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ABSTRACT

IMPROVING THE STRUCTURAL BEHAVIOR OF HOLLOW
CORE SLABS USING SELF-COMPACTING GEOPOLYMER
CONCRETE WITH STEEL FIBER

MUKHLIF, Saad abdulrazzak
Ph.D. in Civil Engineering
Supervisor Assoc. Prof. Dr. Nildem TAYSI
Co. Supervisor Asst. Prof. Dr. Mehmet Tolga GOGUS
June 2019
104 pages
In recent times, concrete technology has been regarded as one of the most viable
suggestions for recycling of industrial wastes such as Fly Ash (FA) and Ground
Granulated Blast Furnaces Slag (GGBFS). One such development is the use of Self
Compacting Geopolymer Concrete (SCGC) whereby the scientific researchers have
used some types of solid wastes to improve the performance of concrete. This research
involves the study of SCGC and hollow reinforced unit slabs. The thesis consisted of
two stages. The first part reports the impact of GGBFS content on the fresh and
hardening properties of primarily FA based SCGC. The SCGC mix was formulated
with a constant binder content of 500 kg/m3 and at an alkaline-to-binder (a/b) ratio of
0.50. The FA were substituted with GGBFS with various replacement percentages by
weight. The second stage includes testing and studying the structural performance of
a number of steel fiber reinforced hollow core geopolymer concrete slabs. Twenty-one
slabs, which have the same dimensions of 1000x350x125 mm, were cast. These slabs
were divided into groups according to steel fiber contents, and each group there were
three panels; Solid (SO), Rectangular Hollow (RH) and Circular Hollow (CH). These
parameters had the effect of providing variable characteristics of this concrete in terms
of the failure modes exhibited, crack strength, ultimate strength, deflection and

ductility index.

Key word: Self-Compacting Geopolymer Concrete (SCGC), Fresh Properties,
Fracture Energy, Hollow Core Slab (HCS), Steel Fiber (SF).



OZET

KENDILiGINDEN YERLESEN CELIiK ELYAFLI JEOPOLIMER BETON
KULLANILARAK URETILEN BOSLUKLU DOSEMELERIN
DAVRANISLARININ iYILESTIRILMESI

MUKHLIF, Saad abdulrazzak
Doktora Tezi, insaat Miihendisligi Boliimii
Tez Yoneticisi: Dog. Dr. Nildem TAYSI
Dr. Ogr.Uyesi Mehmet Tolga GOGUS

Haziran 2019
104 sayfa
Son zamanlarda beton teknolojisi, ugucu kiil ve dgiitiilmiis yliksek firin clirufu gibi
endiistriyel atiklarin geri doniisiim ile kullanilmasini en uygun onerilerden biri olarak
kabul etmektedir. Bu gelismelerden biri de kendiliginden yerlesen jeopolimer betonun
(SCGC) kullanilmasidir ve bu bilimsel aragtirmada da betonun performansini artirmak
icin bazi kati atik tiirleri kullanilmistir. Bu arastirma, kendiliginden yerlesen
jeopolimer beton ve bosluklu déseme calismalarini igermektedir. Tez iki asamadan
olusmaktadir. Ilk bdliim, ciiruf igeriginin, ugucu kiil tabanli jeopolimer betonun yas ve
sertlesmis Ozellikleri lizerindeki etkilerini bildirmektedir. Jeopolimer beton karigima,
500 kg / m3'lik bir sabit baglayici igerigi ve 0,50'lik bir alkali-baglayici (a/b) oraninda
formiile edilmistir. Ugucu kiil oram1 agirhiga gore cesitli yiizdelerde ciiruf ile
degistirilmistir. Ikinci asama ise, bir dizi ¢elik elyafla giiclendirilmis bosluklu ¢ekirdek
beton dosemenin yapisal performansinin test edilmesini igermektedir. Ayn1 boyutta
1000x350x125 mm'lik yirmi bir déoseme dokiilmiistir. Bu dosemeler celik elyaf
igerigine gore gruplara ayrilmaktadir, her grupta {i¢ farkli doseme tipi bulunmaktadir;
dolu (SO), dikdortgen bosluklu (RH) ve dairesel bosluklu (CH). Bu parametreler,
gdecme modu, ¢atlak dayanimi, maksimum mukavemet, deplasman ve siineklik indeksi

acisindan betonun degisken 6zelliklerinin belirlenmesinde etkilere sahiptir.

Anahtar Kelimeler: Kendiliginden yerlesen jeopolimer beton (SCGC), yas 6zellikler,
kirilma enerjisi, bosluklu ¢ekirdek doseme (HCS), celik elyaf (SF).
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CHAPTER 1

INTRODUCTION

1.1 Background Study

Turkey, like most other industrialized countries, generates a colossal amount of waste
materials. The waste utilization process has been one of the major environmental
concerns in this country and across the globe. It is estimated that the annual
productions of Fly Ash (FA) and Ground Granulated Blast Furnaces Slag (GGBFS) in
Turkey are about 15 million tons and 600,000 tons respectively [1]. For this, the careful
selection and utilization of these wastes offer the easiest approach of introducing
sustainable product designs in the construction industry.

In recent times, concrete technology has been regarded as one of the most viable
suggestions for recycling of industrial wastes such as FA and GGBFS. One such
development is the use of Self Compacting Geopolymer Concrete (SCGC) whereby
the scientific researchers have used some types of solid wastes to improve the
performance of concrete [2]-[4]. Additionally, the concrete technology has occasioned
other benefits such as recycling of waste materials, production of lightweight products
and reduced use of non-renewable resources [5], [6]. With increasing environmental
and social concerns, the adoption of new building technologies is amplified.
Construction activities in many countries have witnessed rapid development. It is
worthwhile to note that the construction activities guzzle a lot of resources and at the
same time play a major role in the emission of greenhouse gases [7]. In this context,
global warming is one of the greatest environmental issues caused by the emission of
greenhouse gases like CO» to the atmosphere. Waste utilization and reduction of
cement consumption Provide the finest opportunity of protecting the environment.
Across the globe, cement is used all over the world due to its ease of working, high
strength, and great economies. The raw materials used in Ordinary Portland Cement
(OPC) manufacturing are widely abundant, but they also have negative effects on the

environment. Despite its wide usage, concrete manufacturing is under observation due



to the high emission of carbon dioxide and other greenhouse gases. Approximately 5
% of carbon emissions are from the cement industry with the main constituent in OPC
manufacturing being hazardous in nature. The high carbon emissions found in cement
manufacturing processes is as the result of the production of carbon dioxide as the
waste product caused by the reaction and combustion of fossil fuels [8].

In order to decrease the environmental effects from the manufacture of cement, the
struggle for alternative materials must continue. These innovative materials should not
only be environmental friendly, but should also prove to be effective construction
products. In the recent past, huge attempts have been made to reduce the negative
effects on the environment as a result of cement manufacture. One such development
is the use of alternative material such as Geopolymer Concrete (GPC) instead of the

conventional OPC.[9], [10]
1.2 Geopolymer Overview

The geopolymer technology suggested by Davidovits [11] is one of the most important
developments in the concrete world. GPC is an innovative binder material whereby its
production involves complete replacement of OPC (zero percentage of cement). GPC
prides itself with decent mechanical properties, standard fire and acid resistance and
therefore a potential alternative material with comparable properties to OPC.
Experimental studies depict less than 80 % carbon dioxide emissions during GPC
productions making it a more environmentally friendly construction material when
compared to OPC [12], [13]. Additionally, GPC plays a necessary part in the
environment in two perspectives. One, it results in reduced consumption of traditional
cement which releases vast quantities of carbon dioxide. Two, it utilizes huge
quantities of industrial wastes during its manufacturing process.

Conventional low calcium GPC requires heat curing which is already available in the
precast industry. The key factors in the selection of source materials for the
manufacture of geopolymers include cost, availability, and type of application.
Currently, a wide range of mineral deposits and industrial by-products are under
investigation with the objective of determining the most suitable materials for the
manufacture of geopolymers. Note that FA, silica fume, GGBFS, metakaolin, and red
mad can also be used in geopolymers as the source materials [14]. According to Xu
and Deventer [15], the most logical source of alumosilicate is FA due to its availability,
price and the superior chance for production of GPC [16]. For this purpose, Alkaline
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silicate solution is added to activate the raw alumosilicate products such as GGBFS
and FA.

In this thesis, FA and GGBFS based GPC were investigated as Pozzolanic materials.
The low calcium GPC typically hardens through the process known to as
geopolymerisation. In this process, the binder mainly consisting of silica and
aluminum is fragmented through the process of dissolution in which both the
aluminum and silica ions are released. After dissolution, the condensation process
follows whereby the silica and aluminum ions are linked with free oxygen ions to
produce the hardened material. Finally, when slag is added into the geopolymer matrix,
Calcium Silicate Hydrates (CSH) are produced in union with the geopolymeric gel.
The CSH serves the important function of improving the setting time and the

compressive strength of GGBFS and FA based GPC [17], [18].
1.3 Research Significance

The following main objectives form the basis of this thesis:

1. To explore the latency and viability of self-compacting concrete made with
constituents that are locally available. A thorough study of the mechanical and physical
properties of the SCGC will be discussed.

The problem with the self-compacting concrete is that it has little cracking resistance,
low tensile strength, and limited ductility. However, these curbs can be eliminated by
the addition of fibers into the concrete mix [19], [20]. The fibers improve the ductile
character of the concrete structure by possibly increasing the post-cracking energy
absorption. Addition of Steel Fibers (SF) also contributes to its low cost as compared
to the ordinary self-compacting concrete [21]-[23].

In normal cases, the self-compacting concrete exhibit a homogenous flow with the
addition of SFs. The homogenous flow goes a long way in ensuring an improved
concrete flowability. Geometry, size, and content of SFs can greatly affect the
properties of self-compacting concrete. As such, great care is normally exercised when
adding the appropriate SFs content [24].

2. To produce lightweight slabs as a result of reduced cross-sectional areas of
slabs.

Hollow Core Slab (HCS) panels, also known as void slabs, are super materials in
engineering due to low seismic zones, relatively small weight and cheap price.
Considerably noticeable is the opening that is created through the panel, which reduces
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its total weight. Also, these openings can be used for passing mechanical, thermal and
electrical equipment through it- mainly in large constructions like high-rise buildings,
bridges, offshore structures and malls. The resource efficient HCS are precast concrete
slab systems with hollow cavities which consistently extend throughout the length of
the slab with the aim of decreasing both the cost and weight of slabs. Additionally,
HCS utilizes the embedded voids to disguise mechanical and electrical runs. The HCS
has a wide variety of applications ranging from bridge deck units, wall panels and also
as spandrel members. Due to their lightweight nature, HCS span up to 18 meters
without supports or columns. The slab system can thus be utilized in both the roof and
floor systems requiring long clear spans such as bridges, conference rooms and auto
parks [25]. For this, it is paramount that experimental investigations are conducted for
these slab systems. The type of SF and the shape of the hollow core will be the main

parameters of these analyses.
1.4 Outline of the Thesis

The Thesis comprises of six chapters as outlined below:

o Chapter One: Provides a brief introduction and the objectives of this research
thesis
o Chapter Two: Gives a detailed review of available literature pertaining to GPC,

SCGC, and HCS. It also reviews the previous research studies related to the present
research work.

o Chapter Three: Displays the experimental works with a description of material
properties and lab tests, including testing of fresh and hardened properties of SCGC.
Also casting and testing procedures of HCS.

o Chapter Four: Illustrates the results obtained from the testing program.
Moreover, the effects of experimental parameters on the fresh and hardened properties
of SCGC are discussed.

o Chapter Five: Discusses the characteristics of stress-strain curves of HCS with
or without SF. The constitutive relationships for stress-strain are studied in detail for
HCS.

o Chapter Six: Presents a summary of conclusions based on the present study, as

well as the most important recommendations for future studie



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

This chapter endeavors to provide a deep insight into the philosophy of GPC and to
achieve this aim, the contents of Chapter two are primarily organized into three
sections:

o The first section provides a general introduction to GPC, including history,
material, application, and advantages.

o The second focuses on SCGC and the difference between GPC.

° The third section talks about the HCS as a structural member, performance,

and review of the experimental investigations implemented on HCS system

2.2 Pozzolanic Materials

A pozzolan is simply defined as a finely divided aluminous or siliceous material that
reacts with calcium hydroxide in presence of moisture to form composites that possess
cementitious properties through chemical reactions [26].

FA and GGBFS are the common most used pozzolanic materials in the conventional
cement concrete. The substitution of cement of these pozzolanic materials largely
decreases the early-age strength of concrete, but at the same time improves a number
of late-age properties of concrete. This study focused on FA and GGBFS pozzolanic

materials due to their widespread use.

