to number of
other factors influencing the material behavior of these mixes.

2. How do the failure modes look like? Is the crack initiation, crack propagation,
crack pattern any different from that of normal concrete? If yes, in what way?

Different beam groups showed different failure modes depending on varying
parameters. The resulting failure modes were observed to be as predicted from
the calculations i.e., bending or shear failure. However, to compare it with normal
cement concrete on this matter, normal cement concrete specimen with similar
specifications were not casted. But additionally, data of a few normal cement
concrete samples from past research was taken whose parameters were close to
some of the GPC beams used (table 4.6). Both GPC beam group and normal ce-
ment concrete reinforced beams (of similar parameters taken from past research)
showed the same failure mode.

The initial cracking force predicted before the experiment was close to the
actual force noted during the experiment while first crack was seen. This can be
seen in table 4.34 where a comparison between predicted cracking moment and
experimentally observed cracking moment has been shown. Both the values were
pretty close, in most cases experimental being more than the calculated ones.

3. How accurately does the Eurocode analytical model predict the experimental
results?

From the obtained results, for bending and shear, it was experimentally ob-
served that the ultimate capacity was more than the EC2 predicted capacity. EC2
was found to be conservative for GPC concrete.

Additionally, when a few reinforced normal cement concrete with similar
configuration were compared to the GPC beams tested here, a similar shear ca-
pacity was observed for both OPC and GPC beams. Comparing the test prediction
ratios of both the concrete types, EC2 model seemed to be more conservative for
GPC than OPC.

4. What are the critical parameters that play major role behind the occurring
mechanisms of normal cement concrete? Are those parameters equally influ-
ential for GPC as well? Can it be proved?

From literature study, factors like compressive strength, tensile reinforce-
ment ratio, etc. affecting the structural behaviour of normal cement concrete
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was studied and further from the experimental results, these factors showed an
influence on beahaviour of GPC beams as well.

In case of shear, amount of reinforcement, rebar diameter, effective depth
and shear span to depth ratio were seen as an influencing factor to the overall
shear behavior of GPC. Analysing compressive strength, it couldn’t give a clear
indication about its influence. More experiments with varying compressive
strength would be needed to study this parameter.

For the bending capacity, reinforcement ratio showed a significant effect.
However to compare the extent of influence with that of normal cement concrete,
more database with varying parameters is needed.

5. Is it safe to use GPC over normal cement concrete for similar application? Is
there a way to prove the overall safety? How?

While just looking at the results, it could be said that it would be fine to use
these models for GPC as well, however, it cannot be said with confidence due
to lack of validation of this models for GPC. A statistical evaluation needs to be
done further to prove that EC2 models are 'safe’ to determine capacities of the
type of GPC used here. Only 2 mixes of GPC are used for the experiments and
Geopolymer concrete can vary in proportions which could influence in the overall
behaviour. Thus, determining design value from the obtained experimental data
following a probablistic approach using Eurocode 1990:2002 which covers all the
model uncertainties can be a wise way to prove the safety of GPC in regard to
using EC models.

5.3. LIMITATIONS

While checking Eurocode models for the GPC, although for Shear and Bending, EC
seems conservative for GPC but this conclusion can be inferred only from the tested
beams and they are 12 for shear and 12 for bending. Thus, for other type of mixes of GPC
concrete, nothing can be said on that regard. Mix design might have other influencing
factors on material level too and GPC can vary in mix proportions.

Although the beams tested showed a higher capacity than that of predicted values, it
cannot still be concluded safe which is why it doesn’t entirely give a freedom to use GPC
over normal cement concrete yet.

5.4. SCOPE FOR FUTURE RESEARCH

¢ 24 beams tested here had different parameters and was divided into small groups.
Study of the same mixes can be done again using EC2 expanding the database
which will help draw conclusions for GPC in general.

e Material Behaviour after 91 days wasn't studied. EC estimation over 91 days can
be made to compare the experimental values to check if the ratio between test and
prediction shows a similar behavior after 91 days of casting.
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e The aggregate used (Thermally recycled asphalt aggregate) here is not common in
practice and a detail study about it’s behaviour would be helpful to know the extent
of influence it would have in the concrete mechanical and structural properties.

¢ The time dependent behaviour like creep and shrinkage could not be studied for
this research. It would be helpful to know the influence of these behaviour to anal-
yse how it could affect the overall structural behaviour.

¢ The prestressing component has not been taken in shear resistance formula (be-
cause the experimental beam was not prestressed although the actual beam was).
However, this is an important area to study and would be of interest to know how
prestressing can behave in Geopolymer concrete.

¢ A probablistic study can be done using all these obtained results to validate the EC
models for shear, bending and cracks. This will give more freedom to use GPC over
normal cement concrete.
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APPENDIX

A.1. EXPERIMENTS
LVDT POSITIONS

200

LVDT 10

|
|
|
| 300 | 34%10 | 300 |

Figure A.1: LVDTs positions and dimensions of beams 10, 11, 16, 17, 18

93



A.1l. EXPERIMENTS A. APPENDIX

180

2300
s ./ ! 7
[
<z < VRS \E/ <o o A
4 4 & O
O 0y 2 Ve LV.IDT1 X * N,
< /LP k4 J/
| /_/E____ LN —_ ___[__/_____
o]
332,87
57287
81287
97hn
LVDT 8 | LVDT 10
- I 200 I _afo I 00 I - _
VDT 9

Figure A.2: LVDTs positions and dimensions of beams 4,5, 6, 7, 8, 9, 12, 22, 23, 24
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Figure A.3: LVDTs positions and dimensions of beam 19 (3-point loading
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Figure A.4: LVDTs positions and dimensions of beam 20, 21 (3-point loading)
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Figure A.5: LVDTs positions and dimensions of beam 1, 2, 3, 13, 14, 15
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DATE OF EACH EXPERIMENT
Table A.1 provides the dates on which tests were carried out for respective beams.

Number
| oweorcung | I | i | 60, | 0,

1 C28/35 01/02,/2021 06/04/2021 64 289 36.9
2 €28/35 01/02/2021 06/04,2021 64 289 36.9
3 €28/35 01/02/2021 07/04/2021 65 29 37

4 €28/35 01/02/2021 19,/03/2021 46 27.8 35.8
5 €28/35 01/02/2021 22/03/2021 49 27.8 35.8
6 €28/35 01/02/2021 23/03/2021 50 27.85 35.85
7 C33/43 25/01/2021 05/03/2021 39 34.3 423
8 €33/43 25/01,/2021 08/03/2021 42 34.4 424
9 €33/43 25/01/2021 11/03/2021 45 34.4 42.4
10 €33/43 25/01/2021 02/03/2021 36 34.2 422
11 €33/43 25/01/2021 03/03,/2021 37 343 423
12 €33/43 25/01/2021 04/03/2021 38 34.3 42.3
13 €28/35 01/02/2021 08/04,2021 66 29.2 372
14 €28/35 01/02/2021 08/04/2021 66 29.2 37.2
15 C28/35 01/02,/2021 07/04/2021 65 29 37

16 €28/35 01/02/2021 24/03/2021 51 27.85 35.85
17 C28/35 01/02,/2021 25/03/2021 52 279 359
18 €28/35 01/02/2021 26/03/2021 53 27.99 35.99
19 €33/43 25/01/2021 12/03,/2021 46 345 425
20 €33/43 25/01/2021 18,03/2021 52 34.6 42.6
21 €33/43 25/01/2021 18/03,/2021 52 34.6 426
22 €33/43 25/01/2021 30/03/2021 64 35.2 432
23 C33/43 25/01/2021 30/03/2021 64 35.2 43.2
24 €33/43 25/01,/2021 31/03/2021 65 353 433

Table A.1: Dates of when the beams were casted and tested
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S
8

0,00
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 SO 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 834 86 88 90 92 94 96

Number of days

Figure A.6: Strength development with time curve for RAMAC C33/43 used to approximate the compressive
strength value according to the experiment date
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Figure A.7: Strength development with time curve for RAMAC C28/35 used to approximate the compressive
strength value according to the experiment date
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A.2. ANALYTICAL CALCULATIONS

General parameters used in the formulae

caver on outer reinforcement

diamater of main reinforcement

number of bars of main reinforcement
diameter of stirrups

width of the crass section in the tensile area
effective depth of the beam

height of the beam

area of concrete cross section

area of tensile reinforcement

length of the beam

distance between load and support
Characteristic strength of concrete

Mean cylinder compressive strength
Mean tensile strength

flexural tensile strength

Yield strength of ster!

