IMPACT BEHAVIOUR OF ALKALI-ACTIVATED SLAG CONCRETE

UNDER AMBIENT AND ELEVATED TEMPERATURE CONDITIONS

Ahmed Esmat Soltan Abubakr

A Thesis
In the Department
of

Building, Civil and Environmental Engineering

Presented in Partial Fulfillment of the Requirements
For the Degree of
Doctor of Philosophy (Civil Engineering) at
Concordia University

Montreal, Quebec, Canada

April 2021

© Ahmed Esmat Soltan Abubakr, 2021



CONCORDIA UNIVERSITY
school of graduate studies

This is to certify that the thesis prepared
By: Ahmed Esmat Soltan Abubakr
Entitled: Impact Behaviour of Alkali-Activated Slag Concrete Under Ambient
and Elevated Temperature Conditions
and submitted in partial fulfillment of the requirements for the degree of
DOCTOR OF PHILOSOPHY (Civil Engineering)
Complies with the regulations of the University and meets the accepted standards with respect to
originality and quality.

Signed by the final examining committee:

Chair

Dr. Roch Glitho

External Examiner

Dr. Khandaker Hossain

External to Program

Dr. Mehdi Hojjati

Examiner

Dr. Michelle Nokken

Examiner

Dr. Mohamed Ouf

Thesis Supervisor

Dr. Ahmed Soliman

Approved by

Graduate Program Director

April 19* 2021

Dean of Gina Cody School of Engineering &

Computer Science



ABSTRACT

Impact Behaviour of Alkali-Activated Slag Concrete Under Ambient and Elevated

Temperature Conditions

Ahmed Esmat Soltan Abubakr, Ph.D.

Concordia university, 2021

In military applications, concrete structures are intended to withstand impact loads induced
by missiles and bombs. Under such attacks, elevated temperatures induced by fire are expected to
increase the concrete damage. Several research studies have explored cement-based concrete
performance under such loading conditions. However, limited studies in the literature investigated
alkali-activated concrete behaviour under impact loads and elevated temperatures. Therefore, this
dissertation aims to cover this knowledge gap regarding alkali-activated slag (AAS) impact

behaviour.

A comprehensive experimental program was conducted to investigate the effects of
activator nature on mechanical and impact performance of the developed AAS binding system at
ambient and elevated temperatures. The results represented a benchmark for the following phase
focusing on AAS concrete mixtures properties and degradation. Finally, the study assessed the
potential enhancement in the static and dynamic performance by applying different strategies (i.e.
rubber and fibre incorporations).

Generally, AAS exhibited better static and dynamic performance after exposure to elevated
temperatures than ordinary Portland cement (OPC) systems. Alkali activator properties
significantly affected AAS impact performance. Moreover, the difference in hydration products

nature between AAS and OPC systems had a dominating effect. Improvement of impact

il



performance due to rubber addition was limited to ambient temperature and up to 200°C. At higher
temperatures, the melting and decomposition of rubber eliminated the desired improvement. Fibre-
reinforced alkali-activated slag concrete exhibited significantly higher mechanical properties and
impact energy absorption capacity at ambient temperature. However, at elevated temperatures, the
improvement was mainly controlled by the fibre stability at various temperature levels. Hence, the
dissertation provides a fundamental understanding and first-time data on AAS impact behaviour

at various exposure conditions, emphasizing different mixture ingredients' roles.
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Chapter 1

CHAPTER ONE

Chapter 1 Introduction

1.1  Background and problem definition

Throughout human history, nations' civilizations were always recognized through their
construction. Egyptian, Roman, and Incan are examples of inspiring civilizations who left us a
hefty fortune proving their ample knowledge, especially in the construction and building sector.
Their buildings were even considered miracles during this period. Natural rocks were mostly used
in building, such as in Giza pyramids. Other buildings, such as temples, were involved by binder
materials to shape their great art in architectural masterpieces. Hence, construction material
development and enhancement became a primary target to meet the construction sector's needs

with time.

Binder materials were always a matter of study as they are an essential element for any
construction process. For the last decades, ordinary Portland cement (OPC) has been the main
binder material, and the demand for OPC has been continuously increasing as infrastructure
activities grow worldwide. Approximately 15 billion tons of concrete are produced annually by
the concrete industry, consuming about 2 billion tons of OPC (Malhotra and Mehta 2002).

However, for many concerns, developing a new binder material became a must.

Environmentally, carbon dioxide (CO3) emission to the atmosphere is the main concern
reaching uncontrollable levels (Costello, Abbas et al. 2009). Cement manufacture contributes
about 5~7% of the globe CO; emission (Huntzinger and Eatmon 2009, Meyer 2009, Turner and

Collins 2013). Moreover, as recorded by the International Energy Authority, the cement industry
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is responsible for consuming about 5% of the worldwide industrial energy (Hendriks, Worrell et
al. 1998). Besides, cement production consumes considerable amounts of virgin materials and
natural resources. For all these reasons, the scientific community focused on finding a new

technique to develop a modern binder material with a lower environmental impact.

While many green labelling programs were established, some industrial sectors were
suffering from massive amounts of waste material with different natures. Many byproducts, which
have high silica and alumina content, did attract the scientific community interest to be used in
construction materials, such as fly ash, silica fume, and slag. Recycling these byproducts through
a new production phase will reduce the industrial negative environmental impact, save disposing
of cost, and convert it to a valuable product. All that together paved the way for this alumino-

silicates rich material to be a good alternative binder to OPC.

This new binding system is known as alkali-activated materials (AAM). The term (alkali-
activated) came through the aluminosilicate precursor activation using an alkaline solution. Under
highly alkaline conditions, reactive aluminosilicates are rapidly dissolved, and free [SiO4]" and
[AlO4] tetrahedral units are released in the solution. By sharing oxygen atoms, these tetrahedral
units are alternatively linked to the polymeric precursor to form Si—~O—Al-O bonds (Malhotra and
Mehta 2002). Many alkaline solutions such as sodium hydroxide (NaOH), potassium hydroxide

(KOH), sodium silicate (Na,SiO;), and potassium silicate (K,SiO;) were used as an activator,

whose chemical composition was found to have different effects on the final products. These
binders (i.e. AAM) are characterized by low CO» emission (Davidovits 1993, Turner and Collins
2013). They were reported to have superior properties, including high chemical resistance (Singh,
Ishwarya et al. 2015), outstanding mechanical properties (Gruskovnjak, Lothenbach et al. 2006,

Neupane, Chalmers et al. 2018), and durability performance compared to that of the OPC systems



Chapter 1

(Cheema, Lloyd et al. 2009, Singh, Ishwarya et al. 2015, Neupane, Chalmers et al. 2018). Then,

as a good candidate for the green concrete technology.

On the other side, durability was always an important target to achieve to flatten the
maintenance curve with time. For such reason, other types of concrete, including high and ultra-
high-performance concrete, were developed having better mechanical properties and higher
resistance to degradation agents such as acid attack and sulphate attack, carbonation and
permeability. As a result, the changeable concrete behaviour with its different types was always a
matter of study to standardize required properties for structural design purposes. Moreover, the
response to different types of loads was identified as dependent on the concrete type or grade since
concrete as a brittle material is sensitive to strain rates. For instance, the conventional static loading
properties cannot be used to predict the behaviour under high strain rate loading, such as impact

loads.

Under impact loads, a large amount of energy is transferred to the concrete over a very short
period. Many techniques were developed to assess concrete's energy absorption capacity to
identify its resistance to such load. A great job was also done to develop new methodologies to
enhance the concrete performance under impact loads and to implement the output results and the
variation in the concrete modified properties into the structural design codes used around the
world.

A wide sector of field applications has a critical need to use concrete with high resistance to
impact loads such as military applications. In military attacks, concrete structure threatens are
mainly missiles or projectiles, which will produce a single point impact load or a blasting wave
(distributed impact), and in most cases, it is accompanied by elevated temperatures induced by

fire. For such an application, OPC systems would not be the best choice due to their un-pretentious
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resistance to elevated temperatures due to the nature of the formed hydration products. Conversely,
AAM was found to have high chemical and physical stability during exposure to elevated
temperatures (Rashad, Sadek et al. 2016). However, the hydration products nature is mainly
dependent on the synthesizing process of these binders. Many studies were done to understand the
behaviour of AAM towards impact loads. However, limited studies investigated the effect of the
synthesizing process on the behaviour. While the impact behaviour after exposure to elevated
temperatures is not understood yet, a good understanding of the synthesizing process should be
provided to evaluate properties and how elevated temperature exposure will affect behaviour. The
maximum benefit of the synthesizing process to achieve adequate impact resistance after elevated
temperature exposure can be achieved. Moreover, it's essential to assess how successful are the
possible techniques to enhance this behaviour. This would help to provide the design manual's
developers with the different measures needed to articulate the effect of various conditions such
as elevated temperatures on the static and dynamic mechanical properties of alkali-activated

material.

1.2 Scope of work

To address the aforementioned research needs, the fundamental theme of this research is
improving the current level of knowledge on the impact behaviour of AAS under ambient and

elevated temperature conditions. The specific objectives of the research are multi-fold:

1- Investigate the effect of using different activator properties in sodium oxide dosage
(Na20%) and silica modulus (M) in synthesizing alkali-activated slag mortar. The first
step is to understand the activator nature's effect on alkali-activated binder behaviour
exposed to both static and impact loading. Also, the behaviour of the AAS mortar after

exposure to elevated temperature conditions will be studied.
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2- For the concrete level, mixtures will be investigated to optimize a balanced performance
through studying the behaviour based on deferent criteria's such as mechanical properties
(static), impact resistance and behaviour after elevated temperature exposure.

3- Investigating the achieved enhancement in impact behaviour of AAM through rubber
incorporation as a passive agent to dissipate the absorbed impact energy, and how stable
is this technique during exposure to various elevated temperatures, and what is the
optimum incorporation level regarding the effect of each temperature level.

4- Investigate the ability of different fibre types with different contents to boost the impact
energy absorption capacity of AAM concrete after exposure to different elevated

temperatures levels.

1.3  Dissertation organization

The targeted goals are to optimize a synthesizing process of AAM, then to control the
required criteria serving the main purpose of the developed concrete, and finally, to achieve
possible benefits of the proposed enhancement techniques. This dissertation covers all the

mentioned tasks through seven chapters.

Chapter 1 states the recent advances and the problem background, and the main research
objectives. Chapter 2 provides a review about the alkali-activated material commence, the
reaction models, the hydration products, and the different consequent properties. Chapter 3 details
the conducted experimental work program, the material properties and specifications, and the
performed tests to achieve the research goals. Chapter 4 focuses on the synthesizing and activation
process of alkali-activated slag (AAS) mortar to understand the activator nature's effect on the
activator dosage and the silica modulus the impact behaviour at ambient temperature and after

exposure to various elevated temperatures. Chapter 5 discusses AAS concrete's behaviour
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regarding three main criteria; the static mechanical properties, the impact behaviour, and the
deterioration level after exposure to elevated temperatures. Chapter 6 represents the positive and
the opposing sides of using crumb rubber as a sand replacement regarding the impact behaviour at
ambient temperature and after exposure to elevated temperatures. Chapter 7 evaluates the
capability of different fibre types to enhance AAS concrete's performance towards impact loads
after exposure to various elevated temperatures and the limitations for each type regarding the
exposure temperature level. Chapter 8 briefs the general research conclusions, the research

contribution significance, and the recommended future work.
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CHAPTER TWO

Chapter 2 Literature review

During the last few decades, the scientific community sought an alternative to the ordinary
Portland cement (OPC) systems to overcome environmental and durability problems. Cement
industry as one of the most important industrial sectors is responsible for a major portion of the
worldwide industrial energy consumption as reported by the International Energy Authority
(Hendriks, Worrell et al. 1998). Also, carbon dioxide (CO;) emissions is reaching unacceptable
levels which have a sever effect on the climate changes (Keller, Feng et al. 2014). Moreover, OPC
concrete structures recently showed a low potential having different durability problems due to
deterioration, which consequently raise the cost demand for repair. Many cases for deteriorated
structures were mentioned by researchers. For example, around 250,000 bridges out of 600,000
bridges existed in the United States were classified to require major repair as a result of corrosion
deterioration. The estimated cost for the required repair hit the amount of 50 billion dollars
(Pacheco-Torgal, Castro-Gomes et al. 2008). Other deteriorating symptoms such as carbonation,
acid attack, sulphate attack, alkali silica reactions were reported by the construction material
community (Gruber, Ramlochan et al. 2001, Beddoe and Dorner 2005, Chang and Chen 2006,
Roziere, Loukili et al. 2009). Therefore, the demand for alternative binder system is turning a
necessity. Alkali-activated material (AAM) as a promising candidate for the binding systems
acquired the scientific community attraction. While, this new binders systems are still in its
development early stages, the research work carried out so far showed superior performance
comparing to that of OPC (Bakharev, Sanjayan et al. 2003, Olivia and Nikraz 2012, Kupwade-

Patil and Allouche 2013).
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2.1  Historical background

In the early forties of the last century, Victor Glukhovsky, as one of the godfathers for AAM
science, had investigated the antient Egyptians' structures. He believed that the used binders were
composed of alumino-silicate calcium hydrates (Glukhovsky 1959). Also, he had the first
assumption that the formation of sedimentary rocks in their zeolite form takes place through a
geological process, in which, under certain temperature and pressure conditions, the volcanic rocks
turn to the form of zeolite. Then, he assumed that this process might be used as a cementitious
system model. He also believed that controlling such a phase composition of alumino-silicate
minerals can lead to highly durable artificial zeolite-like material. This proposed cementitious
system was firstly named "soil silicates" (Glukhovsky 1959, Glukhovsky 1965). On this basis, he
investigated the possible ways to develop alkali-activated binders using ground alumino-silicates
and rich alkalis industrial wastes. Later in 1972, Davidovits presented the expression "tri
dimensional alumino-silicates" to describe the naturally formed zeolite-like materials. Then, to
provide a chemical description of the formed phases, he proposed a formula shaping the poly
(sialate) types as chains accommodating Si and Al species by sharing oxygen in coordination
depending on the degree of polycondensation (Davidovits 1988). In 1978, Davidovits represented
the first clear methodology to produce alkali-activated metakaolin (Davidovits and Cordi 1979).
However, he highlighted a difference between the geopolymerization process, which involves
leaching, diffusion and condensation, and the zeolite formation in which there are nucleation and
crystal growth. Also, he stated that the temperature needed for each process is different (Davidovits
1991). During and After this period, many researchers studied the development of alumino-silicate
binders based on that model (Davidovits 1984, Davidovits 1994). A few years later, other

researchers implemented chemical thermodynamic analysis to understand the formation of the
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geopolymer binder as a commonly used expression. They assumed that the binder phase formation
occurs through the agglomeration of zeolite nano-crystallites bonded by a gel described as an
alumino-silicate gel (Provis, Lukey et al. 2005, Provis 2006). Recently, abundant names and
descriptions were committed to the alkali-activated systems. Alkali bounded ceramics and alkali-
activated cement are examples of the used terms to describe this novel binder's system. However,
the common essential factor in all cases is the alkali activation. Alumino-silicate precursors such
as slag, fly ash, and silica fume attracted the researcher's attention to be used as binders through
an activation process. All these precursors are considered as by-product waste. Hence,
implementing them into the construction material sector will lead to both economic and
environmental benefits. A crucial investigation was made at the beginning to figure out the
adequate activators and the nature of the reaction products for each class of activator (Glukhovsky,
Rostovskaja et al. 1980, Glukhovsky 1981). Since that time, studies in this area have been
increasing exponentially. Moreover, alkali-activated systems were implemented in many
applications. However, the wide spreading of this generation of binders is still limited and
restricted by a good understanding of the chemical composition and the mechanical and thermal
behaviour. Rather than that, AAM must overcome the conservative industrial community's barrier
to accept the implementation of such new technology since it has many advantages compared to

the ordinary Portland cement.

2.2 Types of precursors, activators and reaction models

2.2.1 Alumino-silicate precursors
The nature of each type of precursors has a great effect on the final product's properties and
behaviour. Firstly, the precursor effect on the reaction mechanism will consequently affect the

nature and the chemical composition of the binder phase at its final profile. A variety of alumino-
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silicate materials such as kaolinite, mine tailing and industrial by-products such as fly ash and slag
have been used as solid raw materials in the alkali-activated systems. The reactivity of these
alumino-silicate sources depends on their chemical make-up and composition. Generally, while
the chemical profile of some materials that are used as precursors such as metakaolinite (a product
of heating the mineral kaolin up to 600 °C to 800 °C) depends mainly on the chemical weathering
of these formed minerals, the chemical composition of precursors in case of industrial waste by-
product materials depends on the chemical make-up of the original manufacture process.
Moreover, treatment processes, such as calcination, were also an influential factor that enhances
early strength. Those that were not calcination processed exhibited their higher strength at later
ages (Barbosa, MacKenzie et al. 2000, Van Jaarsveld, Lukey et al. 2000, Xu and Van Deventer
2000, Xu, Van Deventer et al. 2001). Besides, at some cases, alkali-activated systems that are
synthesized using multiple alumino-silicates source might be beneficial by exploiting their
chemical composition and physical properties. However, the associated reaction mechanism needs
to be optimized by developing the proper activation conditions in terms of activator type, activator
properties and activator pH. On another scale, the hydraulic activity of the alumino-silicate
precursor represented in its chemical composition is important to understand the alkali activation
process needs. Various ways can be used to calculate the hydraulic activity of the alumino-silicate
precursors. One of them is to calculate the basicity coefficient (Ky). The basicity of precursor
material is the ratio of basic constituents' total content to acidic constituents' total content. Then,
the basicity coefficient (Ky) can be used as a partial determinant for the activator properties (Chang
2003). knowing this coefficient helps choose the most suitable activator properties. Secondly,
From the reaction mechanism perspective, depending on the precursor chemical composition, there

are two models of alkali activation processes. The first case is when the precursor primarily

10
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contains Silicates and Calcium, such as slag. In this case, activation takes place by low to mild
alkaline solution. The product will be (C-S-H) gel-like OPC hydration products but with a lower
Ca/Si ratio. The second mechanism involves activating a material containing primarily silicates
and aluminates like fly ash using a highly alkaline solution. This reaction will form an inorganic
binder through the polymerization process, and the term geopolymer is used to characterize this
type of reaction. The geopolymer reaction differentiates geopolymers form other types of AAM
(such as alkali-activated slag) since the product is geopolymer rather than C-S-H gel. It is reported
that the hydration products of metakaolin or fly ash (FA) activation are zeolite type which is
sodium alumino-silicate hydrate gels with different Si/Al ratio. In contrast, the major phase

produced in case of slag activation is calcium silicate hydrate with a low Ca/Si ratio.

2.2.2 Alkaline activator solutions

Different types of alkaline activators were used with alkali-activated systems such as sodium
hydroxide, potassium hydroxide, sodium silicate, sodium carbonates (Palomo, Grutzeck et al.
1999, Hardjito, Wallah et al. 2004, Fernandez-Jiménez and Palomo 2005). Many researches stated
that the activated material characteristics are dominated by the selection of the alkaline activator
properties. Among all these types, sodium hydroxide mixed with sodium silicates was the most
efficient alkaline activator solution. Moreover, the type of used precursor is also a determinant for
the activator properties selection. For precursors whose main constituents are (Si+Al) such as fly
ash, the activation reaction of internal Si and Al components is initiated by the breakage of the
glassy chain of fly ash, which is provoked by the high alkalinity of the solution. Nevertheless, in
(Ca+Si) precursors such as slag, by using alkaline activator solution which does not content
silicates such as sodium hydroxide, the product is a semi-crystalline long linear chain of calcium

silicate hydrate (C-S-H) with a C/S ratio of (0.8 — 1.0). However, by incorporating silicate species

11
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in the alkaline solution, the silicate ions dissolved from precursor and supplied by the activator
during the reaction provide the system with the necessary species to promote reactions Ca** ions
released from the alumino-silicate source. As the reaction progresses further, the activator's silicate
ions become depleted, but precursor dissolution continues. Condensation and accommodating
these species through cross-linking leads to gelation forming C-S-H with a low to moderate Ca/Si
ratio of (0.6 — 0.8) (Wang and Scrivener 1995, Ferndndez-Jiménez, Puertas et al. 2003, Wang and
Scrivener 2003). To control the activation reaction, alkali activating solutions were found to have
to two predominant properties. These two characteristics were proposed to describe the chemical
composition of the activator as well as its amount. The dosage of an activator accompanied by the
modulus can describe this activator's ability to dissolve the alumino-silicate source and the ability
to supply the system by Si species. Dosage of activator (Na20%) is the amount of sodium oxide
NaO as a ratio of the binder weight, which is a function of the bulk concentration of hydroxide
ions. This determinant is responsible for controlling the surface concentration of hydroxide ions,
which directly affects the precursor particles' dissolution rate. It improves the dissolution rate of
Si and Si—Al phases, leading to high Si and Al contents in the aqueous phase of alkali-activated
systems. This will later help form the hydration product depending on each alumino-silicate's
chemical composition; there is a threshold for Na2O% dosage, after which no further significant
benefit is achieved. Moreover, detrimental properties such as brittleness may increase at higher
NaxO% dosage due to more free alkalis in the product (Metso and Kajaus 1983, Parameswaran
1986, Wang, Scrivener et al. 1994). The other main property of an alkaline activator is the activator
modulus (Ms). Activator modulus is the ratio of SiO> to NaxO in the activator. Soluble silicates
incorporation enriches the aqueous phase with silica species, accommodated by the Al-O-Al

structure to enhance it. In systems whose precursor is (Al+Si) source such as fly ash, soluble

12
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silicate species are necessary to initiate oligomers formation, favouring polycondensation of
geopolymeric products with good mechanical properties. The relative concentration of silicate
anions is presented as a function of the weight ratio of SiO, to Na,O in the aqueous solution. This
gradually shifts the chemical system to species with larger rings and complex three-dimensional
polymeric structures providing good mechanical properties (Falcone 1982). Although higher
silicates modulus has a positive effect on the mechanical properties of the geopolymeric materials,
the viscosity of the geopolymeric pastes should be taken into consideration. The viscosity of the
aqueous phase was found to increase substantially at high SiO, to Na,O ratios. This would result
in low workability affecting the hardened mechanical properties (Panias, Giannopoulou et al.
2007). While in systems with precursor with (Ca+Si) as main constituents such as slag, as the
formation of silica gel makes a significant contribution to strength, there is an obvious interaction
between activator modulus (SiO2/Na2O) and Na>O content. These competing effects result in a
variable optimum modulus, depending on the precursor fineness and curing condition. Darko et.
al investigated the heat of hydration of alkali-activated slag with different Na>O% dosages and
different modulus values. They reported that higher values of both dosage and modulus were
associated with higher reaction products development level observed through three heat flow peaks

during the early age reaction (Krizan and Zivanovic 2002).

2.2.3 Reaction models and mechanisms
AAM and OPC have a common zone of the alkaline aqueous phase. However, in the OPC
reaction mechanism, the liquid used (i.e., water) initiates the reaction with neutral pH, while in
alkali-activated systems, the alkaline solution is the initiation agent for the reaction. This can be
explained by the reaction mechanism of the alumino-silicate sources when they are used in a blend

with OPC. For example, once slag is mixed with water, it develops its hydraulic reaction, and it
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starts to dissolve. However, a protective film is quickly formed on the grain's surface, inhibiting
further reaction (Taylor 1997). However, in blending with cement, a three stages reaction took
place, starting with cement hydration followed by slag hydraulic reaction and finally slag
pozzolanic reaction (Mehta 1989). Once a blend of cement and slag mixed with water, slag
particles are immediately coated by an alumino-silicate hydrates layer impermeable to water. As
cement hydration progress, alkali calcium hydroxides Ca(OH), and sulphates are available. These
hydroxide ions (— OH) breack down the coating and activate the hydration of glasses present in
slag. Finally, the pozzolanic reaction occurs in which calcium hydroxide is consumed to form a
secondary C-S-H gel resulting in a dense concrete microstructure and discontinuous pore structure.
It is also clear that the late strength gaining is due to the pozzolanic reaction of slag, which depends
on cement hydration progress. The role of alkali hydroxides was found twofold to provide (— OH)
ions in the system at the initial stage, then become part of the reaction at a later stage. Like Ca(OH)»
from OPC hydration in blended (slag — OPC), the function of the alkaline activator is to maintain
the supply of (— OH) ions in the system that is needed to breack down the formed coating allowing
further reaction. Glukhovsky gave the first proposal to describe the reaction mechanism of alkali-
activated binders. Regardless of the precursor material and the alkaline solution as the predominant
ingredients controlling the reaction dynamics, he described the reaction from a wide scope as
destruction then condensation in a conjoined mechanism. According to this proposal, the alkaline
activator is responsible for destroying the precursor represented in alumina and silicates bonds
with oxygen into smaller species of low stability. Then, through this colloid phase, these destroyed
structures accumulate to create a condensed structure (Glukhovsky, Rostovskaja et al. 1980). Fly
ash, slag and metakaolin are examples of the known alumino-silicate materials. All these

precursors can be altogether considered to be under the same umbrella of the alkali-activated
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material. However, the reaction mechanism is not the same for all of them. Precursors of a high
content (Al+Si), such as fly ash, react through breakage, polycondensation through
geopolymerization reaction. This is similar to zeolite formation, in which the inorganic polymeric
system is formed by the oriented species resulted from the dissolution of the precursor material by
hydroxide ions (Van Jaarsveld, Van Deventer et al. 2002). Reaction products were reported to
include tetrahedral silica and alumina coordinated in polymeric chains by replacing the Si with Al
ions and a metal cation to compensate for the negative charge (Criado, Palomo et al. 2005). The
term geopolymers apply only in this case. Davidovits also described Geopolymerization as an
exothermic reaction in which aluminosilicate oxides and alkali polysilicates yielding Si-O-Al
bonds in a polymeric form (Davidovits 1988). Many researches explained the geopolymerization
steps, which involve the dissolution of the aluminosilicate source in an alkaline solution. Then,
diffusion of the dissolved Si and Al species followed by gel formation and condensation. However,
other researchers reported that these changes are hard to be analyzed into transportation and
polycondensation separately as the two actions take place simultaneously (Davidovits 1988, Van
Jaarsveld, Van Deventer et al. 1998, Palomo, Grutzeck et al. 1999). Other researchers reported
water percentage has a great role in the polycondensation mechanism since the alkali metal cations
are ordering water molecules through a nucleation mechanism. They believed that higher water
percentage results in a highly condensed structure (van Jaarsveld and Van Deventer 1999). Also,
it was reported that after a critical size is reached by these nucleation sites they start to turn into
crystalline form considering the long time that would be taken for this process to be complete
(Criado, Palomo et al. 2005). In another attempt to propose a model for the geopolymerization

reaction, J. L. Provis et. al suggested that gelation and crystallization are the two scenarios for the
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zeolite phase formation in the geopolymerization due to alumino-silicate oligomerization after

dissolution by the alkaline.