2.2.1 Fly Ash

FA is an inorganic waste product generated in thermal power stations during the firing
of powdered coal at temperatures of approximately 1200°C. At ambient temperatures
FA is capable of reacting with Ca(OH)> to form compounds with cementitious
properties [27]. Physically, FA is in the form of gray powdered particles and mostly
comprising of sphere-shaped glassy particles. The characteristic of the FA depends on
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numerous factors, such as the type of power plant, the composition of feed coal, the
chemical composition of the coal, burning system and the conditions of deposition of
FA. Generally, FA is obtained from both electric and steam-fired coal plants. In most
cases, the coal is pulverized or crumpled and then blown with hot air as it moves into
the combustion chamber where it ignites, leading to the production of molten mineral
residue. The embedded boiler tubes extract the heat from the boilers cooling the flue
gas and at the same time causing the molten mineral residue to harden and form ash
status. Coarse ash particles as referred to as bottom ash, fall to the bottom of the
combustion chamber, whereas the lighter fine ash particles also termed as FA remain
suspended in the flue gas. Prior to exhausting the flue gas, FA is removed by particulate
emission control devices, such as electrostatic precipitators or filter fabric bag houses

[28]. Figure 2.1shows the FA producing process.
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Figure 2.1 The process of producing fa in a power plant [29]

GGBFS commonly referred to as “slag” is fine glassy material produced when the
molten blast furnace slag is promptly cool chilled by immersion of water. In most
cases, GGBFS is obtained as a by-product of an iron manufacturing process that has
calcium alumino-silicate microstructure. The GGBFS comprises of alumino-silicates
and silicates of calcium among other metal bases which are produced in molten
conditions concurrently with iron in the blast furnace [30]. In other words, GGBFS is
a waste product of blast furnaces used in the manufacture of iron. The blast furnaces
are operated at extremely high temperatures of approximately 1500°C and are served

with a cautiously controlled mixture of iron ore, coke, and limestone. During the



manufacturing process, the iron core is reduced to iron with the remaining forming a
slag that floats above the iron. The slag is then systematically taped off from the
furnaces in molten form and immediately quenched by large quantities of water to
produce GGBFS. This cooling process optimizes the cementitious properties of
GGBEFS and results in the production of granules similar to those of coarse sand. The
last process involves drying and grounding of the granulated slag to fine powder
producing the GGBFS which is also referred to as the “Slag cement”.

In the built environment, GGBFS is a renowned alternative to concrete. For this, its
development is very timely especially since the urge for waste utilization across the
globe is on a rise. Being a waste material the effective use of GGBFS serves as a step
forward to a greener environment. That said, it is paramount to note that the use of
GGBFS does not degrade or reduce the strength of concrete. The process of GGBFS

production is as shown in Figure 2.2 [31].
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Figure 2.2 GGBFS production process [31]

2.3 Geopolymer Concrete (GPC)

Geopolymerization refers to a synthesis reaction that integrates minerals chemically
[32]. In this context, a "geopolymer" may be defined as a solid stable material
comprising of aluminosilicates compounds formed through the alkali silicate or/and
alkali hydroxide activation process [33].

The three common types of polysialates as distinguished by Davidovits are as depicted

in Figure 2.3 and Figure 2.4.
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Figure 2.4 Typical chemical structure of polysialates [33]

In geopolymerization also known to as geosynthesis, alumino-silicate oxides
chemically react with polysilicates to yield three-dimensional polymeric bonds under
extreme alkaline conditions. In other words, the reaction is better defined as a chemical
process that integrates minerals (polymeric bonds) to form the final geopolymer
material as the main building block [8].
In this case, the polysilicates mostly used are the potassium silicate or sodium silicate
in either amorphous non-crystalline or glassy crystalline structure [11], [14].
Geopolymer process mostly depends on the following factors:

e The concentration of the alkaline solution

e The composition of binder material (Chemical and mineralogical)

e Curing temperature, and

e Water content



The silica to aluminum ratio plays a very important role in determining the strength of
the GPC. This ratio just as in the case of geopolymer process depends on the
concentration of the alkaline solution, starting a material chemical composition, curing
time and the curing temperature. Studies by Fernandez- Jiménez et al. [34] suggest that
a fraction of the aluminum and silica ions are not reactive in the binder. This was
investigated by the use of different FA types and the percentage of reactive silica in all
sample materials were found to be the same but varied in aluminum. A detailed
geopolymerization process is discussed in the next section with the aim of ensuring a

better understanding of the binder process of GPC.
2.3.1 Reaction Mechanism of Geopolymer

The main constituents of geopolymers are the alkaline liquids and the source materials.
It is important that source materials be rich in Aluminium (Al) and Silicon (Si1). Clay
and Kaolinite are some of the natural resources examples that are rich in Al and Si.
Alternatively, by-product materials, for example, FA, GGBFS, silica fume, red mud,
and rice husks can be used as the source materials. In most cases, the decision for the
source material to use is determinate with factors such as cost, application, availability,
and particular demand of the end users [35].

Figure 2.5 demonstrates a simplified geopolymerization reaction mechanism and also
outlines the key processes occurring in the transformation of a solid alumino-silicate

source into a synthetic alkali alumino-silicate.
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Figure 2.5 Conceptual model for geopolymerization [36].



During geopolymerization, sluggish growth of the crystalline structure is evident after
the nucleus of the polymerized gel achieves its critical size. The matrix crystalline
process is relative to the rate at which the precipitation occurs with slow alkali and ash
reactions allowing the development of a well-structured crystalline environment. In
the context of this, zeolitic precursors are regarded as the most hardened geopolymer
types of cement.

The end product of geopolymerization is an amorphous, semi-crystalline material that
is cementitious in nature. Note that the chemical structure of the geopolymer material
produces is comparable to natural zeolitic materials but with amorphous
microstructures.

The process of polymerization involves a considerably fast chemical reaction under
favorable alkaline conditions on Si-Al minerals resulting in a 3-dimensional polymeric
ring and chain structure that consists of Si-O-Al-O bonds [37]. Importantly, the
produced gel product contains alkaline cations that equally compensate for the charge
deficit linked with the aluminum for silicon substitution [38]. An intermediate,
aluminum-rich phase is first formed which then gives way to a more stable, silicon
rich three-dimensional gel product in the form of Q4(nAl), which is dependent upon
curing conditions and the activator type [39].

The chemical reaction during polymerization proceeds without the involvement of
water and instead any water is expelled out during the curing and drying process. This
is in direct contrast to the hydration reactions that activates when Portland cement is
mixed with water producing compounds such as calcium hydroxide and calcium
silicate hydrate. The contrast between the two plays a significant role in both the
chemical and mechanical properties of the resultant GPC. Additionally, it renders it
more resistant to water ingress, alkali-aggregate reactivity, heat and chemical attack
[35]. The schematic development of a geopolymer material from the initial activation
stage to the final microstructure formation is as depicted by Equation (2-1) and

Equation (2-2) [37], [40].
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2.3.2 Source Materials

As stated earlier, geopolymers are produced through the alkali-activating process to
form cementitious materials. The three most used raw binders for the
geopolymarization process include GGBFS, coal FA and calcined clays (metakaolin).
For a more efficient process, the binder materials should have very high levels of
Aluminium and Silicon in their amorphous form. The various binder materials that
have been studied and used to produce GPC mixes are as listed below

e GGBFS

e (Calcium Kaolin (Metakaolin)

e Silica Fume

e C(Class F-FA

e C(Class C—-FA

e Any natural minerals containing high levels of Al and Si.

e Alibite and,

e Red Mud

2.3.2.1 Fly Ash-Based Geopolymer Concrete

FA particles are finer than cement and spherical in shape. The size of the FA particles
ranges from 1 to 150 micrometers. Chemically, it mainly contains silicon oxide (SiO»),
aluminum oxide (Al>03), calcium oxide (CaO), and iron oxide (Fe»O3). It also contains
some elements in smaller amounts such as sulfur, magnesium, titanium, sodium, and
potassium. In normal concrete, FA is used in the construction industry as a replacement
of cement up to 60 % [41]. Calcium hydroxide that results from the hydration of
cement reacts with the silicon oxide in the FA particles to form a gel of calcium silicate
hydrate (C-S-H). The use of FA in normal concrete improves its workability and at the

same time reduces the water content due to the spherical shape of its particles.
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Moreover, it improves concrete density and durability due to the small particle size
that acts as filler [40], [42]. It also enhances the confinement of the GPC by increasing
the particle packing and reducing its porosity.

The properties of FA vary widely based on the chemical composition and the
impurities of the source coal prior to combustion, and the properties of the combustion
process [43]. Two main types of FA present include Class F, and Class C. The most
commonly used type of FA in the production of GPC is Class F. It is more analyzed in
literature than Class C due to its large availability, sufficient silica and alumina
content, and low water demand [44], [45]. However, Class C-FA contains more Ca
than Class F [43]. Generally, FA has less amount of Ca than GGBFS. Precursor
materials with a high amount of CaO were reported to give higher strength GPC. It
was also reported that it reduces the setting time of concrete. Moreover, it was found
that this type of binder material improves the mechanical properties of geopolymers,
especially when cured at ambient temperatures. This was justified by the formation of
calcium silicate hydrate (C-S-H) compound in materials containing a high amount of

CaO along with the alumino-silicate hydrate in the geopolymer reaction [45].
2.3.2.2 Ground Granulated Blast Furnace Slag Based Geopolymer Concrete

GGBFS has a chemical structure that contains sufficient calcium for use in charge-
balancing the aluminum. It was found that GGBFS particles based reaction depends
on the size of the particles. Particles greater than 2 micrometers react slowly, while
particles less than 2 microns in size react faster and approximately need 24 hrs to be
reacted completely in both normal and GPCs [43]. The main components of GGBFS
are:

e (a0 (30-50 %).

e MgO (1-18 %)

o ADOs3 (8-24 %) and

e Si0O; (28-38 %),
The higher content of CaO in GGBFS typically reveals a significant increase in
compressive strength of concrete. Note that for any given source of GGBFS, the

properties especially the chemical composition remains reasonably constant compared

to FA.
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The addition of GGBFS to FA based GPC was found to have a positive impact on the
strength of concrete even when added in smaller amounts such as 4 %. However, the
overall impact depends on the type and concentration of the activating solution, and

the percentages of GGBFS and FA relative to each other [44].

2.3.3 Alkali Activator

Silica is an element that chemically dissolves in strong alkaline based conditions to
form other compounds. The strong alkaline solution should be active during the
dissolution process of aluminum and silica since it plays a very important role during
the condensation process [45].
The commonly used activators in the geopolymarization process include:

e Sodium Hydroxide

e Sodium Silicate

e Potassium Hydroxide

e Potassium silicate
In this research study, Sodium hydroxide was used as the main activator with
additional sodium silicate used to increase the overall silica content in the matrix.
Researchers have found that the best alkaline solution to be used in GPC production is
a combination of silicate and hydroxide of either sodium or potassium. However, the
use of one alkaline solution like sodium hydroxide (NaOH) is also feasible. It was
found that the type of alkaline solution used in the GPC affects the geopolymarization
process. NaOH was reported to have a higher rate of geopolymarization reaction than
potassium hydroxide (KOH). In light of this, Xu and Van Deventer (2000) proved that
sodium hydroxide caused a higher rate of dissolution as compared to that of potassium
hydroxide [15]. Conclusively, it is evident that NaOH dissolves the minerals in the
source material at a higher rate than KOH [46].
Ravikumar et al. reported that the properties of both the fresh and hardened concrete
are significantly affected by the amount of alkaline solution used in the
geopolymarization process. An experiment was conducted where different amounts of
alkaline solution, 35 %, 40 %, and 45 % (by volume of the mix) were tested. From the
results, it was evident that the amount of alkaline solution has a direct relationship with

the quality of the GPC in terms of the material properties.
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2.3.3.1 Sodium Hydroxide Solution

Sodium hydroxide in an alkaline material mostly produced through electrolysis of
sodium chloride brine in a diaphragm electrolytic cell or membrane. Sodium hydroxide
is commonly referred to as caustic soda and draws a large number of users especially
in the paper industry and manufacturers that use alkaline based materials as one of
their raw materials.

Sodium hydroxide is made available in four different forms namely; flakes, beads,
solid castings and compounders. Interesting to note is that all these different forms

have the same chemical composition.
2.3.3.2 Sodium Silicate Solution

The solutions of alkali silicates can be formed by hydrothermally dissolving reactive
silica sources or by dissolving alkali silicate capsules in very hot water to produce their
respective alkali hydroxide solution [47]. The equation below demonstrates the
hydrothermal dissolving process:

2MOH + x SiO2 =M>0. x SiO>+ H20

2-3

As shown from the equation above, the chemical configuration of the dissolve silicates
can be known by use of the following formula: SiO2 x M2O where “M” represents
either the potassium (K) or the sodium (Na). Note that the silicate solutions are mostly
identified by the ratio SiO2:M;0. This ratio plays a very critical role during the
geopolymarization process. Both potassium silicate and sodium silicate solutions
exhibit similar reactive qualities with the only difference being that potassium silicate
1s more viscous [47]. Studies depicted that the geopolymarization reaction occurred
at a much higher rate with the presence of a soluble silicate unlike when only the

alkaline solution was used in the process [43].
2.3.4 Factors Affecting Geopolymer Concrete Performance
2.3.4.1 Sodium Hydroxide Concentrations

Research studies on GPC indicate higher compressive strengths when alkaline
solutions with high sodium hydroxide concentrations are used [48]-[50]. The reason

behind this increase in strength is that stronger bonds are formed as more alumino-
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silicates can be dissolved. This may be regarded as one of the determining factors
regarding the increase in the compressive strength [51].
The impact of molarity of sodium hydroxide solution to the compressive strength of

GPC is as displayed in Figure 2.6
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Figure 2.6 Effect of the sodium hydroxide concentration on the compressive strength

of the GPC [50]
2.3.4.2 Sodium Silicate-to-Sodium Hydroxide Liquid Ratio

Research indicates that higher compressive strength is yielded with an increase of the
silicate solution in the reaction matrix [49], [51]. According to laboratory experiments
conducted by Hardjito (2005), an optimum ratio of 2.5 is recommended for obtaining
the best results as depicted in Figure 2.7 [52]. Luckily, the addition of the silicate
solution is more cost efficient as sodium silicate is relatively cheaper than the sodium

hydroxide solution.
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Figure 2.7 Effect of the SS/SH ratio on the compressive strength [52]

2.3.4.3 Curing Type

Literature review indicates that geopolymer binders can be produced through curing
in various conditions. In contrast to OPC, geopolymer binders do not need water for
curing. Nonetheless, a comparative study of different curing conditions [53] showed
that temperature and humidity play a key role in the development of the microstructure
and consequently the properties of alkali-activated FA materials. It is important to note
that the curing regime highly influences the chemical properties and composition of

the final product.
2.3.4.3.1 Ambient Curing

Strength development of geopolymers is highly influenced by the curing temperatures.
The curing process calls for fairly higher temperatures than ambient to speed up the
setting process. This is especially so for the alumino-silicate materials that have no or
very little quantities of calcium compounds. Therefore, to make effective use of the
ambient temperature, the addition of GGBFS in the matrix is highly encouraged [54].
Palomo et al [55], in their studies, observed that the mechanical properties rose
considerably with temperature and that the degree of reaction was controlled by the
curing time. It was noted that at lower temperatures, relatively long periods of time

were required in order to achieve the same degree of reaction attained in few hours at
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elevated temperatures. For instance, a FA geopolymer paste displayed a degree of
reaction of roughly 38 % in 7 days with a curing temperature of 45°C but relatively
the same degree of reaction was achieved when curing was done for 24 h at 65 °C. It
was also reported that there exists a temperature and time threshold value after which
the mechanical properties (strength) rises slowly, or even decline.