Design yield strength of steel

factor of safety

surface factor

distance factor

Crushing strain of concrete

Ultimate strain of concrete

Secant modulus of elasticity of concrete (for
short-term loading)

Ultimate strain of reinforcement

Elastic modulus of reinforcing steel
Modular ratio of steel and concrete (Es/Ec)
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A.2.1. COMPRESSIVE STRENGTH AND TENSILE STRENGTH MEASURED VAL-

UES
25-1-2021  |g33/43
casting No. of
Age (days) cubes Cube no. | volume N,-’mm2 Cube no. | volume Nf"r\'lm2 Cube no. | volume N,-’mmZ
26/1an 1 3 Compressive strength 1 2357 2572 2 2266 253 3 2245 225
3 Splitting tensile 1 231 2 3,39 3 247
28flan 3 3 Compressive strength 4 2274 35,0 5 2278 345 6 2228 311
3 Splitting tensile 4 2,66 5 235 B 2199
01/Feb 5 3 Compressive strength 7 2334 36,8 8 2266 373 9 2231 357
3 Splitting tensile 7 4,16 g 3,62 9 3,25
08/Feb 14 3 Compressive strength 10 2260 45,4 1 2251 46,8 12 2258 485
3 splitting tensile 10 4,47 1 416 12 481
23 /Feb 28 3 Compressive strength 13 2238 50,3 14 2226 4972 15 2234 51,6
3 splitting tensile 15 4,24 15 3,82 15 3,68
22/Mar 56 3 Compressive strength 16 2323 49,6 17 2224 519 18 2263 529
3 Splitting tensile 16 3,43 17 345
26/Apr 91 3 Compressive strength 19 2280 54,3 20 2273 555 21 2279 52,3
3 splitting tensile 19 4,61 20 5,23 21 538
1-2-2021 c28/35
casting No. of
Age (days) cubes Cube no. | volume | N/mm? Cube no. | volume | N/mm® Cube no. | volume | N/mm?
02/Feb 1 3 Compressive strength 1 2335 11,1 2 2310 84 3 2297 97
3 Splitting tensile 1 1,46 2 0,78 3 0,93
04/Feb 3 3 Compressive strength 4 2287 279 5 2302 271 6 2306 27,5
3 Splitting tensile 4 2,67 5 2,93 5] 312
0&/Feb 5 3 Compressive strength 7 2305 35,4 g 2260 327 a 2290 30,9
3 Splitting tensile 7 4,16 8 3,85 ] 416
15/Feb 14 3 Compressive strength 10 2320 36,6 11 2340 3456 12 2264 352
3 Splitting tensile 10 3,75 hl 3,44 12 3,85
1.Mar 28 3 Compressive strength 13 2359 43,1 14 2315 423 15 2317 414
3 Splitting tensile 13 3,61 14 4,45 15 459
28/Mar 56 3 Compressive strength 16 2390 43,4 17 2305 423 18 2375 436
3 Splitting tensile 16 4,02 17 4,02 18 3,9
03/ May a1 3 Compressive strength 19 2357 51,7 20 2323 489 21 2315 458
3 Splitting tensile 19 4,19 20 41 21 436

A
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A.2.2. COMPRESSIVE STRENGTH ESTIMATION USING EC CLAUSE 3.1.2 (6)

RAMAC C33/43

C33/43

fi =33

fem (foc+8) = 41

fom(t)=Belt)* fem

Bec(t)= exp{s[1-(28/1)~1/2]}

5 0,2
felt) (calculated foe (from
Age (days) Beclt) fem(t) (MPa) 7 «0
using EC) experiment)
1 0,423881847 17,37915574 9,38 12,53
3 0,66298024 27,18218985 19,18 20,43
5 0,760874855 31,19586906 23,20 22,88
14 0,920495918 37,74033265 29,74 31,12
28 1 41 33,00 33,89
56 1,060328371 43,4734632 35,47 34,77
91 1,0931462 44,81899421 36,82 36,83
RAMAC C28/35
C28/35 £ =28 fon (F+8) = 36
fem(t)=Beclt)* fem
Bec(t)= exp{s[1-(28/t)1/2]}
s 0,2
fel(t) (calculated fo (from
Age (days) Beclt) fem(t) (MPa) “ « 0
using EC) experiment)
0,423881847 15,25974651 7,26 1,39
0,66298024 23,86728865 15,87 15,60
0,760874855 27,39149478 19,39 20,00
14 0,920495918 33,13785306 25,14 21,97
28 1 36 28,00 27,41
56 1,060328371  38,17182134 30,17 28,08
91 1,0931462 39,35326321 31,35 32,59
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A.2.3. RELATION BETWEEN COMPRESSIVE STRENGTH AND SPLITTING TEN-
SILE STRENGTH

RAMAC C33/43

falt)=Fem(t)-8

Fem{t)=Beclt)*Fem

f:t=0'gwf:t,sp
fen=03*(fa)"2/3

fer 55=(0.3* () 2/3]/0.9

Age (days) falt) (EC2) fet,sp (EC2) fo (measured) f. .. (measured)
1 9,38 1,48 12,53 2,72
3 19,18 2,39 20,43 2,67
5 23,20 2,71 22,88 3,68
14 29,74 3,20 31,12 4,48
28 33,00 3,42 33,00 3,01
56 35,47 3,60 34,77 3,44
91 36,82 3,69 36,83 5,07
RAMAC C28/35-2

fem(t)=Bec(t)*Fem

fot)=em(t)-8

fu=0.9% 1 oo
fam=03"(fo)"2/3

fer5=[0.3"(fc,)2/3]/0.9

Age (days) | f.(t) (EC2) fct,sp (EC2) f. (measured)  f. ., (measured)
1 7,26 1,25 1,39 1,06
3 15,87 2,10 15,60 2,91
5 19,39 2,41 20,00 4,06
14 25,14 2,86 21,97 3,68
28 28,00 3,07 28,00 4,22
56 30,17 3,23 28,08 3,98
91 31,35 3,31 32,59 4,22




A.2. ANALYTICAL CALCULATIONS A. APPENDIX

A.2.4. CALCULATION OF SURFACE FACTOR (@) AND DISTANCE FACTOR ()

To calculate values of surface factor (o) and distance factor (B) for the concrete

used in this research using the obtained stress-strain graph of the concrete, the

approach below is used.

Ny =025:b-x," feq

NZ =0,50 'b'xu'fcd

Ny-eg+Nyre, 7
= —=—=10,39
18

N; + N,

a=—=0,75
b'xn'fcd

€3 = 1,75%o0 Ecus = 3,50%o |

Using this, the calculated values were:
For RAMAC 28/35: [£c3=2.2 %o and £c3=2.3 %]

a (yielding)=0.475 a (ultimate)= 0.525
B (vielding)=0.36 B (yielding)=0.32

For RAMAC 28/35: [£c3=2.5 %o and £¢3=2.5 %]
a (yielding)=0.5 o (ultimate)= 0.5
B (vielding)=0.33 B (yielding)=0.33
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A.2.5. SHEAR AND CRACK CALCULATIONS:

BEAaMS 1, 2, 3,13, 14, 15

Using Mean values
Using Design Values

Dimensions
b
h

d(d=h-c-gy-0.5%gy,)

Py, (Diameter of upper reinforcement)
Ik, (number of reinforcement attop)
8, (diameter of stirrups)

Other variables

L

a,

c

T

o (fy=13+8)

fo (fe=fa /7o)

fm (e =0.37£3(2/3))
fomg (foms = (1.6-0) " fo)
f\'k

fm (=11 ")

fa

Ay

Ecm

300 mm

250 mm

170 mm

20 mm
3

12/ mm

2200 mm
600 mm
60 mm
28 N/mm’
36 N/mm’
18,67
2.77 N/mm®
3.73 N/mm®
500 N/mm®
550 N/mm®
43478 N/mny’
942,48 mm’
16363.636 N/mm’

Shear Capacity of Concrete

g, = f_m

000 mm 600 mm |
:: - : 300 mm
| ‘:
T -
LT 2
n s
A L= 2200 mm A‘ i
¥ Lo
! 2500 mm E
i© 1
crackwidth at yielding moment
k, ( EC 7.3.4: Ribbed steelkl = 0.5) 0.8
k; (EC 7.3.4: pure bending k2 = 0.8) 0.5
k, (EC 7.3.4) 34
k; (EC 7.3.4) 0.425
h..z=MIN(2.5(h-d).(h-¥) /3.h/2) 56
Ag=hx"D 16786
Pperr =As [ Acerr 0,0561
=K Ttk TR TR T 0y, Poes 299 mm

550 N/mm?

Came 015 o, =fy 500 N/mm’
Caxe 012 K, 0.6
k= MIN (1+(200/d)%2) 2 Esm = Ecm = 0.00226
pr=MIN(A, / (b d).0.02) 00185 L g
Ve = —‘—U— U,G%‘:
[Crteck (100 fogn ) + Ky |biodd :
> (Umin + k1) bud Wi = Spmax * (Esn - Eem)
Wi (0:=200) 0.22
Vem.e 61995 N Wi (0:=300) 0,37
Ve 45611 N Wy (0:=550) 0,75 mm
w4 [(0,=500) 0,58 mm
Shear capacity of stirrups
A, =2%1/,Pla,.  (2-bracket) 157 mm’
6, angle optimisedif necessary Vgy: = Vigma 45,0 degrees Ultimate capacity compressive strut
] 038 rad 8, angle optimised if necessary Vs, = Vg 21,8 degrees
Veas= Ane /5™ 2% cot{B) * £y 8 0,38 rad
Ve 115837 N v, 0.6
Vess 79062 N Veamee=b *2* 5inf* cosd * v1 *n_cw* f 374480 N

167650 N
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Crack width and steel stress calculation according to moment

Cowe 70 kt 0,6
k, 0,800 foteff 2,77 -
ks 0,500 oe 12,22
ks 3,400 Es 200000 1
ke 0,425 a0 _—
B 20 'ZE . ,—---""""l
R s 56 = _
A 16786 g ”
Pt 0,056 2 ol e
S 299