2.2.4 Hydration products

As mentioned earlier, for (Ca+Si) precursors, the main hydration products of AAM are
known to be calcium silicate hydrates like OPC but with different Ca/Si ratio. (Fernandez-Jimenez,
Puertas et al. 2002, Puertas, Palacios et al. 2011, Myers, Bernal et al. 2013). However, other
hydration products form as a reaction development due to the continuous dissolution of the
precursor particles and the available species supplied by the activator. Which highlight the
activator role in controlling the nature of the formed hydration products. For example, Al species
would participate in hydrotalcite (H;) formation or be accommodated in the formed C-S-H through
the free bridges to upgrade the C-S-H phase to the C-A-S-H phase. These phases have a vital role
in profiling the final product mechanical and thermal properties. Unlike the OPC systems,
portlandite does not show up as a formed hydration product. This also would affect the volume

stability of the binder at elevated temperatures.

2.3  Durability of alkali-activated systems

Besides the environmental concerns, durability problems were considered as a major motive
to look for an alternative binding system rather than OPC binders. Over the past 50 years,
researchers investigated and assessed alkali-activated systems to understand their behaviour

towards deteriorating agents.

2.3.1 Acid attack
During an acid attack on concrete, the extent of degradation depends on the acid solution's

concentration and the exposure period's length (Singh, Ishwarya et al. 2015). The resistance is
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measured in terms of weight loss, reduction in compressive strength, and microstructure changes
(depolymerization of the alumino-silicate network). Around 33% reduction in strength of slag
based concrete compared to 47% in OPC concrete when exposed to an acetic acid solution of (pH
=4) for 12 months was reported (Bakharev, Sanjayan et al. 2003). The slag particles and low
calcium C-S-H, with an average, Ca/Si ratio of 1, were more stable in the acid solution than the
OPC pastes. During immersion in 2% sulfuric acid (H,SO,) solution, for 40 MPa slag-based
concrete, the strength loss was about 11% compared to 36.2% for OPC concrete. For metakaolin
based geopolymer, tested pastes by Davidovits et al. (Davidovits 1991) exhibited only 7% mass
loss when immersed in 5% H,SO, for 30 days. Also, it was reported that fly ash-based geopolymer

pastes retained a dense microstructure after 3 months of exposure to nitric acid (HNO;).

2.3.2 Sulfate attack
The sulfate attack mechanism on OPC concrete usually involves tricalcium aluminate (C3A)
and portlandite in the cement matrix and sulfate ions (Roziere, Loukili et al. 2009). Sulfate ions
react with portlandite to form gypsum, which then reacts with the hydration products of C3A to

form ettringite. This final product was reported to cause expansion, leading to a concrete failure

(Cohen 1983, Mehta 1983, Odler and Gasser 1988).

In AAM, sulfate attack is mainly destroying the alumino-silicate skeleton. Several attempts
(Hardjito, Wallah et al. 2004, Rajamane, Nataraja et al. 2012) have been made to study sulfate
resistance of AAM. The deterioration in concrete was evaluated in terms of visual appearance,
weight loss and residual compressive strength. Thokchom et al. (Thokchom, Ghosh et al. 2010)
tested geopolymer mortar specimens manufactured by activating low calcium fly ash with a

mixture of (NaOH) and (Na»SiO3) solution. He reported that specimens' surfaces received white
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deposits (flaky and elongated white deposits) throughout exposure. These deposits were more
obvious as the Na;O content increased. He also reported a variation in pH value of the sulfate
solution. The increase in pH may be attributed to the migration of alkalis from the specimen into
the solution, as reported by Bakharev (Bakharev 2005). After 24 weeks of exposure to 10%
magnesium sulfate solution, the residual compressive strength was varying with the Na>O content.
The more the Na>O content, the less the compressive strength loss. Scanning electron microscopy
(SEM) and EDX tests showed that according to traces of constituent elements at some spots,
gypsum and ettringite formation was possible. Localized cracks were noticed which could be

attributed to the formation of ettringite.

2.3.3 Alkali silica reaction

Severe deterioration of hardened Portland cement concrete is gradually caused by Alkali-
silica reaction in terms of strength loss, cracking and volume expansion. It takes place through
reactions between the hydroxyl ions in the pore solution within the concrete matrix and reactive
silica of the used aggregate. These reactions are generally occurring in stages. In the first stage,
the hydrolysis of reactive silica react with hydroxyl ions to form alkali-silica gel, then absorption
of water by the gel will result in a volume increase (Hester, McNally et al. 2005). In geopolymer
concrete, the unutilized alkali after geopolymerization of alumino-silicates is expected to react
with the silica of the aggregates causing disruption to bridging process. Geopolymers with
aggregates of different reactivity were reported to achieve less expansion relative to OPC mixtures
(Kupwade-Patil and Allouche 2013). Fly ash based geopolymers generally exhibited no significant
expansion. This was attributed to the formation of crystalline zeolites, at a very slow rate.
Moreover, minerals are usually found in the gaps of the matrix, hence, stress that might generate

cracking is unlikely (Garcia-Lodeiro, Palomo et al. 2007). For slag-based mortars, an expansion
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less than 0.05 % was reported which is lower than that of the OPC. This might be attributed to the
presence of portlandite in OPC which favors ASR as it provides Ca** ions in solution. Conversely,
in AAS, alkalis are parts in different reaction products such as C-S-H formed with low Na and Al
content. Therefore, a competition between the slag and ASR is established. This factor, together
with the absence of free Ca®" ions, justifies the low expansion of the AAS mortars stored in water

compared to that of the OPC mortars.

2.3.4 Carbonation and permeability
Carbon dioxide is always around and capable of penetrating into concrete and dissolve in
pore water forming carbonic acid. The carbonic acid that forms in the concrete's pores reacts with

portlandite (CH) and produces calcium carbonate.

This process replaces the relatively large CH molecules with relatively small calcium
carbonate molecules. This replacement increases concrete's porosity and decreases its pH.
Although the concrete absolute volume may remain the same, the increase in porosity reduces this

desirable product's relative volume and decreases its strength.

The most significant effect of carbonation on concrete is reducing its durability by reducing
its pH. The highly alkaline concrete environment, which usually has a pH above 12, creates a
protective, passivating oxide layer around steel, protecting the reinforcement from corrosion.
Carbonation can reduce a concrete pH to a value less than 9, which significantly weakens or even
eliminate, the steel's protective layer (Leelalerkiet, Kyung et al. 2004). This reduction in pH can
be explained as follows: calcium hydroxide contains two hydrogen ions while calcium carbonate
contains zero hydrogen ions. After some of the calcium hydroxides is consumed during the

carbonation process and partially replaced by calcium carbonate, hydrogen ions still exist in the
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matrix but at a lower concentration. The weaker hydrogen ion concentration reduces concrete pH
leading to steel corrosion. As a result of cracks or excessive porosity, highly permeable concrete

has an increased likelihood for carbonation.

Olivia et al. (Olivia and Nikraz 2012) reported low water permeability of fly ash-based
geopolymer concrete cured at 60 °C for 24 h compared to that of the OPC concrete due to its denser
paste and smaller pore interconnectivity. Bernal et al. (Bernal, de Gutiérrez et al. 2012) studied
slag/metakaolin-based concretes (water to binder ratio (w/b)= 0.47) under an accelerated
carbonation test. They reported that the compressive strength decreased as the carbonation
proceeds. It is important to notice that the relationship between the pore volume and extent of
carbonation was much more similar with samples with different percentages of metakaolin
contrary to the slag-based samples. This can be attributed to calcium carbonate formation in both

types of concrete proving that porosity is not the only factor causing strength loss.

2.4  Behaviour under impact loads

Military structures should always be better protected than civilian ones against threats. These

threats are usually missiles or projectiles (Fig. 2.1).

Fig. 2.1 Example of different threats against concrete structures.
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These kinds of threats mainly result in impact loads (high loading rate). Concrete materials,
in general, are counted as sensitive material to stress and strain rate (Banthia, Mindess et al. 1989,
Malvar and Ross 1998, Cusatis 2011). Many studies were investigating the behaviour of OPC
concrete under impact loads and the induced damages due to projectiles impact (Fig. 2.2), and how

to improve its impact absorption capacity (Vossoughi, Ostertag et al. 2007).

Spalled region or front

surface fragmentation Scatibexttagion
Tunneling section
i """""""""""""" . vr
= Emsmua, R
Projectile
t<ho Concrete
Complete perforation barrier

_ :
Partial penetration
Fig. 2.2 Concrete damaging model proposed by (Vossoughi, Ostertag et al. 2007).
Researchers suggested some techniques to enhance concrete behaviour under impact loads.

One approach was confining concrete with FRP (Fig. 2.3). This technique enhances the impact

absorption capacity by about 500% comparing to plain concrete (Pham, Chen et al. 2018).
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Mode of failure without fiber protection

Fig. 2.3 Failure modes of unconfined concrete vs confined concrete (Pham, Chen et al.

2018).

However, this approach is still hard to be implemented for all element’s categories. Another
approach was to incorporate fibres to enhance the performance of concrete subjected to dynamic
loading. Incorporating steel fibres with different volume fractions and shapes on concrete
structures’ behaviour under dynamic loads was reviewed. It was reported that using steel fibres in
concrete added many advantages, which will lead to better performance under impact loads.
Generally, the impact resistance was enhanced by increasing the fibre volume fraction, and the
shape was found to be very useful since it can achieve better bonding with the concrete mix

(Soufeiani, Raman et al. 2016). It was stated that the enhancement of impact resistance came
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through improving the cracking behaviour achieving a ductile failure and increasing the ability of
concrete to dissipate a higher amount of energy (Bindiganavile, Banthia et al. 2002, Maalej, Quek
et al. 2005, Zhang, Maalej et al. 2007). Also, increased DIF (dynamic increase factor) of the
concrete through fibres resulted in better behaviour in scabbing, spalling, and fragmentation
(Maalej, Quek et al. 2005). Waste rubber fibre was also proposed to be used in concrete to provide
better impact resistance. Trilok Gupta et al. investigated the impact resistance of concrete
containing waste rubber as a replacement of fine aggregates; they reported that rubber existence

improved the impact resistance (Gupta, Sharma et al. 2015).

For AAM, similar approaches were applied and examined to investigate the impact of energy
absorption capacity and adequate ways to enhance this capacity. MY Yardimci et al. studied the
performance of AAM under static and dynamic loads. They reported that activator nature has a
significant effect on the mechanical behaviour of AAM in both static and dynamic loading cases.
Also, DIF was affected by the mixture design (Yardimci, Aydin et al. 2017). As an approach to
enhance the impact energy absorption of AAM, Y Zhang et al. studied the effect of incorporating
PVA fibres to fly ash geopolymer on the impact behaviour. They reported that adding a high
fraction of short fibres could enhance the impact energy absorption, and it was also effective in
changing the failure pattern from brittle to ductile (Yunsheng, Wei et al. 2006). Weimin Li et al.
studied the influence of using basalt fibre on the impact behaviour of geopolymer concrete. Basalt
fibre was reported to improve deformation behaviour and geopolymer concrete’s energy
absorption (Li and Xu 2009). Azizul et al. reported that using steel fibre with lightweight
geopolymer concrete has a positive effect on the mechanical properties in terms of strength and

modulus of elasticity. Also, it improved the concrete failure mode (Fig. 2.4).
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Fig. 2.4 Failure modes of steel fibre reinforced concrete vs plain concrete (Islam et al. 2017)

2.5  Behaviour of cementitious material under exposure to elevated temperature

During exposure to elevated temperatures, OPC binders suffer considerable degradation due
to different hydration products decomposition at different temperatures levels. Moreover,
portlandite decomposition is a two-way reaction. During the rehydration, during cooling down, its
volume increases by about 9%, inducing internal stresses that contribute to increasing the severity
of the damage (Alarcon-Ruiz, Platret et al. 2005). Rather than that, high-temperature gradient,
hotter external exposed layers tend to separate and spall from the cooler interior (Hertz 2003).
Yufang Fu. et al. studied the different concrete spalling mechanisms induced by exposure to
elevated temperatures. Pore pressure spalling, Thermal cracking spalling, and thermal stress
spalling can be considered the three leading causes of concrete spalling due to exposure to elevated

temperatures (Fig. 2.5) (Fu and Li 2011).
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Fig. 2.5 Concrete deterioration mechanisms due to internal stresses during exposure to

elevated temperatures (Fu and Li 2011).

For AAM, the different nature of the formed hydration products compared to OPC binders
resulted in higher stability during exposure to elevated temperatures (Park, Jang et al. 2016,
Rashad, Sadek et al. 2016, Yang, Wu et al. 2017). Moreover, AAM was reported to have highly
distributed nanopores allowing physically and chemically bonded water to evaporate without
damaging the alumino-silicate network (Duxson, Fernandez-Jiménez et al. 2007). It was even
reported that residual strength after exposure to elevated temperatures might be higher than the
original strength. This increase might be attributed to unreacted precursor particles' sintering action
leading to the recrystallization in a denser phase (Kong and Sanjayan 2008, Reddy, Tulyaganov et
al. 2013), and it possesses higher spalling resistance under fire than the OPC concrete. However,
all these privileges should be firstly controlled through a proper synthesizing process targeting

these criteria.
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CHAPTER THREE

Chapter 3 Methodology & Experimental work

3.1 Introduction

This chapter includes the considered methodology to achieve the targeted goals of the
research. The experimental work was divided into three phases. The description of each phase and
the done experimental tests will be discussed representing the experimental work structure to

achieve each phase's aim. Moreover, the used materials and their specification will be detailed.
3.2  Experimental work phases

The experimental plan serving the main objectives of the research are represented in Fig.

3.1.

Experimental program phases

Phase | Phase Il Phase Il
Effects of alkali activator The behaviour of the Assessment of the
properties on AAS mortar selected AAS concrete achieved enhancement

mechanical and impact ’ mixtures in terms of } by different strategies

performance at ambient mechanical properties, (Rubber & Fibre) in the
temperature and after impact behaviour, and impact behavior after
exposure to various degradation due to elevated exposure to various

elevated temperatures temperatures elevated temperatures

Fig. 3.1 Experimental work program phases.

3.2.1 Phasel
Phase one's target was to quantify the effect of the alkaline activator nature in terms of dosage

(Na20 % ) and silica modulus (Ms) on the fresh and hardened properties of AAS mortar. Sodium
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hydroxide and sodium silicates were used to achieve each mixture's targeted activator properties.
The water in the sodium silicate was subtracted from the mixing water to calculate the added water
for each mixture. Eleven AAS mixtures were investigated in this phase. Three levels of silica
modulus (1, 1.25, and 1.5) were tested with three dosage values (4%, 6%, and 8%) at each level
of silica modulus. Also, a different mixture for Ms =1.25 at a higher dosage (10%) was included
to understand the effect of excessive dosages on the final product properties. One mixture was
mixed with sodium hydroxide individually as an activating agent of relatively high dosage to
secure high dessolution rate conditions to quantify the silica incorporation function. Beside the
AAS mixtures, an OPC mixture was prepared at the same binder content and water to binder (w/b)
for comparison purposes. The mixing proportions of all prepared mixtures were detailed in
chapter 4. Two mixtures sets were prepared to be tested. The first set was tested at ambient
temperature at ages 3,7 and 28 days. The second was tested 28 days after exposure to three assigned
elevated temperatures levels (200 °C, 400 °C, 600 °C). Fig. 3.2 summarises the performed tests

and the number of prepared specimens in the first experimental phase.

12 mixtures (636 samples)

Control (OPC)

M=1 ﬁmm>

Conditions

M.=1.25 mmm>—

Fresh properties

Shrinkage

M,=1.5 EWW>

Heat of
hydration

Flow ability

M,=0 A

| AAM Mixtures |

P

Fig. 3.2 Phase I description and testing chart
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Mortar samples were prepared using a binder/fine aggregate ratio of 1: 2.75 by weight for
both OPC and AAS mixtures. Binder and sand were dry mixed for 1 minute, then water or alkaline
activator solution was added and mixed for an extra three minutes. Then, samples were cast in
molds in two layers and compacted using a tamping rod. For the activator solution viscosity, liquid
solutions of different activator properties were prepared and tested at 23 °C, at variable shear rates
rheometer. Flowability for all mortar mixtures was measured using a flow table method, according
to ASTM C230 (ASTM 2021). 50 mm x 50 mm x 50 mm cubes were prepared for compressive
strength testing according to ASTM C109/109M standards (ASTM 2020). Dog-bone shaped
briquette of size 75 mm length, 25 mm thickness, and 625 mm? cross-section area at the mid-length
and enlarged ends to allow a passive gripping of the specimens were prepared and tested for tensile
strength according to AASHTO T132 (AASHTO 2009). For drying shrinkage, prismatic
specimens 25 x 25 x 285 mm for each mixture were made according to ASTM C 157 (ASTM
2019). For mortar impact energy absorption, cylinders of diameter 100 mm and height 50 mm

were prepared for the drop weight impact test according to ACI committee 544.

3.2.2 Phasell

In Phase two, three mixtures were chosen depending on phase one's acquired results
regarding three desirable criteria: Static mechanical properties, Impact absorption capacity, and
the performance after exposure to various elevated temporaries. Fig. 3.3 summarize the achieved
criteria by each chosen mixture. For low activation level (i.e., Ms=1 & dosage=4%), the static
mechanical properties and the impact absorption capacity at ambient temperature were relatively
low compared to other mixtures of higher activation level. However, after exposure to elevated
temperatures, this mixture exhibited the lowest degradation level. For the high activation level

(i.e., Ms=1.5 & dosage=8%), the mechanical properties and the impact absorption capacity were
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superior among other mixtures. However, after exposure to elevated temperatures, this mixture
showed the worst performance. Mixture of medium activation (i.e., Ms=1.25 & dosage=6%)
represents the moderate performance regarding the three assigned criteria. Rather than AAS
concrete, an OPC concrete mixture was prepared at the same coarse to fine aggregate ratio, binder
content, and (w/b) ratio for comparison. The concrete mixing proportions are mentioned in

Chapter 5.

Performance of AAM 4 mixtures
OPC concrete == —
Mechanical Impact aﬁF;?r;TervmaTrLc;p 216 Cylinder 100 x 200 mm
properties absorption expos:ure )

" ‘ '] | e I'III Ms=1
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o
e ———— B
. ‘ ™ | i ~ | . z M5—1,25> -
< g .
—_—_————— << T
. = % =]
all Ll o s >
-~

Fig. 3.3 Phase II description and testing chart.

Concrete mixtures were prepared and cast following ASTM C192 "Standard Practice for
Making and Curing Concrete Test Specimens in the Laboratory." (ASTM 2019). Initially, dry
sand, crushed stone, slag were mixed for 1 minute. The water and alkaline activator solution were
then added gradually to the dry mixture and mixed for three minutes until achieving homogenous
mixtures. Various specimens were cast for each test on three layers and compacted over a vibrating
table. For compressive strength, indirect splitting tensile strength, and modulus of elasticity tests,

cylindrical specimens of a diameter 100 mm and 200 mm length were prepared and tested
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according to ASTM C39 "Standard Test Method for Compressive Strength of Cylindrical Concrete
Specimens"(ASTM 2020), ASTM C496 "Standard Test Method for Splitting Tensile Strength of
Cylindrical Concrete Specimens", and ASTM C469 "Standard Test Method for Static Modulus of
Elasticity and Poisson's Ratio of Concrete in Compression" (ASTM 2014) at ages 7 and 28 days,
respectively. Shrinkage ultra-sonic pulse velocity tests were performed on prismatic specimens 75
x 75 x 285 for each mixture according to ASTM C 157 "Standard Test Method for Length Change
of Hardened Hydraulic-Cement Mortar and Concrete" (ASTM 2017) and ASTM C597 "Standard
Test Method for Pulse Velocity through Concrete" (ASTM 2016), respectively. Water Absorption
(i.e., sorptivity) testing of concrete was performed according to ASTM C 1585 "Standard Test
Method for Measurement of Rate of Absorption of Water by Hydraulic-Cement Concretes"
(ASTM 2020). Pre-dried cylinder disk specimens with a diameter of 100 mm and height of 50 mm.
For the impact test, 150 mm diameter cylindrical specimens with 63 mm height were cast and

tested according to ACI Committee 544 (drop weight test).

3.2.3 Phase IIl

For Phase three, one AAS concrete mixture was selected based on the most desirable criteria
at ambient temperature to assess the enhancement techniques capability of mitigating the
performance degradation after exposure to elevated temperatures. The used enhancement

strategies in this phase, along with the performed tests, are summarized in (Fig. 3.4)

Rubber incorporation as a replacement of fine aggregate was used to add a passive agent
dissipating the impact energy delivered to concrete. Three contents (5%, 10%, and 15%) were used
to understand this technique's limitations in terms of rubber content regarding exposure to elevated
temperatures. According to the previous research, crumb rubber was pretreated by mixing with the

sodium hydroxide solution to achieve good rubber particle's roughness (Youssf, Mills et al. 2016,
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Li, Zhang et al. 2019). The rubber was firstly stirred with the solution to confirm uniform surface
treatment, then soaked for 40 minutes. Afterword, rubber was rinsed with distilled water and left
to dry for 24 hours at 60 °C. Three more subphases were concerned with the fibre incorporation in
the selected AAS concrete mixture to evaluate different fibre's ability to enhance the AAS concrete
performance after elevated temperatures exposure. Steel fibre, basalt fibre, and polypropylene
fibre were used in three contents per each type (0.125%, 0.5%, and 1%) by volume of concrete.
According to ASTM standards, concrete mixing and specimen's preparation and testing were

performed as mentioned earlier in section 3.2.2.

[ i 2 5.00 %\ i 12 mixtures
Crumb ' ’
Rubber | (B
| 15.0%
o 3
(] - g
= / 0_5% 120 Prism 75
‘g Steel fiber 0.75 % Conditions
Q | 1.00 %
; . = A rrj:u ient posure to
0.50 % conditions evated temperature
: ol @8 o ||
! > | 1.00% s 3
Sl :5
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- 0.75% E
% 100/

Fig. 3.4 Phase III description and testing chart.

A full detailed description of the experimental program, with the numbers of prepared specimens

per each phase, is illustrated in (Fig. 3.5).
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Fig. 3.5 Detaled experimental work plan.
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3.3  Material

The specifications of all used material are listed in this section according to the datasheet

provided by each material's supplier.

3.3.1 Slag

As a precursor for all alkali-activated mortar and concrete mixtures, granulated blast furnace
slag (i.e., will be called "slag" later) of specific gravity and surface area of 2.92 and 515 m?/kg was

used as a precursor, respectively. The chemical compositions of slag are listed in Table 3.1.

Table 3.1 Chemical and physical properties of slag.

Constituent/property (%) Slag
SiO, 36.1
ALO3 10.1

CaO 37

MgO 12

K>O 0.5

Na,O 0.4

Fe 05 0.7

SO;3 3
Other minor elements 0.2

3.3.2 Cement

For control cement-based mixtures, general use (GU) hydraulic cement with specific gravity
and surface area of 3.15 and 371 m?/kg according to the CSA-3001-03 was used, respectively. The

chemical compositions of cement are listed in Table 3.2.
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Table 3.2 Chemical and physical properties of cement and slag.