The chemical composition and mechanical properties of geopolymer materials are
highly influenced by the curing condition used. Heat curing is the most desired method
but it poses practicability concerns especially for cast-in-situ concrete. Importantly to
note is that although the use of high temperatures may accelerate the setting and
strength developments during early ages, it may not always guarantee similar effects
as ambient curing at later ages.

Chindaprasirt et al. [56] suggested that the surface to volume ratio influences the
particles exposure to heat and consequently the loss of moisture. This means that
particles with high surface to volume ratio are more subjected to the curing heat
compared to larger particles with a small surface to volume ratios. Results indicate that
curing of reacting mixtures at elevated temperatures fast-tracks the strength
development of the resulting product. However, the 28 days of mechanical properties

are realized when curing is done at ambient temperatures [56].
2.3.4.3.2 Curing Temperatures

In the geopolymarization process, the curing temperatures play an important role in
influencing the rate curing process. That is, the higher curing temperatures the more
efficient is the dissolution process [48]. Palomo et al [55], in their research studies,
noted that an increase in the curing temperature from 45 °C to 65 °C greatly improved
the rate of mechanical properties development. Additionally, Olivia et al [57] observed
that heat cured FA based GPC had higher tensile and compressive strengths in addition
to low effective porosity all which are important for concrete especially those in the

aggressive environment [58].
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2.4 Self-Compacting Geopolymer Concrete (SCGC)

The durability of concrete was a major concern in Japan. Conventionally, construction
of durable structures commands for adequate concrete compaction by the skilled
personnel. The gradual decline in the number of skilled personnel in Japan’s
construction industry lead to a reduction in construction works quality. For this, an
innovative self-compacting concrete was developed with the aim of producing durable
concrete units independent of the quality of the ongoing construction work.
Self-compacting concrete attains remarkable compaction by using its own weight and
without necessitating for mechanical vibration. This state of the art material was first
proposed by Okamura in 1986 [59].
Studies to develop SCC, including a primary study on the workability of this concrete,
have been carried out by Ozawa and Maekawa at the University of Tokyo [59], [60].
These models of SCC were first concluded in 1988 by use of materials readily
available on the market. The models performed acceptably in terms of denseness after
hardening, shrinkage, drying, and hardening, and heat of hydration. One type of this
kind is the High-Performance Concrete that can be defined using the three stages of
concrete as shown below:

1. Fresh — Ability to self-compact

2. Early on age — Prevents early defects

3. After hardening — Defense ability against exterior factors
According Aitcin [61], High-Performance Concrete may be referred to as concrete
with high durability and with relatively low-water cement ratio. For this, the use of
high performance concretes has found widespread applications in delivering high
durability concrete.
Self-Compacting High-Performance Concrete (SCC) is well known as concrete with
good deformability. SCC can be used to fill closely reinforced areas without the need
for mechanical vibrations. Additionally, SCC has very high resistance to particle
segregations. To achieve outstanding self-compact ability, especially in highly
reinforced areas, SCC should deform appropriately without segregating its
components. Slump flow test can be used as the evaluation test for estimating the
deformability of SCC under its own weight. Since there were no standard tests for
assessing the resistance to segregation and the self-compact ability of SCC at the time,

researchers developed simple evaluation methods. One such was the use of a U-shaped
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apparatus and the time taken for the concrete to flow to a certain distance used to
estimate the self-compact ability of the concrete.

High deformability and resistance to segregation of SCC were regarded as very
important properties. Interestingly, these material properties are fundamentally
opposite in nature and thus SCC is more sensitive to quality fluctuations of materials
as compared to conventional concrete when produced at ready-mix concrete plants. It
was a tall order to produce SCC with constant quality at the time because the available
facilities had not acquired the required quality control units. To improve the
manufacturing and handling process, the researchers developed an SCC incorporated
with a distinct kind of viscosity agent that they formulated from a biotechnology
process.

Nowadays, it is normal to increase the resistance to segregation by use of present
production facilities and commonly available materials. As per JSCE, (1999), this type
of SCC provides the required self-compact ability principally by reducing the water-
powder ratio to achieve the recommended resistance to segregation. Use of
superplasticizers is however recommended in order to impart high deformability[62].
The first application of combination type SCC was in the year 1991 for the tower of
cable-stayed OPC building and bridge structures. Over the years, the use of this type
of SCC has been applied for more complicated and sensitive structures such as the
construction of large section tunnels and full sandwiched structures.

As stated above, it has been close to three decades since the first practical application
of SCC. Currently, the structures built using SCC vary extensively with each
application requiring different mechanical properties. Point to note is that most of the
original methods that were used to estimate deformability, self-compact ability and
resistance to segregation are still in use up to now. This evidently validates that the
initial evaluation tactics were sufficiently effective. Therefore, it is very important to
relate these evaluation methods and then come up with new concepts of SCC
development for improved manufacturing and handling.

The problem with the self-compacting concrete is that it has little cracking resistance,
limited ductility and, low tensile strength. However, these curbs can be eliminated by
the addition of fibers [18]. Fibers can improve the concrete structure’s ductile character
by possibly increasing the post-cracking energy absorption. Addition of SFs also
contributes to the low cost of production as compared to the ordinary self-compacting

[20]-[22]. In normal cases, the SCC exhibits a homogenous flow with the addition of
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SFs which also comes with improved concrete flowability. The geometry, size, and
content of SFs can greatly affect the properties of SCC. As such, great care should be
carried out when adding the appropriate SFs content [23].

2.5 Fiber Reinforced Geopolymer Concrete

The concepts of using fibers as reinforcements in geopolymers were introduced with
an aim of improving the properties of GPC such as ductility, durability, fracture
toughness and flexural strength. Steel, glass and synthetic fibers were used as
reinforcement in concrete and the research of fibers reinforced concrete is still work
in progress [63].
Today, reinforcing fibers are available in a wide variety of materials and can be
classified into four primary categories. The categories are defined according to the
different material types for fibers. These different materials possess different
properties and the fiber material choice is dictated by the end properties required [64].
The types of fibers include the following:

e Steel (both low carbon or stainless)

e Mineral (glass or asbestos)

e Synthetic organic (carbon, cellulose, or polymeric)

e Natural organic (fiber from plants or animals).
SFs are the most commonly used type of fiber for both structural and non-structural
applications [65]. Table 2.1 displays the different types of fibers, categories of each

type and their various properties.

Table 2.1 Different fiber types [66]

_ Tensile Elastic
Specific
Type of fiber i Strength Modulus
Gravity
(MPa) (GPa)
Steel 7.80 1000 - 3000 200
Glass 2.60 2000 - 4000 80
Acrylic 1.16 -1.18 296 -1000 14 -19
Carbon I 1.90 1724 380
Synthetic Carbon II 1.90 2620 230
Aramid I 1.44 2930 62
Aramid IT 1.44 2344 117
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2.5.1 Steel Fibers (SF)

The concept of using SFs to enhance the characteristics of building materials is very
old [18], [67]. The SF reinforced concrete, the presence of randomly oriented SFs
hinders micro-cracks mechanisms thereby limiting the crack propagation. This
functions to improve the general strength and ductility of the concrete. SFs are
typically used to control crack initiation and propagation, decrease brittleness and
increase elastic modulus. The addition of fibers into concrete renders it more isotropic,
homogeneous and at the same time transforms if from a brittle material to more ductile
one [68].

Initially, the fiber was used as secondary reinforcement materials or for crack control
functions in less critical sections of the structural elements [69]. But today, its use is
widely applied as the main reinforcement in precast elements, industrial floor slabs,
and shotcrete. Note that the extra tensile resistance is provided by the present fibers
bridging any crack and this resistance depends mainly on the number of fibers
implanted over the crack plane. For this, it is important to have a sufficient amount of
fibers in the design mix. Another equally important aspect is the tensile strength of the
fibers so as to avoid any case of rupturing. Note that ruptured fibers lead to a rapid loss
in the load carrying capacity of the resultant concrete structure [70]. Fibers can be
produced in different sizes and shapes see Figure 2.8. These variances influence the

bonding characteristics between the concrete matrix and the fiber.

Smooth surface (round, flat or of any shape)

Indented, etched, roughened surface

Round with end paddles

= —1
o Round with end buttons o
':\} Round with hooked ends p/’='

—— Crimped (round, flat or any section)
Polygonal twisted (new)
e —— ———

Figure 2.8 Types of steel fibers SF
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Bernal et al. [71] conducted a study that involved the addition of SFs into alkali-
activated concrete slag. The results depicted a lower compressive strength in GPC as
compared to OPC concrete with SFs. The flexural toughness was considerably
increased when higher volumes of the SFs were added. In general, the mechanical
properties such as the durability performance of concrete was greatly improved.
Conclusively, the reinforced GPC and the OPC reinforced concrete showed
comparative results as far as their mechanical properties were involved.
Investigations by Ganesan et al. [19] reveal that the overall compressive strength of
GPC considerably improves with the addition of the SFs at certain volume proportions.
While investigating the mechanical properties of the SF reinforced GPC they
discovered that the compressive strength increased from 3.22 % to 8.51 % with 0.25
% to 1.0 % increase in the volume fraction of fibers. They also noted that the modulus
of rupture, the splitting tensile strength, Poisson's ratio and the modulus of elasticity
of GPC increases greatly with the increase in fiber volume fraction. From their studies,
the following were deduced when the fiber volume fractions were increased from 0.25
% to 1 %:

e The Modulus of Rupture increased from 9.4 % to 24 %

e Poisson’s Ratio increase from 14 % to 50 %

e The Modulus of Elasticity increased from 13.7 % to 65 %

e The splitting tensile strength increased from 23.3 % to 61.6 %
A study by Mo et al. [72] investigated the shear behavior and mechanical properties of
both the SF-reinforced cement and geopolymer oil palm shell lightweight aggregate
concrete. In their studies, fibers of steel were added to cement-based lightweight
aggregate concrete and geopolymer lightweight aggregate concrete at various
proportions. The test results revealed that the addition of SFs greatly improves the
mechanical performance of concrete, particularly in the case of splitting tensile
strength. It was also noted that the flexural toughness was enhanced with the addition
of the SFs and this was more pronounced in the case of cement-based lightweight
aggregate concrete than in the conventional GPC. Additionally, the shear resistance of
lightweight aggregate concrete elements improved further with the addition of SFs and
the conventional prediction models for the shear capacity of SF reinforced concrete
was observed to be conservative for both the geopolymer lightweight aggregate

concrete and the SF reinforced cement-based concrete.
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2.6 Hollow Core Slab (HCS)

HCS panels, also known as void slabs, are super materials in engineering due to low
seismic zones, relatively small weight and cheap price. Considerably noticeable is the
opening that is created through the panel, which reduces its total weight. Also, these
openings can be used for passing mechanical, thermal and electrical equipment
through it- mainly in large constructions like high-rise buildings, bridges, offshore

structures and malls.

2.6.1 Historical Background

The concepts of voided slab technology were credited to Purdue University in the early
1990s [73]. The university analyzed 279 mm deep voided slabs spanning 2.7 m and
6.1 m. During the studies, the following were conducted:

e 50 mm toppings of lumber wearing surface and LWAC were added above the

ribs of the flange.

e The slabs were then loaded with iron weights after one month of placement.
In the 6.1 m slab, results showed that the reinforcing steel started yielding at a live load
of 25 kPa. At mid-span, the tension failure occurred at an ultimate load of 34 kPa and
with a deflection of about 75 mm. On the other hand, the reinforcing steel in the 2.7
mm slab began to yield at a live load of 32 kPa and the slab eventually failed at an
ultimate load of 42 kPa.
Application of the voided slab in the construction of a housing project in Chicago, IL
by the United States Housing Authority was discussed through a case study published
in the year 1941. The project comprises of 125 building structures that range from two
to four stories. In order to optimize costs, the structural engineers considered five
different floor slab systems including, one-way ribbed slab made from removable
pans, a solid slab and three different options of ribbed slab made using hollow clay
blocks of varying dimensions. The major cost and design factor was the requirement
by the local authorities that all the ceilings of the buildings must be plastered to laid
down specifications and standards. As much as the architect proposed for the use of
solid slabs, the structural engineers desired for a better base for the plaster. From the
investigations, clay tile systems permitted plaster to be smeared directly to the tiles but
the ribbed slab made using removable pans required the use of metal lath before

plastering. The tile and joist slab system was considered as the winning option the
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preceding systems were associated with additional costs such as the labor costs for
removal of the forms and the actual cost of lath. Precast concrete HCSs are innovative
voided slab technique commonly applied in floor systems of high rise steel frame and
precast buildings [74]. The slab depths typically range between 150 mm to 600 mm,
but the slabs with deeper depths are more preferred since they are cost-effective for
larger spans. The elimination of formwork during the construction process results in
fast construction and further reduces construction costs.