! o b2 [EE ] L a8 1 1.2

Crack width (num)

My a b c o, £ -E Wi My
10000000 00612  -170 10610,33 63,8839 7E-05 0,021 10
20000000 00612  -170 21220,66 13101 000041 0,121 20
30000000 00612  -170 31830,99 201L93 000076 0,227 30
40000000 00612  -170 42441,32 277,369 000114 0,34 40
50000000 00612  -170 5305165 35832  0,00154 046 50
60000000 00612  -170 63661,08 446204 0,00198 0,592 6D
70000000 00612  -170 7427231 543181 0,00247 0,736 70
80000000 00612  -170 8488264 652842 000301 0,2 80
90000000 00612  -170 0549297 782,033 000366 1,093 90
1E+08 0,0612  -170 1061033 047,621 000449 1,34 100




A.2. ANALYTICAL CALCULATIONS 105

BEAMS 4,5,6

Using Mean values

E\‘
Using Design Values 950 mm 300mm 950 mm
¢ - S E——
i
Dimensions i 300 mm
b 300 mm —
h 400 mm “-
mem | WLLLLLLLLTTTTEETT )
By (Diameter of upper reinforcement) 16 mm -cgr
N (number of reinforcement at top) 2 ‘ '
Prg (diameter of stirrups) 12 yym E A .
Other variables v L= 2200 mm i
L 2200 mm ' i‘ '
ay 950 mm oo Emm_ - o
c 60 mm :
fa 28 N/mm’
fn  (fom = Fox + 8) 36 mem2
fu (fa=Fa/ve 18,67 crackwidth at yielding moment
fom  (Fom = 0.3 *((2/3])) 2,77 N[mm2 k; (EC7.3.4: Ribbed steel k1 = 0.8) 0.8
foma (foma = (1.6-h) * fom) 3,32 ]‘vlfmm2 ks (EC 7.3.4: pure bending k2 = 0.8) 0.5
[ 500 N/mm® ks (EC 7.3.4) 3.4
fm  (Fm= 1.1 *Fpm) 550 N/mm® ks (EC 7.3.4) 0.425
foa 434,78 N/mm® hoeg=MIN(25(h-d),(h-%x)/3,h/2) 104
Az 402,12 mm? Acer=heer* b 31332
Eem Pper=As [ Acerr 0,0128
Srmax = K3 "€ v R * K2 Ry ® Oy [/ Ppes 470
Shear Capacity of Concrete s = fym 550 N/mm®
Chmc 0,15 0:= [y 500 N/mm”
Crye 0,12 k, 0.6
k= MIN (1+(200/d)2) 2 Esm=Ecm = 0.00226
pr=MIN (Aq/ (b * d),0.02) 0,0185 sz—krf""—"”[IHn-.rJ,,.f,r,rJ
Veic= !7 = 060—’
E; E;
[Cri k(100 fom) ' + Eeyreg by
> (Umin + k10p)bud Wi = Spmax * (Em - £am)
Wi (0:=200) 0,28
Vame 63346 N Wim (0:=300) 0,42
Ve 46604 N Wim (0:=550) 0,94 mm
Wi ((0:=500) 0,68 mm
Shear capacity of stirrups
Aqy=2* /4Pl @ya” (2-bracker) 157 mm”
8, angle optimised ifnecessary Veas = Vadmax 45,0 degrees Ultimate capacity compressive strut
6 0,38 rad 8, angle optimised if necessary Vea: = Vagmax 21,8 degrees
Vigs = Agy/s5 ™ 2% cot(B) * [y i} 0,38 rad
Vms 464418 N v, 0,60
Vrds 355743 N VRdma = b *Z *sind * cosB * v1 “a_cw* foy 850015 N
427079 N
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Crack width and steel stress calculation according to moment

Cime 76|kt 0.6
ks 0,800 | fct.eff 2,77 120
ks 0,500 ce 12,22 -
ks 3,400|Es 200000 o
ke 0,425 E o /
=
Broe 16 < "
(. 104 .
A4 31332 2 " -
Pt 0,013 3,_::#,.;....
5. e 470
i
05 o 1 15
Crack width (mm]
My a b Oz Erm ™ Ecm Wi, My
10000000 ZEERE -314 2486796 7972625  -0,00035 -0,164 10
20000000 ####%  -314 4973592 1605393 S547E-05 0,0257 20
30000000 ZEERE -314 7460388 2424843 0,000484 02184 30
40000000 ZEERE -314 ©99471,84 3256118 0,00088 04139 40
S0000000 ZEERE -314 1243398 4099729 (0001302 0,6123 50
60000000 ZEERE -314 1492078 4956247 000173 0,8137 60
0000000 ERssRs -314 1740757 5826284 0002165 1.0183 70
30000000 ZEERE -314 1989437 6710301 0002607 1,2263 80
0000000 ZEERE -314 2238116 7609615 0003057 14377 90
1E+08 ZzEgg -314 2486796 §524404 0003514 16528 100




A.2. ANALYTICAL CALCULATIONS 107

BEAMS 7, 8,9

Using Mean values

a\!
Using Design Values 950 mm 300 mm 950 mm
— =
i i
Dimensions ! |
|
b 300 mm ! i 300 mm
| i < -
h 400 mm I 1t
d ([d=h-c-g,5-0.5*a) 314 mm T £
Phw (Diameter of upper reinforcement) 20 mm L §
Ny (number of reinforcement at top) 3 1 [
By (diameter of stirrups) 12 mm ] A A :
Other variables i i L=2200mm i
L 2200 mm ' r * !
a, 950 mm :{ ! 2500mm \1:
c 60 mm : !
fox 33 N/mm’
fom  (fm =Fx+ B) 41 N/mm*
fa (fa=fa/Yd 22,00 crackwidth at yielding moment
fim (Em=03%14(2/3)) 3,09 N/mm® k, ( EC 7.3.4: Ribbed steel k1 = 0.8) 0.8
foma (fama=(1.6-h) * f) 3,70 N/mm2 k. ( EC 7.3.4: pure bending k2 = 0.8) 0.5
£y 500 N/mm® 5 (EC 7.34) 34
B [l i) 550 N/mm® ks (EC 7.3.4) 0.425
Er 434,78 N/mm® heez=MIN(25(h-d), (h-x) /3,h/2) 93
Aq 402,12 mm* Acer=h.g*b 27854
Eem Poer= A [ Acer 0,0338
Srmax=Ks T €+ Ky TKo " Ky By / Pper 359
Shear Capacity of Concrete 0. = £y 550 N/mm*
Chme 0.15 0. =fy 500 N/mm®
Crie 0.12 k 0.6
k= MIN (1+(200/d)%2) 2 € —Eem = 0.00226
= MIN (A *d),0.02 0,0185 Severr
3 ! (Ag/ (b™d), )] og=ky ”;JH (1+aeppeff) o
Rd.c™ . — 2 D.ﬁﬁ
[Cre k{100 o) + Ry g budd
> (Umin + kl”’qr]"’u‘d Wi = Srmas * (Bsm - Eam)
Wim (0:=200) 0,22
Vim.e 87624 N Wim (0:=300) 0,40
Vea- 65206 N Wim (0:=550) 0,85 mm
wi.a ((0:=500) 0,66 mm
Shear capacity of stirrups
A, =2%"/,Ple, (2-bracket) 157 mm"~
6, angle optimised if necessary Vgg. = Vgmax 45,0 degrees Ultimate capacity compressive strut
6 0,38 rad 8, angle optimised ifnecessary Vs = Vggp. 21,8 degrees
Vias = An/S* 2% COL(B) * fim 8 0,38 rad
\ 0N vy 0,60
Veas 0N Vedmax =0 * 2 ¥ 506 * cosB * vl *o_ow™ £ 0N
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BEAMS 16,17, 18

Using Mean values a,
. P B850 mm 500 mm 850 mm :
Using Design Values . . y —é
|
Dimensions ! i
b 300 mm i i _.SDD mm
h 400 mm ‘ = -
sz | LTI )
@y (Diameter of upper reinforcement) 16 mm g
Ty, (number of reinforcement at top) 2 ! ) :
Bvg (diameter of stirrups) 12 ym 3 ‘ .A E
Other variables ! L=2200mm | |
L 2200 mm : i — E -
a, 850 mm e . mwoem o
c 60 mm 1 :
fa 28 1‘~I,/mm2
fn  (fm=fx+8) 36 N/mm”
fa (Ea=fu/vd 18.67 crackwidth at yielding moment
fim (fam=0.3 *fa(2/3)) 2,77 N/mm® k; ( EC 7.3.4: Ribbed steel k1 = 0.8) 0.8
fama (foma = (1.6-h) * fy) 3,32 N/mm® k; ( EC 7.3.4: pure bending k2 = 0.8) 0.5
fa 500 N/mm” k3 (EC7.3.4) 34
Em  (fm= 1.1 "Ew) 550 N/mm® k;(EC7.3.4) 0425
fra 434,78 1‘»[,/111111Z h,=MINRS(h-d).(h-x)/3.h /2) 104
Ay 402,12 mm” Acer=hees® b 31332
Eem Ppetr= As / Acesr 00128
Sima = Ke TCHK TRt Ky T B/ P 470
Shear Capacity of Concrete o = 550 N/mm?
Came 0.15 0. =fq 500 N/mm*
Chie 0,12 k; 0.6
k= MIN (1+(200/d)%2) 2 Eom = Eom = 0.00226
p=MIN (A, / (b * d),0.02) 0,0185 " i-._.,,r,r”m'_pﬂ.“”]
Veac= il >0.6%
[Corp k(100p forn) ' + Fey b
> (Vpin + L'Lﬂ'”,_]l'l,‘.rf Wi = Srmax ” (Esm - £am)
Wi (0:=200) 0,28
Vame 63346 N Wim (0:=300) 042
Vaae 46604 N Wym (0,=550) 0,94 mm
wiza ((0:=500) 0,68 mm
Shear capacity of stirrups
Acy=2**/4 Pl 0oz (2-bracket) 157 mm*
8, angle optimised if necessary Vg, = Vaqmax 45,0 degrees Ultimate capacity compressive strut
8 0,38 rad 6, angle optimised if necessary Vras = Vigmax 21,8 degrees
Veas= An/s * 2% cot(8) * £ 8 0,38 rad
VAms 464418 N Vi 0,60
VRas 355743 N Viadma:=b ¥z ¥ 5in6 * cos8 * vl *o_ow™ fgy 850015 N