Constituent/property (%) oprC
SiO, 19.4
ALO3 4.6
CaO 61.1
MgO 33
K>O 0.7
Na;O 2
Fe 05 2
SO;3 23
Other minor elements 4.6

3.3.3 Fine aggregate
Riverside sand, with a fineness modulus and specific gravity of 2.70, 2.67 determined
according to ASTM C136 (2014), ASTM C 128 (2015), was used as fine aggregate, respectively.

The sieve analysis of the used sand is represented in Fig. 3.6.

P
-

Sieve Size (mm)

Fig. 3.6 Sieve analysis of fine aggregate.
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3.3.4 Coarse aggregate
Crushed stone with specific gravity, water absorption, and maximum nominal size of 2.70,
1.3%, and 19 mm was used as the coarse aggregate for concrete mixtures, respectively. The sieve

analysis of the used aggregate is represented in Fig. 3.7.
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Fig. 3.7 Sieve analysis of coarse aggregate.

3.3.5 Chemical material
For the activating solutions, Sodium hydroxide flakes with >99% purity and sodium silicate
were used to achieve the targeted dosage and silica modulus of each mixture. The used sodium
silicate consisted of 28.78% Si0Oz, 9.01% Na.0O, and 62.2% H>O content by mass and had a density

of 1410 kg/m? and pH of 12.7, according to the manufacturer datasheet.

3.3.6 Crumb rubber
Fine crumb waste rubber (Fig. 3.8) with a maximum grain size of 2.5 mm was used to replace

sand. The sieve analysis of the rubber is illustrated in Fig. 3.9. According to the previous research,
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crumb rubber was pretreated by mixing with the sodium hydroxide solution to achieve good rubber
particle's roughness (Youssf, Mills et al. 2016, Li, Zhang et al. 2019). The rubber was firstly stirred
with the solution to confirm uniform surface treatment, then soaked for 40 minutes. Afterword,

rubber was rinsed with distilled water and left to dry for 24 hours at 60 °C.
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Fig. 3.9 Sieve analysis of crumb rubber.
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3.3.7 Fibre
Three different fibre types (Steel fibre, Basalt fibre, and polypropylene fibre) were
implemented in the enhancement techniques experimental phase (Fig. 3.10 a, b, and c). The

specifications of each type of these fibres are indicated in Table 3.3.

(@) (b) (©)

Fig. 3.10 Different types of fibre.

Table 3.3 Specifications of different fibre.

Fibre type Shape Length Diameter s’f:;ls;lgl Ngﬁg:;;f Specific
(mm) (mm) (MPa) (GPa) gravity
Steel fibre Straight 14+1 0.21£0.02 2600 ~ 3400 >200 7.85
Basalt fibre Helix 20 0.72 >900 44 2.1
Polypropylene fibre Straight 12 0.019 570 3.6 0.91

3.3.8 Water

All mixtures were prepared using potable water of temperature 23 °C at mixing.
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3.3.9 Admixtures
High range water reducer Sika Viscocrete 2100 was used for concrete mixtures to achieve
adequate workability for fibre incorporated mixtures according to ASTM C494 (2017) and

AASHTO M-194 Type A and F (2006).

3.4  Testing procedures

In this section, a full description of the performed tests and the tests procedures according to

standards, will be described in detail.

3.4.1 Heat of hydration
I-CAL 2000 HPC Calmetrix was used to quantify the hydration heat evolution of all
mixtures. Pastes containing 50 g of the precursor with different activation levels were prepared
and mixed for 30 seconds in a plastic container according to EN 196-11. Then, containers were

placed in the device environmental chamber to observe the heat evolution for 72 hours.

3.4.2 X-Ray diffraction (XRD)
For hydration product characterizations, small chunks of hardened paste samples (Fig. 3.11)
were immersed in acetone solvent for two days to release any existing water, then dry heated in a
vacuum oven for another two days to stop the reaction process. The chunks were ground and sieved
using No. 200 sieve to obtain a convenient grain size for XRD sampling. The test was operated in

a 2 theta range of (10°-60°). The step size was set up at 0.02°, counting 2 seconds per step.
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Fig. 3.11 Sample preparation for XRD test and TGA test.

3.4.3 Thermogravimetric analysis (TGA)

Thermogravimetric analyses were conducted on powder samples heated up to 650 °C with a
heating rate of 5°C per minute, using Discovery 5500, with weighing precision of 0.01% . For
samples representing the exposed mixtures to various elevated temperatures, the powder sample
was taken from a ground chunk extracted from specimens that were already exposed to these

temperatures.

3.4.4 Viscosity test
A 50 gm sample was tested for the activator solutions using MCR 502 Rheometer using
minimum and maximum angular velocity of 10® and 314 ©°/Sec, speeding in a log. scale

acceleration (Fig. 3.12).
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Fig. 3.12 Viscocity test setup for (MCR 502) rheometer.

3.4.5 Workability
Mortar flowability test was performed according to ASTM C1437 "Standard Test Method
for Flow of Hydraulic Cement Mortar" (ASTM 2020). For concrete mixtures, slump test was
performed following ASTM C143 "Standard Test Method for Slump of Hydraulic-Cement

Concrete." (ASTM 2020).

3.4.6 Compressive and tensile strength tests
Forney compression machine was used for the compressive strength measurement of mortar
and concrete specimens. For mortar specimens, compression load was applied at a loading rate of
0.9 to 1.8 kN/s as per test standard (ASTM C109/109M) on 50 mm x 50 mm x 50 mm cube (Fig.
3.13 a). For Dog-bone shaped mortar briquettes, specimens are placed on the machine grabbing

roller to insure passive gripping and failure due to pure tensile load at the mid-span cross-section
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(Fig. 3.13 b). Then, the tensile load is applied at a loading rate of 2.7 kN/min as recommended by
AASHTO T132.

For the Concrete compressive strength test, specimens are placed between two rubber cups
(Fig. 3.13 ¢). Then, a uniaxial load is applied at a rate of 0.15-0.35 MPa/s according to ASTM
C39. For splitting the tensile strength test, specimens are placed horizontally between two wooden

strips (top and bottom). Then, the compression load is applied at a loading rate of 1.15 MPa/min.

(Fig. 3.13 d) according to ASTM C496 2017.
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(©) (@)

Fig. 3.13 Compressive and tensile strength test setup for mortar and concrete specimens.

3.4.7 Modulus of elasticity test

Concrete modulus of elasticity evaluation was performed according to ASTM C496 for specimens
before and after exposure to different elevated temperatures. All specimens were tested at 23 °C.
Prior to the test, the compressive strength of tested specimens was evaluated according to ASTM
C39. The specimen is placed in the strain measurement equipment (Fig. 3.14). The specimen
should be comfortably seated before rings tightening. One loading cycle is performed up to 40%
of the ultimate load without taking the strain readings to ensure gauges well seating. For the next
cycle, the strain at 40% loading of the specimen capacity is measured. The modulus of elasticity

(E) is calculated as follow:

E = (S2 — S1)/£2 — 0.000050) (Eq. 3.1)

Where:

E= Modulus of elasticity (psi)

S»= stress corresponding to 40% of the ultimate load
S1= stress corresponds to 0.000050 longitudinal strain

£2 = longitudinal strain achieved at 40% of the ultimate load
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Fig. 3.14 Modulus of elasticity test setup.

3.4.8 Shrinkage micro-strain test
A shrinkage test was performed on prismatic specimens 75 x 75 x 285 for each mixture
according to ASTM C 157. The unrestrained one-dimensional deformations were measured using
a dial gauge with an accuracy of 0.01 mm/m in the room temperature (23 °C), and relative humidity
of 45%. Shrinkage bars were measured daily for the first week after casting. Then the

measurements were performed weekly for up to 56 days (Fig. 3.15).
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Fig. 3.15 Shrinkage micro-strain test setup.

3.49 Water absorption test

Water Absorption (i.e., sorptivity) testing of concrete was performed according to ASTM C
1585 "Standard Test Method for Measurement of Rate of Absorption of Water by Hydraulic-
Cement Concretes". Pre-dried cylinder disk specimens, with a diameter of 100 mm and height of
50 mm, were placed on a plastic mesh to have the bottom face submerged 2 mm below water level.
Other exposed faces were sealed to ensure one-dimensional absorption (Fig. 3.16). The absorbed
water was then measured frequently as a function of the specimen weight. The absorption rate
represented the relationship between the cumulative absorbed water and the elapsed time square

root.
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Fig. 3.16 Water absorption test method.

3.4.10 Ultra-sonic pulse velocity test (USPV)

Ultra-sonic pulse velocity test was performed according to ASTM C597 on prismatic
specimens using directly arrayed two longitudinal transducers (Fig. 3.17). The average of the pulse
velocity at three fixed points at each specimen side was repeatedly measured to identify specimens'
quality in terms of micro-cracking development. The pulse wave velocity depends on the crossed
media homogeneity and density, which make pulse passing through concrete with a high void or
crack content take a long time as it will turn around the different media with lower density (i.e.,

voids or cracks).

Fig. 3.17 Ultra-sonic pulse velocity (USPV) test.

45



Chapter 3

3.4.11 Drop weight impact test

Impact test was performed following ACI Committee 544 drop weight impact test. In this test, a
hammer of mass (m) is being repeatedly dropped freely with gravity acceleration (g) from a height
(h) of 457 mm on a 63.5 mm diameter steel ball centred on the top surface of the specimen (Fig.
3.18). Just before striking the steel ball, the velocity (v) of the hammer can be calculated by (Eq.

3.2).
v = (2gh)!/? (Eq. 3.2)

At this velocity, the hammer has kinetic energy (ke) given by (Eq. 3.3 and 3.4)

ke = %m 2 (Eq. 3.3)
ke = mgh (Eq.34)
The failure strength was defined as the number of successive blows to spread the cracks
sufficiently (number of blows to failure) so that the pieces of specimen touched three of the steel
lugs. The specimen's absorbed energy can be then calculated by multiplying the number of blows

by the amount of energy transferred per blow.

Pulling cable
Bubble level

Moving part

[
4.5 Kg steel mass RS
| Guiding steel pipe
Guiding rails
g
=
[
v
<
63mm Steel ball .
Steel ball guide
63*(150 mm concrete sample b
Steel base plate i Steel lugs

Fig. 3.18 Schematic drawing for the drop weight impact test machine.
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The used drop weight impact test machine for this research was designed and built up in Concordia

labs (Fig. 3.19).

Fig. 3.19 Drop weight impact test machine.
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3.5 Curing regime elevated temperatures exposure routine

All specimens were demolded after 24 hours. OPC specimens were continuously cured in a
lime water tank at temperature 23 + 1°C until testing ages. AAS samples were stored in sealed
bags after demolding at the laboratory ambient condition (Temperature =23 £ 1 °C and 45 + 3%
relative humidity). For elevated temperature exposure, as most of the hydration products are
expected to decompose at temperature levels up to 600 °C, three levels of elevated temperatures
(200 °C, 400°C, and 600 °C) were used to obtain determinant results that can show a contrast at
each level. Agreeing with previous studies (Yang, Lin et al. 2009, Kong and Sanjayan 2010,
Siddique and Kaur 2012), Samples were heated for one hour, starting after the assigned
temperature level is reached by the oven. Then, they were left to cool down in the oven before

testing (Fig. 3.20).

Specimen (28 Days)

Heating up (5~10 °C/min.)

Cooling down

Testing

Fig. 3.20 Exposure to various elevated temperatures routine.
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Moreover, to ensure that the specimen core reached the exposure temperature, a
thermocouple type K was attached to a trial specimen core, and the temperature reading was

simultaneously observed along with the oven temperature (Fig. 3.21 a, b, and c).

(a) (b) (©

Fig. 3.21 Specimen core temperature monitoring during exposure to elevated temperatures.
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CHAPTER FOUR

Chapter 4 Effect of Activator Nature on the Impact Behaviour of Alkali-

Activated Slag Mortar

4.1 Introduction

Twelve mortar mixtures were prepared in this phase (Fig. 4.1), as mentioned earlier in
Section 3.2.1. For each AAS mixtures, the name for the mixture has a letter, and two numbers, the
letter (M) refers to mortar, and the first number refers to the silica modulus (M), and the second
refers to Na,O% dosage. The mixing proportions for all mixtures are listed in Table 4.1 Mixture

proportions..

Fig. 4.1 Different specimens of mixture (M 1-8) after demolding.
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Table 4.1 Mixture proportions.

Modulus Dosage Binder Sand NaOH NasSiO; Water

Mixture (SiO/N2;0) (Na:0 %) (kg/md) (kgm’) (kg/m’)  (kgm’) (L/m’)
OPC NA NA 549 1509 0 0 241
M 1-4 1 4% 540 1485 19 75 191
M 1-6 1 6% 536 1474 28 112 166
M 1-8 1 8 % 532 1462 38 148 142
M 1.25-4 1.25 4% 540 1484 17 94 179
M 1.25-6 1.25 6 % 535 1472 25 140 149
M 1.25-8 1.25 8 % 531 1461 33 185 119
M 1.25-10 1.25 10 % 527 1449 41 229 89
M 1.5-4 1.5 4% 539 1483 15 112 167
M 1.5-6 1.5 6 % 535 1471 22 167 131
M 1.5-8 1.5 8 % 531 1459 29 221 96
M 0-8 0 8 % 534 1469 55 0 235

4.2 Results and discussion

4.2.1 Flowability
Table 4.2 shows flowability measurements for OPC and AAS mixtures. Results indicated
that for all AAS mixtures, flowability was higher than that of the OPC mixture. This agreed with
previous research stating that alkali-activated slag mortar has better flowability than OPC, while

it has a shorter setting time (Yang, Song et al. 2008).

Generally, the changes in AAS mortar flowability was insignificant regardless of the

activator Ms and Na,O%, which agrees with previous findings (Yang, Song et al. 2008, Jang, Lee
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et al. 2014, Puertas, Varga et al. 2014). For instance, at Ms =1, an 8% Na,O mixture exhibited
about 4% lower flowability than the 4% Na>O mixture. This slight decrease can be attributed to
the increase in the activator's alkalinity, which in turn increases the dissolution rate of the slag
particles. This high dissolution rate favoured the faster formation of gel reaction products,
consequently reducing the flowability (Fernandez-Jiménez and Puertas 2003, Hajimohammadi,
Provis et al. 2010). On the other hand, increasing the M; value was reported to increase the mortar
flowability regardless of NaO%. For instance, at Na,O dosage of 8%, increasing the Ms value up
to 1.5 resulted in only 3% increase in flowability. This can be attributed to the increased surface
tension of the activator liquid, which hinders the slag particles dissolution and consequently

retarding the formation of the reaction products (Puertas, Varga et al. 2014).

Table 4.2 Flowability measurements.

<
Mix. % < < < % % % — 5 % %
= IN > o0 E g o '5 A N o0
Flowabilit
O(VIVI:‘I?I‘)‘Y 134 165 160 158 172 168 162 160 175 170 163

In addition to the effect of the activator properties on the rate of reaction and, consequently,
the flowability, the activator liquid's viscosity might also affect the flowability of fresh AAS
mortar. Viscosity test results showed that the activator liquid viscosity increases by increasing the
dosage (Na20%) regardless of the modulus. For instance, at Ms=1, increasing the activator dosage
from 4% to 8% resulted in increasing the viscosity at all shear rates during the test. This might be

a contributing agent in decreasing the mortar flowability at higher dosages (Fig. 4.2).
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Fig. 4.2 Viscosity vs flowability for mixtures of Ms=1.

4.2.2 Hydration products

Fig. 4.3 and Fig. 4.4 represent the proposed reaction mechanism for alkali-activated slag.
According to the most commonly proposed reaction mechanisms, the activator agent chemical
composition is highly affects the reaction kinetics (Haha, Le Saout et al. 2011). In the slag case
as a (Sit+Ca) precursor, the reaction can be considered through four stages. Regardless of the
activator nature in terms of including water glass or not, the first stage would be described as a
dissolution phase. In this phase, the alkaline activator attacks the precursor particles destroying the
chemical bonds such as Al-O-Al, Si-O-Si, and Ca-O (Glukhovsky, Rostovskaja et al. 1980). In
this while, the aqueous phase is being enriched with Ca*? and Mg*? from the precursor reducing
the media pH gradually (Zhang, Zhao et al. 2008, White, Provis et al. 2011). The second stage is
the formation of different species. The mainly formed species are believed to be Si(OH)4 and
Al(OH)4, and while the reaction is in progress, more (OH) ions are being involved with the species

producing more complex formations (Provis, Duxson et al. 2005). Afterwards, the activator type
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defines the nature of the further formed hydration products. In the case of an activator without
water glass, the precursor is the dominant agent of Si releasing and Si(OH)* species formation.
In this case, Ca* and Si (OH)™* group up together, forming C-S-H. However, and especially at
high dosages of NaxO, the high pH may affect the Ca reactivity and direct it to react with CO; from
the atmosphere along with the unreacted Na from the activator to form calcium and sodium
carbonates and no silica gel is supposed to condensate within the structure (Fernandez-Jimenez,
Puertas et al. 2002, Puertas, Palacios et al. 2011, Myers, Bernal et al. 2013). In a parallel
mechanism, Al and Mg group up together, forming the hydrotalcite phase (Wang and Scrivener
1995). For activators with water glass, similar products are expected to form. However, Al and Na
species would be accommodated in the structure of C-S-H, favoring the formation of amorphous
products such as C-A-S-H (Richardson, Brough et al. 1994). Another portion of cross-linked silica
gel may condense within the reaction products microstructure. The last reaction stage occurs in a
solid-state process forming more highly intermixed hydration products(Wang and Scrivener 1995,

Fernandez-Jiménez and Puertas 1997).

(Si + Ca) precursor

+

AlKkaline activator (MOH)
1

Dissolution
‘ A 4 ‘
Silicate monomers Ionic Aluminate
from the precursor spices monomers
| T ]
Hydrotalcite
(crystalline)

1 CaCO;
> Atmospheric
C-S-H > CO: ‘
M:CO;.xH20

Fig. 4.3 Reaction mechanism model for (Si+Ca) precursor activated with MOH
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(Si + Ca) precursor

+

Alkaline activator
(MOH) + Water glass

Dissolution
]
] ¥ ¥
Silicate monomers Tonic Aluminate
from the precursor spices monomers
& from the activator 1 T
Silica Hydrotalcite
ili .
crystalline
Gel (ery: )
1 —> CaCO;
C-N-(A)-S-H (Amorphous) Atmospheric

C-S-H (Crystalline) 0. M:CO;.xH20
2! 3.XH2

Fig. 4.4 Reaction mechanism model for (Si+Ca) precursor activated with M OH + water

glass

4.2.2.1 Heat of hydration

Fig. 4.5 shows the heat of hydration for samples at the same Na,O dosage of 8% with three
silica modulus values (1, 1.25, and 1.5). The first peak represents the dissolution of the slag
particles. The rate of dissolution can be assigned to the dosage, as explained previously. As shown
in the figure, the three different activator silica modulus peaks vary in a very narrow range. This
is attributed to the similarity in the dissolution rates achieved by the same Na,O % dosage for the
three mixtures. However, the second peak, which is assigned to the formation of different species,
was markedly different for each mixture. For lower silica modulus, the peak tends to take place
earlier and more intense. That can be explained by the higher rate of precipitation of the hydration
products on the slag grains surfaces, accommodating less Si species in less dense microstructure
(Haha, Le Saout et al. 2011). As a side effect, this might hinder further reaction of the unreacted

inner core. Moreover, for the delayed second peak that corresponds to high silica modulus, the
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high availability of silicates results in delayed dissolute aluminate, and consequently, delay the

formation of hydration products accommodating Al (Puertas, Varga et al. 2014).
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Fig. 4.5 Heat of hydration for different silica modulus values at the same NaO % dosage.

On the other hand, Fig. 4.6 shows the heat of hydration rates for three different Na;O %
dosage mixtures at the same silica modulus. The first peak for each mixture indicates the activator's
ability to achieve a higher dissolution rate. Consequently, the second peak becomes significantly
earlier due to the earlier formation of the hydration products. For low Na>O % dosage (i.e., 4%),
the second peak was found to take place through a more extended period. This happens due to the
smooth, gradual concentration shifting between the slag grain and the surrounding hydration
products, favouring a kind of reaction reinitiating through a diffusion mechanism (Fernandez-

Jiménez and Puertas 1997).

56



Chapter 4

-
F N

---M1-4 —M16 —M1-8

le———M 1-8 first peak

-
N
L

-
[=2]
o

~--M14 —1-6 —M18

-
o
1
-
N
5

(o]
)

le———— M 1-6 first peak

o
I

Total Energy (J/gm)
8 3

F N

o

Heat of hyfration (mW/gm)

0 12 24 36 48 60 72

, Time (Hour)
. . e
0 12 24 36 48 0 5
Time (Hour)

Fig. 4.6 The heat of hydration evolution at different Na,O % dosages.

4.2.2.2 X-Ray diffraction

Previous studies had compared the formed hydration products in both OPC and AAS
systems. In OPC systems, C-S-H and AFn are the main hydration products formed along with
ettringite and CH (Lothenbach and Winnefeld 2006). In AAS, the proposed reaction models
suggested that different C-S-H phases with low Ca/Si ratio, hydrotalcite, and AFy, are the main
formed hydration products (Wang and Scrivener 1995, Jiang, Silsbee et al. 1997). The nature of
these hydration products is directly associated with the chemical characteristics for the used
precursor and activator (Caijun and Yinyu 1989, Wang, Scrivener et al. 1994, Pal, Mukherjee et
al. 2003, Shi, Roy et al. 2003). Different phases of C-S-H were identified for mixtures activated
by both NaOH and water glass according to the XRD results (Fig. 4.7). The availability of Si
species in the pore solution results in longer Si-O-Si chains. As a result, more bridging sites are
ready for substituting Si by Al, forming C-S-H with higher Al content (Taylor 1986, Nonat 2004,

Myers, Bernal et al. 2013). However, the composed C-S-H has an amorphous fraction associated
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with incorporating Na species from the activator and Al provided by the precursor dissolution
process (C-N-(A)-S-H). The XRD cannot detect this amorphous fraction. This can explain the
reduction in C-S-H peaks as silica modulus increased for the same NaxO% dosage. Conversely,
crystalline C-S-H peaks were clear for the mixture activated by only NaOH (without water glass)
since the C-S-H formed was highly crystalline (Burciaga-Diaz and Escalante-Garcia 2013). The
formed hydrotalcite phase (highly crystalline) showed more observed peaks in the absence of water
glass (i.e., M 0-8). This may be attributed to the complete tendency of the dissolute Al and Mg
species to form hydrotalcite instead of sharing some Si species to form the amorphous C-N-(A)-

S-H phase (Wang and Scrivener 1995, Shi, Roy et al. 2003).
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Fig. 4.7 X-ray diffraction patterns of AAS activated at different levels of Modulus (Ms).
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On the other hand, at a fixed modulus value, increasing the Na,O% dosage increased
dissolute Al and Mg from the precursor and Ca and Si species. This favored C-S-H and (C-N-(A)-
S-H) formation in a synergetic way (Burciaga-Diaz and Escalante-Garcia 2013). Moreover, the
hydrotalcite phase precipitation increased by increasing the Na;O% dosage (Fig. 4.8). This can be

ascribed to the higher availability of Al achieved at higher dissolution rates.
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Fig. 4.8 X-ray diffraction patterns of AAS activated at different levels of dosage (Na.0%).

4.2.2.3 Thermogravimetric analysis
Fig. 4.9 represents the thermogravimetric test results obtained for OPC mixture and AAS
mixtures with different silica modulus levels. All curves are representing tested samples before
exposure to elevated temperatures. It was clear that typical peaks represent common hydration
products between OPC and AAS, such as different phases of C-S-H, which show heat flow peaks
within the temperature range of (100-200 °C). However, the OPC sample showed an individual

peak between (450-500 °C), which corresponds to the portlandite. For AAS mixtures, results
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confirm the variations in the formed hydrations products regarding the amount which resulted from
changing activator nature. Both dosage and silica modulus were found to affect the formation of
hydration products. The high alkalinity achieved by higher dosages resulted in a higher dissolution

of the precursor favouring the release of more species to the aqueous phase such as Mg and Al.