A case study describing the use of Tube HCSs THCS systems in an industrial complex
in Irvine, CA as published in the year 1983 is also worth reviewing. The functional
requirements of the large complex demanded clear slab spans of above 12m in addition
to live loads of more than 6 kPa. It was established that the THCS system provided the
finest combination in terms of materials, the type of structural system and spans. When
compared to conventional systems used in low rise structures, this slab system proved
to be more cost-effective in the construction of the large bay sizes of 14.3 m by 14.3
m clear spans. Economics aside, the major concern of this system was punching shear
around columns and the issue of buoyancy when the concrete is being placed. To
overcome the issue of buoyancy the designer recommended that the voids be anchored
in place until the concrete sets. This was made possible by use of metal ties over the
voided tubes and then anchorage of the ties to the plywood decking. On the other hand,
to minimize punching shear and allow for adequate shear transfer from the floor slabs
to columns, the conventional solid slab was required. This was achieved by eliminating
the voided tubes around the column sections and in sections with high punching shears.
A new system consistent with HCS concept is the Voided Biaxial Slab (VBS) that
allows for the economical construction of flat floor slabs with clears of over 15m. The
VBS operates under the same principle as HCS by eliminating the non-working
concrete in the middle of the slab and replacing it with a lighter material. In this state-
of-the-art system, the voids are made with spheres made from recycled plastic and are
locked into position by the top and bottom reinforcement meshes. The elimination of
ineffective concrete by the plastic voids allows for up to 40 % reduction in columns,
foundation and wall elements due to the reduced dead loads on the structure. Similar
to HCS, the sequence of placing concrete is equally important in ensuring that the
buoyancy effects do not lift the reinforcing bars and plastic spheres out of position. As
a standard, adequate concrete is first placed to cover the bottom reinforcement mesh

and some portions of the void modules See Figure 2.9. The concrete is then allowed
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to attain the initial set before concrete is again poured in the second placement to finish
the slab. The diagonal girders between the lower and upper steel lattice and the
concrete between the voids provide the composite action between the two placements

as highlighted before [75].

" Ilmage by Bubble Deck

Figure 2.9 Biaxial voided slab
The innovative HCS system can be combined with the post-tensioning slab modules
to produce precast members which can then be delivered to the construction site for
use. This system has found widespread applications especially in office complexes,
hospitals, universities, entertainment centers, museums, and high rise residential

buildings.

| 7 L .
l*./ R

reinforcement mesn

T

Figure 2.10 Details for the spherical hollow cores flat slab system
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2.6.2 Structural Hollow Core Slabs

In 1985, Becker and Buettner [76] studied the applicability of using the existing ACI
Codes and standards for shear calculations in extruded HCS. The experimental
outcomes revealed that the obtained shear capacity was close to the projected shear
obtained through the use of the ACI equation. Even with no shear reinforcement bars
in the slab, acceptable ultimate structural behavior and service load were observed. It
is therefore conclusive to say that the minimum ACI Code and Specifications for shear
reinforcement is also valid for pre-stressed HCS. During the studies, the worst case
scenario was encountered when the strands had 0.76 m plus the effective length beyond
bearing capacity. However, the experimental results do not indicate the bond failures
even with the use of theoretical ultimate flexural capacity models.

In 1992, Aswad and Jacques [77], analyzed the experimental results of tests conducted
on 203 mm thick hollow slabs. In their experiment, point loads were applied at the
near ends of the slabs to yield regional shear failures. Based on their findings, it was
found out that the permissible edge service loads ranged between 15.6 kN to 16.9 kN
for the given pre-stress forces, concrete strength and floor system. From the actual
measurements, it was found that increments in area and flange properties above the
minimal values were common especially in the production stage. It was investigated
that the increase in the web thickness and the local flange near the end of the slabs
significantly contribute to the increase in the shear capacity much that punching shear
failure is triggered. The shear failures are characterized by the diagonal crack that
appeared at the vertical edge of the slab and was continuous in a spiral shape along the
bottom and top of the slab. Strand slippages were also observed at end of some slabs
but were very minor.

In 1998, Pajari [78] suggested a more straight forward estimation technique that
investigates the shear capacity of the pre-stress HCS elements. The comparison
principles were based on the axial, shear and transverse shear stresses. The shear and
axial stresses were calculated for the slabs braced on nonflexible bearings. On the other
hand, the transverse shear stress was calculated based on the beam theory on the
composite element that comprised of the beam, a slab section, joint concrete, and the
elective topping. The slab width was an experimental constraint that considered the
level of interaction between the beam and the slab. The width of the slab was supposed

to be commensurate to the beam span. Equally, the investigators demonstrated the
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modifications required for a continuous beam, HCS with ends filled with concrete and
floor wrapped with concrete topping.
In 2009 Elgabbas et al. [79] presented an experimental investigation on the structural
behavior of precast hollow core reinforced concrete slabs strengthened by CFRP
laminates in flexure. Near-surface mounted and externally bonded laminates were used
in the investigations. The transverse anchorage and the CFRP area were also examined
in their experiments. From the results, it was concluded that the NSM method resulted
in peak strengthening efficiency. The increased bond strength was also attributed to
the full initiation of the NSM laminates at failure. However, it was noted that the NSM
flexural reinforcing level should be cautiously designed so that unfavorable shear
tension failure modes can be eliminated. Note that moderate efficiency levels in the
externally bonded method were linked to the premature de-bonding. However, the
strengthening efficiency can be optimized by the use of transverse CFRP laminates as
anchors which resulted in re-direction of the de-bonding further from the laminates
end which in turn delayed failure. For this, a rational investigative study was carried
out. The comparison between the analytical and the experimental results yielded
satisfactory agreements.
In 2013, Cuenca et al. [80] established that the HCS are mostly pre-casted by extrusion
and it is thus difficult to place stirrups. In this sense, it is difficult to assure the shear
resistance in some cases. Thus, a cautiously designed system that uses Fiber
Reinforced Concrete (FRC) to produce HCSs by extrusion was investigated to analyze
the gain in shear reinforcement. For this, an experimental program was developed that
entailed 26 HCSs. The elements were formed and tested in shear according to the
variables below:

e The shear span-depth ratio of between 2.3-4.4 and 8.6, and

e Amount of SFs (0.50 kg/m? and 70 kg/m?)
Different failure modes occurred and conclusively determined that the introduction of
the SFs greatly improved the material quality against shear. The fiber reinforced HCS
achieved greater loads capacity than normal HCS and achieved improved ductility.
In 2016, Abed [81], conducted an experimental and numerical investigation that
evaluated the performance of RC slabs having longitudinal hollow cores at different
volumes and loading conditions. The study comprised of eight moderately thick
reinforced concrete slabs that were 2.05 m in length, 0.6 m in width and 0.25 m in

thickness. The experimental results deduced that the ultimate load capacity reduced by
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approximately 21 % and 33 % for solid slabs with the increasing area to depth
proportion from 2 to 3 respectively. It was noticed that the ultimate load capacity of
circular hollow cores also reduced by about 5.49 %, 15.7 % and 20.6 % with circular
diameters 75, 100 and 150 respectively. Similarly, when the area depth ratios were
increased from 2 to 3.5 and 3 respectively, the ultimate load strength of the HCSs
reduced by 31 % and 45 % respectively. Statistically, the FE method using ANSYS
computer software was utilized to evaluate the behavior of these RC slabs.

In 2016, Ibrahim et al [82] carried out an experimental study to investigate the shear
flexure capacity of composite slabs using concrete toppings and HCU. Full-scale 3-
point load tests were conducted on 14 composite slab samples using different surface
roughness and condition of the HCU before placement of the concrete topping. The
surface roughness was measured as smooth or rough whereas the moisture condition
considered either as the pond, dry or optimum wet. The overall effect of the
longitudinal joint between the HCU sections was also considered. The obtained
experimental results were then compared with the predicted values using the
approximate models available in Euro Code 2 in addition to other equations published
by earlier researchers. The experimental results evidently demonstrate that HCU
longitudinal joint and surface condition significantly affect the shear flexure strength
and stiffness of the slabs. It was noted that the optimum HCU surface condition that
produces the highest shear strength and stiffness is wet and rough conditions. Also
noted was that the longitudinal joint between the HCU panels decreases the shear
strength of the slab. Interestingly, the interfacial horizontal shear was found not to be
the factor that governs the behavior or strength of the slab. The empirical equations
derived from Euro code 2 provides the non-conservative estimate of the shear strength
of the slab. Contrary to this, the equations published by the earlier researcher offers a
more conservative prediction of the shear strength of the slab.

In 2017, Prakashan et al [83] conducted an experimental investigation on four different
HCS together with the solid slab as the control specimen. The load-deflection curves
were analyzed in addition to the load and failure deflection at the first crack. The
effectiveness of the traditional flexural capacity equation in calculating the capacity of
HCS was also evaluated. Experimental results from the study were used to analyze the
comparative study among the samples studied. The study comprehensively concluded

that the traditional flexural strength equations can be utilized in HCSs. Conclusively,
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it was found out that the HCS has improved performance than solid slabs both in terms
of serviceability and load-deflection behavior.

In 2017, Wariyatno et al [84] tested samples comprising of a solid slab ad the control
specimen, HCS Type 1 with cavities made from PVC pipes and HCS Type 2 with
cavities made from Styroform. The thickness of the slab in this experiment was
considered to be 12 cm. The experimental results demonstrated that HCS Type 1 and
Type 2 can decrease the weight of the slab by 24 % and 25 % respectively as rightly
compared to the solid slab system. Additionally, it was investigated that the flexural
strength of HCS Type 2 is relatively higher than that of HCS Type | but expectedly
lower than that of the solid slab. In simple terms, the flexural stiffness of the solid slab
was significantly greater than both the HCS Type 1 and Type 2. The cracks that
appeared in the solid slab are regarded as flexural cracks with the cracks occurring in
HCS Type 1 and Type 2 distinguished as shear cracks.

A study conducted by Helén and Karin (2002) [85] presented an analytical study of
the FEM analysis using the DIANA program. The study proved the ability of such
concrete slabs to provide better resistance to shear and torsion. Also, an experiment
was conducted to measure the failure modes, ultimate load, cracking load and the
deflection of two types of concrete slabs under a load [86]. The types of concrete slabs
used were HCSs and solid slabs (used for reference). It was even found out that flexural
equations could be used to predict the ultimate load of HCSs. In addition, another
experiment was conducted by Cuenca and Serna [80], on HCSs with and without
reinforcement. The study was aimed at determining the shear capacity of a sample of
high strength concrete slabs with and without SF reinforcement. It was discovered that
slabs containing SF reinforcement performed better under shear load than those

without reinforcement.
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CHAPTER 3

EXPERIMENTAL PROGRAM AND METHODOLOGY

3.1 Introduction

The properties of SCGCs using FA and GGBFS were investigated through an
experimental model, which was made up of two components. First of all, SCGC was
manufactured with the replacement of FA with various levels of GGSFS. The first
stage was alternating the FA with a new percentage of GGSFS, while the second stage
was manufacturing a hollow unit slab using SCGCs. The slump flow, Tsoo flow time,
V-funnel flow time and L-box height ratio tests were carried out to recognize the
describable properties and features of the fresh SCGCs. The hardened concrete was
tested for compressive strength, splitting tensile and fracture toughness at 28 days for
the assessment of its mechanical properties. HCS was pour with the best mixture
composition obtained for SCGCs, and a testing program recognized, four-point

bending test outcomes, strength, failure mode and crack width, were assessed.

3.2 Materials

3.2.1 Cement

Ordinary Portland Cement (OPC CEM, [42.5R) was used adhering to the TS EN 197-
1 [87], which is composed mainly of the European EN 197-1. It had a specific gravity,
and a Blaine fineness of 3.15 and 326 m?/ kg respectively. Below are its various
chemical and physical properties are given in Table 3.1 The chemical and physical

properties of the binder components.
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3.2.2 Fly Ash (FA)

The FA used in the production of SCGCs was classified according to ASTM C 618
[88] to class F group, which was obtained from Ceyhan Sugdzii thermal 46 Power
Plant as shown in Figure 3.1. It possessed a Blaine fineness, and specific gravity of
2.29 and 387 m*/kg respectively. The FA physical and chemical properties are shown
in Table 3.1.

3.2.3 Slag (GGBFS)

Ground Granulated Blast Furnace Slag (GGBFS) was manufactured by quenching
molten iron slag obtained from a blast-furnace, by immersing in water or steam which
results in a glassy, granular, end-product that is subjected to a drying process and then
broken down to a fine powder using a grinding process as shown in Figure 3.1. It was
obtained from ADANA cement manufactured by (T.A.S) ISKENDERUN, TURKEY.

Two types of slag were mainly used for this, and Table 3.1 describes the chemical and

the physical properties of these types of slag.