427079 N
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BEAMS 10, 11,12

Using Mean values

Using Design Values

Dimensions

b 300 mm
h 400 mm
d (d=h-c-ova- 0.5 @) 314 mm
By (Diameter of upper reinforcement) 20 mm
Ty, (number of reinforcement at top) 3

@y (diameter of stirrups) 12 pm

d

v
950 mm 300 mim 950 mm

300 mm

1,25m z0me without stirmegs!

IJ

E—

400 mm

- [IIJI]]
A

R

A, =2/, Ploy,” (2-bracket)

6, angle optimised if necessary V. = Veam:
]
VRas = Asw/s * 27 cot(B) * fim
VRm;

Vaas

157 mm*
45,0 degrees
0,38 rad

0N
0N

!
i
Other variables E L L=2200mm )
L 2200 mm vOF :
a, 950 mm :‘_ ! 2500 mm
c 60 mm i
fa 33 N/mm*
fmn (Em=5:+8) 41N !mm2
fu (Ga=fa/Y) 22,00 crackwidth at yielding moment
fom (Fam = 0.3 * £4(2/3)) 3,09 N/mm® k, ( EC 7.3.4: Ribbed steel k1 = 0.8) 08
fma (Foma = (1.6-0) * fam) 3,70 N/mm’ ko ( EC 7.3.4: pure bending k2 = 0.8) 05
f 500 N/mm2 ks (EC7.3.4) 34
£ (fm= 1.1%Em) 550 N/mm> k. (EC 7.3.4) 0.425
i 434,78 N/mm” Beer= MIN(25(h-d), (h-%)/3,h/2) 93
Ay 402,12 mm*® Acer=Doer™b 27854
Eem Ppotr=As / Acer 0,0338
Srma =Ka* C+ky Ko * ke * By / Per 359
Shear Capacity of Concrete o, =fy 550 N /mmz
Come 0,15 0. =f4 500 N/mm?*
Crice 0,12 ke 0.6
k = MIN (1+(200,’d]2,2] 2 Esm = Ecm = 0.00226
p1= MIN (A, / (b *d),0.02) 0,0185 ok f: 1 (L ectepper)
Vaae = malt Z06%
[C e k(10001 ey )P+ Ky oy
> (Vnin + k105p)bud Wi =Srmax (S5 - Eem)
Wi (0:=200) 0,22
V.o 87624 N Wi (0:=300) 0,40
Vrar 65206 N Wi (0:=550) 0,85 mm
Wi g ((0,=500) 0,66 mm
Shear capacity of stirrups

Ultimate capacity compressive strut

6, angle optimised ifnecessary Veas = Veamax
8
Vi

VRdmax = b * 2 ¥ 5inf * cosb * v1 *o_cw*

21,8 degrees
0,38 rad
0,60

0N
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BEAMS 22, 23, 24

Using Mean values

Using Design Values 950 ?m 300 mm 950 mm
< Ea > £
, |
Dimensions i E 300 mm
b 300 mm i i —
h 400 mm : 1
d (d=h-c-oa-0.5% Bh) 316 mm l e ——— ‘ ‘ ‘ | | ‘ ‘ | U D
By, (Diameter of upper reinforcement) 16 mm
Ny, (number of reinforcement at top) 2 ; | A M
Puzt (diameter of stirrups) 12 mm 3 A .
Other variables v L= 2200 mm
L 2200 mm : :l *
3, 950 mm o 2500mm
c 60 mm 1 )
fa 33 N/mm®
£ (fom = £y + 8) 41 N/mm®
fa (Ga=fa/ve) 22,00 crackwidth at yielding moment
frm (e = 0.3 * £(2/3)) 277 N/mm® k; ( EC 7.3.4: Ribbed steel k1 = 0.8) 0.8
fuma (Fama = (1.6-0)* £) 3.73 N/mm® ks ( EC 7.3.4: pure bending k2 = 0.8) 05
£, 500 N/mm® ks (EC7.3.4) 3.4
fm (Em=11%) 550 N/mm’ ks (EC7.34) 0.425
s 434,78 N/mm* hoes=MIN(2.5(h-d),(h-x) /3,h/2) 104
Aq 942,48 mm® Arerr=heer™b 31340
Eim Poee=A: [ Aces 0,0128
Spmar= K5 " €+ Ky Tk T Ky T Oy / P 470
Shear Capacity of Concrete O:= fim 550 N/mm’
Crye 0,15 0:=fa 500 N/mm®
Crice 0,12 k, 0.6
k= MIN (1+(200/d)%2) 2 Esm = Eem = 0.00226
- *
Es =YK
[C i k(100p fen) 2 + Ky lbyd
> (Upin + Ky 6, J,)h.,.d Wi = Srmax * (Esm - Eem)
Wiy (0:=200) 0,28
\ 2 66152 N Wi (6.=300) 0,42
Ved.c 49228 N Wim (0:=550) 0,90 mm
Wia ((0:=500) 0,64 mm
Shear capacity of stirrups
Any= 2% 'fa Pl oy (2-bracket) 157 mm’
6, angle optimised if necessary Vas. = Vagmax 45,0 degrees Ultimate capacity compressive strut
6 0,38 rad 8, angle optimised if necessary Vgg: = Vaqm 21,8 degrees
VRds = Asw/s ¥ 2 7 cot(B) * fix 8 0,38 rad
Vem < 0N vy 0,60
Veas 0N VRgmax =D 2% 5in6 *cosB * vl "o ow® I, 0N

ann mm
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A.2.6. BENDING MOMENT AND M —k DIAGRAMS:

All the theoretical predictions for calculating capacities were made using Eurocode
models as the main research focuses on analysing EC for Geopolymer concrete. In
following pages, tables with calculations have been shown. Similarly, to calculate
moment and curvature for different stages, standard formulae used are shown in tables.

Additionally, for drawing M — x diagrams from experimental data, a standard de-
flection formula for four point bending is used and equated to calculate the stiffness
followed by moment and kappa calculations.

From structural mechan-

ics, total midspan de- F F

flection of a four point

bending beam is given |‘_ a _’l l‘_ a _’|

by,

W = 52 (312 —44?) 75 %7
| L |

where,

W is the deflection and Figure A.8: Four point beam [28]

M is the moment given by F * a

Equating the stiffness, EI from this deflection formula using the step wise force
obtained from the experiment, kappa(x) was calculated as M/EI and M — x diagrams
for respective beams were plotted. However, it should be noted that the EI obtained
this way is the average stiffness while in reality it is not constant throughout the cross
section. This can be very well distinguished from the plotted graph for theoretical vs
experimental.
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BEaMS 1, 2, 3,13, 14, 15

Using Mean values B
250 mm

Using Design Values

'mm -
Dimensions Cracking Moment without reinforcement
b 300 mm W=1/6*b*h’ 3125000 mm’
h 250 mm Mopa=W* 8644568 Nmm
d(d=h-c-gys-0.5%0) 170 mm e=Fou 6/ 0,0002282
o, (Diameter of upper reinforcement) 16 mm k=2%¢./h 1,8257E-06 1 fmm
n.(number of reinforcement at top) 2
i, (Diameter of lower reinforcement) 20 mm Cracking Moment with re inforcement
n;, (number of reinforcement at bottom) 3 1 422019742 mm'
0, (diameter of stimrups) 12 mm Moa=1*fonfe 9581798 Nmm
(Other variables
L 2200 mm Yielding Moment
c 60 mm N=A*E, 518363 N
fa 28 N‘.’mm: N.=N. 518363 N
fn  (Em=£:+8) 36 N,/mm* =
fa [Ea=f/v) 1867 z-a,--ut\ll-t-n:-af b (=2oned A,) 2 mm
fom (Em=03"5") 2,77 N/mm* b
fama (Eona=(L.61)*fam) 3.73 N/mm" e =x/ (dx) *e. 2,033 %o
Fa 500 N/mm* check . < 2.2 promille agree
o ([EmldlTE] 550 N/mm" M, =N * (d-1/3x) 73928769
f 434,78 N/mm* M, =N *(d-1/3%) 58441715 Nmm
Ay 942,48 mm® = (2.+2.)/d 3,6599E-06
£ 2,20 Yo
€ 2,30 %o Bending Moment at £c = £c3
 (yielding) 0.48 N, =A * {4 (did notagree with £) 409773 N
B (vielding) 0,36 N =N, 409773 N
o (ultimate) 0,525 £y 2,20 %o
B (ultimate) 0,320 s =Ne f(b*a*fs) 80 mm
E, 20000000 N/mm” e, =(d-x) fxc e, 2,48 9g
E.. 16363,64 N/mm* check £, = 2.175 promille agree