Consequently, more hydration products were formed, such as hydrotalcite. Moreover,
increasing the silica modulus increased the Si species accommodated at the C-S-H, providing more
links to accommodate Al species. For instance, the heat flow behaviour reflected in the derivative

weight losses at the C-S-H peak was doubled by increasing the modulus from 0 to 1.5.
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Fig. 4.9 Thermographic analysis (TGA) of hardened OPC vs. AAS with different levels of

modulus (Ms).
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On the other hand, the binder deterioration was assessed in terms of weight loss during the
thermogravimetric analysis. A portion of the formed hydration products decomposed according to
each hydration product type and stability at elevated temperatures at each temperature levels. Fig.
4.10 Represents the decomposed and retained percentages of AAS binder after exposure to the
three assigned elevated temperatures compared to the percentages decomposed for the binder
without pre-exposure. It can be observed that the tested binder sample without exposure to elevated
temperature showed higher total weight loss during the test compared to samples exposed to
different elevated temperatures before testing. After exposure to 200 °C and 400 °C, samples
showed 18% and 14% total weight loss compared to 25% for the tested sample without exposure
to elevated temperatures. However, the sample which pre-exposed to 600 °C showed only 5%
weight loss, which indicates the severity of hydration products decomposition at this relatively
high temperature, while after exposure to lower levels of elevated temperatures (i.e. 200 °C and
400 °C), the binder hydration products could show convenient stability. Moreover, by comparing
the decomposed and the retained hydration products percentage at each temperature level to the
total decomposed portion without exposure at the same temperature during the test, it was found
that at 200 °C, 400 °C, and 600 °C, the retained percentages were 60%, 50%, and 20%. This
confirms the high stability of the formed hydration products as at least 50% of it can withstand

exposure to 400 °C.
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Fig. 4.10 Thermogravimetric analysis for binder before and after exposure to various

elevated temperatures.

4.2.3 Compressive strength

Fig. 4.11 summarizes the compressive strength for all tested samples without exposure to
elevated temperatures. All AAS specimens exhibited better 28 days compressive strength than that
of the cement-based mixtures, in agreement with previous findings (Bilim, Karahan et al. 2013).
Regardless of the M; value, increasing NaxO% resulted in a considerable increment in early age
compressive strength (i.e., up to 7 days). For instance, at Ms=1.25, the mixture with 8% Na>O
exhibited 3 days compressive strength about double that of the 4% Na,O mixture. This might be
attributed to the early high rate of dissolution achieved by increasing Na,O%; consequently, the
early formation of gel products that favour early strength gaining. However, at later ages (i.e., 28
days), increasing Na>O% up to 6% resulted in a significant increase in compressive strength (about

25%). At Na,O% above 6%, the corresponding increase in compressive strength seemed to be
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insignificant. For example, increasing Na>O% from 6% to 8% resulted in only a 5% increase in

compressive strength regardless of the M; value.
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Fig. 4.11 Compressive strength for various mixtures.

Thermogravimetric and derivative Thermogravimetric analysis (TGA & DTG) came to
confirm the strength results for alkali-activated slag mixtures. Results showed that increasing the
Na>O0% dosage was related to weight loss %. This could be explained by the amount of C-S-H gel
as it is being burnt. For instance, at M¢= 1, increasing the dosage from 4 to 6% resulted in 4%
increase in weight loss. However, increasing the dosage from 6 to 8% was recorded to increase the
weight losses by only 1.5 % (Fig. 4.12). The reported weight losses are related to the increased
formed C-S-H gel amount at higher dosages. These results agreed with the compressive strength
results as the compressive strength was significantly increasing by increasing the NaxO% dosage

up to 6 %, which is directly related to the amount of formed C-S-H gel in the binder.
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Fig. 4.12 TGA and TDG curves for mixtures of Ms=1.

This indicates that a 6% dosage seems to be a threshold value for NaxO% that provides
enough dissolution rate to achieve adequate strength. Increasing Na>O% supplies more network
breaking cations that control the formation of Al-O-Al framework. This eventually would
accommodate the Si species. Hence, the formed reaction products at this level of alkalinity will be

enough to surround the slag particles preventing further reaction (Ferndndez-Jiménez, Palomo et

al. 2005).

On the other hand, M showed a significant effect on the early age compressive strength.
Fig. 4.13 indicated that increasing the M; value had led to a significant decrease at the early age
compressive strength regardless of the NaxO% dosage. For instance, at 4% NaO dosage,
increasing Msup to 1.5 resulted in about 50% reduction in the 3 days strength compared to that of
mixtures with Ms =1 at the same age. Increasing the Ms value resulted in higher surface tension of
the activator (Puertas, Varga et al. 2014). Therefore, this reduction in early strength can be

attributed to the limitation of particle dissolution resulting from the activator's high surface tension.
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This, in turn, will limit the availability of formed alumina rich gel framework needed to
accommodate the silicates species through Si-O-Al bonds (Ferndndez-Jiménez, Palomo et al.

2006, Puertas, Varga et al. 2014).
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Fig. 4.13 Early age compressive strength (3 days) at constant Na,0%.

Fig. 4.14 confirms the vital role of silicate species provided by sodium silicate in the
activation process and strength development for AAS. Compressive strength dramatically
decreased in the absence of the sodium silicate (i.e., mixtures activated by sodium hydroxide only).
For instance, at Na,O = 8%, mixtures activated by sodium hydroxide only achieved about 65 %
lower 28 days compressive strength than that of the mixtures with sodium silicates and sodium
hydroxide. This agrees with other researches indicating that incorporating silicates in the activator
significantly affects the mechanical properties. This highlights the soluble silicate species' role as
it gradually shifts the system to species with larger chemical rings structure leading to good
mechanical properties (Davidovits 2008). Also, in the absence of silicates, the reaction products

formed around the slag particles were reported to be less porous, limiting the diffusion of the newly
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formed gel to fill the spaces between the particles (Haha, Le Saout et al. 2011). This is anticipated

to affect strength development significantly.
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Fig. 4.14 Compressive strength vs. Modulus at ages (3, 7 and 28) days.

Fig. 4.15 summarizes the residual compressive strength for all mortar mixtures after
exposure to different levels of elevated temperature. The reduction in OPC mixture compressive
strength increased as exposure temperature increased. For instance, OPC specimens exposed to
elevated temperatures up to 200 °C and 600 °C exhibited 24% and 61% losses of their original 28
days strength, respectively. This reduction can be ascribed to the losses of calcium silicate hydrated
(C-S-H) gel at the range of 200 °C, the main hydration product responsible for the strength
development in the OPC system (Richardson 2000, Peng and Huang 2008). Moreover, during
cooling down after exposure to 400 °C or higher, the decomposed hydration products, specially
portlandite, started a rehydration process accompanied by an increased volume, inducing internal
stresses. These internal stresses consequently resulted in internal micro-cracks that negatively

affected the strength (Petzold and Rohrs 1970, Bazant, Kaplan et al. 1996, Georgali and Tsakiridis
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2005). For AAS mixtures, the nature of alkaline activator properties (i.e., silica modulus and
dosage) were found to have substantial effects on both original strength and the residual strength

after exposure to elevated temperatures.
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Fig. 4.15 Mortar residual compressive strength (%) after elevated temperature exposure.

After exposure to elevated temperatures, by observing AAS mixtures individually, it was
found that the residual strength was affected by the decomposed hydration products amount. In
other words, each hydration product starts to decompose at a specific temperature. Consequently,
it is expected that the degradation grades will vary at each level of elevated temperatures. For
example, mixture M 1.5-8 showed different residual compressive strength levels after exposure to
different levels of temperatures, as illustrated in Fig. 4.15. This is correlated to the weight loss at
each level of temperature due to the hydration products decomposition. For example, C-S-H,
which represents the main hydration product in AAS systems, as explained previously, starts to
decompose at a temperature range of (120-200 °C). It was evident through the heat flow peaks for

tested samples after heating up to 200 °C or more as they showed lower peaks at this range of
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temperature comparing to that tested without temperature exposure (Fig. 4.16). This is ascribed to

the CSH decomposition, leading to strength degradation after exposure to elevated temperatures

at each level.
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Fig. 4.16 Thermographic analysis of AAS mixture M 1.5-8 after exposure to different levels

of temperatures.

Another critical parameter affecting the residual strength is the amount of unreacted particles
that may shift at elevated temperatures to other phases. The akermanite corresponding to the
unreacted slag is believed to get a more densified structure at high temperatures. This might be
favourable for the residual strength under quasi-static loading (Kong and Sanjayan 2008, Reddy,
Tulyaganov et al. 2013). For instance, mixture M 1-4, which is assigned to the lowest level of
activation in terms of Na;O % dosage and silica modulus, had shown the best performance after
exposure to three levels of elevated temperatures. At the highest level of exposure (i.e., 600 °C),
mixture M 1-4 exhibited the same compressive strength as the original before elevated temperature

exposure. Conversely, due to the high amount of decomposed hydration products within the
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structure at a high level of alkaline activation, the degradation in compressive strength was

significant at all levels of elevated temperature exposure (Fig. 4.17).
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Fig. 4.17 Mortar residual compressive strength at M=1.

4.2.4 Tensile strength
It was found that the behaviour of the tested specimens is not matching that of the
compressive strength. As shown in Fig. 4.18, increasing Na>xO% from 4% to 6% resulted in a better
tensile strength regardless of the M value. However, the achieved tensile strength for mixtures

with NaxO% above 6% had decreased.
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Fig. 4.18 AAS mortar tensile strength.

This indicated that the tensile strength's optimum dosage might be different from that of the
compressive strength (i.e., 8%). For instance, at the age of 28 days, all samples with Na,O = 6%
achieved its highest tensile strength, while the compressive strength was still increasing by
increasing NaxO% above 6% (Fig. 4.19). This is in agreement with the previous research, which
stated that for AAS, the tensile strength has different behaviour compared to that of the
compressive strength with respect to activator concentration changes (Atis, Bilim et al. 2009).
Increasing the compressive strength was accompanied by a higher brittleness of the binder

material. Consequently, the tensile strength decreased (Callister and Rethwisch 2007). Successive
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Fig. 4.19 Change in tensile strength with respect to compressive strength at (28 days).

Also, it was observed that the tensile strength development with age is decreasing with
increasing Na>xO% regardless of silica modulus. For example, at Ms =1.5, mixtures with the highest
Na>O0% exhibited the lowest tensile strength development between 7 and 28 days (Fig. 4.20). High
Na;0% accelerate the dissolution rate of the slag particles and the start-up of strength gaining,

which promotes the reaction product formation and strength development at early ages.

71



Chapter 4

[=2]
o

oODosage 4% mDosage 6% mDosage 8%

[21]
o

H
o

Tensile strength Development (%)
w
o

20
10 -
0
Ms =1 Ms =1.25 Ms =1.5
Modulus

Fig. 4.20 Tensile strength development with age (7 to 28 days).

Activating with sodium hydroxide alone did not significantly affect tensile strength. Samples
activated by sodium hydroxide only exhibited a comparable tensile strength to those activated by
sodium silicate and sodium hydroxide, as shown in Fig. 4.21. This may be attributed to the lower
drying shrinkage and associated micro-cracking for mixtures activated by sodium hydroxide only.
This can be ascribed to the fewer brittle phases formed inside these mixtures during the reaction,
and consequently, relatively good tensile strength (Atis, Bilim et al. 2009). Also, it was evident
that for mixtures containing sodium silicate, changing M; value had an insignificant effect on the
achieved tensile strength, which confirms that sodium silicate had a minor effect on tensile

strength.
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Fig. 4.21 Tensile strength for various mixtures with 8% Na>O dosage.

After exposure to elevated temperature, the residual tensile strength was dominantly affected
by the amount and the nature of the formed hydration products at each activation level. For
instance, the mixture assigned to Ms=1.5, Na,0% dosage of 8% had shown the lowest residual
tensile strength at 600 °C comparing to other mixtures prepared at the same silica modulus. This
confirms that the higher amount of decomposed hydration products achieved at the high level of
activation (i.e., 8% dosage) was the main reason behind tensile strength degradation after exposure

to elevated temperatures (Fig. 4.22).
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Fig. 4.22 Mortar residual tensile strength (%) after elevated temperature exposure.

4.2.5 Impact absorption

Impact energy absorbed by each sample was represented by the number of successive blows
up to failure. Each blow gives an amount of energy equivalent to the kinetic energy transferred
from the drop weight to the sample. Compared to cement-based specimens, AAS showed relatively
better behaviour in terms of impact energy absorption (Fig. 4.23). Under impact loadings, once
the load strikes the sample, a contact force between the hammer and the sample is developed.
However, this contact force is not the actual fracturing force as it is balanced with the inertia force
during impact. This means that fracture energy is greatly affected by sample shape and size. Also,
the hammer velocity at the impact event has a significant effect on fracture energy. The fracture
energy absorbed usually increases with higher impact velocity. At constant impact velocity and
sample size, which is the case in this study, the fracture energy will mainly be affected by mixture
properties. Generally, AAS mixtures exhibited higher impact energy absorption capacity

compared to OPC mixture. For AAS, mixtures with high Na;O% exhibited significantly better
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impact absorption at 28 days regardless of silica modulus. This may be attributed to the denser
microstructure with well packed formed gel due to a higher amount of dissolution slag particles at
such high higher Na,O% (Komnitsas and Zaharaki 2007). Cracking and failure mode was not
significantly different for all mixtures since no fibre was added to the mixtures. However, the ball

penetration level was significantly affected by the activator properties.
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Fig. 4.23 Impact energy absorbed for various mixtures.

Moreover, varying the Ms value exhibited different behaviours depending on the Na>O%
dosage. For low dosage (i.e., 4%), increasing the Ms value was found to reduce the impact energy
absorption (Fig. 4.24). On the other hand, at high dosage (i.e., 8%), increasing the M; value up to
1.25 resulted in a decrease in the impact energy absorption (Fig. 4.25). Conversely, mixtures with
high M; values (i.e., >1.5) exhibited relatively a very high impact energy absorption. These results
showed that there is a different optimum Ms value for each value of Na>O%. This can be explained
by the different effects of each activator variable and its power to affect the formed microstructure

behaviour. For example, at low NaxO% dosages, while the alumina dissolution rate from the
p g
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precursor is low, the effect of high availability of silicates on delaying the alumina dissolution will

be magnified (Puertas, Varga et al. 2014).
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Fig. 4.24 Impact energy absorbed at Na,O%=4.
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Fig. 4.25 Impact energy absorbed at Na;O%=8.
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At a high Na;O% (i.e., 8%), other factors also affect the impact behaviour significantly, such
as drying shrinkage. At NaxO% = 8, increasing Ms up to 1.25 resulted in higher drying shrinkage
and, consequently, more micro cracks development (Eguchi and Teranishi 2005). However, at
M=1.5, the observed drying shrinkage strain was significantly low (Fig. 4.26). Hence, there is
always a need to balance the silicate species available in the polycondensation phase and the
sodium and aluminium species existing to control the geopolymerization process itself

(Hajimohammadi and van Deventer 2017).
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Fig. 4.26 Drying shrinkage strain at Na,O%=8.

Fig. 4.27 shows that increasing Na,O% increased the compressive strength and the impact
energy absorption, regardless of the Ms value. However, the increase in compressive strength and
the impact energy absorption did not follow the same rate. For instance, at Ms=1.25, increasing
NaxO0% up to 6% resulted in about 28% and 61% increase in the compressive strength and the
impact energy absorption, respectively. Simultaneously, increasing Na,O% above 6% resulted in

a marginal increase in compressive strength, while the impact energy absorption increased
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significantly. Moreover, it seems that the increasing trend of the impact energy absorption
continues even up to a very high dosage (i.e., 10%) as shown in (Fig. 4.28). Moving laterally in
the M;s values, it was found that the rate of change of the absorbed impact energy with the increase
in the compressive strength (in terms of the slope) is not the same for all M; values, especially at
higher dosages (i.e., > 6%). For example, at Ms=1, increasing Na,O% from 6% to 8% resulted in
around 5% and 32% increase in compressive strength and impact energy absorption, respectively.
However, at high values of M (i.e., 1.5), the increase in compressive strength and impact energy

absorption was around 2% and 107% at the same change in NaxO%, respectively.

In the event of transferring a sudden amount of energy to the material, energy is dissipated,
and strength significantly increases differently depending on the material nature (Sierakowski and
Chaturvedi 1997). For cementitious material, the strength and the modulus of elasticity are
generally increased as the loading rate increased (Fu, Erki et al. 1991, Sierakowski and Chaturvedi
1997). This rational increasing is expressed as a Dynamic Increase Factor (DIF), which is defined
as the ratio between the dynamic and quasi-static value. Consequently, under compression impact
loads, the cementitious material's stress-strain behaviour will depend on the loading rate (Ross
1996). However, the loading rate for the drop weight test is almost constant. Hence, the effects of
M;s and Na2O% on the compressive strength and DIF are expected to be different. This explained
the variations in the ratio of increase between the compressive strength and impact energy

absorption.
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Fig. 4.27 Absorbed impact energy vs. compressive strength at different dosages.
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Fig. 4.28 Impact energy absorbed at M=1.25.

4.2.6 Ball Penetration.
Under impact load, alkali-activated slag, as a brittle material, is supposed to have a damage

mechanism immediately below the indenter (i.e., the steel ball) depending on its shape. Just below
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the contact point or surface between the steel ball and the mortar sample, three zones can be
distinguished below the sample surface (Fig. 4.29). The first zone is the hydrostatic core, which
forms as a result of the compression below the contact surface. This zone usually collapses in a
crushing mechanism. Surrounding this core, a high strain zone due to the core pressure is then
developed. In this zone, radial cracks might be initiated and developed, starting from any pre-
existed flaws in the mortar and depending on the brittleness. These cracks are usually observed as
ring cracks on the surface around the contact area. Out of the high strain zone, the mortar is
supposed to perform in an elastic behaviour (Dragon and Mroz 1979, Chiaia 2001). After failure,

the high strain zone (cracking zone) was clear to observe, as shown in Fig. 4.30.

Sample surface

Hydrostatic core

Large strain zone

Flastic behavior

Fig. 4.29 Formation of hydrostatic core and large strain zone in a brittle material.

During the impact test, the penetration diameter (D, cm) by steel ball of diameter (d, cm)

was monitored to understand the brittleness behaviour during impact loading. Penetration level
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(L) was calculated according to Lp (mm) = -10*[(db/2) - ((db2-Dp2)/4)'?]

(Eq. 4.1).

L, (mm) = -10%[(dy/2) - ((dy2-D,2)/4)2] (Eq. 4.1)

Formed cracking zone

.

Fig. 4.30 Formed large strain zone observed after sample failure.

The steel ball penetration level was relatively very high for all specimens that exhibited low
impact energy absorption. For instance, at M=1, increasing NaxO% resulted in high fraction
energy and a less penetrated level by the steel ball (Fig. 4.31). This means that the higher the
achieved fracture energy, the more the brittleness of AAS. This observed high brittleness of

samples at high dosages indicates the low ductility index.
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Fig. 4.31 Steel ball penetration level (Lp) at Ms=1.

Fig. 4.32 shows tested samples at Ms=1 and three different Na;O% dosage values. The level
of penetration of (-1.25 mm) was observed for Na,O% = 8%, which failed after 180 blows. The
same penetration level was observed for NaxO% = 6% just before failure at 128 blows, while the
sample with NaxO% = 4% achieved this level of penetration after only 14 blows before failing at
100 blows. This indicates that samples with high Na>O% exhibited higher energy of fracture along

with lower ball penetration levels.
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Regarding the work done by the specimen to resist the penetration, during the impact event,
the ball's absorbed energy can be equivalated to the potential energy of the drop weight, which is
turned by dropping into kinetic energy. The impact force applied to the steel ball can be expressed
by the absorbed energy and the displacement represented by the sample surface's penetration. This
penetration level is a function of the sample stiffness (Callister Jr and Rethwisch 2020).
Understanding the contact interface between the steel ball and the sample surface was more
intuitive to rescale the impact event contact surface into simpler elements. Many approaches to
simulate this interface would provide a good understanding of different parameters that may affect
this event (Heinstein, Mello et al. 2000, Mohammadi, Forouzan-Sepehr et al. 2002). In this
approach, the sample surface resistance to penetration at the contact area was simulated as node
springs per area element to understand the effect of varying the activator properties on the surface
penetration resistance. The spring constant (K) can be representative of the penetration resistance.
Hence, the total penetration resistance at any penetration level can be described by the energy
absorbed and the penetration level (Fig. 4.33). By examining the penetration levels by the steel
ball in the surface of each mixture sample, it was found that the penetration profile was highly
affected by the level of activation in terms of activator Ms and Na,O % dosage. Increasing M
value was found to increase the resistance to penetration, especially at high dosages. Also,
increasing the dosage was found to be significantly affecting the penetration resistance. For
instance, increasing the dosage to up to 8% at Ms=1, triplicated the penetration resistance

represented in the spring constant at the same energy absorption level.
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Fig. 4.33 Penetration resistance of mixtures with (Ms=1) simulated by spring constant.

After exposure to elevated temperatures, the OPC mixture lost more than 90% at 600 °C, of
its original capacity to absorb impact energy. This can be ascribed to the aggressive losses in the
main hydration product (i.e., C-S-H) at high temperatures and internal micro-cracks development
during cooling down. Fig. 4.34 shows the thermogravimetric analysis of OPC samples at ambient
temperature and after exposure to different levels of elevated temperatures. Results indicate that
for the sample tested without exposure to elevated temperature, around 14% weight loss was
exhibited by heating up to 650 °C. For samples tested after exposure to elevated temperatures, the
heat flow peaks showed a significant reduction reflecting the decomposed amount of hydration
products. For instance, at 400 °C the peak representing C-S-H decomposition was almost flattened
due to semi-full decomposition of C-S-H via a one-way reaction. However, the peak representing
the portlandite didn't show significant change even for the highest level of temperature exposure
(i.e., 600 °C), at which relative reduction was expected to be observed in this peak considering the
heat exposure before the test. This might be attributed to the reversible reaction of portlandite
dihydroxylation and the amorphous part recrystallization during the cooling down (Morsy, Galal

et al. 1998).
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Fig. 4.34 Thermographic analysis of OPC after exposure to different levels of

temperatures.

On the other side, AAS mixtures Showed a relatively similar reduction in the impact energy
absorption capacity by increasing the exposure temperature (Fig. 4.35). Moreover, significant
deterioration was obvious on impact test samples before testing, especially samples assigned to
high activation levels. Fig. 4.36 a, b, and ¢ are showing impact samples of M¢=1 after exposure
to 600 °C. Obviously, samples surface that lower activated samples were reserving some integrity

and lower surface cracking after exposure to such high temperature.
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Fig. 4.35 Mortar residual impact absorption energy after elevated temperature exposure.
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Fig. 4.36 Mortar impact samples of Ms=1 after exposure to 600 °C at failure.

During exposure to elevated temperature, two different mechanisms are taking place. Firstly,
decomposition of the main hydration products such as C-S-H, AFn, and hydrotalcite (H:) at
different temperatures (Wang and Scrivener 1995, Gruskovnjak, Lothenbach et al. 2006). This will
weaken the microstructure and, accordingly, the capacity to absorb impact energy.
Thermogravimetric analysis and XRD for AAS samples confirmed that the activator properties

control both the nature and the amount of hydration products. Consequently, the weakening
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mechanism during the decomposition of these products exposed to elevated temperature will also
be controlled by activator properties. As explained before, activator Na,O % dosage is believed to
define the amount of dissolute precursor favouring the formation of a higher amount of hydration
products. For instance, at Ms of 1.5, a mixture of dosage 8% showed relatively higher peaks

reflecting a higher amount of hydration products (Fig. 4.37).
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Fig. 4.37 Thermographic analysis of AAS with different levels of dosage at the same

Ms=1.5.

The XRD results also indicated that the crystalline hydration products' level decreased as
exposure temperature increased (Fig. 4.38). For instance, after exposing mixture C 1.5-8 to 200°C,
400°C, and 600 °C, the detected retained crystalline hydration products such as C-S-H was 19.8%,
6.7%, and 0%, respectively. In contrast, crystalline akermanite percentage had increased to 25%,
25.2%, and 31.8% of the detected crystalline phases for 200°C, 400°C, and 600 °C, respectively.
The crystallinity of akermanite, representing the unreacted slag particles transformed phase, was

found to increase by increasing the exposure temperature as it starts to recrystallize at elevated
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temperatures (Kong and Sanjayan 2008, Reddy, Tulyaganov et al. 2013). This confirms the effect

of increasing temperature level on the microstructure in different phases.
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Fig. 4.38 X-ray diffraction patterns of AAS at different levels of exposure to elevated

temperatures (200, 400, and 600 °C)

In a closer focus on the impact behaviour after temperature exposure, it was clear that the
capacity to absorb impact energy is highly related to the amount of decomposed hydration
products. For instance, at Ms=1.5, the residual weights recorded at the thermogravimetric analysis
test after exposure to different levels of elevated temperatures were decreasing by increasing the
dosage. Similarly, the impact energy absorption behaviour was negatively affected by residual
absorption capacity by increasing the dosage. This can be explained by the higher amount of

decomposed hydration products at different levels of exposures (Fig. 4.39).
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Fig. 4.39 Residual impact absorption capacity vs. residual weight after exposure to

different levels of temperatures for M 1.5-8.