Table 3.1 The chemical and physical properties of the binder components

Analysis report (%) Portland cement | FA Slag (1) Slag (2)
CaO 63.60 1.60 34.19 38.26
SiO2 20.25 62.40 40.42 38.02
AL O3 5.31 21.14 10.60 11.33
Fe2Os 4.04 7.85 1.28 0.75
MgO 2.82 1.76 7.63 7.22
SO3 2.73 0.10 0.63 0.58
K20 0.92 0.73 2.83 -—--
Na>O 0.22 2.45 0.17 -—--
Loss on ignition 3.02 2.07 2.74 2.29
Specific gravity 3.15 2.29 2.80 2.88
Blaine fineness (m?/kg) | 326 387 575 504
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a) FA b) Slag

Figure 3.1 Binder component of SCGCs

3.2.4 Alkaline Liquid

Typically, sodium silicate (Na>SiO3) and sodium hydroxide (NaOH) solutions were
used as the alkaline solution. The sodium silicate solution (Na,O= 13.7 %, Si0>=29.4
% and water=55.9 % by mass) was purchased locally. Sodium hydroxide (NaOH), in
the form of chips or pellets with a 97 to 98 % purity value, was procured from a local
vendor. The concentration of the NaOH solution was prepared in a range from 8 M to
12 M, as seen in Table 3.2. The mass of NaOH solids found in the solution, varied
depending on the concentration of the solution. The preparation of the alkaline solution

was done 24 hours before its usage.

Table 3.2 Concentration of alkaline solutions

NaOH % of solids | Solids (grams) | % of water
&M 26.23 262 73.77
10M 31.37 314 68.63
12M 36.09 361 63.91
14M 40.43 404 59.57
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a) Sodium hydroxide b) Sodium silicate

Figure 3.2 Alkaline component solutions

3.2.5 Steel Fiber (SF)

SF are a form of concrete reinforcing material, which used in combination with
concrete, give additional benefits when compared to conventional forms of
reinforcement. Two types of SF were used for this purpose, macro and micro SFs.
Macro possessed hooked ends (SF1) and Micro was straight (SF2) as shown in Figure
3.3. SF1 had a tensile strength and a specific gravity of 1100 MPa and 7.85, while the
SF2 had 2000 MPa and 7.17. SF1 had a length and aspect ratio of 30 mm and 55, while
these were 6 mm and 37.5 in SF2. SF2 was produced using high strength steel, with a
brass coating which gave the fibers a uniformly smooth surface. In the case of the
mixtures, (0.5, 1 and 1.5 %) by volume were adopted for each of the SF types, with

the concrete mixture.

SF I(MACRO) HOOKED END SF 2 (MICRO) STRAIGHT

LENGTH 30 MM LENGTH 6 MM

ASPECT RATIO 55

ASPECT RATIO 37.5

a) Macro steel b) Micro steel
Figure 3.3 Types of SF
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3.2.6 Super-Plasticizer

Polycarboxylic-ether type super-plasticizer (SP) was used. The main function of the
SP was to improve the plasticity of the concrete, to make it workable enough so that it
could compact itself without external compaction or vibration. The SP was purchased
locally. It possessed a pH of 5.7 and a specific gravity of 1.07. The physical properties

and description of the super-plasticizer are shown in Table 3.3.

Table 3.3 The properties of super-plasticizer.

Properties superplasticizer

Name Glenium51

Specific gravity 1.07

Stat Liquid

Color tone Dark brown

Description Modified polycarboxylic type of polymer

3.2.7 Aggregate

The coarse aggregate used for this project was obtained after crushing gravel to reach
an average maximum size in the range of 12 mm. For the fine aggregate, limestone
was crushed to obtain aggregates with a maximum size of 4 mm. The specific gravity
of the coarse aggregate was 2.72, and the water absorption was 0.45 %. The limestone
had a specific gravity of 2.45 and water absorption of 0.92 %. The gradients of the
particle sizes obtained, following a thorough sieve analysis, as well as the physical
properties of the fine and coarse aggregates [89], are given in Table 3.4, while the fine

and coarse aggregates linked to the control mixture are seen in Figure 3.4
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Table 3.4 Sieve analysis and physical properties of the fine and coarse aggregates

Sieve Specifi
Fineness Abs.
Size 16 8 4 2 105 |0.25 c
Modules . %
(mm) Gravity
Fine
Aggregat | 100 | 100 | 95.4 | 63.3 | 39.1 | 28.4 | 16.4 2.57 245 10.92
e
Coarse
Aggregat | 100 | 31.5 | 1 05 |05 |05 |04 5.66 2.72 | 0.45
e

a) Coarse aggregate

3.3 Concrete Mixture Details

b) Fine aggregate

Figure 3.4 Types of aggregate

In the first stage of this study, five SCGCs mixtures were formulated to encompass a

wide range of various mixture combinations with a constant liquid/binder ratio (0.5)
and a total binder content of 500kg/m’. GGBFS was used to replace the FA at
percentage levels of 25 %, 50 %, 75 % and 100 % by mass, as shown in Table 3.5.

During the second stage, the casting of 21 panels of HCS was done considering the

results that were derived from the initial stage with 50 % percentage replacement of

GGBFS, by making use of the best SCGCs mixed with SF as shown in Table 3.6
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Table 3.5 Concrete mixture proportions in (kg/m®)

Mix ID.

Binder | FA

GGBFS

Fine
agg.

Coarse
agg.

Mol.

SP

Water

kg/m* | %

%

kg/m3

kg/m3

%

%

F100S0

F75S825

F50S50

F25S75

FOS100

100

0

830.65

723.55

75

25

846.39

737.26

500 50

50

862.13

750.97

25

75

877.87

764.68

100

893.61

778.40

12

Table 3.6 HCS mixture proportion in (kg/m?®)

Mix ID.

Macro steel (Ma)

Micro Steel (Mi)

%

%

SO-Ma-0

RH-Ma-0

CH-Ma-0

SO-Ma-05

RH-Ma-05

CH-Ma-05

0.5

SO-Ma-10

RH-Ma-10

CH-Ma-10

SO-Ma-15

RH-Ma-15

CH-Ma-15

1.5

SO-Mi-05

RH-Mi-05

CH-Mi-05

0.5

SO-Mi-10

RH-Mi-10

CH-Mi-10

SO-Mi-15

RH-Mi-15

CH-Mi-15

1.5
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3.4 Concrete Casting, Testing, and Curing.

In the manufacturing of SCGCs, the order of mixing and the time taken play an
important role. This is important as it determines the homogeneity and uniformity
found in every mixture. The mixing was done in two stages. In the beginning, sand,
coarse aggregate with a wet surface, dry condition, and binder, were combined in the
concrete mixer for a time period of 2.5 minutes as shown in Figure 3.5. Once this was
done, a well-stocked, premixed alkaline solution that had been stored in plastic or glass
containers for 24 hours at room temperature, SP and extra water were added into the
concrete mixer, and the process of wet mixing took place for an additional 3 minutes,
as shown in Figure 3.6. In order to ensure a uniform mixture, the fresh concrete was
subjected to the mixing process for an additional duration of 2 to 3 minutes. To
evaluate the nature of the SCGC, once the mixing procedure completed, the tests
(slump flow time and diameter, V-funnel flow time, L-Box height ratio) were carried

out to assess the fresh properties of the SCGCs according to EFNARC [90].

Figure 3.5 Dry material (binder, fine and coarse aggregate)
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SO e

Figure 3.6 Wet mix (dry material, alkaline solution, sp, and water)

First step the pre-oiled molds were filled with fresh concrete in three layers and
covered with plastic sheets to minimize the carbonation effect and prevent water
evaporation. After 24 hours of casting, the samples were then cured for 48 hours
in the oven, at a temperature of 70-80°C as seen in Figure 3.7 & Figure 3.8, after
which the samples were removed from the molds and kept outside at room
temperature until the aging for the testing was achieved. Each of the specimens
was poured without subjecting them to any form of compaction or vibration.
Specimens poured in a standard mold as following formats:

* Three 100 mm cubes for the compressive strength test.

* Three 100x200 mm cylinders for the splitting tensile test.

* Two 100x100x500 mm prisms for the fracture toughness test.
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Figure 3.8 Curing samples by heating

Second step Twenty-one 1000x350x125 mm HCS were divided into seven groups with
three panels as shown in Table 3.6 (solid and hollow core) in each group were also
used:
e Rectangular hollow cores were formed using electric tri-cables, each with a
wall thickness of 2 mm. Only one size of tri-cables, with dimensions of
60x80mm, was used in the formation of the hollow core, SF reinforced, SCGCs

of equal area as shown in the Figure 3.9.
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e Circular hollow cores were formed utilizing Polyvinyl Chloride (PVC) pipes
with an equal wall thickness of 2 mm. Only one size of PVC pipes, with a
diameter of 75mm, was used in the formation of the hollow core, SF reinforced,
SCGCs of equal area as shown in the Figure 3.9.

The same procedure was used for the casting and curing (as in step 1).

1.5 8 cm 4cm 8§ cm 4cm Scm 1.5

|

TﬁcmT

b) RH Schematic details

A A L)
2em 7.5cm T4cm T 7.5cm T4cm T 7.5cm 2cm

C) CH Schematic details
Figure 3.9 Slab panel details: a) Pre-oiled frame panel b) RH schematic details c)

CH schematic details
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3.5 Tests for Fresh Properties

The slump flow, T500mm flow time, V-funnel flow time and L-box height ratio tests were
carried out to assess the necessary properties, and the features of the new SCGCs

mixtures based on the recommendations according to EFNARC [90].

3.5.1 Slump Flow Test

To evaluate the slump flow, an ordinary slump flow cone was filled with SCGC
without using any form of compaction. Then the cone was elevated, and the average
diameter of the concrete spread was noted down, as seen in Figure 3.10. There was a
decreased slump flow in every mixture. The time (Tsoomm) Was noted, which effects
the time required for the concrete to fill the 500 mm spread circle. A lesser time reflects

an increased rate of flow. EFNARC suggests a Tsoomm 0f 2 to 5 sec for SCCs.

Shuap cone

Stump Bow = D, +Dy)/2

Flow table 1000 x 1000

/ = M Sessesasion border

a) Schematic details b) Test application

Unit: mm

Figure 3.10 Slump flow test

3.5.2 V-Funnel Flow Test

To assess the filling capacity and the viscosity of the SCGCs, the V-Funnel test was
shown as presented in Figure 3.11. The fill time was observed using a process where
the funnel was filled with fresh concrete, after which the time was taken for the flow
from the orifice opening to the complete emptying of the funnel. The best fill-able and
stable concrete took a short time to flow out. According to EFNARC, t (V-f) ranging

from 6 to 12 sec is considered adequate for SCCs.
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Figure 3.11 The V-funnel flow test.

3.5.3 L-Box Test

The L-box unit was made of a rectangular-section box in the form of an ‘L’ shape,
with a vertical and horizontal section, which were then segregated using a mobile gate.
In the anterior aspect, the vertical portions of reinforcement used three or four bars as
shown in Figure 3.12. The vertical section was loaded with concrete, and the gate was
raised to allow the concrete flow into the other section. Following the stoppage of the
flow, the concrete level seen at the end of the horizontal section was noted to be a ratio
of that remaining within the vertical section. This highlights the passing ability of
SCGCs and any concerns about the inadequacy of stability (segregation) can be
appreciated visually. Segregation was also noted by assessing, sawing and analyzing
the horizontal sections of the concrete. The acceptable value according to the
EFNARC ranges from 0.8 to 1.0. If the passage of concrete is similar to the flow of

water, when at rest, it will remain at a horizontal, so Ho/H; reaches (1).
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Figure 3.12 L-box test

3.6 Tests for Mechanical Properties

3.6.1 Compressive Strength

According to ASTM C39 [91], the compressive strength of the concrete was assessed
by using cube samples of 100x100x100 mm for 28 days’ age as seen in Figure 3.13.
The compressive strength was calculated by taking the average of the results derived
from the three tested cubes samples. A 2500 kN capacity testing machine was used for

this purpose.

Figure 3.13 Photograph of the compressive test
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3.6.2 Splitting Tensile Strength

The splitting tensile test was performed on cylinder specimens of 100x200 mm
according to ASTM C496 [92], as seen in Figure 3.14. The test was done on three
samples for each mix for 28 days. The cylindrical concrete specimens’ splitting tensile

strength (f,;) was assessed using the Equation (3.1).

fie = 2P ng 3.1)

For the above equation P, h, and ¢ are the maximum load, length and cylinder

specimen diameter respectively.

Figure 3.14 Photograph of the tensile test

3.6.3 Fracture Energy

A closed-loop 250 kN testing machine was used as mentioned in the guidelines of
RILEM 50-FMC/198 Committee [93] to evaluate the fracture toughness (Gf) of the

beam specimens. A linear variable displacement transducer (LVDT) was applied to
assess the mid-span displacement of the beam specimens. The description of the
machine used, specimens and the placement of the LVDT are described in Figure 3.15.
The ratio of the notch to height (a/w) for prismatic specimens was 0.4. In order to

reduce the effective cross-section to 60x100 mm?, a notch was opened in the prismatic

44



test specimens by cutting. Also, the distance between the supports was 400 mm. All
prismatic beams were tested using displacement control with a rate of loading of 0.02
mm/minute. The fracture energy of the prismatic specimens was achieved under three-

point loading according to RILEM [93] as shown below:

_ (wo+mg8y)

Gr (3.2)

Alig

Where wy is the area under the load-displacement curve (N-m), m is the mass of the
beam (Kg); g is the gravity acceleration (9.81 m/s?), &, is the specific displacement
(m), and Ay;4 is the area of the ligament (m?). The details of the specimens and test set
up are indicated in Figure 3.16. The net flexural strength was obtained according to
the following equation [94]

3P..S
= M 3.3
I e 2B(W —a) G-

Where, P, B, W, and a are the peak load (N), span length (mm), the width of the beam
(mm), depth of beam (mm), and depth of the notch (mm) respectively.

The critical stress intensity factor (ffex ) Was used to specify the magnitude of stress
concentration in cracks. The (K;. )values were obtained according to the equation (3.4)
[95].

3P|
© T bd?