M, =N, * (d-1/3xc) 58750819
Centroid and moment of inertia M, =N.* (d-1/3xc) 48619563 Nmm

z1 (concrete)

Z2 (upper reinforcement)

Z3 (lower reinforcement)

Al

A2

A3

n

centroid e

x1 (distance from n. a and center of concrete)
x2 (distance between top reinf and na)

%3 (distance between bottom reinf and n.a)

1

125 mm
170 mm
2 mm
75000 mm™
402,12 mm*
942,43 mm-
12.2
22,00 mm
3,00 mm
45
42
422019742 mm*

= e./(d-%) 2,7542E-05
Ultimate bending moment

N, = A, * b4 [did notagree with £ 409773 N

N. =N, 409773 N
=N/ (a*b*is,) 2 mm
z=d-B*x, 147 mm
M, =z* N 60184782

M, =2 * M. 51385062 Nmm
k=Es/X 3,1825E-05

For M-kappa diagram:
1 Cracking moment
Kappa

2 Yielding moment
Kappa
3 Steel yielding

Rappa
4 Ultimate moment
Kappa

8644568 Nmm
1.8257E-06
8644568 Nmm
3,6590E-06
58750819 Nmm
2,7542E-05
60184782 Nmm
3,1825E-05

M-k diagram, calculated [Beams 1, 2, 3, 13, 14, 15]

ment [ Nnmy)

M

Happa [1/mm)
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BEaMSs 4,5,6,16,17,18

Using Mean values
400 mm

Using Design Values

—_

300 men

Dimensions Cracking Moment without re inforcement
b 300 mm W=1/6*b*h" 8000000 mm’
h 400 mm 22130094 Nmm
d(d=h-c-my-05% @) 314 mm 0,0002029
@, (Diameter of upper reinforcement) 16 mm 1,0143E-06 1/mm
1. (number of reinforcement at top) 2
i, (Diameter of lower reinforcement) 16 mm Oracking Moment with reinforcement
1, (number of reinforcement at bottom) 2 1 1741547599 mm*
@, (diameter of stirrups) 12 mm Moa=1*£. /e 24087883 Nmm
Othervariables
L 2200 mm Yielding Moment
e 60 mm N, =A*f,, 221168 N
£, 28/ /ram? N =N, 221168 N
£ (En=E.+8) 36 N/mm’ | |
fa (fa=fa/v) 1867 —_’-41,-1!‘_“.Iﬂ-n"-,d,:—d-b-(—Z-!l-d-A‘] 87 mm
fon (fam=0.3%£"") 277 N/mm’ b
foomn (Fama=(L6h) * £.,) 3,32 N/mm” e=x/ [dx)*e 0,822 %o
£y 500 N/mm* check £, < 2.2 promille agres
£ (Gm=1-1%E4) 550 N/mm’ M,=N*[d-1/3x) 63498701
£y 434,78 N/mm* M, =N,*(d-1/3x%) 50196601 Nmm
Ay 40212 mm® K= (e+e)/d 4,1794E-06
£ 220 %0
Eo 2,30 Yag Bending Moment at ec = £c3
o (yielding) 048 No=A*E, 221168 N
B (yiclding) 0,36 N.=N, 221168 N
a (ultimate) 0525 E=ta 2,20 %o
B (ultimate) 0.320 xw=Ne/(b*a*f,) 43 mm
E. 20000000 N/mm’ £,=(d-xc) /xc*z, 13,93 %,
E. 1636364 Njnm'l" check £, > 2.175 promille agree

M, =N, *(d-1/3xc) 66710742

Centroid and moment of mertia

z1 (concrete)

Z2 [upper reinforcement)

Z3 [lower reinforcement)

Al

AZ

A3

n

centroid, e

x1 (distance from n. a and center of concrete)
x2 (distance between top reinfand n.a)

%3 (distance between bottom reinf and n.a)
1

200 mm
320 mm
80 mm
120000 mm"
402,12 mm
402,12 mm’
12,2
200,00 mm
0,00 mm
120
120
1741547599 mm*

For M-kappa diagram:

1 Crackingmoment
Kappa

2 Yielding moment
Kappa

3 Steelvielding
Kappa

4 Ultimate moment
Kappa

22130094 Nnmmm
1.0143E-06
22130094 Nmm
4.1794E-06
66710742 Nmm
3.1029E-05
67128473 Nmm
5.6964E-05

M, =N, *[d-1/3xc) 51417772 Nmm

*=£./(dx) 5,1029E-05
Ultimate bending moment
N, = A, * {4 (did notagreewith£,,) 221168 N
N =N, 221168 N
X=N_f[a*b*f_) 39 mm
z=d-B*x, 304 mm
M,=z*N, 67128473
M,=z*N, 654565008 Nmm
= £ Xy 5,8964E-05

M-k diagram,calculated(Beams 4. 5, &6, 16, 17, 18]

0000000

ment [N nmij)

s
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BEAMS 7, 8,9

Using Mean values
400 men

Using Design Values

—

300 mm

Dimensions Cracking Moment without reinforcement
b 300 mm W= ljﬁ‘h‘hi 8000000 mnt’
h 400 mm Moo= W*Eo, 24691864 Nmm
d (d=h-c-Pr-0.5% o) 314 mm £-=f.a/En 0,0002258
o, (Diameter of upper reinforeement) 16 mm w=2*t./h 11292E-06 1/mm
n.(number ofreinforcement at top) 2
&, (Diameter of lower reinforcement) 20/mm Cracking Moment with reinforcement
1, (mumber of reinforcement at bottom) 3 I 1829099923 mm'
B (i ameter of stirrups) 2 mm Maa=1*" /e 29044889 Nmm
(Other variables
L 2200 mm Yielding Moment
C 60 mm N.=A*fn 518365 N
£ 33 Nfmm’ N.=N 518363 N
fom {ran=[:k+3} ‘1'1N.u"‘I’I'J.I'I'l'J ==
fa (a=fa/v) 22,00 —_’-4=-n!\:4«-‘-.:,’—4-5-[—3-;.-«-4,3 121 mm
fon (Fam=03%f3") 3,09 N/mm* ] z-b ]
fma (fama=(L60) " £) 3,70 N/mm’ e=x/(dx)* e 1,372 %o
£y 500 N/mm® check £. < 2.2 promille amree
fm  (Eom1.1%64) 550 N/mm’ M, =N.*(d-1/3x) 141778759
£ 43478 N/mm’ M, =N, *[d-1/3%) 112078070 Nram
A 248 mm’ = (e+e)/d 24875E-06
£t 2,50 %o
Ecus 2,50 %o Bending Moment at ec = £c3
a (yielding) 0,50 No=A *fm 518363 N
B (yielding) 0,33 N.=N, 518363 N
ot [ultimate) 05 E.=Eq 2,50 %o
B (ultimate) 0,330 i =Ne / (b*a*f) 84 mm
E. 200000,00 N/mm* .= (d- =) /=t e 6,81 %o
E 16400,00 N /mm’ check £ > 2175 promille agree

M, =N.* (d-1/3xc) 148202231
Centroid and moment of inertia M, =N, * (d-1/3xc) 111707710 Nram
z1 (concrete) 200 mm w=g.f(dx) 2,9661E-05
Z2 (upper reinforcement) 320 mm
Z3 (lower reinforcement) 2 mm Ultimate bending moment
Al 120000 mm” N,=A *f,(didnotagree with £ ) 518363 N
12 402,12 mm" N.=N, 518363 N
A3 2,48 mm’ %, =N./[a*b*E,) 84 mm
n 2.2 z=d-B*x, 286 mm
centroid, e 194,37 mm M,=z*N, 148347868
x1 (distance from n a and center of concrete) 5,63 mm M, =z*N, 135895917 Nnm
x2 (distance between top reinf and na) 124 =2 a/%, 29661E-05
%3 (distance between bottom reinf and n.a) 114

1829099923 mm'

For M-kappa diagram:

1 Cracking moment 24691864 Nmm
Happa 1.1292E-06

2 Yielding moment 24691864 Nmm
Happa 2A4875E-06

3 Steel yielding 148202231 Nmm
Happa 2,9661E-05

4 Ultimate moment 148347868 Nmm
Happa 29661E-05

M-k diagram, calculated (Beams=7, 8.9, 19 20, 21)

160000000
140000
120000
LOGI00000 -
SHU00000 -
SHU0HI00 P
40000000 o
20000000 | P&~
oo
0 000001

Momeent [Noum)

0.0000:2

Kappa (1/mm)

0040003 000004
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BEAMS 10, 11,12