Also, silica modulus is the main factor that controls the supply of silica through the activating
agent and consequently controls the nature of the formed hydration products. Hence, Ms was found
to significantly affect the impact of behaviour after exposure to elevated temperature. The ratio
between Si /Al in the formed products was the main determinant of these products' type. Poly-
sialate (-Si-O-Al-O), poly-sialate-siloxo (-Si-O-Al-O-Si-O), and poly-sialate-disiloxo (-Si-O-Al-
0-Si-0O-Si-0) are examples of the formed products depending on the ratio Si/Al (Davidovits 2005).
Fig. 4.35 shows that as M; increased, the impact absorption capacity after elevated temperatures
exposure was enhanced at the temperature range of (200-400 °C). This is the range at which the
activator nature effect can be dominating. At higher temperatures, a significant portion of the
hydration products will decompose, and the behaviour will be mainly dependent on the amount of
the hydration products, but not their nature. For example, at a 4% dosage, samples impact

absorption behaviour had shown enhancement as the modulus increased up to 1.5 at all exposure
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temperatures. However, at a dosage of 8%, all samples exhibited an accepted capacity to absorb
impact energy at 200 °C, especially at high silica modulus. However, at higher temperatures,
relatively high degradation took place in all mixtures of this dosage due to the decomposition of
higher amounts of hydration products achieved by increasing the Na>O% dosage. Moreover, for
mixture M 0-8, which represents the activation without water glass achieving the minimum Si
supply (only by the precursor), the impact behaviour after exposure to elevated temperatures
represented a weak structure of the formed hydration products. This mixture's capacity to absorb
impact energy recorded aggressive degradation, starting at the lowest temperature exposure level.
Also, the thermogravimetric analysis for this sample at ambient temperature and after exposure to
elevated temperatures shows that the C-S-H peak was vanishing at 400 °C (Fig. 4.40), relatively
close to OPC records, considering the difference in type and nature of other hydration products
that resulted in different behaviour. That can be attributed to the low Si level in this mixture and,
consequently, C-S-H formation with a high Ca/Si ratio close to OPC. This confirms that the more
supplied silica beside the cations such as Na, which controls the degree of polymerization, favour

the formation of more rigid and more stable products at high temperatures.
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Fig. 4.40 Thermographic analysis of AAS activated by NaOH (M;=0) after exposure to

different levels of temperatures.

Another mechanism is the sintering action for the unreacted slag particles to turn it into a
less harmful phase (Kong and Sanjayan 2008). However, at higher temperature levels (i.e., more
than 400 °C), this phase's ceramic-like nature might help increase the brittleness of AAS. This will
result in an aggressive degradation in the impact absorption capacity due to the synergetic effect

of the high decomposition level and the higher brittleness achieved by such a high-temperature

level.
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Conclusions

AAS mixtures showed better mechanical properties compared to cement-based mixtures
in terms of compressive, tensile, and impact absorption.

Activator nature has a significant effect on the developed AAS systems. Generally,
increasing the My and Na,O% improve compressive strength and impact energy absorption.
The optimum values for Ms and Na,O% vary based on the desired property.

Many factors are affecting the behaviour of alkali-activated slag in terms of impact energy
absorption. Consequently, there might be different criteria to find the optimum value for
the sodium oxide dosage (NaxO%) that act the end will achieve the best performance for
each silica modulus value (M;).

The rate of change of the impact energy absorption capacity with respect to the change of
the achieved compressive strength when using different activator chemical compositions
is different according to the DIF exhibited.

Compared to the OPC mixture, all alkali-activated slag mixtures had shown better
behaviour in terms of mechanical properties and performance under impact loads at
ambient temperatures.

According to the proposed models of reaction, the type and nature of alkali activator were
found to be significantly influential on the nature of formed reaction products. Also, that
might influence other phenomena such as drying shrinkage, which would be a reason for
pre-existed micro-cracks in the hardened state.

After exposure to elevated temperatures, alkali-activated slag mixtures exhibited higher
residual compressive strength up to different temperature levels depending on the activator

properties in terms of activator NaO% dosage and modulus.
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9- Both dosage and modulus were found very effective on the impact behaviour of alkali-
activated slag at both ambient and elevated temperatures. However, what may be a benefit
at ambient temperature would be the same reason for degradation at exposure to elevated
temperatures.

10- At elevated temperature levels up to 200 °C, the dominant factor affecting the AAS
mixtures behaviour is the nature of formed hydration products and their stability. However,
above this level, the dominant factor is the amount of formed hydration products and the

degradation following their decomposition.
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CHAPTER FIVE

Chapter 5 Impact Behaviours of Alkali-Activated Slag Concrete after

Exposure to Elevated Temperatures

5.1 Introduction

After investigating the AAS mortar different behaviours through the previous chapter (i.e.,
Chapter 4), Based on results, three combinations of Na;O % and M; were selected to reflect three
consecutive activation levels according to the mentioned criteria in section 3.2.2 to be studied at
the concrete level. In addition, an OPC concrete mixture was included for comparison purposes.
A total of 344 concrete specimens were cast for this phase (i.e., Phase II) as shown in Fig. 5.1.
Mixing proportions for the selected concrete mixtures are shown in Table 5.1. All concrete
mixtures were mixed at a coarse to fine aggregate ratio of 1:1.75. w/b was fixed at 0.44 as for
mortar mixtures. The first litter of each mixture's name (C) refers to concrete, followed by the

silica modulus value and the dosage.

Fig. 5.1 AAS and OPC prepared concrete specimens.
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Fig. 5.1 Cont’d AAS and OPC prepared concrete specimens.

Table 5.1 Selected concrete mixture proportions.

Mixture M; Dosage Binder Fine Agg. Coarse agg. NaOH NaSiO3;  Water
(Si02/N2:0) (Na:0 %) (kg/m’)  (kg/m’)  (kg/m’)  (kg/m’)  (kg/m’) (L/m’)
Control C-OPC - - 400 674 1179 - - 176
Low C1-4 1 4 400 662 1159 14 56 141
Medium C 1.25-6 1.25 6 400 656 1148 19 104 111
High C1.5-8 1.5 8 400 649 1136 22 167 72

*The first number of each mixture's names refers to the silica modulus (M), and the second refers to Na>0%.

5.2 Results and discussion

5.2.1 Slump test
Table 5.2 represent the slump values of OPC and AAS concrete. Generally, all concrete
mixtures exhibited acceptable slump measures. However, in a closer focus, AAS of high activation
level (i.e. C 1.5-8), exhibited the lowest slump value among the AAS mixtures. This would be

attributed to the high rate of dissolution, and consequently, faster consumption of the solution by

96



Chapter 5

the slag particles along with the higher viscosity of the activator solution, as mentioned in section
4.2.1.

Table 5.2 Slump measures of fresh concrete

Mix. C-OPC C14 M 1.25-6 M 1.5-8

Slump (mm) 70 85 88 78

5.2.2 Under ambient conditions

5.2.2.1 Compressive strength
Fig. 5.2 summarizes the compressive strength results for all tested mixtures. Generally,
AAS concrete specimens exhibited a better 28 days compressive strength than OPC, except for
mixture C 1-4. For instance, mixture C 1.5-8 exhibited 67.8 MPa compressive strength at 28 days.
This was almost 170% of the compressive strength achieved by C 1-4 (i.e., 40.55 MPa) at the same

age.
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Fig. 5.2 Concrete compressive strength at 28 days.
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The low strength for mixture C 1-4 can be ascribed to its low activation level, and
consequently, a relatively low amount of formed hydration products, as explained earlier.
Conversely, at higher activation levels, AAS mixtures exhibited relatively higher compressive
strengths due to increased amounts of formed hydration products, favouring a denser well-packed
structure. This can also be observed by comparing the compressive strength achieved by each
mixture and the weight loss during the TGA test (Fig. 5.3). These weight loss percentages represent
the decomposable hydration products during the test. Higher percentages mean more hydration

products were decomposed during the test.
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Fig. 5.3 Compressive strength Vs binder weight loss.

Moreover, ultrasonic pulse velocity test results (Fig. 5.4) confirmed denser and
homogeneous microstructures for high activation level mixtures compared to lower activated
mixtures. For instance, mixture C 1.5-8 recorded around 5 km/s pulse velocity at 28 days, while

mixture C 1-4 recorded 4.4 km/s. This can be attributed to the higher dissolution rate and high
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availability of silica species at the high activation level, which boosts the formation of hydration

products, favouring a better microstructure.
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Fig. 5.4 Ultrasonic pulse velocity results for AAS concrete mixtures.

5.2.2.2 Tensile strength

Tensile strength results agreed with the compressive strength results (Fig. 5.5). Increasing
the activation level, in terms of modulus and dosage, resulting in higher tensile strength. That
might also be correlated to the drying shrinkage micro-strain, which usually results in pre-existing
micro-cracks, and consequently, negatively affect the resistance of concrete to tensile loading. This
would also be ascribed to the high bond between the binder and the aggregate surface at the
interfacial transition zone (ITZ) (Singh, Rahman et al. 2016, Zhang, Ji et al. 2020). More C-S-H
and C-A-(N)-S-H are formed at high activation levels, resulting in a strong and denser ITZ, which

in turns enhance tensile strength.

99



Chapter 5

7 Days m 28 Days

11

C 1.25-6 C 1.5-8
Mlxture

w
w o

Tensile strength (MPa)
N o

-
- o

©
)

o

Fig. 5.5 Concrete tensile strength at 28 days.

Fig. 5.6 illustrates the impact of energy absorption in terms of the number of successive
blows recorded for different specimens. AAS concrete specimens exhibited significantly higher
impact energy absorption capacity than that of the OPC concrete. As mentioned earlier, this can
be assigned to the difference in hydration products' nature between OPC and AAS systems.
Besides the high Ca/Si ratio C-S-H, the formed amount of portlandite in the OPC system and its
distribution through the binder microstructure may develop internal micro-cracking paths due to
nonuniform resistance to stresses which resulted from the mechanical properties heterogeneity
through the microstructure (Hajilar and Shafei 2016). On the other hand, the AAS hydration
products were more consistent and well-packed depending on the activation degree. This would
help to maintain a strong structure with minimal crack development during impact loadings. For
instance, mixture C 1-4, which represents the weakest AAS concrete in terms of impact energy
absorption, exhibited almost double the impact energy absorption capacity achieved by the OPC

concrete specimen at age 28 days.
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Fig. 5.6 Concrete impact energy absorption capacity at ambient temperature.

It is logically expected that pre-existing micro-cracks will significantly affect concrete
behaviour as a brittle material towards impact loads. A dominant reason for these existing micro-
cracks is the partially restrained drying shrinkage. Coarse aggregate (i.e., rigid ingredient) restrain
the volumetric changes due to drying shrinkage leading to internal tensile stresses (Bisschop and
Van Mier 2002, Grassl, Wong et al. 2010, Idiart, Bisschop et al. 2012). These internal stresses will
result in microcracks formation once the low tensile strength of the binder is exceeded. Surface
micro-cracks might also be involved in differential drying between the specimen's surface and core
(de Sa, Benboudjema et al. 2008). These micro-cracks might be partially mitigated through the
continuous hydration products formation, which is originally dependent on the activation level.
Fig. 5.7 represents the drying shrinkage micro-strain measured up to 56 days. The higher the
activation level, the lower the drying shrinkage, and consequently, the lower development of

micro-cracks. The micro-strain for the AAS concrete specimens can partially explain the varied
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AAS concrete capacity measurements regarding the activation level beside nature and the amount

of formed hydration products.

Days
0 7 14 21 28 35 42 49 56

-50 =C1-4 =+C1256 ~+C1.5-8
-100 -

-150 -

-200 -

Micro strain

-250

-300 -

-350 -

-400

Fig. 5.7 Concrete drying shrinkage micro-strain.

5.2.2.3 Water absorption

The water absorption capacities for various mixtures were evaluated to confirm the
activation level's effect on the developed micro-cracks. During the initial stage of the water
absorption test, the accessible micro-cracks tend to accommodate a certain amount of water,
depending on their widths and densities (i.e., the total length of existing cracks per unit area) (Wu,
Wong et al. 2015). The rate of absorption will be high and dependable on the existing amount of
drying shrinkage micro-cracks. The rate of water absorption during this stage is represented as the
slope (S1). After micro-cracks saturation, water is being absorbed through capillary pores, either
from the water exposed surface or from the saturated micro-cracks at a relatively slower rate (S.)
(Wu, Wong et al. 2019). The transition point between the two absorption mechanisms (i.e., the

change in slope from S; to S>) for mixtures with high activation levels occurred relatively earlier
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than those mixtures with lower activation levels and at a lower amount of absorbed water. This
means that the amount of water absorbed to fill the existing micro-cracks in mixtures with high
activation levels was lower than those with lower activation levels, indicating the lower micro-
cracking development (Fig. 5.8). Results agreed with the drying shrinkage results confirming that

a high activation level favoured lower shrinkage and fewer micro-cracks.
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Fig. 5.8 AAS concrete water absorption capacity.

5.2.2.4 Impact energy absorption capacity and penetration resistance
During the impact test, the indenter’s penetration levels (i.e., the steel ball) were reported at
sequent numbers of successive blows. Before experience any penetration, the specimen behaved
elastically until it reached the threshold level of transferred impact force (Fp), then the steel ball
starts to penetrate the specimen. This threshold force needed to overcome the elastic behaviour is
very small for concrete as a brittle material (i.e., can be neglected) (Mainstone 1975, Hughes 1984).
According to the penetration theory, the penetration (P) starts and increases by increasing the

accumulated applied force (F) (Hughes 1984). Simultaneously, the specimen resisting force starts
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to decrease to equivalate the accumulated applied impact force, while the penetration increases in
a parabolic behaviour until the failure at penetration level (Pr). Fig. 5.9 represents the resistance to
impact force behaviour with penetration. The linear part of this curve can be neglected since the
penetration starts at a relatively early applied impact force, as mentioned earlier. After that, the

resisting force (F) by the specimen can be expressed following the force penetration function:
F=F,[1-(P/P:)]? (Eq. 5.1)

The work done by the falling load and that resisted by the specimen can be represented as a
function of the impact force and the penetration achieved as the area under the force-penetration
curve. This amount of work can also be expressed as the energy transferred by a falling load to the

specimen. Hence, the absorbed impact energy can be expressed as a function of the penetration as

follow:

Absorbed Impact energy = fopf d(P) (area under the curve) (Eq. 5.2)

Fr

Impact force
Je®
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Penetration

Fig. 5.9 Concrete impact force vs penetration model.
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Recorded penetration levels at different impact force measures for all tested mixtures are
represented in Fig. 5.10. The specimens' resistance to penetration agrees with its absorbed impact
energy at failure. By observing the force-penetration results, it can be concluded that all AAS
specimens exhibited better penetration performance in terms of the absorbed impact energy for
achieved penetration compared to OPC. Moreover, it was clear that increasing the mixture
activation level had significantly enhanced the specimen energy absorption. Consequently, the
needed impact force before achieving a certain penetration level increased. For instance, the impact
forces needed to make the steel ball penetrates 1 mm in specimens for C 1.5-8, C 1.25-6, and C 1-

4 mixtures were 3.45, 1.65, and 0.95 kN, respectively.
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Fig. 5.10 Concrete impact force vs penetration.

5.2.3 After exposure to elevated temperatures
After exposure to different elevated temperatures, static mechanical properties and impact
energy absorption capacity for all mixtures had changed significantly. For OPC concrete mixture,

the main reason for degradation after exposure to elevated temperature is the decomposition of the
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formed hydration products such as C-S-H with a high Ca/Si ratio (Khoury 1992, Alarcon-Ruiz,
Platret et al. 2005). For AAS concrete mixtures, the activation level significantly affected the
microstructure deterioration. Along with the TGA analysis mentioned earlier in section 4.2.3,
scanning electron microscopy (SEM) images showed clear evidence for the microstructure
degradation level at each exposure temperature (Fig. 5.11 a, b and c). Increasing the exposure
temperature increased the amount of decomposed hydration products and the developed micro-
cracks, which was intensified at high AAS activation levels. At high temperatures (especially 400
and 600 °C), the main dominant factor affecting the microstructure degradation is the amount of
decomposed hydration products, leaving a weak structure. SEM images show the microstructure
of mixture C 1.25-6 after exposure to different temperature levels. Images prove the adverse effects

of elevated temperatures on the binder microstructure.
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Fig. 5.11 SEM of mixture 1.25-6 after exposure to various elevated temperatures.
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Fig. 5.11 Cont’d SEM of mixture 1.25-6 after exposure to various elevated temperatures.
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5.2.3.1 Compressive strength

Fig. 5.12 shows residual compressive strength for tested mixtures after exposure to elevated
temperatures (i.e., 200 °C, 400 °C, and 600 °C). As expected, the OPC concrete mixture residual
compressive strength decreased as the exposure temperature increased. For instance, the strength
decreased by about 35% at 200 °C, while the reduction was 50% at 400 °C. Hence, the rate of
strength reduction was more significant at the first 200 °C. This is attributed to the decomposition
of hydration products committed to this range of exposure (i.e., up to 200 °C). Conversely, AAS
mixtures did not suffer the same degradation at 200 °C. This is ascribed to the low Ca/Si ratio in
the formed C-S-H due to the high availability of silica species supplied by the activator. Such a
low Ca/Si ratio C-S-H favoured higher stability at elevated temperatures (Rashad, Sadek et al.
2016). Moreover, the involved Al and Na species in the C-S-H forming C-A-(N)-S-H made it more
stable resisting decomposition in such elevated temperature level (Park, Jang et al. 2016, Yang,
Wu et al. 2017). However, at higher levels of exposure temperatures (i.e.,> 200 °C), AAS mixtures
achieved significantly low residual compressive strengths as the activation level increased. As
explained before, higher activation levels result in greater hydration products, which will be

vulnerable to decomposition, harming AAS strength.
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Fig. 5.12 Residual compressive strength percentage after exposure to elevated

temperatures.

5.2.3.2 Tensile strength
Fig. 5.13 shows the tensile strength after exposure to different temperatures. Tensile strength
results followed the same trend for compressive strength. However, tensile strength degradation
was lower than that of compressive strength after exposure to 200 °C. This can be explained by
the minimal pre-existed microcracking developed by drying shrinkage. Since the OPC mixture did
not show a high level of drying shrinkage, the pre-existed microcracks magnification during

exposure had a minor aggressive effect on the tensile strength.

On the other hand, at temperatures above 400 °C, the portlandite starts to decompose, as
indicated by the thermogravimetric analysis. However, there will be a reversible rehydration
reaction and reformation of portlandite during cooling down, leading to a volumetric instability.
These volumetric changes will induce internal stresses, and consequently, the development of

micro-cracks.
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Fig. 5.13 Concrete residual tensile strength (%) after elevated temperature exposure.

At the exposure temperature of 200 °C, AAS specimens showed an increase in the residual
tensile strength as the activation level increased. This behaviour was expected due to the synergetic
effect of low drying shrinkage and high stability of formed hydration products at such temperature.
At higher temperatures (i.e., >200 °C), mixtures with high activation level exhibited low residual
tensile strength due to aggressive microstructure degradation. This can be ascribed to the effect of
different thermal expansion coefficient between the coarse aggregate and the binder matrix,
magnified at higher exposure temperatures (Jumppanen, Diederichs et al. 1986, Phan and Carino
2001, Guerrieri, Sanjayan et al. 2010). Moreover, a higher amount of formed hydration products
resulted in a lower pore volume at these mixtures (i.e., high activation level). As a result, the effect
of exposure to elevated temperature will be aggressive at high-temperature levels due to non-
released pressure during exposure (Seleem, Rashad et al. 2011). This will consequently result in a
weak microstructure while developing micro-cracks to release these pressures. Fig. 5.14 (a, b and

¢) shows the tested specimens for mixture C 1.5-8 after exposure to the three exposure
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temperatures. The white outlined aggregate are particles split during tensile failure, and the black
intact outlined aggregate, indicating the popping out aggregate during the failure. At 200°C, the
coarse aggregate particles' crack paths indicated the matrix's high strength and strong bond with
aggregates. However, at the high temperatures (i.e., 600°C), crack paths passed through the matrix,

indicating its weakness and degradation of the microstructure.

1.5-8 (200 °C)

C 1.5-8 (400 °C)

Fig. 5.14 Concrete specimens exposed to various elevated temperatures after tensile

strength test.
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Fig. 5.14 Cont’d Concrete specimens exposed to various elevated temperatures after tensile

strength test.

5.2.3.3 Impact energy absorption capacity

For impact behaviour, regardless of the exposure temperature, all specimens' performance
was aggressively affected after exposure to elevated temperature. The OPC concrete specimens
lost around 90 %, 95% and 97.5% of their original impact energy absorption capacity at
temperatures 200 °C, 400 °C, and 600 °C, respectively. This is ascribed to the hydration products
decomposition and the volumetric unstable induced by the portlandite rehydration process, as
explained earlier. However, for AAS mixtures, the dominant factor affecting the impact behaviour
after exposure was the hydration products decomposition beating the pre-existed microcracking
profile. This can be attributed to the amount of hydration products formed at each activation level,
and consequently, decomposed during exposure to the different exposure temperatures. The lower
the activation level, the lower the hydration products decomposed and vice versa (Fig. 5.15). The
high decomposition for hydration products will weaken the specimen's microstructure leading to

lower residual impact energy absorption. Moreover, water absorption profile of specimens
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activated by different activation levels was reflecting the pore structure and its capability to release
the build up pore water pressure induced during exposure to elevated temperatures. High activation
level (i.e Ms=1.5 and Na,O dosage =8%) showed the lowest level of water absorption during the
second stage (Sz). This reflects the existed capillary pores as a result of well densified
microstructure (Aitcin 2003). These capillary pores plays a great rule to relief the pore pressure
during exposure to elevated temperatures. Lower level of capillary pores exhibited at the high
activation level, resulted in increasing build up pore pressure, leading to sever micro cracking

development, which affected the impact behavior after exposure to different temperature

For example, increasing the activation dosage and the silica modulus from 4% to 8% and 1

to 1.5 decreased the residual impact energy absorption by more than 80% at 200 °C, respectively.
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Fig. 5.15 Residual impact energy absorption capacity after exposure to temperatures.

The failure modes for low activation mixtures (C 1-4) under impact load after exposure to
elevated temperatures exhibited the highest resistance. Specimens of C 1-4 had reserved relative

integrity during failure. Crack propagation during failure showed that more cracks are required to
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achieve the failure criteria for higher residual impact resistance specimens. High activated AAS
specimens just failed with the first crack formation after exposure to elevated temperature. At the
first crack initiating impact load, cracks start to shape through three stages; stress-free crack,
tension softening zone, and the uncracked zone, described as the cohesive zone (Fig. 5.16. a)
(Papanastasiou and Sarris 2017). Cracks will propagate at the crack tip once stresses exceed the
maximum traction stress, which is considered a function of the binder microstructure ability to
hold cohesive (Rashad, Bai et al. 2012). Fig. 5.16 (b, ¢, and d) shows the failure under impact
loads for C 1-4, C 1.25-6 and C 1.5-8 mixtures after exposure to 400 °C. For mixture C 1-4, the
surface cracks were more distributed through the specimen, which indicates the specimen's
integrity during failure. It required higher transferred impact energy to overcome the tension
softening zone critical stress for the first crack. As a result, new cracks started to be initiated from
any pre-existing flaw, while the first developed crack still needs a higher impact load to achieve
the critical value to propagate through the cohesive zone. Conversely, at a high activation level
(i.e., C 1.5-8), the specimen failed into two parts, indicating an easy initiation for the first-crack
path with fewer successive blows. This also indicates a low cohesive zone capacity, which an

evident in the loose binder microstructure after exposure to the same level of elevated temperature.
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Fig. 5.16 Failure modes of impact test specimens exposed to 400 °C.

5.3 Conclusions

1- AAS concrete performs better in terms of impact energy absorption capacity under ambient

temperature than OPC concrete.

2- The impact behaviour of AAS concrete was greatly affected by the activation level in terms of

NaxO % dosage and silica modulus.

3- Depending on the activation level, both amount and nature of formed hydration products

significantly influence AAS concrete mechanical properties at ambient and elevated temperatures.
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4- High activation level is favourable to obtain AAS with good mechanical properties and impact
behaviour at ambient temperature. However, low activation levels provide better residual strength
and impact energy absorption capacity after exposure to elevated temperatures. Reducing the silica
modulus and Na;O % dosage from 1.5 and 8% to 1 and 4%, respectively, resulting in higher
residual impact energy absorption up to 6 times after exposure to 200 °C, and up to the double

capacity after exposure to 400 °C and 600 °C.

5- The impact force needed to achieve certain penetration in AAS concrete varied with the

activation level. High activation level provides better resistance of AAS concrete to penetration.

6- The threshold value of stresses induced by the impact loads to overcome a crack tension
softening zone and continuing to damage the cohesive zone significantly affected by the activation

level of AAS concrete.
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CHAPTER SIX

Chapter 6 Impact Behavior of Rubberized AAS Concrete at Ambient and

Elevated Temperatures

6.1 Introduction

One AAS concrete mixture was chosen according to the mentioned criteria in section 3.2.2
to be tested with the enhancement techniques. For this chapter, rubber incorporation will be
employed as an impact energy absorption booster as a partial replacement of fine aggregate. It acts
as impact dissipation spots through the concrete matrix, enhancing the impact energy absorption
compared to conventional concrete. However, at elevated temperature, the degradation in the
concrete performance is expected to be associated with the changes in the concrete binder
properties and rubber particles characteristics. Therefore, this chapter will investigate the impact
performance of rubberized AAM exposed to elevated temperatures. Table 6.1 illustrate the mixing
proportions for all prepared concrete mixtures. The first two litters (PC or CR) refer to plain
concrete or concrete with rubber, respectively, followed by the ratio of rubber as a replacement of

fine aggregate.