Ja, (1.93-3.074+14.5347 =25.114° +254°) (3.4)

Where P x> L, b, d, and a, are the peak load, the span of the prism, the width of the

prism, the depth of prism, and the depth of the notch respectively, since (A = a_/d).
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Figure 3.15 Specimen geometry and test setup for three-point bending load
3.6.4 Flexural Panel Test

Panel specimens were tested under a static four-point load to study the flexural
behavior and show the difference between the hollow and control solid panels. A
universal testing machine (INSTRON) with a capacity of 250 kN was used. The

experiments were executed in displacement control as shown in figure 3.16. The rate
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of the load was increased slowly at about 0.05 kN/min to record the growth of cracks,
strains and the deflections of the panel. The crack was remarked and drawn on the
front face of the slabs during, and after, the test. The deflections were obtained by
using a high precision LVDT that was placed on the bottom near the mid-span of the
panel. All specimens were placed on the testing machine by aligning the marked
support and the loading positions. The first crack and the development of cracks during
the increase of load were recorded. After the initial cracking, the loading continued

and was stopped when the panel was just at the stage of collapsing.

Figure 3.16 Specimen test setup for four-point bending load
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CHAPTER 4

TEST RESULTS AND DISCUSSIONS

4.1 General

All results of the tests for the mixtures design that were estimated in Chapter 3, are
explained in this chapter. This tests includes the fresh properties (slump flow, T500mm,
V-funnel and L-Box height ratio) and the hardened properties (compressive strength,
tensile strength), and structural performance (fracture energy, flexural behavior). The
hardened test results and structural performance of concrete were determined at 28

days.

4.2 Fresh Properties of SCGC

The fresh properties of SCGC can be specified by the following four critical
characteristics: passing ability, viscosity, flowability, and segregation resistance, each
of them can be addressed by one or more test methods described by EFNARC [90].
For example, viscosity may be measured by the Ts0omm slump flow time and V-funnel
flow time tests, while the fallibility can be determined via a slump flow test. One or
more of above mentioned four critical properties should be satisfied for the
requirements of self-compacting concrete in a fresh state that are appropriate for a
given application. Then the self-compacting concrete must specify the class or target
value defined in Table 4.1 in order to specify the flowability, viscosity and passing
ability of the manufactured SCGCs, slump flow diameter, Tsoomm slump flow time, V-

funnel flow time and L-box height ratio.
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Table 4.1 EFNARC classes of slump flow, viscosity and passing ability of SCC

mixes
Slump flow classes
Classes Slump flow dia (mm)
Slump flow 1 550-650
Slump flow 2 660-750
Slump flow 3 760-850
Viscosity classes
Class T500mm (sec) V-funnel time (Sec)
Viscosity 1 <2 <8
Viscosity 2 >2 9to 25
Passing ability classes
Passing ability 1 >0.8 with two rebar
Passing ability 2 >0.8 with three rebar

4.2.1 Slump Flow Diameter

From this study, the design limits for all of the concrete mixtures were to give a slump
flow diameter of 785 to 672 mm, which was achieved by using a superplasticizer as
seen in Table 4.2 conforming to EFNARC recommendations, which states that the
lower and upper approval limits of slump flow diameter should be between 550 and
850 mm respectively. Figure 4.1 shows the highest slump flow diameter was measured
for the control mixture (F100S0) and it's about 785 mm, while the mixture with 100 %
GGBEFS replacement (FOS100) had the lowest slump flow 670 mm.

The slump flows for the SCGCs of all mixtures were in the range of Slump flow 2
class, except the control mix which was in the range of Slump flow 3 class. According
to EFNARC [90], the SCGCs in Slump flow 2 can be used for structures with complex
shapes, vertical applications in very congested structures, or for filling under
formwork. However, SCGCs in the range of Slump flow 3 exhibit a better surface
finish compared to Slump flow 2 when used in normal vertical applications. However,

it is more challenging to control segregation resistance.
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Table 4.2 The result of fresh properties

Mix Slump flow dimeter | Tsoomm | V funnel | L box height ratio
code (mm) (sec) (sec) H; H> | Ho/Hy
F100S0 785 2.25 8.02 82 | 82 1.0
F75S25 765 2.47 11.5 83 | 80 | 0.97
F50S50 730 2.96 13.57 85 | 7.8 | 0.92
F25S75 690 3.56 16.18 86 | 74 | 0.86
F0S100 672 4.03 18.05 88 | 7.1 | 0.81
800
780 - \
7 760
g 740 1
&
2 720
E
=
@700 -
680 -
660 -
640 ' : : : . .
0 25 50 75 100

GGBFES replacement level (%)

Figure 4.1 Effect of GGBFS level on slump diameter values

4.2.2 Times of Slump Flow and V-Funnel Flow

Ts00mm slump flow and V-funnel flow times of the produced SCGCs were also
presented in Table 4.2 and Figure 4.2 and Figure 4.3, respectively. It was observed that
increasing the replacement level of GGBFs increased both the Tsoomm slump flow and
the V-funnel times of SCGCs. For example, Tsoomm slump flow and V funnel flow
times were 2.25 and 8.02 sec respectively, for the control mixture. However, as the
GGBFs were replaced with 100 % FA as in the case of mixture S100F0, the

corresponding measurements increased to 4.03 sec for the slump flow time and 18.05

sec for the V-funnel.
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Figure 4.2 Effect of GGBFS level on Ts0omm flow time values

That means that when there was a 100 % replacement level of GGBFs, it resulted in
about 80 % and 125 % increases in Tsoomm and V-funnel flow times for the SCGCs
respectively. When taking the interaction of V-funnel flow and slump flow times, as
indicated in Figure 4.4, into account, it was observed that all of the SCGCs mixtures
were within the boundaries of the viscosity class (VS2/VF2) where (VS2 or VF2)
mean the viscosity class as defined in Table 4.1 by the EFNARC. In addition, it was
emphasized that such concrete might be helpful in improving segregation resistance or
limiting the formwork pressure [90].

20
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L
I

V funnel flow time (sec)

—
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Figure 4.3 Effect of GGBFS level on V-funnel time values
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4.2.3 L-Box Height Ratio

In order to identify the passing ability of the produced SCGCs, the L-box height ratio
was determined. The test provided H>/H; ratio as a measure of the passing ability
among the reinforcing bars. The variations in the three bar L-box height ratio is
presented in Figure 4.5. To declare that a self-compacting concrete has the passing
ability, L-box height ratio must be equal to, or greater than, 0.8. It should be noted that
this ratio is 1.0 for perfect fluid behavior of concretes. It was obviously monitored in
Table 4.2 The result of fresh properties and Figure 4.5 that all of the mixtures satisfied
the EFNARC limitation given to the L-box height ratio.

The findings of this test showed that the absorption of the GGBFs replacement
provided a systematic decrease in the L-box height ratio of up to 20 % as listed in
Table 4.2 The result of fresh properties. Since the minimum height ratio had been
reached at that replacement level, increasing the GGBFs replacement to 100 % also

yielded the same height ratio as expected.
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Figure 4.5 Effect of GGBFS level on L-Box height ratio

4.3 Hardened Properties

The hardened specimens of various SCGCs were tested to determine compressive

strength, splitting tensile strength and fracture energy test.

4.3.1 Compressive Strength (f.)

Concrete is widely recognized for its compressive strength, and it is one of the most
vital mechanical properties of concrete. The structure’s service life completely relies
on the hardened properties of concrete. The compressive strength was conducted on
cubes as shown in Figure 4.6 at 28 days. The variation trends of compressive strength
for different SCGC mixes, tabulated in Table 4.3 The result of material hardened
properties and graphically presented in Figure 4.7. It can be seen that the compressive
strength of SCGC free of GGBFs was 24.25 MPa for the control mix, and 76.19 MPa
with 100 % GGBF at 28 days, also it was noted that the specimens with 0 % GGBFS
(100 % FA) had to be removed from the molds two or three days after they were cast,
since they failed to meet the target hardening level after one day due to the low amount
of CaO in FA, which is the main factor affecting the initial setting time of concrete.
The addition of GGBFS in the FA-based GPC accelerated the setting time. The average
of the three identical samples was applied to measure the value of the compressive

strength of each mix of concrete.
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The compressive strength of SCGC was increased by the addition of GGBFS.
Furthermore, it was indicated that the compressive strength of mixtures was between
24.25 to 76.19 MPa, since the compressive strength of SCGC improved by up to more
than 200 % for (FOS100) specimens. These results showed the substantial effect that
GGBFS has on the compressive strength values of SCGCs mixtures. The lowest
compressive strength in the FA-based GPC specimens were attributed to the low
calcium content [96]-[98] and low activity of FA [99], [100].

The influence of GGBFS, FA, and GGBFS/FA combinations on the compressive
strength of OPC and GPCs were also examined and it was concluded that the
compressive strength of the GPCs were increased in the order of 100 % with FA-based
GPC< OPC<FA/GGBFS combination GPC<100 % GGBFS-based GPC. A lesser
content of reactive calcium was observed after the XRD results on the 100 % FA
specimens, resulting in the low amount of Calcium Silicate Hydrate (C-S-H) (the main
form that is responsible for strength). As a result, a lower mechanical performance was
obtained for the FA-based geopolymer specimens, since the lesser amount of CaO in

the FA did not contribute to the C-S-H creation [99].

Figure 4.6 Compression test sample
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Figure 4.7 Effect of GGBFS replacement on compressive strength

4.3.2 Splitting Tensile Strength (f ;)

The relationship between the tensile and compressive strength in FA-based SCGC with
GGBFS were observed to be very similar to that of OPC concrete. The increase in the
amounts of compressive strength normally causes a parallel relative increase of the
tensile strength values. Splitting tensile strength values, evaluated from cylindrical
specimens shown in Figure 4.8 with the Equation (3.1), are presented in Table 4.3 The
result of material hardened properties. The variation in splitting tensile strength of 28
days, for all SCGCs with respect to content of GGBFS is given in Figure 4.9. Splitting
tensile strength values ranging from 1.58 MPa to 6.45 MPa were achieved in this study.
The lowest splitting tensile strength result was obtained from the control mixture, and
a systematic increasing of splitting tensile strength was observed as the GGBFS
increased. The increase in the amounts of splitting tensile strength that resulted due to
the incorporation of GGBFS compared to the control mix F100S0, were 40.5 %, 121.5
%, 226 %, and 308 % for the mixes F75S25, F50S50, F25S75, and FOS100
respectively.

All concrete typically has a low tensile strength (~10 % of compressive strength) and
a low strain capacity [101]. However, tensile strength is important in highway design,
airfield slabs, and when shear strength and crack resistance are a priority. The addition

of GGBFS to SCGC decreases these shortcomings, as shown in Figure 4.9 where there
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is a general tendency towards increasing tensile strength, which may be attributed to
the same reasons affecting the compressive strength. The relationship between

compressive and splitting tensile strength is controlled by numerous factors including

aggregate type, particle size distribution, and curing age [102].

r  BESMAK 1
atel

Figure 4.8 Tensile strength specimen

Splitting strength (MPa)

L

100
GGBFS Replacement level (%)

Figure 4.9 Effect of GGBFS replacement on splitting strength
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Table 4.3 The result of material hardened properties

Area
Mix fc' fst Pnax fflex Anax Gf Kic
(under the curve)
code
(MPa) | (MPa) N) (MPa) | (mm) (N.mm) (N/m) | (MPa.mm®>

F100S0 | 24.25 | 1.58 1398.00 | 2.33 1.03 | 641.82 133.86 | 11.04
F75825 | 32.98 | 2.22 | 1661.00 | 2.77 | 1.02 | 664.40 145.54 | 13.11
F50S50 | 40.10 | 3.50 | 2206.76 | 4.18 1.07 | 736.83 173.53 | 17.42
F25S75 | 63.97 | 5.15 2607.82 | 4.35 1.10 | 882.63 195.68 | 20.59
F0S100 | 76.19 | 6.45 2723.00 | 4.54 1.01 885.84 213.54 | 21.50

4.3.3 Fracture Toughness

The fracture process region is recognized as being created in front of an existing crack
in concrete. The fracture energy in concrete is usually achieved by a three-point

bending on a notched prismatic specimen as illustrated in the previous chapter.
4.3.3.1 Load-Displacement

The load-displacement patterns of SCGC at 28 days are presented in Figure 4.10, and
the results are summarized in Table 4.3 The result of material hardened properties. In
general, all SCGC curves exhibited a linear upward slope until load at the first cracking
on specimens. During the test process, after the load reaches the peak load, cracks
appeared, which resulted in a descending curve after the peak load. However, the slope
of the descending part of the curve after the peak load represented the property of the
crack propagation inside the specimen until failure. (The failure after peak load is a
relative issue depending on the displacement at peak load). Figure 4.10 indicated that
the peak load values of SCGC specimens increased with an increase in the replacement
percentages of GGBFS that was attributed to the high strength of the specimens when
compared with the control specimens (100 % FA), accompanied by decreasing values
of displacement with an increase in GGBFS variance. The maximum
increase/reduction (load/displacement) was achieved in specimens containing 100 %

GGBEFS that exhibited maximum compressive strength value.
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Figure 4.10 Effect of variance replacement percentage of GGBFS on load

displacement
4.3.3.2 Fracture Energy

The energy required to breakdown the material, the product of force and distance, is
signified by the area under the curve of the stress-strain diagram. The word toughness
is a measure of this energy. The area under the load-displacement curve for each
prismatic specimen was estimated and utilized in Equation (3.2) to achieve the fracture
energy (Gy) for notched beams subjected to the three-point bending test Table 4.3 The
result of material hardened properties. It was presented as the values of (Gy), and the
final displacement at mid-span was recorded when the specimen failed.