Using Mean values
200 i
Using Design Values
300 mm

Dimensions Cracking Moment without reinforcement
b 300 mm W=1/6*b*h" BOOO0DD mm”*
h 400 mm Moa=W* . 24691864 Nmm
d [d=h-c-@ugm- 0.5 *m,) 314 mm Ex=Feam/Ecm 00002258
2, [Diameter of upper reinforcement) 16 mm wk=2*ez/h 1,1292E-06 1/mm
n,{number of reinforcement at top) 2
#, (Diameter of lower reinforcement) 20 mm Cracking Moment with reinforcement
1, (number of reinforcement at bottom) 3 I 1829099923 mm*
gt (diameter of stirrups) 12 mm Mga=1*fo/e 29044869 Nmm
Other variables
L 2200 mm Yielding Moment
c 60 mm M=A % E 518363 N
Fa 33 N/mmt | [Ne=N 516363 N
fan  (fan=FEx+8B) 36 N /mm” =
fa (Fa=Ea/ ) 22,00 2-4,n% (4047 —4b(-2on-dod) 121 mm
fam (fam=0.3%£57) 3,09 N/mm’ ' b )
fama (Fama=(1.6-h}* fam) 3.70 N/mm” E.=% [ (d-x) * & 1,372 %o
f 500 N/mm® check g < 2.2 promille agree
fm (b= 1.1 "Ea) 550 N /i’ M,=N.*(d-1/3x) 141778759
(] 434,78 N/mm* M,=N*[d-1/3x]) 112078070 Nmm
L™ 942,48 mm* K= [g+e)/d 2,4875E-06
Eex 2,50 %
Ecuy 2,50 % Bending Moment at £c = £c3
o (yielding) 0,50 M= A * by 518363 N
[ (vielding) 0,33 M.= N 518363 N
o (ultimate]) 0.5 E.=Ea 2,50 %o
[ (ultimate) 0,330 wc=Ncf (b*a*iy) B4 mm
E, 200000,00 N /mm® £, = (d-xc) fxc* e 6,81 %o
Emm 16400,00 N/mm’ check £; = 2175 promille agree

My=MN.*[d-1/3xc) 148202231
Centroid and moment of inertia M,=N*[d-1/3xc) 111707710 Nmm
z1 [concrete) 200 mm K=g/f(dx) 2,9661E-05
Z2 {upper reinforcement) 320 mm
Z3 (lower reinforcement) B2 mm Ultimate bending moment
Al 120000 mm’ N, = A; *f,4 (did not agree with ) 518363 N
AZ 402,12 mm~ M= N, 518363 N
A3 942,48 mm’ %= NS (a*bh* i) B4 mm
n 122 z=d- [ *x, 304 mm
centroid, e 194,37 mm M,=z*N, 14834 T7B6E
1 (distance from n. a and center of concrete ) 5,63 mm M,=2*N, 135895917 Nmm
2 (distance between top reinf and n.a) 124 K= Enpf Xy 29661E-05
%3 [distance between bottom reinf and na) 114

1829099923 mm’*

For M-kappa diagram:

1 Cracking moment 24691664 Nmm
Kappa 1,1292E-06

2 Yielding moment 24691664 Nmm
Kappa 2 4B75E-06

3 Steel yielding 148202231 Nmm
Kappa 29661E-05

4 Ultimate moment 14B34 7868 Nmm
Kappa 29661E-05

M-kdiagram, calculated ([Beams 10, 11, 12)

Mament | Kmmi)

A OAO05 00T OO00015 00002 (M2 S OO0ME Q00005

Fappa (1,/mm)
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BEAMS 22, 23, 24

Using Mean values

400 mm

Using Design Values

T
Dimensions Cracking Moment without reinforcement
b 300 mm W=1/6*b*h" BOOOO0D mny’
h 400 mm Maa=W* Ly 24691864 Nmm
d [d=h-c-dyy-0.5% 8 316 mm Eer=tama/Ean 0,0002258
@, [ Diameter of upper reinforcement) 20 'mm k=2*c,/h 1,1292E-06 1/mm
ty number of reinforcement at top) 3
, [ Diameter of lower reinforcement) 16 mm Cracking Moment with reinforcement
ny, (number of reinforcementat botom) 2 I 1829099923 mm'
Pz [ diameter of stirups) 12 mim Mg =1*fmfe 27454723 Nmm
Othervariables
L 2200 wim Yielding Moment
c 60 mm No=A* b 221168 N
fa 33 N/mm’ M.= N, 221168 N
fan  (Em=fx+B) 41 N/mm® x=
fa (Ba=fx/v) 18,67 2-4;-»:\![-!-:3-.4,: 4eb(=2on-d. A, B7 mm
fam (Eemn=0.3%£s"") 3,09 N/mm" ER)
Famg (B = (L6-h)* F) 370 N/mm | |m=x/(dx) g 0,821 %o
[ 500 N /mm’ checke. < 2.2 promille agree
Fym  (Fym= 1.1 *E4) 550 N fmm” M, =N *[d-1/3x) 63504664
il 434,78 N/mm’ M, =N *[d-1/3x) 30201315 Nmm
LW 402,12 mm* K= (e+8)/d 4,6611E-06
Ecx 2,50 %o
ey 2,50 %o Bending Moment at £c = £c3
o [yielding) 050 Ne=A;* By 221168 N
[ (yielding) 033 MN.=N, 221168 N
o (ultimate) 0.5 B.=Eea 2,50 %on
[ (ultimate) 0,330 we=Ncf(b*a* ) 36 mm
E. 200000,00 M /mm® £;= [d-xc) fre*E: 19,47 %o
Ecm 16400,00 N,fmm‘ check g; = 2.175 promille agree

M, =MN.* [d-1/3xc) 67237889
Centroid and moment of inertia M, =N *[d-1/3nc) 52160666 Nmm
z1 [concrete) 200 mim K = &f[ d-x) 6,9517E-05
Z2 [uppet reinforcement) 318 mim
Z3 (lower reinforcement) BO mm Ultimate bending moment
Al 120000 mm* Mg = A, * [yq (did not agree with B, ) 221168 N
AZ 942 48 mm” MN.= N, 221168 N
A3 402,12 mm* =N (a* b * ) 36 mm
n 122 z=d- [ *x, 304 mm
centroid, e 205,63 mm M, =z*N. 67264401
1 [distance from n. a and center of concrete) -5,63 mm M, =z*N_ 64997593 Nmm
%2 (distance between top reinf and n.a) 114 K= Ean/ % 6,9517E-05
x3 [distance between bottom reinf and n.a) 124
1 1629099923 mm" M-k dizgram, calculated (Beams 12,2 3, 24)

E ol

For M-kappa diagram:

1 Cracking moment 24691864 Nmim
Kappa 1,1292E-06

2 Yielding moment 24691864 Nmm
Kappa 4,6611E-06

3 Steel yielding 67237869 Nmm
Kappa 6,9517E-05

4 Ultimate moment 67264401 Nmm
Kappa 6,9517E-05

ment (Nmni)

M

Kappa {1/mmj)
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Table 2.1N: Partial factors for materials for ultimate limit states

Design situations

¥ for concrete

s for reinforcing steel

¥ for prestressing steel

Persistent & Transient

1,5

1,15

1,15

Accidental

1,2

1,0

1,0

Strength classes for concrete

Analytical relation

| Explanation
fa (MPa)| 12 16 20 25 30 35 a0 45 50 55 60 | 70 80 90
Taoune 15 20 25 30 ar 45 50 55 60 67 75 85 95 105 28
(MPa)
o 20 24 28 33 38 43 48 53 58 63 68 78 88 o8 fom = B +3{MP3)
(MPa) | |
fam 1.6 1.9 2,2 26 29 32 35 | 38 41 4,2 44 46 48 5,0 T*;‘:;ﬁ ‘”" S{?i:'go
am=2.1240{1+{£/10})
(MPa) -
w005 | 11 13 (15| 18 |20 | 22 | 25| 27 | 29 | 30 31 32 | 34 3.5 | famos = 0.7 xfm
(M Pﬂ) 5% fractile
fupes | 20 | 25 [ 29| 33 | 38 | 42 | 46 | 49 | 53 5,5 57 | 60 | 63 | 66 | fwom=1200
(MPa) 95% fractile
Ecm 27 29 | 30 31 33 34 35 | 36 37 38 39 41 42 a4 Eun = 22((fud 10T
{GPa) (Fem in MPa)
By (%) | 18| 19 | 20| 21 | 22| 225 | 23 | 24 | 245 | 25 26 | 27 | 28 2,8 | see Figure 3.2
a6y Clio) = 07 " < 2.8
£ (%) 35 3.2 3,0 2.8 28 2,8 | see Figure 3.2
. | forta 250 Mpa )
Figura 3.3
£z (%) 20 22 23 24 | 2,5 26 ;?Z ;u:aﬂMm
. 2,0+0,088{1,-50)"*
35 31 29 2,7 X X see Figure 3.3
Eaz (%) 26 28 for f, 2 50 Mpa
bl 0e}=2, 6+ 35(80-1.s V100
n 20 1,75 16 1,45 14 1,4 for [,z 50 Mpa
| | n=1,4+23,4[(80- £)100)
. 1,7 1. 1 | & } sea Figure 34
e (%) 5 8 9| 20| 22 | 23 o 34 o
wal V1. 7540, 55({f-50)40]
Figure 3.4
& (%0 35 31 29 27 26 26 ';""“ r;‘:m
J w26+ 351(00- Ly 100T