Table 6.1 Concrete mixture proportions.

i Binder Fine Rubber  Coarse NaOH NazSiO Added
ixture (kg/m?) agg. N agg. (kg/m?) 3 Water
(kgm®)  (Kgm)  (ko/md) (kg/m®)  (L/m®)
PC 400 650 0 1138 22 167 72
CR 5% 400 618 14 1137 22 167 72
CR 10% 400 585 28 1137 22 167 72
CR 15% 400 552 42 1137 22 167 72
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6.2 Results and discussion

6.2.1 Degradation mechanism

During exposure to elevated temperatures, there are two responsible mechanisms for
concrete deterioration. According to the visual inspection and TGA results of heated rubber
samples, the first mechanism is associated with the rubber particles deterioration as exposed to
elevated temperatures. Fig. 6.1 illustrates the different states of rubber particles at different
temperatures. Rubber starts to melt at around 200 °C. However, it needs a higher temperature to

decompose (i.e., up to 400°C). Above 400 °C, rubber particles continue decomposing, turning to

ash eventually at 600 °C.
Ambient 200 °C 400 °C
Temperature Melting Decomposing

Rubber particles state during exposure to elevated temperatures

Fig. 6.1 Effect of various elevated temperatures on rubber particles.

Thermogravimetric analyses of a rubber sample were performed to quantify the effect of
elevated temperatures on the rubber particles. Results could explain the rubber deterioration level
at each exposure temperature. It was clear that up to 200 °C, the rubber was still semi-stable
approaching the initial melting stage. At this level, the rubber didn't show a significant weight loss

(i.e., 2%). However, increasing the temperature up to 400 °C, resulted in a 12% weight loss
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reflecting the rubber decomposition into combustible chemical ingredients. At the range of (400
°C to 600 °C), rubber suffered a considerable weight loss associated with the total decomposition

and combustion of the particles and turning into ash leading to 65 % weight loss (Fig. 6.2).
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Fig. 6.2 Thermogravimetric analysis (TGA) of rubber.

The second mechanism controlling concrete degradation is binder deterioration. Each
hydration product of AAS, such as C-S-H, Hydrotalcite, and C-N-(A)-S-H can be considered
stable during elevated temperatures up to a certain level. Since the AAS concrete mixture is fixed
for all specimens in terms of activation level (i.e., Ms=1.5 and Na>O Dosage of 8%), then the effect
of elevated temperatures on the binder microstructure can be considered as a constant factor for
all rubber mixtures. The availability of Si species will increase bridges to accommodate the Al
species dissolute from the precursor (i.e. slag), and the Na species provided by the activator
solution. These will lead to the formation of amorphous C-N-(A)-S-H in a larger quantity
compared to crystalline C-S-H. The effect of elevated temperatures on the binder was measured in

terms of residual hydration products and the consequent weight losses after exposure to each
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temperature level. According to the TGA analysis (Section 4.2.3), The weight losses for samples
exposed to elevated temperatures compared to samples tested at ambient temperature showed an
increase in the amount of decomposed hydration products as exposure temperature increased. Up
to 200 °C, the calcium silicate hydrate products showed some stability while other products such
as hydrotalcite were not affected. However, at higher levels, all hydration products started to
decompose. For instance, after exposure to 600 °C, the weight loss was almost 4%, representing a
minimal amount of reserved hydration products compared to 26% weight loss for a sample at

ambient temperature.

6.2.2 Concrete compressive strength

Fig. 6.3 summarizes compressive strength results for plan concrete and rubber concrete
mixtures at ambient temperature. Results showed that crumb rubber addition had reduced the
compressive strength of AAM, which agreed with previous findings(Long, Li et al. 2018, Aly, El-
Feky et al. 2019). The higher the rubber content, the lower the achieved compressive strength. This
is ascribed to rubber's hydrophobic nature, and consequently, weak bond with the surrounding
binder. Increasing the rubber content resulted in increased weaker bond zones (Guo, Dai et al.
2017). Also, the higher deformability of rubber compared to rigid sand will affect the binder
resistance to compression loads (Shu and Huang 2014, Karimipour, Ghalehnovi et al. 2020). The
high concentrated stresses in the surrounding binder will lead to early initiated cracks and,
consequently, earlier failure, which is expected to increase as rubber content increased. For
instance, at a low level of rubber replacement (i.e., 5%), the compressive strength was reduced by
3% compared to 9% when rubber content increased to 15% with respect to control mixtures

without the rubber.
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Fig. 6.3 Compressive strength for all mixtures at ambient temperature.

Ultrasonic pulse velocity test results came in agreement with the strength results. The non-
homogeneous structure of the specimens due to rubber incorporation reduced the pulse velocity.
The higher the rubber content, the lower the pulse velocity. This means that these specimens will
suffer strength degradation due to non-uniform stress resistance (Mohammadi, Khabbaz et al.
2016). For instance, a specimen containing 15% rubber as a replacement of fine aggregate recorded
4.62 km/s pulse velocity comparing to 5.0 km/s achieved by the plain concrete specimen at 28
days (Fig. 6.4). The same specimen with 15% rubber replacement of sand exhibited 54.7 MPa
compressive strength compared to 67.8 MPa for the plain concrete. This can confirm that the

rubber incorporation in AAS concrete harms the compressive strength.
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Fig. 6.4 Ultrasonic pulse velocity results for various tested concrete mixtures.

After exposure to different elevated temperatures, rubber incorporation had shown different
behaviours. This indicated that different criteria are dominating the strength reduction at each level
of temperature. At a low level of elevated temperature exposure (200°C), the rubber particles'
surface started to melt, leading to a stronger cohesiveness to the surrounding binder during the
cooling stage. This can be observed in the strength results after exposure to low elevated
temperature (i.e. 200 °C), as the residual strength changes were not significant. The rubber
enhanced bond with the surrounding binder could compensate for the weak bond effect at ambient
temperature on the compressive strength. Hence, at this level of exposure, the binder
decomposition will be dominating the reduction in strength. As mentioned earlier, all mixtures had
the same binder compositions, which explains having almost the same residual strength ratio to
that at ambient temperature. At high elevated temperature levels (i.e., 400 °C and 600 °C), it was
found that the deterioration became aggressive as a result of the synergetic effect of the binder

deterioration along with the decomposition of the rubber particles, leaving voids instead, which
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led to a fragile structure, especially, at higher values of rubber replacement of fine aggregate (Fig.
6.5). For instance, after exposure to 400 °C, the residual compressive strength of specimens
containing 5%, 10%, and 15% rubber as a replacement of sand was 18%, 14%, and 13%,

respectively comparing to 20% achieved by the plain concrete specimen.
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Fig. 6.5 Concrete residual compressive strength (%) after elevated temperature exposure.

6.2.3 Concrete tensile strength
Tensile strength results for tested specimens are illustrated in Fig. 6.6. The degradation in tensile
strength due to rubber inclusion was higher compared to that of compressive strength. This can be
ascribed to the difference in the stress resistance mechanism. During tensile loading, the surface
bond between rubber particles and the surrounding binder has a considerable role in resisting the
generated stresses. This bond is anticipated to be lower than that of mineral sand due to the
different physical properties between sand and rubber particles. Hence, the detachment of rubber

particles will be easier, resulting in a lower tensile strength. For instance, mixtures incorporating
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15% rubber exhibited around 13.5% reduction in the tensile strength compared to plain concrete

strength, while the same mixture showed only a 9% reduction in the compressive strength.
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Fig. 6.6 Tensile strength for all mixtures at ambient temperature.

Moreover, the micro-cracks development accompanied by the drying shrinkage is another
factor affecting the tensile strength. Increasing the rubber incorporation had led to increased micro-
strain and shrinkage (Fig. 6.7). Consequently, a higher density of developed micro-cracks due to
the reduction in the internal restraining action due to replacing stiff sand particles with rubber
leading to higher shrinkage (Sukontasukkul and Tiamlom 2012). Hence, the developed micro-

cracks will reduce achieved tensile strength as the rubber content increased.
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Fig. 6.7 Drying shrinkage micro-strain for all mixtures at ambient temperature.

After exposure to various elevated temperatures for tested specimens, it was found that
increasing the rubber content resulted in a lower residual tensile strength at all temperature levels
(Fig. 6.8). However, with a closer focus on the residual tensile strength after exposure to a high-
temperature level (i.e., 600 °C), the residual strength percentage did not significantly decrease.
This can be explained by the temperature threshold at which all the rubber particles can be
considered as totally decomposed, leaving the whole responsibility of stress resistance to the
binder along with the coarse aggregate. For example, the reduction in tensile strength for samples
CR 5%, CR10%, and CR 15% after exposure to 200 °C, was 33 %, 42%, and 49% of their original
strengths at ambient temperature compared to 16% reduction for PC, respectively. However, after
exposure to 600 °C, the reduction in tensile strength of PC was 88%, and around 90% for all rubber

incorporated specimens.
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Fig. 6.8 Concrete residual tensile strength (%) after elevated temperature exposure.

6.2.4 Concrete static modulus of elasticity
Fig. 6.9 (a, b, ¢, and d) illustrates the modulus of elasticity changes for concrete mixtures at
ambient temperature and after exposure to elevated temperatures. At ambient temperature, it was
found that rubberized AAS concrete has a lower static modulus of elasticity than that of the control
AAS concrete, which agreed with previous researches(Zheng, Huo et al. 2008, Ganjian, Khorami
et al. 2009, Aslani 2016). The relatively low stiffness and modulus of elasticity of rubber particles
will eliminate its contribution in resisting applied loads during the elastic zone (Benazzouk,
Mezreb et al. 2003, Gupta, Chaudhary et al. 2016, Li, Tu et al. 2016). Hence, concrete will deform
easily at low-stress levels. After exposure to elevated temperatures, the same behaviour was
observed due to the extensive degradation during the exposure. Binder and rubber decomposition
will result in a crispy structure containing many voids. This eventually will affect the strain
behaviour for different specimens. This explains the reduction in the static modulus of elasticity

as the rubber content and exposure temperature increased. For instance, at ambient temperature,
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the reduction in modulus of elasticity for rubberized mixtures were 4%, 11%, and 17% compared

to that of the plain mixtures without the rubber. However, after exposure to 400 °C, the same

mixtures' reductions increased to 12%, 22%, and 30% compared to the plain mixtures exposed to

the same temperature level, respectively. This confirms the synergetic negative effect of increasing

the incorporation level and increasing the temperature on concrete elasticity modulus.
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Fig. 6.9 Concrete modulus of elasticity before and after exposure to elevated temperature.

6.2.5 Impact energy absorption

Incorporating rubber as a replacement of sand improved the impact load resistance for AAS

concrete in agreement with previous research (Aly, El-Feky et al. 2019, Jie, Yao et al. 2020). This

improvement is attributed to the matrix flexibility, and consequently, lower brittleness comparing
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to that of plain concrete and higher ability to absorb the impact energy (Zheng, Huo et al. 2008,
Liu, Chen et al. 2012). Results revealed that replacing 10% of sand with rubber was the optimum
level. Increasing the rubber content above this level did not show enhancement in the impact
energy absorption capacity. For instance, 5 % and 10% rubber replacement resulted in around 34%
and 83% enhancement in impact energy absorption compared to mixtures without rubber,
respectively. However, using 15% rubber replacement of sand showed a reduction in the impact

energy absorption capacity with respect to 10% replacement with about 16% (Fig. 6.10).
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Fig. 6.10 Concrete impact absorption for plain and rubber AAS concrete.

Variation in the behaviour under static and dynamic loadings can be explained by the
changes in the Dynamic Increase Factor (DIF), representing the ratio between the dynamic and
static strength achieved at various rubber contents. Under static loading, increasing the rubber
content reduced the mechanical properties, as mentioned earlier. However, the impact energy
absorption was enhanced by the addition of rubber as a replacement for sand. The dynamic

modulus of elasticity was calculated for all mixtures as a function of the bulk density and the ultra-
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sonic pulse velocity for different mixtures using the equation proposed by other researches (Eq.
1). Although both the static and dynamic modulus of elasticity decrease as the rubber content

increases, DIF has increased to 10% rubber content (Fig. 6.11). This can explain the rubber

incorporation's enhancement in case of dynamic loading (Liu, Chen et al. 2012) .

Where Eq is the dynamic modulus of elasticity in GPa, and V is the ultrasonic pulse velocity in

Eq = (V2 p/9)

km/s, p is the concrete density in kg/m?, and g is the gravity acceleration in cm/s?.
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Fig. 6.11 Concrete dynamic increase factor (DIF) at different levels of rubber

During the impact test, the penetration level achieved by the steel ball was continuously
monitored. This was used to quantify the concrete specimen's work to resist the impact force
causing the ball penetration. Hence, the energy absorbed by the specimen can be represented by
the relationship between the impact force and the penetration level as the area under the curve

(Korol and Sivakumaran 2012). The impact accumulated force applied to achieve failure increased
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as the rubber content increased up to 10%. Moreover, the work done to achieve the same

penetration level was found to vary between specimens having CR 10% with the highest work

(Fig. 6.12).
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Fig. 6.12 Steel ball penetration level vs cumulative impact force.

After exposure to elevated temperatures, all concrete mixtures showed noticeable
degradations and reductions in their impact energy absorption values. The visual inspection for
tested specimens showed a contrast between the effects of each exposure temperature (Fig. 6.13).
The specimen cross-section looked intact at ambient temperature with no visible cracks or voids
due to rubber detachment. However, increasing the temperature up to 600 °C resulted in specimens
gradually deterioration. Initially, the 200 °C temperature level didn't significantly affect the rubber
particles, as mentioned earlier. However, the binder deterioration is initiated. Similar observations
were obvious for specimen exposed to 400 °C, while limited hair cracks were visible on the

specimen surface along with deteriorated rubber particles. Ultimately, after exposure to 600 °C,
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the sample was aggressively deteriorated, showing clear voids at the rubber particles locations with

multiple micro-cracks.

Rubber total
decomposition leaving
voids instead, and

multiple cracks

Deteriorated
rubber particles with
hair cracks due to
binder breakdown

Well attached
rubber particles with
binder minor visible

deterioration

Healthy sample
without hair cracks
or rubber particles

detachment

Fig. 6.13 The effect of various elevated temperatures on impact test samples.

Although all elevated temperatures had negatively affected the impact absorption capacity
of concrete, rubber incorporation was still beneficial to reserve better residual impact energy after
exposure to elevated temperatures (i.e., especially at 200 °C, and up to 400 °C). Up to 400°C, some
portion of the rubber content might not be hardly affected by the elevated temperature. Hence, this
remaining rubber contributes to the concrete matrix resistance for impact loads. However, after
exposure to 600 °C, rubber became a harmful guest on the concrete matrix due to its
decomposition, leaving semi-voids. For instance, at a temperature level of 200 °C, the residual
impact absorption capacity for mixtures with 10% rubber was enhanced by 500% compared to

plain concrete (Fig. 6.14). At 400 °C, all concrete specimens exhibited a relatively low impact
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absorption capacity. However, in a closer focus, rubber incorporation still had a slight positive
effect on the impact behaviour. At 600 °C, all concrete specimens showed substantial degradations

in residual impact absorption, especially specimens incorporated with rubber.
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Fig. 6.14 Concrete residual impact energy absorption after exposure to various elevated

temperatures levels.

Moreover, the modulus of resilience (U), which represents the strain energy that concrete
can absorb within the elastic deformation limit, was another evident explaining the impact
behaviour for each level of rubber incorporation at both ambient and elevated temperatures. Fig.
6.15. (a, b, d, and c) indicates the changes in resilience modulus, which will affect the impact
energy absorption behaviour at all temperature levels (Li and Aoude 2020). At ambient
temperature and up to 200 °C, increasing the rubber content enhanced the modulus of resilience,
although it was a reason for the static mechanical property's reduction, such as modulus of
elasticity. However, at higher levels of elevated temperatures (i.e., 400 °C and 600 °C), the modulus

of resilience started to decrease regardless of the rubber content. This can be attributed to the high
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brittleness induced by the exposure to such elevated temperatures and the highly formed voids due

to the rubber decomposition, leading to faster cracks development.
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Fig. 6.15 Concrete modulus of resilience Vs modulus of elasticity at ambient and various

elevated temperatures.

133



Chapter 6

6.3 Conclusions

1- Rubber incorporation into AAS concrete as a replacement of sand slightly reduced the static
mechanical properties.

2- Impact energy absorption of AAS concrete was enhanced by rubber incorporation up to 10% as
a replacement of sand. Moreover, the rubberized concrete's work to resist penetration during the
impact event varied according to the rubber content. 10% rubber content was found to achieve the
optimum work done by concrete to resist penetration.

3- At ambient temperature, the dynamic increase factor (DIF) increased by incorporating rubber
up to 10% replacement of fine aggregate.

4- At elevated temperatures, static behaviour for rubberized AAS concrete changed with respect
to that at ambient temperature. Both compressive and tensile strength decreased as rubber content
increased.

5- The residual impact energy absorption capacity had enhanced after exposure to 200 °C as a
result of reserving increased modulus of resilience achieved by rubber incorporation.

6- At high-temperature levels, regardless of rubber content, all mixtures showed an aggressive

degradation in impact energy absorption capacity due to both binder and rubber decomposition.
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CHAPTER SEVEN

Chapter 7 Impact Behaviour of Fibre Reinforced Alkali-Activated Slag

Concrete Exposed to Elevated Temperatures

In this chapter, different fibre types' ability to enhance the AAS impact absorption capacity
while maintaining adequate mechanical properties after exposure to elevated temperatures was
assessed. Three types of fibre, namely polypropylene fibre, basalt fibre, and steel fibre, were tested.
Various fibre reinforced AAS concrete mixtures were prepared with 0%, 0.25%, 0.5%, and 1%
fibre added by volume. Table 7.1 illustrate the mixing proportions of plain AAS concrete (named
PC), polypropylene fibre reinforced AAS concrete (named PFC), Basalt fibre reinforced AAS
concrete (named BFC), and steel fibre reinforced AAS concrete (named SFC). All mixtures were
prepared with the same activation level (i.e. Ms=1.5 and Na,O dosage =8%) following the previous
phase's findings (i.e., Phase II). Samples of the cast specimens for fibre-reinforced AAS concrete

before and after exposure to various levels of elevated temperatures are shown in Fig. 7.1.

Fig. 7.1 Cylinder fibre reinforced AAS concrete specimens before and after exposure to

elevated temperatures.
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Table 7.1 plain concrete and Fibre reinforced Concrete mixing proportions.

Fine Coarse Fibre

Mixture Bindesr Ags. apg, NaOI;I Nazsi(?3 Additional3

(kg/m°) (kg/m’)  (kg/m’) (kg/m®) (kg/m°) (kg/m’)  Water (L/m”)
PC 400 650 1137 0 22 167 72
PFC 0.25% 400 650 1137 2.275 22 167 72
PFC 0.5% 400 650 1137 4.55 22 167 72
PFC 1% 400 650 1137 9.1 22 167 72
BFC 0.25 % 400 650 1137 5.25 22 167 72
BFC 0.5 % 400 650 1137 10.5 22 167 72
BFC1 % 400 650 1137 21 22 167 72
SFC 0.25 % 400 650 1137 19.625 22 167 72
SFC 0.5 % 400 650 1137 39.25 22 167 72
SFC1 % 400 650 1137 78.5 22 167 72

Besides the AAS concrete binder behaviour at ambient temperature and the deterioration
mechanism during exposure to elevated temperatures, the interaction mechanism of each fibre
type with the concrete matrix at ambient temperature and elevated temperatures is different. The
following sections will detail the behaviour of each fibre type. Then, a comparison will be

performed to specify the research findings.
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7.1  Polypropylene fibre

Concrete pores are usually filled or partially filled with water; hence, during exposure to
different elevated temperatures, this pore water's pressure starts to increase (Akca and Zihnioglu
2013, Felicetti and Monte 2013). The porosity of concrete will dominate the situation by allowing
or preventing the migration of gaseous or vapour pressure to the surface (Kalifa, Chene et al. 2001).
The selected mixture for Plain AAS concrete was marked with relatively low porosity (Section
5.2.2.3) due to high quality densified formed hydration products (Aitcin 2003). This results in
extensive non-released pressure spreading micro-cracks development (Bangi and Horiguchi 2011).
Moreover, the pore water pressure will logically increase as the temperature level increased. This
is anticipated to scale the severity of the induced damages during exposure to elevated
temperatures. Conversely, increasing the concrete porosity and capillary pores will allow concrete

to release the higher pore water pressure developed during exposure to high temperatures.

Water absorption test results were utilized to understand the effect of pore water pressure
development in plain and fibre-reinforced concrete. Fig. 7.2 represents the water absorption of PC
and PFC mixtures. At the initial stage (S1), water is being absorbed through the pre-existed micro
cracks such as drying shrinkage microcracks as mentioned earlier (5.2.2.3). Fibre-reinforced
mixtures exhibited lower water absorption rates due to limited micro-cracking due to fibre
incorporation (Sanjuan and Moragues 1997). However, at the second stage (S:), although the total
absorbed water by the PFC specimens regarding the elapsed time was lower than that absorbed by
the PC, they showed a higher absorption rate (i.e. almost double). This will eventually facilitate
the release of pressured water vapour during the early exposure to elevated temperatures (i.e. below

the fibre's melting temperature).
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Fig. 7.2 AAS plain and polypropylene fibre concrete water absorption.

Moreover, when the temperature inside the concrete reaches the melting point of the
polypropylene fibre (160 ~ 180 °C), the physical state of the fibre will start to change occupying
less volume. This will eventually result in a formation of connected network of pores and canals
easing the pressure transfer, leading to lower stresses induced inside the concrete. This comes in
agreement with other researches which reported that the build-up pore pressure during exposure
to elevated temperatures was lower for PFC compared to that of PC (Tanyildizi 2009). Fig. 7.3
explains the passive beneficial effect of polypropylene fibre in AAS concrete during exposure to
elevated temperatures. As the polypropylene fibre melting point is relatively low, the mitigation
which occur through fibre melting starts to be active at early levels of induced pore pressure during
exposure to elevated temperatures, and consequently, reduces the damages severity. However, at
higher levels of temperatures, the binder deterioration due to the hydration products decomposition
at different temperatures' levels will take the responsibility of the concrete degradation. Moreover,

after exposure to these high temperature levels, the void traces that replaced the melted fiber will
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result in a relatively weak structure, which will negatively affect the concrete mechanical

properties.

During exposure to elevated temperatures

Pore pressure— Pore pressure
Internal Cracks —1— — Melted
Polypropylene fiber
s
Fibers Canal network
<
Below fiber melting point Above fiber melting point

Fig. 7.3 Polypropylene fibre mechanism during exposure to elevated temperatures.

7.1.1 Compressive strength

Fig. 7.4 summarizes the compressive strength at 7 and 28 days of all concrete mixtures at
ambient temperature. At low fibre contents (i.e., 0.25% and 0.5%), it can be observed that
polypropylene fibre has an insignificant positive effect on the AAS concrete compressive strength.
Moreover, in a closer focus, it might negatively affect the strength by increasing the fibre content
(> 0.5% ). This agreed with previous studies about the polypropylene fibre inclusion in OPC or
AAM concrete (jun Li, gang Niu et al. 2016, Yuan and Jia 2021). The concrete strength is greatly
affected by the matrix homogeneity (Simdes, Costa et al. 2017, Abaeian, Behbahani et al. 2018).
In general, the fibre incorporation concept is a useful technique that tends to limit the crack
propagation during the compression loading and, consequently, increase the failure stress level
and the toughness during loading. However, at a certain level of fibre content, at which the binder
cannot wrap all the existing fibre, the matrix homogeneity will be affected, resulting in weak spots

containing non-held fibre.
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On the other hand, the polypropylene fibre belongs to the micron diameter family, which allow
the fibre density (i.e., the number of fibres per unit volume) to be extensively high at high fibre
contents. As a result, the concrete matrix harmfully becomes a heterogeneous composite at high
levels of fibre content. Moreover, the relatively low modulus of elasticity of polypropylene fibre
resulted in a limited ability to hold the initiated cracks during loading, leading to a rapid failure.
For instance, at fibre contents of 0.25% and 0.5%, the concrete compressive strength was increased
by 9% and 7%, respectively. Increasing the fibre content up to 1% had decreased the compressive

strength with 5% compared to plain AAS concrete.
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Fig. 7.4 Compressive strength of plain and polypropylene fibre concrete at 7 and 28 days.