The fracture energy for all mixes is represented in Figure 4.11. It was detected that the
fracture energy of SCGC specimens had increased as compared with control
specimens. Generally, the fracture energy of SCGC inclined to increase with an
increase in compressive strength, as shown in Figure 4.11. [23], [44] investigated that

fracture energy improved with the increase in compressive strength for heat-cured FA-

based GPC.
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Figure 4.11 Effect of GGBFS replacement on fracture energy (Gr)

4.3.3.3 The Net Flexural Strength

The net flexural strength and critical stress intensity factor (K;-) of SCGC at 28 days
were estimated by Equations (3.3) and (3.4) respectively and represented in Figure
4.12 and Figure 4.13 respectively and summarized in Table 4.3 The result of material
hardened properties. The stress intensity factor refers to the amount of stress
concentration near the crack tip when the crack starts to propagate. Similar to the
aforementioned mechanical performance of SCGC, incorporating GGBFS had a

superior effect on flexural strength and stress intensity factor values.
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Figure 4.12 Effect of GGBFS replacement on flexural strength
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Figure 4.13 Effect of GGBFS replacement on stress intensity factor (K;¢)

4.4 Correlation Between the Fresh and Hardened Properties of SCGC

The correlation of the experimental data can be considered one of the most widespread

applies among the researchers to evaluate the results were obtained. Theoretically, the

relative volume fractions of the cementitious binder and aggregate are the major

fundamentals that regulate the fresh and hardened properties of concrete. As shown

previously, the higher compressive strength reflects the enhanced mechanical
behavior.[32], [103] showed that the behavior of GPC is very similar to OPC. In order

to estimate the relationship among the properties of SCGC, the following correlation

was found:
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4.4.1 Correlation Between the Fresh Properties of SCGC

Good relationships were found between the fresh properties of the SCGC mixtures.
The R? for the relationship between slump flow and T-500 flow, and L-Box was (R*:
0.987) and (R?:0.9892) and are shown in Figure 4.14. The high value of (R’), the
coefficient of determination, specified that the slump flow and the other two properties
were well correlated, despite the use of GGBFSs. This finding indicated the strong

relationship between the fresh properties of SCGC in the study.
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Figure 4.14 Relationship between the fresh properties of SCGC
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4.4.2 Correlation Between the Hardened Properties of SCGC

The compressive strength values of FA-based SCGC with variance replacement of
GGBFS was found to exhibit similar performance to that of OPC concrete. In general,
as the compressive strength increased, this resulted in a similar relative increase in
terms of the value of mechanical properties. It was observed from the results of
compressive strength and other mechanical properties of SCGC that the incorporation
of GGBFS significantly increased the mechanical properties of the SCGC.
Additionally, the improved performance for all mechanical properties was observed to
have a similar trend.

An excellent relationship was found between the compressive strength and the other
mechanical performance, as shown in Figure 4.15. The value of (R?) obtained from the
relation between experimental compressive strength and splitting tensile strength with
the theoretical values of the stress intensity factor (K;¢) and the net flexural obtained
from the different equations was the same. Therefore, it can be concluded that both

equations are close to each other, in addition to the experimental results.
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4.5 Statistical Evaluation of the Test Result

A general linear model analysis of variance (GLM-ANOVA) was performed at a
significant level of 0.05 in order to estimate the variation in the tested performance of
the SCGC with the different level of GGBFS in a quantitative form. For this, slump
flow diameter, slump flow time (Tsoomm), V-funnel flow time, L-Box height ratio,
compressive strength, splitting strength, flexural strength, and the critical stress
intensity factor of the concretes were assigned as the dependent variables, while the
replacement level of GGBFS was the factor. A statistical analysis was conducted to
indicate the statistically significant factors (p-level <0.05). Table 4.4 A statistical
analysis presents the contributions of the factors to the evaluated test results. The
column below the percent contribution shows the effect of the independent factors on
the evaluated response, for example, the higher the contribution, the higher efficiency
of the factors on that specific response. Also, a low influence of the factors on that
specific response will be observed if the percent contribution is low. It was indicated
by the results in Table 4.4 that all of the independent variables had a significant
influence on the fresh and mechanical properties of the SCGC. When detecting the
contribution amounts of the factors, it was observed that the most effective parameter
in the variation of the fresh and hardened properties of the SCGC is the GGBFS
replacement level. In addition, the combination of the GGBFS was observed to be most

impactful factor on all of the mechanical properties of SCGC.
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Table 4.4 A statistical analysis

Dependent
Independent variable Computed F | P Value | significant
Variable
Slump flow GGBFS  replacement
. 106.41 0.000 Yes
diameter level
GGBFS  replacement
Ts00mm 985.29 0.000 | Yes
level
V- funnel flow GGBFS  replacement
441.68 0.000 Yes
time level
L-Box height GGBFS  replacement
. 205.15 0.000 Yes
ratio level
Compressive GGBFS  replacement
4307.66 0.000 Yes
strength level
o GGBFS  replacement | 94.72 0.000 Yes
Splitting strength
level
GGBFS  replacement | 1.04 0.484 No
Flexural energy
level
Critical stress GGBFS  replacement | 40.60 0.002 Yes
intensity factor level
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CHAPTER 5

STRUCTURAL PERFORMANCE OF HOLLOW CORE SLAB PANEL

5.1 General

Although the results obtained in building materials from the previous chapter are a
good step in the right direction, they must also be applied to the structural members to
show this advantage. Therefore, the structural properties of HCS, with and without SF,
are investigated. As stated previously, twenty-one HCS were created with two types
of SF (macro and micro SF) with three volume fractions of each type (0.5, 1.0, and 1.5
%), and compared with the control HCS and the results presented herein.

This chapter encloses the results of the experimental test carried out, as outlined in
chapter 3 for the HCS. These tests include the first crack loads, the load capacity of
the panels, load-deflection behavior, crack patterns and failure modes. The test results,

as conducted in this research, were determined at 28 days.

Table 5.1 The mechanical properties of slabs mix

SF % Mechanical properties of concrete
MIX ID
Ma | Mi | Compressive strength (MPa) | Tensile strength (MPa) | Density(Kg/m®)

normal | 0 0 67.6 3.97 2332.06
Control | 0 0 72.5 4.86 2176.33
Ma-05 | 0.5 | 0O 74.7 5.97 2225.00
Ma-10 | 1.0 | O 82.1 8.33 2266.83
Ma-15 | 1.5 | 0O 76.6 10.82 2302.83
Mi-05 | 0 | 0.5 73.96 5.00 2224.33
Mi-10 | 0 | 1.0 77.51 5.16 2265.17
Mi-15 | 0 | L5 78.19 5.78 2283.67
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5.2 Mechanical Properties

5.2.1 Compressive Strength

As previously highlighted, the compressive strength is one of the most important tests
for concrete in the engineering world. For this, the compression test was conducted on
cube specimens (100x100x100 mm) by a 250 kN capacity testing machine with respect
to ASTM C39 [91]. The test was conducted on three samples for each mix of slab
panels at 28 days and the results are shown in Table 5.1 and Figure 5.1.

The result observed that the addition of any type of SF (macro or micro) greatly improved
the compression resistance values. These increases in the amounts of compressive
strength resulted due to the addition of macro (Ma) SF. The addition of 0.5 %, 1.0 %
and 1.5 % of Ma resulted to an increase in compressive strength of approximately 2.95
%, 13.3 %, and 5.6 % respectively as compared to the control mixes. The results
showed that the addition of 1.0 % of Ma resulted in the best possible compressive
strength of the specimens.

Also, the addition of micro (Mi) SF enhanced the compressive strength and gave a
good result close to that of Ma as shown below whereby 2 %, 6.9 %, and 7.8 %,
increases in compressive strength were obtained from the addition of 0.5 % 1.0 % and

1.5 % of Mi respectively.

100

Compressive strength (Mpa)

normal  Control  Ma-05 Ma-10 Ma-15 Mi-05 Mi-10 Mi-15
Mix ID

Figure 5.1 Compressive strength

68



5.2.2 Tensile Strength

The average of three cylinders was taken as the value for tensile strength for each mix,
as per the standard method of tensile testing as highlighted in the previous sections.
Table 5.1 and Figure 5.2 show the effect of adding Ma and M.

The results showed that the increase was significant in cylinders containing fiber size
0f 0.5 %, 1.0 %, and 1.5 % with the tensile strength increasing by 22.8, 71.4, and 122.6
% respectively as compared with the control mix. On the other hand, when Mi was
added in the same percentage the increment in tensile strength was 2.9 %, 6.2 %, and
19 %. It is evidently seen that there is a big difference between the result for Ma and
Mi because of the variations in length and the tensile strength of each type.

The increase in tensile strength, when the SF was added, lies in the capability of this
fiber to attack the creation of cracking as well as its development. It also helps the fiber
to carry and redistribute the stresses placed on the cylinder. Ganesan and Santhakumar
reported that the main objective of the addition of SFs was to increase the tensile strain
capacity of the concrete [19]. Also, it was reported in the literature that tensile strength
could significantly increase when fibers were added to the concrete due to the crack

arresting effect of the fibers.
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Figure 5.2 Variation in tensile strength
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5.3 Structural Characteristics

5.3.1 Test Setup and Procedure

In the beginning, the front faces of all the concrete panels in the specimens were
painted white to help identify the starting areas of cracks and to observe the length of
those cracks. The white color was also applied to help accurately install the LVDT
(Linear variable differential transformer) at the center of the sample.

Panel specimens were tested under a standard static four-point load in the study of the
flexural behavior of concrete, showing the difference between hollow core and solid
panels. A universal testing machine (INSTRON) having a capacity of 250kN was used.
The rate of load application was about 0.05 kN/min, enough to record the growth of
cracks, strains and deflections. The cracks were remarked and drawn on the face of
slabs during, and also after, the test. Deflections were obtained using high precision
LVDT placed at the bottom (near the mid-span of the concrete slab panel). Specimens
were placed on the machine by aligning the marked support and positions of loading.
The initial (first) crack and successive cracks, as the load was increased, were
recorded. After the first cracking, loading was continued and was finally stopped when

the concrete slab panel was just at the stage of collapsing.

5.3.2 Failure Modes and First Crack Strength

The shape of the openings affects the type of failure mode of HCSs. Also, the span to
effective depth ratio (a/d) was noted. This ratio also affects the failure mode of a HCS
specimen. This ratio was calculated as follows

a/d=35/12.5=2.8

For the same a/d ratio of 2.8, the HCSs will experience similar failure modes i.e. there
should be no difference when the a/d ratio is considered (because it is the same for all
slabs); what should make the failure modes different is the shape of the openings and
the SF type and percentage used.

There are three major types of failure modes that are exhibited in reinforced concrete

slabs, as shown in Table 5.2.
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Table 5.2 Failure modes in reinforced concrete slabs

Failure mode

Description

Shear

Cracks appear near the edge of the slab

Flexural

Cracks appear within the mid-span area of the slab

Shear-flexural

Cracks appear at both near the edge and mid-span of the
slab

Table 5.3 Test results of unit slab panels (failure mode, loads and deflections)

SF %

load (KN) Deflection

Mix ID. Failure mode

Ma | Mi Per Pmax | Acr Amax
SO-normal | Shear-flexural 26 80 1.02 25.83
RH-normal | Shear 0 0 120 45 1.35 3.42
CH-normal | Shear 23 58 1.04 3.44
SO-control | Shear-flexural 31 81 1.05 21.75
RH-control | Shear 0 0 |23 54 1.12 4.22
CH-control | Shear 26 63 1.09 3.58
SO-Ma-05 Flexural 41 88 1.85 32.61
RH-Ma-05 Shear 0.5 0 |25 60 1.84 4.01
CH-Ma-05 Shear-flexural 28 71 1.41 4.30
SO-Ma-10 Flexural 43 93 7.39 34.45
RH-Ma-10 | Shear 1.0 0 |40 75 1.12 4.21
CH-Ma-10 Flexural 44 84 1.64 7.29
SO-Ma-15 Flexural 48 95 7.06 37.30
RH-Ma-15 Shear-flexural 1.5 0 54 72 1.52 3.50
CH-Ma-15 | Flexural 56 85 1.72 5.25
SO-Mi-05 Flexural 32 87 1.06 18.67
RH-Mi-05 Shear 0 0.5 |24 57 1.08 4.29
CH-Mi-05 Shear 25 67 1.33 3.76
SO-Mi-10 Flexural 64 101 1.16 3.53
RH-Mi-10 Shear 0 1.0 |35 62 1.15 3.69
CH-Mi-10 Shear-flexural 37 76 5.54 5.33
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SE % load (KN) Deflection
Mix ID. Failure mode

Ma Mi Pcr Pmax Acr Amax
SO-Mi-15 Flexural 84 106 1.26 3.52
RH-Mi-15 Shear 0 1.5 |36 77 1.21 4.52
CH-Mi-15 Flexural 40 86 1.40 14.86

When the results of the control HCS panels were compared with those of the SF
reinforced HCS panels, it was noted that SFs had an impact in the flexural strength of
the concrete slabs. SFs were used to improve the bending, stiffness, tensile strength,
shear and fracture energy of the SCGC. Cracking begins in the tension zone because
concrete (without reinforcement) is itself weak in tension. The fiber controls cracking,
by capturing the cracks and preventing them from progressing further into the
compression zone. Fiber bridges the cracks and transfers the stresses across it, and has
the ability to work in many directions, leading to an increase of the ultimate load (Pmax).
For solid slab panels, with and without steel, the type of failure mode exhibited was
flexural Table 5.3 and Figure 5.3. Solid slabs have higher flexural strength because of
the arrangement of concrete fibers in the concrete. The arrangement is in such a way
that stresses act uniformly throughout the concrete. Solid slabs are intact structural
units with fibers arranged in the same direction; there are no breaks in the concrete

created by the change in shape or hollowness of a section.
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a) Control panel

b) Panel with Ma-05
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c) Panel with Ma-10

d) Panel with Ma-15
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e) Panel with Mi-05

f) Panel with Mi-10
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g) Panel with Mi-15
Figure 5.3 Effect of hollow shape on failure mode
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e) RH with Mi
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f) CH with Mi