51242U02 10} SINSLIBJORIBYD UOHBULIOP pue Yibuans |'c oa|qel
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Table 4.1: Exposure classes related to environmental conditions in accordance

with EN 206-1
Class Description of the environment Informative examples where exposure classes
designation may occur
1 No risk of corrosion or attack
For concrete without reinforcement or
X0 embeddaed metal: all exposures except where
there is freezefthaw, abrasion or chemical
atlack
For concrete with reinforcement or embedded
metal: very dry Concrete inside buildings with very low air humidity
2 Corrosion induced by carbonation
XCc1 Dry or permanently wet Concrete inside buildings with low air humidity
Concrete parmanently submerged in water
XC2 Wet, rarely dry Concrete surfaces subject to long-term water
contact
Many foundations
XC3 Moderate humidity Concrete inside buildings with moderate or high air
humidity
External concrete sheltered from rain
XC4 Cyclic wet and dry Concrete surfaces subject to water contact, not
within exposure class XC2
3 Corrosion induced by chlorides
XD1 [ Moderate humidity Cancrete surfaces exposed to airborne chlorides
xp2 Wet, rarely dry Swimming pools
Concrete components exposed to industrial waters
containing chlorides
XD3 Cyclic wet and dry Parts of bridges exposed to spray containing
chlorides
Pavemenis
| Car park slabs
4 Corrosion induced by chlorides from sea water
XS1 Exposed Lo airbomne salt but not in direct Structures near to or on the coast
contact with sea water
X52 Permanently submerged Parts of marine structures
X83 Tidal, splash and spray zones Paris of marine structures
5. Freeze/Thaw Attack ]
XF1 Moderate water saturation, without de-icing Vertical concrete surfaces exposed 1o rain and |
agent freezing l

XF2 Moderate water saturation, with de-icing agent | Vertical concrete surfaces of road structures
exposed fo freezing and airborne de-icing agents

XF3 High water saturation, without de-icing agents | Horizontal concrete surfaces exposed to rain and
freezing
XF4 High water saturation with de-icing agents or Road and bridge decks exposed o de-icing agenis
sea waler Concrete surfaces exposed to direct spray

containing de-icing agents and freezing
| Splash zone of marine structures exposed to
freezing

6. Chemical attack

XA Slightly aggressive chemical environment Natural soils and ground water
according to EN 206-1, Table 2
XAZ Moderately aggressive chemical environment | Natural soils and ground water
according to EN 206-1, Table 2

XA3 Highly aggressive chemical environment Natural soils and ground water
according to EN 206-1, Table 2
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A.4. LOAD-DEFLECTION DIAGRAMS OF ALL BEAMS

F.; = Force at first crack; F, =Force at yielding;

Load deflection curve - Beam 1

300
250

200

Force (kN)
=
[%)]
=)

-5 0 5 10 15 20 25

Midspan deflection (mm)

Load deflection curve - Beam 2
250
< 217,40
200
150

100

Force (kN)

-5 0 5 10 15 20 25

Midspan deflection (mm)

Load deflection curve - Beam 3

300
250 Fy

= 220,09
200

150

Force (kN)

100

50

-5 0 5 10 15 20 25

Midspan deflection (mm)

30

30

30

35

Fy

u

1238,80

35

u

231,47

35

240,96

40

Force at failure
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Load deflection curve - Beam 4

180
o /___—————-I"‘ 158,59 F
u
140
_ 120 12613 ¢ /
= ¥
2 100
g 80
&£ 60
40
FCI'
20 20,29
0
5 0 5 10 15 20 25 30
Midspan deflection (mm)
Load deflection curve - Beam 5
180
160
140
= 120
= 100
B 80
£ 60
40
20
0
-10 0 10 20 30 40
Midspan deflection (mm)
Load deflection curve - Beam 6
180 Fy
160 Fy e 16348
140 137,61
= 120
= 100
g 80
£ 60
40 For
20 2493
D /
5 0 5 10 15 20 25 30 35

Midspan deflection (mm)
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Force (kN)

Force (kN)

Force (kN)

-5

-5

-5

Load deflection curve - Beam 7

Fu
250
F 233,68
v
200 188,93
150
100
50 Fer
16,39
0
0 5 10 15 20 25
Midspan deflection (mm)
Load deflection curve - Beam 8
300
FI.I
250 F /______—.———-—" 248,58
¥
200 204,25
150
100
50 F
o/ 20,40
0 5 10 15 20 25 30 35 40
Midspan deflection (mm)
Load deflection curve - Beam 9
250 Fy
229,39
F‘l'
200
183,42
150
100
50
2592 Fg
0
0 5 10 15 20 25 30 35 40
-50

Midspan deflection (mm)
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Load deflection curve - Beam 10

350
300
250
200
150
100

50

Force (kN)

50 0 5 10 15 20 25 30

Midspan deflection (mm)

Load deflection curve- Beam 11

21748 Fy

Force (kN)

100

a0

0 10 20 30 40

Midspan deflection (mm)

Load deflection curve - Beam 12
250
200 Fy 205,87
172,53
150

100

Faorce (kN)

2429/ F.,

-5 0 5 10 15 20
-50

Midspan deflection (mm)
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Force (kN)

Force (kN)

Force (kN)

-5

300
250
200
150
100

50

27,17
o
0

300

250

200

150

100

50

Load deflection curve - Beam 13

5

F

o

Fv e ——
- ¥
220 242,97
Fu
10 15 20 25 30 35

Midspan deflection (mm)

Load deflection curve - Beam 14

F

u
Fy 246,72
/ o ’/]

L1301 F.
0

40

0 5 10 15 20 25 30 35
Midspan deflection (mm)
Load deflection curve - Beam 15
300
F Fu
250 Y 251,14
1232,76
200
150
100
50
. Ve 2769 F,
0 5 10 15 20 25 30

Midspan deflection (mm)

35



A.4. LOAD-DEFLECTION DIAGRAMS OF ALL BEAMS

129

Load deflection curve - Beam 16

200
180 17457 “
160
140
Z 120
= 100
5 g0
= 60
40
20
0
0 5 10 15 20 25 30 5 40
Midspan deflection (mm)
Load deflection curve - Beam 17
200 Fu
s "(/’—“—-__ 184,40
160
142,22
= 140 . F,
< 120
8 100
5 80
= 60
40
20 2429 F
0
-5 0 5 10 15 20 25 30 35
Midspan deflection (mm)
Load deflection curve - Beam 18
200 F,
180 188,12
160 /"_r—'
— 140 v 138,12 E
Z 120 ¥
E’ 100
L 80
B 60
40 th
20 20,31
0
-5 0 5 10 15 20 25 30 35 40 45

Midspan deflection (mm)
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Force (kN)

Force (kN)

-5

Force (kN)

200
180
160
140
120
100
BO
el
40
20

200
180
160
140
120
100
80
60
40

F
20 18,97
0 /
0

F'lr
164,47
Fcr
18,93

Load deflection curve - Beam 19
250

200 192,15
150

100

50 F

-50

Midspan deflection (mm)

Load deflection curve - Beam 20
FI.I
182,85

2 4 6 8 10 12 14 16
Midspan deflection (mm)

Load deflection curve - Beam 21

171,68

er

2 4 ] 8 10 12 14
Midspan deflection (mm)
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Load deflection curve - Beam 22

200
180 174,07 | F
160 u
140
g 120 124,81 F“.
- 100
80
= 60
40
20 2317 Fcr
0
-5 0 5 10 15 20 25 30 35 40 45
Midspan deflection (mm)
Load deflection curve - Beam 23
160 F”
140 g 147,89
¥
120 120,85
g 100
@ 80
&
S 60
40
Fe
20 21,00
i}
-5 0 5 10 15 20 25
Midspan deflection (mm)
Load deflection curve - Beam 24
200
180
160
140
= 120
= 100
7]
8 80
£ 60
40
20
0
.5 20 0 5 10 15 20 25 30

Midspan deflection (mm)
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A.5. EXPERIMENTAL M-x DIAGRAMS

Beam 1
80000000

70000000
60000000
50000000
40000000
30000000
20000000
10000000

o

0,00001 0,00002 000003 0,00004 0,00005 0,00006 0,00007 000008

Moment (Nmm)

Kappa (mm)

Beam 2
30000000
70000000 ,

60000000
50000000
40000000
30000000
20000000
10000000

0

000001 000002 0,00003 000004 000005 000006 000007 0,00008

Moment (Nmm)

Kappa (1/mm)
Beam 3
80000000
70000000
F 60000000
é 50000000
E 40000000
S
= 30000000
20000000
10000000
0
0,00001 0.00002 0,00003 0.00004 0,00005 0,00006

Kappa (1/mm)
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Beam 4

45000000
40000000
35000000
30000000
25000000
20000000
15000000
10000000
5000000
0

Moment (Nmm)

Kappa (1/mm)

0 0,0000005 0,000001 0,0000015 0000002 0,0000025 0,000003 0,0000035 0.000004

Beam 5
90000000
80000000
70000000
60000000
50000000
40000000
30000000

Moment (Nmm)

20000000
10000000
o

o 000001 000002 0.00003 000004 000005 000006 000007 000008 000009 00001

Kappa (1/mm)

Beam 6
90000000
80000000
70000000
60000000
50000000
40000000
30000000
20000000
10000000

0
o 0,00001 0,00002 000003 000004 000005

Moment (Nmm)

Kappa (1/mm)