Fig. 7.5 illustrates the residual compressive strength results of AAS PC and PFC after
exposure to three levels of temperatures (i.e., 200 °C, 400 °C, and 600 °C). PC was found to lose
a moderate percentage of its original 28 days compressive strength after exposure to 200 °C.
However, above this temperature level, the compressive strength was significantly decreasing by

increasing the temperature level. For instance, PC lost 15%, 80%, and 92 % of its 28 days strength
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after exposure to 200 °C, 400 °C, and 600 °C. These high strength losses at high elevated
temperatures (i.e., 400 oC and 600 oC) are attributed to the severe microcracking induced by the
pore water pressure during the exposure mentioned earlier. For PFC, at a low level of temperature
exposure (i.e., 200 °C), the dominant factor controlling the strength losses was the binder as the
case at ambient temperature. Increasing the fibre content at this level of exposure had slightly
decreased the residual compressive strength. However, after exposure to higher levels of
temperatures (i.e., 400 °C and 600 °C), polypropylene fibre inclusion was found to reduce the
strength losses as it melts, leaving a connected network helping to release the build-up pore
pressure as mentioned earlier. It was clear that lower fibre content was more efficient as it provides
the pressure relief mechanism without extensively affecting the concrete matrix homogeneity. For
example, AAS fibre concrete containing 0.25%, 0.5%, and 1% of polypropylene fibre by volume

exhibited 53%, 40, and 33% residual compressive strength compared to 20% achieved by PC.
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Fig. 7.5 Residual compressive strength after exposure to elevated temperatures.
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7.1.2 Tensile strength
Concrete splitting tensile strength results at 7 and 28 days are represented in Fig. 7.6. Like
the compressive strength, the splitting tensile strength of AAS concrete was found to slightly
decreasing by increasing the fibre content. Although the fibre role as a crack bridging agent was
obvious by visual inspection, the relatively low modulus of elasticity executed the fibre efficiency
to enhance the tensile strength. Moreover, the concrete matrix heterogeneity became the dominant

factor that downgraded the tensile strength.
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Fig. 7.6 Tensile strength of plain and fibre reinforced concrete at 7 and 28 days.

After exposure to various elevated temperatures, the deterioration in PFC tensile strength
after exposure to high levels of elevated temperatures (i.e., 400 °C, and 600 °C) was less than that
of PC as a result of melted fibre inside the concrete leading to easier pore pressure relief, resulting
in lower pre-existed microcracking. For instance, PC lost 73% of its 28 days tensile strength after
exposure to 400 °C, while PFC lost (~50%) for all fibre contents after exposure to the same

temperature level (Fig. 7.7). This can be explained by the cross elimination between the two effects
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of fibre during exposure to this level of elevated temperatures. Firstly, the higher contents would
be reducing micro-cracking due to pore pressure due to higher density of left canals, and
consequently, faster releasing of the build-up pore pressure as mentioned earlier. However,
regarding the concrete matrix, high fibre content would negatively affect the residual strength as
it will result in a concrete with high density of voids and a highly deteriorated binder, which will

scale the strength degradation.
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Fig. 7.7 Residual splitting tensile strength after exposure to elevated temperatures.

By visual inspection, polypropylene fibre was found to show up in the tested specimen's
opened cracks without exposure to elevated temperatures. For specimens exposed to 200 °C, few
fibre traces were observed, confirming that the fibre started the melting phase during exposure.
While for tested specimens after exposure to 400 °C or more, no traces were detected for the
polypropylene fibre as they were fully melted during the exposure. After exposure to 600 °C,

specimen dramatically separated into many pieces (Fig. 7.8 a, b, and c).
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Fig. 7.8 AAS polypropylene fibre of content 1% at failure before and after exposure to

elevated temperatures.

7.1.3 Modulus of elasticity

Fig. 7.10 Represents the modulus of elasticity of plain AAS concrete along with
polypropylene fibre concrete with different fibre contents at ambient temperature and after
exposure to various elevated temperatures. At ambient temperature, the modulus of elasticity was
matching the same trend as for compressive strength. For instance, the modulus of elasticity
achieved at 0.25% fibre content was 41.3 GPa compared to 40.7 GPa, and 37.1 GPa achieved by
0.5% and 1% fibre content, respectively. This can be attributed to the higher strain levels achieved
at higher fibre content due to the fibre clumping (Mehdipour, Vahdani et al. 2013, Emdadi,
Mehdipour et al. 2015), leading to stress zoning, and consequently, faster crack development (Fig.

7.9).
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Stress flow

oning

Polypropylene fibre clumping

Fig. 7.9 stress zoning due to polypropylene fiber clumping at high contents.

After exposure to various elevated temperatures, the modulus of elasticity showed similar
behaviour to ambient temperature. This could be attributed to the same benefits of this ratio in
terms of homogeneity and less clumping. However, the binder deterioration would be interrupting
the behaviour as the brittleness of the AAS concrete matrix increased by increasing the temperature
level. This resulted in a lower strain capacity of the matrix, while the fibre's ability to compensate

for this effect was terminated due to fibre partial or full melting at different temperatures' levels.

Moreover, the AAS concrete modulus of elasticity was similarly affected by the
polypropylene fibre content. However, after exposure to 400 °C, fibre content of.25% was
efficiently reserving a high modulus of elasticity. This can be attributed to the moderate effect of
temperature on the binder hydration products. Also, the formation of a network after the fibre
melting will keep the matrix consistent in terms of homogeneity. For instance, after exposure to
400 °C, fibre content of 0.25% could enhance the modulus of elasticity of PC exposed to the same
temperature level by 68% compared to 44% and 19% enhancement achieved by fibre contents of

0.5% and 1%, respectively.
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Fig. 7.10 Modulus of elasticity of polypropylene fibre concrete before and after exposure to

elevated temperatures.

7.1.4 Impact energy absorption

Fig. 7.11 illustrates the impact absorption capacity of AAS plain and fibre concrete at
ambient temperature. Unlike the static mechanical properties, the impact absorption capacity at an
early age (i.e. 7 days) was too low regarding the achieved absorption capacity at 28 days.
Moreover, the impact energy absorption capacity did not show any difference by increasing the
fibre content. This indicates that binder behaviour is the dominant agent at an early age. At this
age, the high shrinkage micro-cracking rate (Fig. 7.12) and the not wholly densified hydration
products can significantly affect the concrete matrix's response to impact load, while the high
elongation factor of the polypropylene fibre will limit its capability to compensate for this

response.

At 28 days, increasing the polypropylene fibre content increased the impact absorption

capacity of AAS concrete. This can be attributed to the formed elastic buffer network, held with
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well-densified hydration products, which secure the elastic strain of AAS concrete not to be
exceeded during the impact event. Moreover, the brittleness of PFC was relatively decreased
compared to that of PC due to the low elastic modulus of polypropylene fibre. This would help to
avoid rapid crack development. AAS containing 0.25%, 0.5, and 1% of polypropylene fibre by
volume exhibited 640%, 870%, and 1170% enhancement in the impact energy absorption

comparing to that of PC.
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Fig. 7.11 Impact energy absorption of plain and fibre AAS at ambient temperature.

Besides the fibre role to limit the crack initiation and lower the concrete brittleness,
polypropylene fibre was found to be efficient to control the drying shrinkage microcracking,
leading to reduced pre-existed cracking during the impact loading (Fig. 7.12). For instance, 0.25%,
0.5%, and 1% fibre content could reduce the drying shrinkage micro-strain to 63%, 77%, and 88%

of its value in plain concrete.
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Fig. 7.12 Drying shrinkage micro-strain of AAS concrete with different contents of fibre.

To monitor the effect of polypropylene fibre incorporation on the impact toughness during
failure, after the first visual crack development, the number of blows up to failure was counted
(Table 7.2) The role of the binder to limit the crack propagation (as explained earlier in section
5.2.3.3) will be minor comparing to the fibre responsibility to limit this action. This number will
then directly reflect the fibre's ability to hold the first crack, and the secondary formed cracks until

achieving the failure criteria.

Polypropylene fibre was found to be beneficial to the AAS concrete impact toughness during
failure. This can be expressed as the impact ductility index, which is the ratio between the total
absorbed impact energy at the failure to the energy absorbed up to the first crack initiation due to
the ductility phenomenon added by the fibre incorporation. Polypropylene fibre incorporation
resulted in a higher ductility index during AAS concrete failure under impact loads (Fig. 7.13).

However, it was observed that the effect of increasing the fibre content was marginal. This can
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suggest that 0.25% is an optimum ratio in terms of impact toughness and the impact behaviour

after exposure to elevated temperatures, as will be indicated later.

Table 7.2 Number of successive blows at 1% crack and failure of PFC.

. Number of blows at 1% crack (N¢) |  Number of blows at failure (Vr)
Mixture :
' 28 Days  200°C  400°C  600°C 28 Days 200°C 400°C 600 °C
PC 442 16 7 4 1450 18 8 5
PFC0.25% | 2712 298 38 24 | 2898 316 46 25
PFC05% | 3630 544 122 15 | 2244 1012 430 164
PFC1% | 4858 924 22 6 i 5284 958 24 7

1.12

1.10 -

Impact ductility index
2 3

0 0.l25 0:5 0.%5 1
Fiber content by volume (%)

Fig. 7.13 Impact ductility index of AAS with different fibre content.

Exposure to elevated temperatures was found to significantly affect AAS plain and
polypropylene fibre concrete's impact behaviour. However, PFC specimens showed fewer

degradation levels. Fig. 7.14 illustrates the impact absorption capacity exhibited by PC and PFC
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after exposure to various elevated temperatures. At a low level of temperature exposure (i.e., 200
°C) the fibre starts to melt. However, full melting needs higher levels of temperature. Then, a
portion of the fibre can survive this level of temperature. At the same temperature level, the binder
did not suffer a significant degradation. As a result, the fibre could achieve a relative enhancement
in the impact energy absorption. In a different behaviour compared to that of mechanical
properties, especially at a low level of temperature exposure (i.e. 200 °C), increasing the fibre

content was found to keep increasing the residual impact energy absorption capacity.

This can be attributed to the partially melted polypropylene fibre leading to lower build up
pore pressure along with the ability of the nonmelted portion to limit the crack initiation and
propagation during the impact event, which gives a higher opportunity to the high fibre content to

keep acting as a strain limiting agent during impact.

At higher levels of exposure temperatures (i.e., 400 °C, and 600 °C), a low level of fibre
content (i.e., 0.25%) was found to be more efficient to reduce the impact absorption capacity losses
as a result of the synergetic effect of pore pressure relief during exposure to temperature leading
to less-developed micro-cracks, and the lower developed internal voids left by the melted fibre
compared to higher content levels. However, for higher fibre contents, the binder deterioration,
which is still lower than that of PC as mentioned earlier, and the concrete matrix's high brittleness
resulted in decreasing the residual impact absorption. This can explain the higher residual impact
absorption capacity of PFC at all fibre content levels compared to PC at all temperature exposure

levels.
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Fig. 7.14 Residual impact absorption capacity of PFC after exposure to various elevated

temperatures.

On a different scale, although the impact toughness was significantly decreased by exposure
to elevated temperatures, there is still an enhancement trend that can be observed at 0.25% fibre
content after exposure to up to 200 °C. However, the total deterioration in the concrete matrix and
the high levels of left voids after exposure to higher levels were enough to decrease the toughness
at high fibre content levels. Fig. 7.15 shows the number of blows after the first crack and up to
failure. For instance, PFC of 0.25%, 0.5 %, and 1%fibre content achieved 18, 24, and 34 blows
after the first crack compared to 2 blows achieved by the PC specimen exposed to 200 °C. At 400
°C, the impact toughness was decreasing for fibre contents above 0.25%. Ultimately, after
exposure to 600 °C, the impact loads could easily cause the specimen's failure at a very low number

of blows after the first crack development.
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Fig. 7.15 Number of successive blows after the first visual crack for PFC.
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7.2 Basalt fibre

7.2.1 Compressive strength
Fig. 7.16 summarizes the compressive strength of PC along with BFC with different
contents. It can be observed that at low basalt fibre content, the compressive strength slightly
increased compared to that of PC. However, at high content (i.e. 1%), fibre-reinforced concrete's
compressive strength was significantly increased. This agreed with other researches reporting that
basalt fiber inclusion in concrete increased the compressive strength up to 1% content(Algin and

Ozen 2018, Bheel 2021).
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Fig. 7.16 Concrete compressive strength at ambient temperature.

This can be ascribed to the fibre density inside the concrete regarding the fibre relatively
large dimensions. Fibre density is the number of fibres per unit volume. This number would affect
the fibre distribution through the matrix (Minguez, Gonzélez et al. 2018), and consequently, its

ability to limit the crack propagation during the compression loading while a good bond between
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the fibre and the binder is secured due to its helix shape (Fig. 7.17). For instance, AAS concrete
containing 0.25%, 0.5%, and 1% of basalt fibre by volume achieved 11%, 16%, and 24% higher

compressive strength than that of PC.
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Fig. 7.17 Effect of fiber density on the crack limiting ability.

After exposure to different levels of elevated temperatures, it was found that PC suffered a
considerable degradation in terms of residual compressive strength, especially after exposure to
high levels of elevated temperatures (i.e., > 400 °C). This can be attributed to the severe effect of
high elevated temperatures on the binder microstructure due to hydration products decomposition,
as mentioned earlier. For instance, PC lost 14%, 86%, and 91% of its 28 days compressive strength
at ambient temperature after exposure to 200 °C, 400 °C, and 600 °C, respectively. However, for
BFC, higher residual compressive strength was achieved at all levels of elevated temperature
exposure. For example, BFC of 1% fiber content exhibited 41%, 300%, and 430% enhancement

in concrete compressive strength of PC after exposure to 200 °C, 400 °C, and 600 °C (Fig. 7.18).
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This can be attributed to the high stability of basalt fibre at elevated temperature, which reserved

its ability to limit the crack propagation during the compression loading (Chidighikaobi 2019).
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Fig. 7.18 Residual compressive strength of AAS plain and basalt fibrous concrete after

exposure to various elevated temperatures.

7.2.2 Tensile strength

Fig. 7.19 summarizes the effect of basalt fibre content on the splitting tensile strength. Basalt
fibre incorporation contributed to enhancing the concrete tensile strength at ambient temperature.
For instance, BFC containing 1% of basalt fibre achieved around 25% improvement in tensile
strength than that of PC. The fibre mechanism to prevent crack development and propagation
through concrete during the splitting tensile test depends on two factors. Firstly, the fibre tensile
strength, and secondly, the bond strength with the concrete binder. Since basalt fibre tensile
strength is extremely higher than that of the concrete, then the dominant factor affecting the

splitting tensile strength will be the bond strength between the fibre and the binder. The helix shape
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of basalt fibre develops inter shear, which leads to higher resistance to pull out forces(Hadi, Hasan

et al. 2017). As a result, the tensile strength was increasing by increasing the fibre content.

6
7 Days H 28 Days

©
o
g 4.
=
=)
(o]
c
()
S
n
= 21
[72]
G
[

0

BFC 0.25 % BFC 0.5 % BFC 1%
Mixture

Fig. 7.19 Concrete tensile strength at ambient temperature.

The visual inspection of BFC specimens could also confirm this after failure under indirect
tensile loading. The basalt fibre bridged the main formed crack during the test. While the load was
increasing, a secondary crack was developed. This indicates that the pullout strength was relatively

high, leading to a secondary crack formation before failure (Fig. 7.20).
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Fiber crack bridging

Secondary crack
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Main crack

Fig. 7.20 Main and secondary developed cracks during splitting tensile test.

As a secondary factor, the pre-existing micro-cracks in concrete would be another agent
affecting the tensile strength. Basalt fibre inclusion was also found to have a positive effect on the
concrete drying shrinkage behaviour. The higher the fibre content, the lower the drying shrinkage

micro-strain (Fig. 7.21), and consequently, the lower level of formed micro-cracks.
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Fig. 7.21 AAS plain and basalt fiber concrete drying shrinkage micro-strain.

For AAS concrete specimens exposed to various elevated temperatures, basalt fibre
significantly affected the tensile strength after exposure to elevated temperatures. For instance, the
tensile strength of BFC containing 1% of basalt fibre after exposure to 200 °C was even higher
than the original tensile strength (at ambient temperature) of PC. at higher temperature levels (i.e.,
400 °C, and 600 °C), BFC was still achieving considerable enhancement in the residual tensile

strength compared to that of PC after exposure to the same temperature levels (Fig. 7.22)
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Fig. 7.22 Residual tensile strength of AAS plain and basalt fibrous concrete after exposure

to various elevated temperatures.

7.2.3 Modulus of elasticity
Fig. 7.23 (a, b, ¢, and d) plots the stress-strain behaviour of PC and BFC at ambient
temperature and after exposure to the assigned elevated temperatures. It was found that all AAS

concrete is suffering a reduction in its elastic modulus after exposure to various elevated
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temperatures. However, this reduction was mitigated through basalt fibre incorporation. Increasing
the fibre content was incredibly beneficial to increase the concrete modulus of elasticity after
exposure to elevated temperatures. This could be attributed to the basalt fibre's capability to limit
the strains induced by the applied load, delaying the crack propagation, which eventually led to
higher fracture energy showed by specimens containing fibre at all levels of temperature exposure.
For instance, 0.5% basalt fibre content could enhance the concrete elastic modulus at ambient
temperature and after exposure to 200 °C, 400 °C, and 600 by 7%, 17%, 63%, and 97%. This
indicates the significant effect of basalt fibre incorporation on the modulus of elasticity after
exposure to elevated temperatures, especially at, high level of temperature, as the plain concrete
would become very brittle and weak at this temperature, which leads to a significantly reduced

modulus of elasticity.
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Fig. 7.23 Modulus of elasticity of AAS plain and basalt fiber concrete before and after

exposure to various elevated temperatures.

7.2.4 Impact energy absorption

At ambient temperature, basalt fibre was found to have a remarkable effect on the impact
energy absorption capacity of AAS concrete regarding the fibre relatively low density. Fig. 7.24
summarizes the number of successive blows, which led to AAS PC and BFC's failure during the
impact test. Compared to the static mechanical properties enhancement through increasing the
fiber content, the increase in the impact energy absorption was on a larger scale. This could be
ascribed to the high dynamic increase factor (DIF) achieved through the basalt fibre incorporation
in concrete. This factor can explain the difference in response of AAS concrete to dynamic load
compared to the static load, especially in basalt fibre high content. For instance, AAS concrete

with 1% achieved around 10 times the plain concrete's impact energy absorption.
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Fig. 7.24 Impact energy absorption of plain and fibrous concrete at ambient temperature.
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During the static load application, the strain rate would be considered relatively low. This
will control the developed cracks to avoid obstacles, such as fibre and coarse aggregate, as much
as possible depending on the fibre density through the matrix. However, in the impact event, the
strain rate would be relatively very high comparing to that of the static loads. This leads to an
uncontrolled crack path, which increases the chance to be stopped by the fibre, especially in high

fibre density(Fu, Niu et al. 2018) (Fig. 7.25).
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Fig. 7.25 Different crack propagation behavior according to the load strain rate.

Moreover, the visual inspection of the sample during failure confirmed the crack path doing
through the coarse aggregate and the crossing the fibre, which confirm the significant role of fibre
to act as a crack bridging agent after the developed 1 crack (Fig. 7.26). During this stage, the
fibre's potential to limit the crack propagation leading to delay the specimen failure represents the
fibrous concrete toughness. The more energy absorbed by the specimen after the first crack, the

more toughness showed by the specimen before failure.
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Basalt fiber crack bridging

Crack passing through
the aggregate and the
crossing the fiber

Fig. 7.26 Fiber crack bridging after development of the 1st crack.

On the other hand, the steel ball's penetration during the impact test was monitored to assess
the effect of basalt fibre incorporation on the AAS concrete penetration resistance. Fig. 7.27
[lustrates the achieved penetration levels for different basalt fibre AAS concrete along with the
plain concrete. It was obvious that increasing the basalt fibre content can reduce penetration during
the impact event. While stresses are transferring from the high-stress zone to the outer zone (large
strain zone), depending on the fibre density (number of fibres per unit volume), concrete can
withstand the considerable strains at this zone (i.e., the high strain zone), leading to a lower
penetration level. For instance, at 1000 blow, AAS concrete containing 0.25%, 0.5%, and 1% of

basalt fibre achieved 2.8, 2.1, and 1.6 penetration below the specimen surface.
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Fig. 7.27 Penetration level achieved by the steel ball below the concrete specimen surface.

After exposure to various elevated temperatures, Specimens containing basalt fibre exhibited
higher impact energy absorption at all exposure levels. Also, it was obvious by visual inspection
that all basalt fibre specimens could show integrity during the failure. Comparing to the plain AAs
concrete, which was producing many fragments during failure and separated into many parts as a
result of high brittleness achieved as a side effect of the elevated temperature exposure, fibrous
concrete specimens were failing into attached parts as a result of fibre existence holding the

initiated cracks (Fig. 7.28).
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Fig. 7.28 Failure of AAS basalt fiber concrete with different fiber contents.

Fig. 7.29 summarizes the impact energy absorption capacity of PC and BFC. It can be observed
that plain AAS concrete suffered a considerable loss in its capacity to absorb impact energy, as
previously mentioned. However, for AAS BFC, increasing the fibre content resulted in a relatively
high impact behaviour enhancement. For instance, after exposure to a high level of elevated
temperature (i.e., 600°C), concrete containing 0.5% of basalt fibre could achieve the same level of
impact energy absorption capacity as the plain concrete at ambient temperature. While at 1%
content, basalt fibre concrete exhibited higher impact energy absorption after exposure to all levels

of elevated temperature than that achieved by the plain concrete at ambient temperature.
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Fig. 7.29 Residual impact absorption capacity of BFC after exposure to various elevated

temperatures.

Moreover, the toughness of plain and basalt fibre concrete was showing a notable contrast
during their failure. Up to the first visible crack, the binder is responsible for stress resistance along
with the fibre while the specimen is still behaving within its elastic range. However, after
exceeding the elastic strain limit leading to cracks development, the fibre takes over this
responsibility while a minor contribution from the binder through its bond with the fibre is still in
charge. Table 7.3 shows the number of blows at the first visible crack (Nc) and failure (Nr). Both
numbers increased by increasing the fibre content at all levels of elevated temperature exposure.
By observing the number of blows after the first crack (N N¢), fibre content dramatically affects
the AAS concrete toughness before failure at ambient temperature and after exposure to elevated
temperatures (Fig. 7.30). For instance, after exposure to 200 °C, 400 °C, and 600 °C, AAS
specimens containing 1% needed 242, 116, and 38 blows after the first visible crack comparing to

2, 1, and 1 blow needed by the plain AAS concrete to achieve the failure criteria (Fig. 7.30).
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Table 7.3 Number of successive blows at 1% crack and failure of BFC.

. Number of blows at 1** crack (N¢) Number of blows at failure (/Vr)
Mixture | :
1 28 Days 200°C 400°C 600°C : 28Days 200°C 400°C 600 °C
PC a2 16 7 4 i o450 18 8 5
BFC 0.25 % 1314 486 176 58 1386 542 198 66
BFC 0.5 % 2078 900 354 137 2244 1012 430 164
BFC 1 % 3894 2170 872 350 4212 2412 988 388
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Fig. 7.30 Number of successive blows after the first visual crack for BFC.
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7.3 Steel fibre

7.3.1 Compressive strength

The compressive strength test results for all mixtures at 7 and 28 days are represented in Fig.
7.31. Steel fibre was very beneficial to the AAS concrete in terms of strength regardless of its
addition rate, which agreed with previous findings(Gao, Sun et al. 1997, Song and Hwang 2004,
Shende, Pande et al. 2012, Gao, Yu et al. 2017). Steel fibre enhances the concrete behaviour during
the compression loading at both the pre-cracking and post-cracking zone (Islam, Alengaram et al.
2017). Before cracking, steel fibre enhances the concrete ductility, increasing its load carrying
capacity during the elastic zone (Gul, Bashir et al. 2014). This can be attributed to the excellent
bond between the fibre and the surrounding AAS binder due to the densified high-quality hydration
products formation. Hence, the load sufficiently transferred from the binder to the steel fibre
leading to a successful unity between the binder and fibre to behave harmonically(Simdes, Octavio
et al. 2017). Moreover, after the elastic zone, steel fibre will increase the concrete capacity to
absorb more straining energy through bridging cracks, leading to a higher peak compression load

before failure and higher toughness (Holschemacher, Mueller et al. 2010).

Moreover, the higher the fibre content, the greater the achieved compressive strength. This
reflected the optimized benefits of enhancing the pre- and post-cracking of concrete behaviour
within the acceptable workability limits of fresh concrete. For instance, specimens incorporated
by 0.25%, 0.5%, and 1% of steel fibre by volume, achieved 28%, 33%, and 44% increase in

compressive strength than plain mixtures at 28 days.
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Fig. 7.31 Compressive strength of plain and steel fibre concrete at ambient temperature.