Figure 5.4 Effect of steel percentage and type, on failure mode

Also, Rectangular Hollow (RH) core slab panels exhibited poor flexural strength. They
had the lowest first cracking loads (P¢) and ultimate loads (Pmax) when compared with
the Circular Hollow (CH) core slab panels. Also, they exhibited shear failure quickly.
This is because a rectangular shaped opening has four corners, which are stress
concentration areas within the concrete. These stress concentration areas contribute to
the poor flexural strength of RH core slab panels. Therefore, they will also likely
experience first cracking earlier (under a relatively low load), than the other slab
panels, as observed in Table 5.3 and Figure 5.4. In addition, Ma proved to provide
better flexural strength than Mi. Values of Pc; and Pmax for Ma were higher than those
for Mi, for corresponding types of HCS panels. Difference in the flexural strength can
also be noted from the observation of RH-Mi-15 slab panel and RH-Ma-15 slab panel
in Table 5.3 and Figure 5.5. The RH core slab panel experiences shear failure when
only 0.5 % of Ma is used while the same shear failure will occur when 1 % of Mi is
used. This is because Ma is longer, has a higher aspect ratio and has hooked ends that
provide better bonding between the fibers and the cement paste. The first cracking
strength and ultimate strength is higher in slab panels reinforced with Ma than those

reinforced with Mi as shown in Figure 5.6. Similarly, when the percentage of steel is
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increased, the flexural strength improves across all types of HCS panels with both

macro and micro steel as shown in Figure 5.6.
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Figure 5.6 Effect of SF type and percentage on the first crack load

5.3.3 Ultimate Strength

As can be observed on Figure 5.7 and Figure 3.8, the ultimate strength of solid slab
panels is higher than that of other slab panels. Likewise, the ultimate strength of HCS
panels is noted to be less than that of solid slab panels; in particular, the ultimate
strength of RH core slab panels is much less than that of other slab panels. Solid slabs
have higher ultimate strength because the complete mass of concrete is intact and acts
as one unit when load-imposed stresses are acting on the slab. The strength of any
material greatly depends on the built-in properties of the material. In the case of solid

slabs, grains are well arranged with fibers aligned in the same direction. Therefore,
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there is no undesirable localization of stresses due to the irregularity of a concrete section.
This is different for HCSs because the whole mass of concrete is not intact; breaks are
created (at the hollowed out sections), which is an indication that fibers are misaligned.
This results in localization of stresses in some areas. In particular, RH core slab panels
experience the lowest ultimate load because the opening has corners that act as stress
concentration (localization) areas. The ultimate strength is predicted by the elastic
behavior of concrete. As it shall be described later, when looking at the effect of SF type
and percentage on the ultimate strength of SF reinforced SCGC, a high ultimate strength
results from improved elastic behavior of reinforced concrete. Both the shape of opening
and SF affect the elastic behavior of reinforced concrete.

SF has the effect of increasing the ultimate strength of SCGC. As can be seen in Figure
5.8, control slab panels (without SF reinforcement) have a relatively low ultimate
strength. SF improve the elastic behavior of reinforced concrete by increasing the
modulus of elasticity such that the concrete slab panel is able to accommodate a higher
load prior to permanent deformation and failure; the modulus of elasticity (E) is the
gradient of the proportional line of the load-deflection graph in the elastic region. SF
affects the concrete section properties by increasing the effective tension zone; the
neutral axis is raised from the tension zone to the compression zone, as cracks are
effectively controlled within the SCGC. However, Ma increases the ultimate strength
more than Mi, as illustrated in Figure 5.9; Ma increases the modulus of elasticity of
concrete. This is because Ma is longer, has a higher aspect ratio and has hooked ends
that provide better bonding between the fibers and the cement paste. In spite of the
difference in type of SF reinforcement, an increase in the volumetric ratio of steel will

surely increase its ultimate strength, as shown in Figure 5.8.
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Figure 5.8 Effect of steel type and percentage on the Ultimate strength

5.3.4 Load-Deflection Behavior

As seen in Table 5.4, the deflection at failure is higher than both the deflection at first
crack and deflection at ultimate load as shown in Table 5.3. This is because, the
concrete zones have been overstressed. However, the failure load is less than the
ultimate load because of the inelastic behavior of concrete; the load-deflection assumes
a straight line (elastic range) followed by a downward curve with a peak at the top

(inelastic range). The ultimate load is higher than the failure load, as shown in Figure
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5.10; the ultimate load occurs at the peak of the load-deflection line graphs while the
failure load occurs at the downward end of the curve.

Solids slabs have higher failure loads and deflections than HCS panels. This is
because, solid slabs have a higher flexural strength that results from the fact that non-
occurrence of breaks, or irregularities, contributes to the effective transmission of
stresses uniformly within the concrete. Also, RH core slab panels exhibited the least
failure loads and deflections. This is because a rectangular shape opening has corners
that act as stress localization points. These stress concentration areas contribute to the
poor flexural strength of these slab panels.

In addition, Ma has smaller deflections than Mi. This is because of the physical
behavior of concrete as shown in Figure 5.9 (the peak of the curve represents the
ultimate load). Concrete with Ma behaves as illustrated by curve M1, whereas concrete
with Mi behaves as illustrated by curve M2. Ma increases the modulus of elasticity
(E). However, when the modulus of elasticity (E) is increased, the inelastic region
becomes smaller thus subsequent deflections tend to be small. On the other hand, Mi
results in a smaller modulus of elasticity (E). A smaller modulus of elasticity (E) due
to Mi creates a corresponding increase in the inelastic region of concrete thus

subsequent deflections tend to be larger.

Table 5.4 Test results of unit slab panels (loads and deflections at failure) and

ductility index
Mix ID. Failure load Pr | Deflection at failure Ar | Ductility index
SO-normal 40 36.81 1.02
RH-normal 15 3.92 1.35
CH-normal 13 4.65 1.04
SO-Ma-0 53 32.17 1.05
RH-Ma-0 14 6.88 1.12
CH-Ma-0 50 11.43 1.09
SO-Ma-05 44 35.43 1.06
RH-Ma-05 19 8.93 1.18
CH-Ma-05 57 26.88 1.64
SO-Ma-10 45 41.28 1.16
RH-Ma-10 35 10.94 1.75
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Mix ID. Failure load Pr | Deflection at failure Ar | Ductility index
CH-Ma-10 71 20.86 1.41
SO-Ma-15 75 47.02 1.26
RH-Ma-15 51 28.95 1.54
CH-Ma-15 69 27.85 1.72
SO-Mi-05 39 34.82 1.85
RH-Mi-05 10 8.2 1.08
CH-Mi-05 30 11.54 1.33
SO-Mi-10 47 27.87 7.39
RH-Mi-10 16 7.19 1.15
CH-Mi-10 53 42.33 5.54
SO-Mi-15 46 26.14 7.06
RH-Mi-15 31 8.08 1.21
CH-Mi-15 55 38.27 1.40
1 etastic Inelastic
region | region
o
!
Load "
Deflection "

Figure 5.9 Graph of load against deflection for concrete with macro steel (curve M1)

and concrete with micro steel (curve M2).

Similarly, when the percentage of steel is increased, the flexural strength improves

across all types of HCS panels with both Ma and Mi as shown in Figure 5.10
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Figure 5.10 Load — Deflection curve

RH core slab panels exhibited lower ductility indices. This is because a rectangular
shape opening has four corners which are the maximum stress concentration areas
within the concrete. “Stress concentration is defined as the localization of high stress
due to the irregularities present in the component and abrupt changes of the cross-
section” [104]. These stress concentration areas result in some concrete fibers being
stressed up to their strength limit earlier than other fibers. Ductility is the property of
a material to continue to deform when subjected to additional loads from the time

concrete stops deforming elastically up to the time of failure. This property is
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important because it looks at the ability of an element to deform further, without
collapsing, even after reaching the elastic limit. In consideration of this behavior, the
first cracking load and deflection are related to the time at which the concrete reaches
the elastic limit, while the failure load and deflection are obviously the time at which
the concrete collapses, and is now no longer serviceable. High ductility is the ability
of the SCGC to deform further, when subjected to more changing loads (a greater
range of loads), from the time it undergoes first cracking; ductility is defined as the
ratio of the extent of the additional deflection (further deflections from first cracking
up to failure) to the deflection at first cracking load, (Acr). RH core slab panels cannot
deflect so much, when subjected to a wide range of changing loads, after the elastic
limit, depicted by the low values of ductility indices observed in Table 5.4. This arises
from the fact that RH core slab panel sections have built up high stress concentration
areas at the corners, which reduce the flexural (deflection) capacity of the concrete.

The ductility index of Ma fiber reinforced SCGC is higher than that of Mi fiber
reinforced SCGC as seen in Table 5.4. This is because Ma is longer, has a higher aspect
ratio and has hooked ends that provide better bonding between the fibers and cement
paste. Due to this superior property of Ma, the SF reinforced SCGC is able to
accommodate a relatively wider range of loads, from the time concrete stops
deforming elastically, up to the time of failure, than SCGC reinforced with Mi.
Similarly, when the percentage of steel is increased, the ductility index increases across

all the types of HCS panels with both Ma and Mi.
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CHAPTER 6

CONCLUSION

6.1 General

In order to decrease the environmental effects from the manufacture of cement, the
struggle for alternative materials must continue. These innovative materials should not
only be environmental friendly but should also prove to be effective construction
products. In the recent past, huge attempts have been made to reduce the negative
effects on the environment as a result of cement manufacture. One such development
is the use of alternative material such as Geopolymer Concrete (GPC) instead of the

conventional OPC. [9,10]

6.2 Conclusion

Based on the experimental results of this thesis, the following conclusions have been
made on how GGBFS replacement can affect the fresh and hardened properties of FA
based SCGCs, and the effects of hollow type and SF percentages on the structural
performance of hollow core slab.

o It can be deduced from the interaction of the V-funnel flow and slump flow
times that all of the SCGCs mixtures belonged to the boundaries of the viscosity class
(VS2/VF2) as defined by the EFNARC. In addition, it was emphasized that such
concrete might be helpful in improving segregation resistance or limiting the
formwork pressure.

o It was indicated that the FA based SCGC had to be removed from the molds
two or three days after they were cast since they failed to reach the target hardening
after one day, due to the low amount of CaO in FA, which is the main factor affecting

the initial
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setting time of concrete. However, this problem can be avoided by the incorporating
of GGBEFS in FA based GPC.

o The FA based SCGC exhibited low compressive strength due to the low
calcium content and low activity of FA. In addition, the use of GGBFS in the mixes of
SCGC significantly improved the compressive strength, since the amount of
enhancement increased to more than 200 % for the SI00SFO specimens. This result
showed the significant effect of GGBFS on the compressive strength values of SCGCs
mixtures.

o It was indicated that splitting tensile strength, flexural strength, fracture
toughness, and stress intensity factor values were increased with an increase in
compressive strength, and improved with an increase in GGBFS contents, compared
to the control mix (100% FA).

. FA and GGBFS were the special elements used to create SCGC- this kind of
concrete has a lower carbon footprint, lowers the heat of hydration, has a fairly higher
compressive strength of up to 80 MPa and provides, both, better fire resistance and
acid/corrosion resistance. Although this type of concrete is considered superior, it still
exhibits poor tensile strength, shear and low fracture energy of conventional concrete.
Therefore, steel fibers were used to improve the bending, stiffness, shear and tensile
strength for SCGC.

. The GGBFS replacement level significantly affects the fresh properties of
SCGC. Increasing the amount level of GGBFS in the mixes had a negative effect on
the fresh properties. However, the addition of SF had a significant effect on the fresh
properties of SCGC, but still within the accepted range according to EFNARC.

o The incorporation of SF had very little influence on the fresh properties and
compressive strength. However, the addition of either Ma or Mi SFs is the most
dominant factor in splitting tensile strength and flexural strength.

o The results showed that the increase in SF ratios leads to an increase in the first
crack load, ultimate load and deflection values compared with control mix.

o The incorporating of SF gives the structural part a degree of ductility that
prevents it from sudden collapse and thus gives time for the emigration measures of
the structure without collapse of the facility and in some cases, the damaged part can

be repaired according to the type of damage.
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. From the load-deflection curve appears to be an obvious effect for the type and
percentage of SFs, the result showed that Ma is better than Mi because of the aspect
ratio and the length of Ma.

. To produce lightweight slabs as a result of reduced cross-sectional areas of
slabs. Hollow Core Slab (HCS) panels, also known as void slabs, are super materials
in engineering due to low seismic zones, relatively small weight and cheap price.
Considerably noticeable is the opening that is created through the panel, which reduces
its total weight.

. The reduction in weight of HCS was more than 32 % in both of RH and CH,
while the decrease in the ultimate load of control panels was 22 % and 33 % for CH
and RH respectively.

o For same HCS, CH core shows an increase in cracking and ultimate loads by
11.5 % and 14.3 % respectively compared to RH core. The shear mode of failure is
obtained for RH while shear flexure mode of failure is obtained for RH when the
loosest percentage of SF was added.

. RH core concrete slab panels have inferior structural properties compared to

solid and CH core concrete slab panels.
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