0.00006 0,00007 000008 000009
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Beam 7
120000000

100000000
80000000

60000000

Moment [Nmm])

40000000

20000000

=}

Kappa (1/mm)

0,000005 0,00001 0,000015 0,00002 0,000025

Beam 8
140000000

120000000
100000000
80000000
60000000

40000000

Moment (Nmm)

20000000

0
0 0,000005 000001 0000015 000002 0000025 000003 0000035 0.00004 O0.000045

Kappa (1/mm)

Beam 9
120000000

100000000
80000000

60000000

Moment (Nmm)

40000000

20000000

=}

0,00001 000002 000003 0,00004 000005 000006 0,00007 000008 000009

Kappa (1/mm)
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Beam 10

-140000

-120000

-100000

-80000

-60000

Moment (Nmm)

-40000

-20000

0,000005 000001 0000015 000002 0000025 000003 0000035 000004

Kappa (1/mm)

Beam 11
140000000

120000000

100000000
80000000
0000000
40000000
20000000

]

0,00001 000002 000003 0,00004 0,00005 0,00008 0,00007 0.,00008

Moment (Nmm)

Kappa (1/mm)

Beam 12
90000000
80000000

70000000
60000000
50000000
40000000
30000000
20000000
10000000

D

0,00000Z 0,000004 0000006 0000008 000001 0000012 0000014 0000016 0,000018

Moment (Nmm)

Kappa (1/mm)
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Moment (Nmm])

80000000
70000000
60000000
50000000
40000000
30000000
20000000
10000000

0

=]

0,00002

Beam 13

0.00004 0,00006

Kappa (1/mm)

0.00008

0,0001

0.00012

Moment (Nmm)

80000000
70000000
60000000
50000000
40000000
30000000
20000000
10000000

0

=]

000001 0,00002 0,00003

Beam 14

Kappa (1/mm)

0,00004 000005 000006 000007 000008 000009

Moment (Nmm])

80000000
70000000
60000000
50000000
40000000
30000000
20000000
10000000

0

=}

0,00001

0,00002

Beam 15

000003 0.00004

Kappa (1/mm})

0,00005

0.00006

0.00007
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Beam 16

80000000

70000000

60000000

50000000

40000000

30000000

Moment (Nmm)

20000000
10000000

0
o 000002 0,00004 0,00008 0,00008 00001 0,00012

Kappa (1/mm)

Beam 17
90000000
80000000
70000000
60000000
50000000
40000000
30000000

Moment (Nmm)

20000000
10000000
0

=

000001 0,00002 0.00003 0,00004 0,00005 0,00006

Kappa (1/mm)

Beam 18 (exp)
90000000
80000000
70000000
60000000
50000000
40000000
30000000

Moment (Nmm)

20000000

10000000

o

=

0,00002 0.,00004 0,00006 0,00008 0.0001 0.00012

Kappa (1/mm)
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Moment (Nmm)

Moment (Nmm)

Moment (Nmm)

100000000
90000000
80000000
70000000
60000000
50000000
40000000
30000000
20000000
10000000

1]

80000000
70000000
60000000
50000000
40000000
30000000
20000000
10000000

0

50000000
80000000
70000000
60000000
50000000
40000000
30000000
20000000
10000000

0

Beam 22

o 0,00001 0,0000Z 0,00003 0,00004 0,00005 0,00006 0,00007 0,00008 0,00009 0,0001

Kappa (1/mm)

Beam 23

=

0.00001 0,00002 0,00003 0,00004 0,00005 0,00006

Kappa (1/mm)

Beam 24

=

0,00001 0,00002 0,00003 0,00004 0,00005 0,00006 0,00007

Kappa (1/mm)
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A.6. BEAM PICTURES AT FAILURE

a= 600 mm Failure mode: Flexure
a/d=3.53 Predicted failure load: 200.6 kN
tensile reinforcement = 5.41 % Experimental failure load: 240.4 kN

a =600 mm Failure mode: Flexure
a/d=3.53 Predicted failure load: 200.6 kN
tensile reinforcement = 5.41 % Experimental failure load: 231.7 kN

a=600 mm Failure mode: Flexure
a/d=3.53 Predicted failure load: 200.6 kN
tensile reinforcement = 5.41 % Experimental failure load: 241.7 kN

a=950 mm Failure mode: Flexure

a/d=3.01 Predicted failure load: 141.3 kN
tensile reinforcement = 1.25 % Experimental failure load: 160 kN
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a =950 mm Failure mode: Flexure
a/d=3.01 Predicted failure load: 141.3 kN
tensile reinforcement = 1.25 % Experimental failure load: 164.1 kN

a=950 mm Failure mode: Flexure
a/d=3.01 Predicted failure load: 1413 kN
tensile reinforcement = 1.25 % Experimental failure load: 165.5 kN

— ‘—_.-‘_:i
s i

T

a =950 mm Failure mode: Shear Compression |
a/d=3.03 Predicted failure load: 87.6 kN
tensile reinforcement = 3.2 % Experimental failure load: 117.1 kN

a =950 mm Failure mode: Shear compression
a/d=3.03 Predicted failure load: 87.6 kN
tensile reinforcement = 3.2 % Experimental failure load: 127.57 kN




A.6. BEAM PICTURES AT FAILURE 141

a=950 mm Failure mode: Shear compression
a/d=3.03 Predicted failure load: 87.6 kN
tensile reinforcement = 3.2 % Experimental failure load: 116.3 kN

a=750 mm Failure mode: Flexure shear
afd=2.39 Predicted failure load: 87.6 kN
tensile reinforcement = 3.2 % Experimental failure load: 167.4 kN

Beam 11

a=850 mm Failure mode: Flexure shear
a/d=2.71 Predicted failure load: 87.6 kN
tensile reinforcement = 3.2 % Experimental failure load: 135 kN

Beam 12

a=950 mm Failure mode: Shear compression
a/d=3.03 Predicted failure load: 87.6 kN
tensile reinforcement = 3.2 % Experimental failure load:
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a =600 mm Failure mode: Flexure
a/d=3.53 Predicted failure load: 200.6 kN
tensile reinforcement = 5.41 % Experimental failure load: 244 kN

a=600mm Failure mode: Flexure
a/d=3.53 Predicted failure load: 200.6 kN
tensile reinforcement = 5.41 % Experimental failure load: 247.6 kN

a =600 mm Failure mode: Flexure
a/d=3.53 Predicted failure load: 200.6 kN
tensile reinforcement = 5.41 % Experimental failure load: 252 kN

a =850 m Failure mode: Te

a/d=2.69 Predicted failure load: 158 kN
tensile reinforcement = 1.25 % Experimental failure load: 176.7 kN
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a =B850 mm Failure mode: Flexure
a/d=2.69 Predicted failure load: 158 kN
tensile reinforcement = 1.25 % Experimental failure load: 186.8 kN

a =850 mm Failure mode: Flexure
a/d=2.69 Predicted failure load: 158 kN
tensile reinforcement = 1.25 % Experimental failure load: 190.3 kN

Beam 19

a=1100 mm Failure mode: Shear compression
a/d=3.5 Predicted failure load:
tensile reinforcement = 3.2 % Experimental failure load: 195.3 kN

Beam 20

a=950 mm Failure mode: Shear compression
a/d=3.5 Predicted failure load:
tensile reinforcement = 3.2 % Experimental failure load: 184.9 kN
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A.7. INDIVIDUAL BEAM PICTURES AT EVERY LOAD STEP

Load step: 120 kN
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Load step:
ST A
Load step: ™ ) &

Load step:

Load step: dmu 3{14 (‘ Li

Load step:

T

Load step:
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{8 :*“ _ ‘uﬂ

. e . e : ‘i «
e -- ‘ @ / :
Load step: 240 kN | -'-_ > T “,‘l
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Load step: 80 kN
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Load step: 160 kN

-
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Load step:
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Load step: 80 kN

memen s
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Load step: 140 kN

Load step: 160 kN
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Load step: 20 kN

- v - o

Load step: 80 kN

L B o | L

Load step: 100 kN
=y v




A.7.INDIVIDUAL BEAM PICTURES AT EVERY LOAD STEP A. APPENDIX

Load step: 180 kN

" ~




A.7. INDIVIDUAL BEAM PICTURES AT EVERY LOAD STEP 161

Load step: 200 kN

Load step: 250 kN
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Load step: 60 kN

Y k= X W

Beam 12

Load step: 70 kN

ry r ry

Load step: 100 kN




A.7. INDIVIDUAL BEAM PICTURES AT EVERY LOAD STEP 175

-

Load step: 180 kN

—~ o~

ERwES <7



A.7.INDIVIDUAL BEAM PICTURES AT EVERY LOAD STEP A. APPENDIX

1E7]
Beam 13




A.7. INDIVIDUAL BEAM PICTURES AT EVERY LOAD STEP 177

Beam 13




A.7.INDIVIDUAL BEAM PICTURES AT EVERY LOAD STEP A. APPENDIX

T TV 5

Beam 14

e

Beam 14

Load step: 120 kN




A.7. INDIVIDUAL BEAM PICTURES AT EVERY LOAD STEP 179

Beam 14
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Beam 15
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Beam 16
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Beam 17
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Load step: 120 kN
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Beam 19
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Beam 20

Beam 20

Load step: 180 kN
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Beam 22
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