Ultrasonic pulse velocity measured for AAS concrete specimens at different ages confirmed
the compressive strength results. Concrete density increased by increasing the steel fibre content
in the concrete matrix (Fig. 7.32). As a result, the ultra-sonic pulse's measured velocities through
the concrete matrix had increased as the steel fibre content increased. This can be attributed to the
higher density of the steel resulting in a higher pulse velocity (i.e., ~1.2 the velocity through
concrete). Consequently, a shorter time was measured, which supported the compressive strength

test findings.
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Fig. 7.32 Ultra-sonic pulse velocity of all concrete mixtures.

The residual strengths of SFC and PC after exposure to various temperature levels were
compared to quantify the enhancement induced by steel fibre addition. Fig. 7.33 illustrates the
residual strength of all mixtures after exposure to elevated temperatures. As expected, steel fibre
incorporation significantly mitigates the binder deterioration due to exposure to elevated
temperatures. The higher the steel fibre content, the greater the enhancement in the residual
compressive strength. At 200 °C, all SFC specimens achieved higher strength than PC strength at
ambient temperature. At higher exposure temperature, PC exhibited lower residual strength. SFC
showed similar behaviour but with a lower reduction. For instance, the mixture with 1% steel fibre
exhibited 30.4 MPa compressive strength compared to 6 MPa for PC specimen after exposure to
600 °C. This showed the steel fibre high potential to enhance the concrete compressive strength

before and after exposure to elevated temperatures.
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Fig. 7.33 Residual compressive strength of all concrete mixtures after exposure to different

levels of elevated temperatures.

7.3.2 Tensile strength

Fig. 7.34 summarizes all SFC mixtures' tensile strength results at 7 and 28 days at ambient
temperatures. As expected, steel fibre addition had enhanced tensile strength significantly.
Moreover, its effect on tensile strength was higher than that on the compressive strength. For
instance, a specimen containing 1% steel fibre exhibited almost double the plain concrete mixture's
strength, while the achieved increase in compressive strength was only 44%. This agreed with
other researches reporting that steel fibre can significantly boost the concrete tensile strength by
greater values than the compressive strength (Atis and Karahan 2009). Fibre bridging action
minimizes crack development and consequently delays the crack development and propagation
during tensile loading. Hence, higher tensile strength is achieved. Visual inspection for tested
specimens confirmed the crack bridging action as the specimen could hardly separate into two

parts, as shown in Fig. 7.35 (a, b, and c¢).
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Fig. 7.34 Tensile strength of plain and steel fibre concrete at ambient temperature.
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Fig. 7.35 Specimen's failure after tensile strength test at ambient temperature.

Moreover, the measured micro-strain drying shrinkage for SFC was lower compared to that
of the PC. The higher the fibre content, the lower the micro-strain drying shrinkage (Fig. 7.36).
During the drying shrinkage, the coarse aggregate's partial restraining action results in crack

development in the surrounding binder. However, the steel fibre compensated for this action,
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resulting in a lower cracking density, which reduced the pre-existed micro-cracks and increased

the concrete tensile strength (Wu, Shi et al. 2019).
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Fig. 7.36 Concrete drying shrinkage micro-strain.

After exposure to various elevated temperatures, PC tensile strength was found to suffer a
considerable loss in tensile strength, as shown in Fig. 7.37. This can be attributed to the binder
degradation during exposure to elevated temperature. Hence, concrete brittleness increased,
leading to a noticeable reduction in the tensile strength. For instance, the tensile strength of PC
after exposure to 200 °C, 400 °C and 600 °C was reduced by 16%, 73%, and 88% compared to that
at ambient temperature. However, steel fibre kept the specimen integrity during the tensile test,
greatly enhancing tensile strength compared to PC. Generally, high steel fibre content increased
the residual tensile strength regardless of the elevated temperatures level. For instance, after
exposure to 600 °C, specimens with 1% of steel fibre showed around 6% only reduction in the

tensile strength than the PC at ambient temperature. Moreover, specimens with 1% of steel fibre
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tensile strength after exposure to the highest temperature (i.e., 600 °C) was better than that of PC

exposed to the lowest elevated temperature (i.e., 200 °C).
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Fig. 7.37 Concrete residual tensile strength after exposure to different levels of elevated

temperatures.

7.3.3 Modulus of elasticity and modulus of resilience

The elastic modulus of fibre-reinforced concrete relies on the modulus of elasticity and
tensile strength for both the matrix and used fibre along with the bond between them. At ambient
temperature, increasing the steel fibre content increased the concrete modulus of elasticity. The
steel fibre relatively high modulus of elasticity and a good bond with the surrounding matrix limit
the strain development during loadings. For instance, as steel fibre content increased from 0.25%
to 1%, the modulus of elasticity increased in the range of 13% up to 23% compared to plain
concrete. On the other hand, at elevated temperatures, the binder deterioration dominated the
concrete's elastic modulus changes. This can be attributed to the limited steel fibre ability to reduce

the strain due to the binder deterioration, which significantly affected the matrix-fibre bond.
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Moreover, the increase in the binder brittleness due to elevated temperature exposure will lower
the load capacity within the concrete elastic behaviour zone. Consequently, earlier cracks will
develop and propagate due to the insufficient restraining induced by the used fibre through

bridging these cracks.

Plain concrete mixtures suffered from notable degradations in modulus of elasticity at 400
°C and 600 °C by losing about 57% and 78% of their original value at ambient temperature,
respectively. However, steel fibre addition resulted in a higher elastic modulus than PC and
showed a uniform reduction at various temperature levels (Fig. 7.38). For instance, 1% steel fibre
concrete achieved an elastic modulus of 47.17 GPa, 37.8 GPa, and 22.1 GPa, comparing to 35.2
MPa, 17.2 MPa, and 8.9 MPa achieved by PC after exposure to 200 °C, 400 °C, and 600 °C,

respectively.
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Fig. 7.38 Concrete modulus of elasticity at ambient temperature and after exposure to

various elevated temperatures.
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On the other hand, the dynamic modulus of elasticity was calculated as a function of the
ultrasonic pulse velocity measured for various mixtures. The dynamic elastic modulus (Eq)
increased by increasing the steel fibre content in the mixture. For instance, Eq for SFC mixtures
containing 0.25% and 1% of steel fibre was 65.8 GPa, and 77.3 GPa comparing to 62.1 GPa for
PC, respectively. The modulus of resilience, which represents the concrete capability to retrieve
the induced strain during loading within the elastic zone, was enhanced as the fibre content
increased. This mainly depends on the strain energy absorption capacity of concrete before
cracking, limiting the retrieved strain after unloading. Fig. 7.39 represents the resilience modulus
achieved by PC , and SFC with different steel contents at ambient temperature and after exposure
to various elevated temperatures. Steel fibre addition had significantly enhanced concrete modulus
of resilience at ambient temperature. However, after exposure to elevated temperatures, all
mixtures' resilience modulus exhibited a reduction trend as the exposure temperature increased.
Fibre-reinforced concrete mixtures had reserved a relatively high concrete resilience, especially at
high fibre content (i.e., 1%). For instance, the resilience modulus of concrete mixtures containing
1% steel fibre was 14.9 kJ/m?, 8.2 kJ/m? and 3.3 kJ/m? compared to 7.3 kJ/m?3, 0.8 kJ/m?, and 0.3
kJ/m? for PC specimens after exposure to 200 °C, 400 °C, and 600 °C, respectively. This indicates
the great steel fibre ability to enhance the concrete resilience modulus after exposure to elevated

temperatures.
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Fig. 7.39 Concrete modulus of resilience at ambient temperature and after exposure to

various elevated temperatures.

7.3.4 Impact energy absorption

Fig. 7.40 illustrates the number of successive blows received by concrete mixtures before
failure. The number of successive blows will reflect the impact energy absorption capacity for
each mixture. The impact energy absorption capacity will be equivalent to the total accumulative
impact energy delivered by these blows. Generally, SFC mixtures exhibited higher impact energy
absorption than the PC mixtures at ambient temperature. PC mixtures absorb impact energy until
the first crack development. However, after the first crack, it will not take a high amount of impact
energy to cause failure. This happens due to the high brittleness of plain concrete and the non-
controlled strain while accumulative energy is absorbed. Conversely, in SFC, the fibre existence
controlled the specimen strain during the impact event and consequently limited the crack initiation

up to a high level of absorbed impact energy (Islam, Alengaram et al. 2017). Moreover, the higher

176



Chapter 7

resilience achieved through fibre incorporation, as previously mentioned, resulted in increasing

the specimen internal stresses capacity, above which cracks would be initiated.
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Fig. 7.40 Concrete Impact energy absorption capacity at ambient temperature.

Impact loads induce a higher strain rate compared to static loading. Hence, concrete will
possess higher resistance impact loads. This can be quantified by measuring the dynamic increase
factor (DIF) achieved by various concrete mixtures. The DIF is the magnification in the specimen's
stress capacity in dynamic loading relative to the static loading. It was observed that the higher the
steel fibre content, the higher the achieved DIF (Fig. 7.41). This could explain the considerable
enhancement in the impact resistance, which is a dynamic load relative to static mechanical
properties. For instance, plain concrete specimen initially cracked after 442 blows, comparing to
2366, 3678, and 6024 successive blows during the impact test for concrete mixtures incorporating

0.25%, 0.5% and 1% of steel fibre at age 28 days.
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Fig. 7.41 Steel fibre concrete dynamic increase factor (DIF).

During the impact test and directly beneath the steel ball, a damage mechanism starts to
occur (mentioned earlier in section 4.2.6). Due to considerable compression applied by the steel
ball on the contact surface with the specimen, a hydrostatic core starts to form. This core starts to
collapse, transferring the pressure to the surrounding zone inducing large strains. Once the strains
in this zone exceed the elastic limit of concrete, cracks develop and propagate to the outer zone
(initial state zone). After cracking, the fibre itself and generated matrix-fibre bond will dominate
the resistance behaviour for impact loads (Fig. 7.42). As mentioned earlier, increasing the steel
fibre content was beneficial through the bridging action and limiting cracks propagation. This
could greatly increase the concrete toughness after the first crack development, which increases
the number of successive blows until failure (i.e., the ultimate impact absorption capacity). For
instance, mixtures incorporating 0.25%, 0.5%, and 1% steel fibre needed 474, 566, and 836 blows
after the first visible crack to achieve the failure criteria crack compared to only 8 blows for plain

concrete mixture.
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Fig. 7.42 Steel fibre mechanism to limit the initiated crack propagation.

The number of secondary initiated cracks developed after the first visual crack and up to the
specimen failure confirms the different mixtures toughness during the impact test. Secondary
cracks are initiated due to the steel fibre contribution to contain and limit the first initiated crack
(Islam, Alengaram et al. 2017). For instance, the plain concrete specimen had only one crack upon
failure. However, by increasing the steel fibre content, the number of secondary cracks had
increased (Fig. 7.43). This confirms that steel fibre could greatly enhance the AAS concrete

capacity to absorb impact energy before failure.

(b)

Fig. 7.43 First crack and secondary developed cracks at the failure of AAS concrete.
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© )

Fig. 7.43 Cont’d First crack and secondary developed cracks at the failure of AAS

concrete.

The steel ball's penetration level under the specimen's surface was monitored during the
impact test. The achieved penetration level had reduced as the steel fibre content increased. This
can be attributed to the steel fibre existence, especially in the large strain zone. In this zone, steel
fibres limit the strains to maintain the AAS concrete's elastic limit up to higher stress levels than
plain concrete. As a result, the crushing zone (i.e., the hydrostatic core previously) will be limited,
leading to a lower steel ball penetration level. For instance, a penetration level of 3 mm was
achieved after 2140, 2460, and 2940 successive blows for mixtures incorporating 0.25%, 0.50%
and 1% steel fibre compared to 300 blows for the plain concrete specimen (Fig. 7.44). This shows

the significant effect of the steel fibre addition in resisting ball penetration during the impact event.
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Fig. 7.44 Penetration level by steel ball below AAS fibrous and the plain concrete surface.

Besides the steel fibre content, the binder deterioration will affect the impact behaviour after
exposure to elevated temperatures. As the binder is exposed to elevated temperatures, different
hydration products start to decompose according to each product's stability. This decomposition
will lead to binder weight losses accompanied by a reduction in its density. This will eventually
result in a lower matrix-fibre bond. Fig. 7.45 shows the relative residual impact absorption capacity
for each mixture, which is the impact absorption capacity after exposure to elevated temperatures
with respect to its original capacity at ambient temperature, and the relative weight loss, which is

the binder weight loss after exposure to elevated temperature with respect to the weight loss
without exposure to elevated temperature during the TGA test.

During the thermogravimetric analysis test (TGA), the tested sample's measured weight loss
reflects the weight loss due to hydration products decomposition. The measured weight loss will

be proportion to the amount of decomposed hydration products. Two groups of samples were

tested from each mixture to quantify the change in the hydration products before and after exposure
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to elevated temperatures. The first group includes samples from specimens that cured at ambient
temperature. The second group includes samples from specimens that were exposed to various
elevated temperatures. The difference in weight loss between samples from the two groups for
each mixture was compared. Before the TGA test, increasing the exposure temperature level
resulted in higher relative weight loss, and consequently lower binder density compared to that of
sample tested without exposure to elevated temperature. For instance, tested samples after
exposure to 200 °C, 400 °C, 600 °C exhibited 27.1 %, 41.4%, and 78.7% relative weight loss with
respect to that of the tested sample without exposure to elevated temperature before the test. This

can explain the effect of elevated temperature individually on the binder.
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Fig. 7.45 Relative residual impact absorption capacity vs the binder relative weight loss

during exposure to elevated temperatures.

Moreover, fibre-reinforced concrete's toughness was considerably higher than that of plain

concrete after exposure to elevated temperatures. Table 7.4 represents the numbers of blows up
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to the first crack (N¢) along with the failure numbers of blows (Nf) for mixtures with different steel

fibre contents after exposure to different temperatures.

The number of blows required to achieve the failure criteria after the first visual crack
development increased as the fibre content increased regardless of the exposure temperature. For
example, after exposure to 200 °C, specimens containing 0.25%, 0.5%, and 1% fibre required more
256, 334, and 492 blows to fail compared to only 2 blows needed by plain concrete (Fig. 7.46).
This can be ascribed to steel fibre's reserved capability with different incorporation levels along
with the binder to limit the crack propagation, maintaining high toughness before failure under

impact loads.

Table 7.4 Number of successive blows at 1% crack and failure of SFC.

. Number of blows at 1** crack (N¢) Number of blows at failure (/Vr)
Mixture . 5
' 28Days 200°C  400°C  600°C : 28 Days 200°C  400°C 600 °C
PC L 442 16 7 4 1450 18 8 5
SFC0.25% | 2366 1056 386 104 | 2840 1312 544 146
SFC05% | 3678 1922 732 258 | 4244 2256 934 328
SFC1% | 6024 3748 1594 628 | 6860 4240 1904 720
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Fig. 7.46 Number of successive blows after the first visual crack for SFC.

Regarding the residual impact absorption, steel fibre incorporation was efficiently
compensating for the negative effect of elevated temperatures on the binder. Higher steel fibre
content resulted in a higher residual impact absorption capacity at each elevated temperature level.
For example, mixtures incorporating 1% of steel fibre exhibited 68%, 28%, and 11% relative
residual impact strength as a ratio of its original absorption capacity compared to 4%, 2%, and 1%

for AAS plain concrete.

In terms of absolute impact energy absorption capacity, which is the number of successive
blows up to failure, all steel fibre contents could achieve significantly higher impact absorption
capacity than that achieved by plain ASS concrete after exposure to all elevated temperatures
levels. For instance, after exposure to 600°C, SFC containing 0.25%, 0.5%, and 1% of fibre could
absorb the accumulative impact energy induced by 146, 324, and 720 successive blows, comparing
to 5 blows at the failure of PC exposed to the temperature level (Fig. 7.47). This can show the

quantum leap achieved in the impact behaviour of AAS concrete after exposure to various elevated
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temperatures by adding steel fiber. Steel fibre can significantly limit the crack development in
concrete starting from the early age, while steel fiber showed a powerful performance to reduce
the drying shrinkage micro cracking. And to minimize the effect of pore water pressure due to
exposure to elevated temperatures achieving the minimum level of induced microcracking, and
finally, it showed an excellent behaviour during the impact event while it could achieve a
significantly enhanced resilience, which upgraded the concrete strain capacity level to a
considerable higher impact energy level. Moreover, the high penetration resistance achieved by

the steel fiber inclusion, delayed the crack initiation from the hydrostatic core to the initial state

concrete.

Fig. 7.47 Residual impact absorption capacity of SFC after exposure to various elevated
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7.4 Conclusions

1- Polypropylene fibre doesn’t significantly contribute to enhance the static mechanical properties
such as compressive strength and modulus of elasticity as a result of the high fiber density which
in turn negatively affect the concrete matrix homogeneity. Moreover, the relatively low modulus
of elasticity of polypropylene fibre limits its capability of containing the developed cracks during
loading.

2- The performance of AAS concrete under impact loads at ambient temperature can be
significantly enhanced by polypropylene fiber incorporation as a result of the high ability of the
integrated fibre to act as a buffer elastic network, limiting the induced strains during the impact
event.

3- The low melting point of polypropylene fiber was beneficial to the AAS concrete during
exposure to elevated temperatures as it provides the matrix with a network of pore water pressure
relief canals, leading to less developed micro-cracks.

4- The impact behaviour of AAS concrete after exposure to elevated temperatures can be enhanced
by polypropylene fibre inclusion. However, the optimum fiber content might differ according to

the exposure temperature level.

5- AAS concrete mechanical properties could be enhanced through incorporation of basalt fiber.
The reason for that is the behavior of the fiber inside the concrete to limit the crack initiation to
higher levels of stresses achieving lower strains comparing to that of plain concrete at the same
stress level. Also, the pre-existed micro-cracks developed during the AAS concrete drying

shrinkage was found to be reduced as the fiber content increased.
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6- The static mechanical properties of AAS concrete after exposure to various levels of elevated
temperatures were found to suffer a significant degradation as a result of the binder hydration
products deterioration at different elevated temperatures. However, the existence of basalt fiber
could reduce this degradation as a result of its high stability at elevated temperatures and the good,
reserved bond with the binder after exposure to elevated temperatures.

7- the impact behavior of AAS concrete could be significantly enhanced through basalt fiber
incorporation. Increasing the basalt fiber content was found to have a magnified positive effect on
the impact absorption capacity comparing to the enhancement in the static mechanical properties
as a result of the high DIF achieved by basalt fiber AAS concrete. the higher fiber content, the
higher impact energy absorption capacity of AAS concrete.

8- Basalt fiber has a great role to increase the AAS concrete penetration resistance. This would
contribute to reduce the physical damages in concrete that occur during the impact event.

9- Elevated temperatures was found to have a sever effect on AAS plain concrete in terms of
impact energy absorption. However, basalt fiber could notably mitigate this degradation, showing
high toughness during the failure due to impact loads compared to the plain AAS concrete.

10- The steel fibre incorporation greatly enhanced the mechanical properties of alkali-activated
slag concrete due to the increased modulus of elasticity and the decreased deteriorating agents such

as drying shrinkage.

11- At ambient temperature, alkali-activated slag concrete impact behaviour was efficiently
enhanced by steel fibre incorporation due to the increased concrete resilience. The higher steel

fibre content, the higher impact energy absorption capacity.

12- During the impact loading, steel fibrous alkali-activated slag concrete was fond of higher

resistance to penetration than plain concrete.
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13- After exposure to elevated temperatures, alkali-activated slag binder suffered a notable
degradation in terms of weight losses. However, fibrous concrete could sufficiently mitigate the

negative effect induced by the binder deterioration on the impact behaviour.
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CHAPTER EIGHT

Chapter 8 Summary, Conclusions and Recommendations

Alkali-activated slag systems follow different reaction mechanisms comparing to that of
ordinary Portland cement. This results in different formed hydration products with variant
properties. Controlling the reaction mechanism of alkali-activated slag and the formed hydration
nature comes through the activation process. The alkaline activator nature in terms of silica
modulus and sodium oxide dosage dominates the reaction kinetics as it is responsible for the
dissolution rate of the precursor and the supply of the desired species. This will eventually shape
the final hydration product properties and corresponding mechanical properties and respond to

dynamic loads.

However, it is hard to collect all the positive sides of these novel binders unless a balance
between various factors is achieved. For that, chapter 4 had investigated various factors related to
activator nature individually. Static mechanical properties, resistance to impact loads, and
performance after exposure to elevated temperatures were the three main monitored performance
evaluation criteria. The findings of this phase revealed the methodology for selecting the activator
properties based on the desired criteria. However, it was hard to target the best behaviour regarding

these different criteria altogether.

Hence, the next level of the investigation focused on finding an adequate balance between
activation properties and performance criteria. This was illustrated in Chapter 5 to assess each
success level for the selected activator to achieve the desired performance criteria while monitoring
the other. This phase's outcome highlighted each concrete mixture's ability to reserve adequate

performance depending on the assigned evaluation (i.e. static mechanical properties, impact
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behaviour, and performance under elevated temperatures conditions). Low activation level could
achieve excellent behaviour after exposure to elevated temperatures in terms of residual
mechanical properties, which is considered a critical requirement in this study. However, both
impact resistance and static mechanical properties were very low at ambient temperature. For the
medium activation level, alkali-activated slag concrete could achieve medium to low performance
regarding all the targeted criteria. However, the high activation level showed outstanding impact
behaviour and excellent static mechanical properties, while the performance after exposure to
elevated temperature was shocking. This resulted from the high amount of formed hydration
products which was the main reason for the competitive mechanical properties at ambient
temperatures. However, during exposure to temperature, the higher the formed hydration products,

the higher the decomposed materials during this harsh exposure.

Hence, Chapters 6 and 7 focused on dealing with this challenge. The outstanding mechanical
properties and impact behaviour encouraged the research to investigate the possible techniques
that can boost the behaviour after exposure to elevated temperatures. Rubber incorporation as a
passive mitigation technique was investigated in Chapter 6 to assess its ability to enhance the
impact behaviour after exposure to elevated temperatures. This technique was successful regarding
the rubber content level up to the rubber decomposition degree of temperature (200 ~300 °C).
Above this level, rubber decomposes, leaving a high volume of voids resulting in severely

deteriorated concrete.

In chapter 7, the implementation of fibre as an active agent to enhance the concrete impact

behaviour after exposure to elevated temperatures was investigated. Three types of fibre were

incorporated in alkali-activated slag concrete at three content levels. Polypropylene fibre does

not significantly enhance the static mechanical properties such as compressive strength

190



Chapter 8

and modulus of elasticity due to the high fibre density, which negatively affects the
concrete matrix homogeneity. Moreover, the relatively low modulus of polypropylene
fibre elasticity limits its capability to contain the developed cracks during loading.
Polypropylene fibre had enhanced impact performance of AAS concrete at ambient
temperature as it acted as an elastic buffer network, limiting the induced strains during
the impact event. Moreover, the low melting point of polypropylene fibre was beneficial
to the AAS concrete during exposure to elevated temperatures as it helps to evacuate
the pore water pressure due to its low melting point (~200 oC). However, for the same
reason (i.e. low melting point), Polypropylene fibre's ability to enhance the concrete
performance during exposure to temperature was limited. The optimum fibre content

might differ according to the exposure temperature level.

Basalt fibre showed moderate to high ability to enhance the impact behaviour at ambient
temperature and after exposure to elevated temperatures. Like Polypropylene fibre, basalt fibre
inclusion reduced the drying shrinkage micro-strain, leading to a lower micro-crack’s formation.
Also, increasing the basalt fibre content reduced penetration during the impact event due to its
high ability to transfer stresses from the high-stress zone to the outer zone. Moreover, the stability
for basalt fibre was higher than that of Polypropylene fibre at elevated temperatures leading to a

better performance.

The steel fibre incorporation greatly enhanced the mechanical properties of alkali-activated
slag concrete due to the increased modulus of elasticity and the decreased deteriorating agents such
as drying shrinkage. At ambient temperature, alkali-activated slag concrete impact behaviour was

efficiently enhanced by steel fibre incorporation due to the increased concrete resilience. The
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higher the steel fibre content, the higher impact energy absorption capacity. Also, steel fibred
alkali-activated slag concrete showed higher resistance to penetration compared to plain concrete.
After exposure to elevated temperatures, steel fibre addition sufficiently mitigated the adverse

effect induced by the AAS binder deterioration on the impact behaviour.

RECOMMENDATIONS FOR FUTURE WORK

1- There is a current trend to utilize various powder activator to generate one-part alkali-
activated materials. Hence, the effects of changing the nature of the activator and its
stability at elevated temperature on the impact behaviour need more investigation.

2- Rubberized alkali-activated concrete has a promising performance. However, combining
this technique with others (such as fibre) could lead to better performance.

3- Each fibre individual showed promising mechanical and dynamic performance. However,
based on the current thesis's findings, there are drawbacks for each type of fibre. Hence,
combining more than one fibre and optimize the mixture to achieve optimum performance
need a future study.

4- Further research and development are required to investigate the long-term properties of
concrete, incorporating single and hybrid fibres.

5- The available experimental data are a beneficial utility that can be used as a predictive

model data base. This will help to save time to get experimental results for further work.
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