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Preface

Recycled Waste Materials in Concrete Construction: Emerging Research and 
Opportunities is the first edition of the book comprising of 10 chapters. Each 
of these chapters discusses a different type of industrial, agricultural and/or 
natural wastes; some have been already utilized in the concrete industry while 
many others demonstrate promise for future use. Recycling of those waste 
materials, found in abundance, not only wards off deleterious environmental 
hazards, but also have been known to actually produce wealth by adding 
value through ecology.

Chapter 1 deals with the characterization and assessment of iron ore 
tailings as raw materials for construction industries. It specifies the production 
process of Iron Ore and generation of waste material followed by listing 
the nature and prospective issues of Iron Ore Tailings (IOT). Methods of 
IOT characterization are explained through the five elements which are: 
chemical composition, leaching behavior, thermal stability, mineralogical 
characterization and morphology. The experimental program and research 
results of this study are explained in 6 subtitles namely; chemical composition; 
leaching behaviour; thermal stability; X-Ray diffraction pattern; Fourier 
transform infrared spectroscopy (FTIR); and field emission scanning electron 
microscopy (FESEM/EDX). Conclusions are given to highlight the findings 
of the research.

Effect of high volume palm oil biomass waste used in mortar is discussed 
in the second chapter. The reader is given an introduction of palm oil biomass 
waste, as well as palm oil industry issues regarding its by-products waste are 
explored. It is followed by a clear description of each waste and its effect 
when added to mortar mixes. Furthermore, a research study on the effect of 
palm oil fuel ash, palm oil kernel shell, palm oil fibre on mortar properties 
was carried out and the experimental program details are given under 4 
subtitles. Splitting tensile strength and flexural strength were performed to 

vii
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test the engineering properties of mortar containing different types of waste. 
Results and discussion are provided for additional grasp. A summary of 
research outcomes is then given to highlight the potential of these wastes to 
be used in industry.

Chapter 3 is based on performance of mortar grouts incorporating rice 
husk ash (RHA) and fly ash (FA). Detailed experimental work was conducted 
to investigate the mechanical properties of mortar grouts using RHA and 
FA as partial replacement of cement. It analysed the compressive strength 
and durability of mortar grouts in its hardened state. Durability tests such as 
water absorption, apparent volume of permeable voids, sorptivity and rapid 
chloride penetration tests are researched. Detailed results and discussion 
which focused on mechanical properties as well as durability of hardened 
state mortar grouts are presented, followed by a conclusive summary of the 
study’s outcome.

Chapter 4 deals with the effects of metakaolin (MK) on geopolymer industry. 
The research topics of MK-based geopolymer cover reaction mechanisms 
and kinetics. This chapter aims at augmenting knowledge about enhancing 
mechanical properties of geopolymer mortars/concrete using MK. Specifically; 
this chapter presents literature studies as well as current experimental studies 
which delineate the effect of MK on fresh- and hardened-state properties of 
geopolymer mortars (GPMs). Properties and characteristics of metakaolin 
are explained followed by properties of fresh MK Mortars. Properties of 
hardened MK concrete and durability properties of MK mortars are explained. 
Applications of MK based geopolymers and metakaolin based geopolymers 
as repair materials are also included in this chapter. Brief conclusions drawn 
from the study are listed toward the end.

A conspectus based upon a compelling topic, namely, versatility of cockle 
shell use in concrete, which is yet to be investigated, is covered in Chapter 5. 
An introduction to enlighten the reader with this promising waste material 
precedes a review of environmental issues with cockle shell. Cockle Trade is 
an important subtitle that covers Cockle Shell waste generation, research and 
development related to the deployment on the use of Cockle Shell, Processing 
Cockle Shell for making construction material is given in details. It covers its 
use as partial coarse aggregates replacement and partial sand replacement. 
Outcomes of the study are summarized towards the end.

Chapter 6 deals with the durability performance of mortar containing 
ceramic tile waste exposed to sulphate attack. The introduction discusses the 
latest development regarding this subject as no case study has been found 

viii
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where ceramic tile waste was actually used in the field. Sulphate resistance, 
visual appearance, mass change and residual compressive strength are studied 
as an experimental program. Microstructure analysis to verify the results and 
cement the conclusions was explained in details. Finally a comprehensive 
summary of the research output is also included.

The effects of palm oil fuel ash as micro-filler on interfacial porosity 
of polymer concrete is the subject of Chapter 7. Beginning with a brief 
introduction about the topic, the materials and method used in this study 
are explained. Results and discussion about the research program are given 
explicitly and conclusions are drawn.

Chapter 8 evaluates a most interesting and up-to-date topic of electric arc 
furnace oxidizing slag aggregates’ quality and development of functional 
concrete. A comprehensive introduction to the subject is given followed by 
a scientific method of stabilizing electric arc furnace (EAF). Oxidizing slag 
(EOS) is explained in brief. Subsequently, expansion mechanism of EOS 
and physical and chemical properties of EOS aggregates are covered in 
reasonable detail. A method for quantitative evaluation of free CaO contained 
in EOS that covers free CaO content as a function of aging period and open 
storage position for the EOS and ERS samples are explained. Properties of 
functional concrete using EOS aggregates are described in detail through the 
experimental program and test results. Finally brief conclusions are provided 
for the readership.

Chapter 9 covers a comparison between ordinary Portland cement and 
geopolymer concretes against sulphuric acid attack. An intensive introduction 
to the topic is given. Methodology of the experimental program, with emphasis 
on preparation of materials and mix design is described. Testing procedure 
of GSCC is given and durability test for sulphuric acid and cost analysis 
are briefly explained. Conclusions of this chapter would help give a quick 
analysis of this chapter’s details.

Self-healing mortar is the title of the last chapter of this book. A detailed 
introduction about self-healing mortar gives the readers an adequate 
background. A problem statement that summaries the issue is given afterwards. 
Thermoset Polymer – Diglycidyl Ether of Bisphenol A Type of Epoxy Resin 
is explained briefly. Self-healing concept is explained in details then followed 
by the experimental program results of compressive strength, damage degree 
of concrete after self-healing, permeability test, reaction between Epoxy 
Resin and Hydroxyl Ion. A brief summary of the findings is given at the end.

ix
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The versatility of this book, compared to others, lies in its timely 
compilation about the most significant development of the 20th century (i.e., 
concrete from waste materials). The editors believe no such book currently 
exists which compiles information about an extensive variety of wastes that 
could be used in the concrete industry to generate low cost environmental 
friendly materials. Moreover, a few chapters reveal a combination of these 
wastes, new approaches to old materials and unique demands related to waste 
materials. The availability of the book to engineers, technologists, researchers, 
contractors, consulting firms, government agencies dealing with construction, 
transportation and environment, general public, etc., is very crucial.

The results presented in these studies are not only beneficial both 
economically and environmentally, they also provide the concrete industry 
with technical information about valuable resources which play a key role 
in meeting the challenges of sustainable construction in today’s world. The 
high demand of natural resources due to rapid urbanization and the disposal 
problem of industrial and agricultural wastes in developed and in developing 
countries have created opportunities for utilizing these wastes in concrete. 
Many of them have already been used in concrete as additive or replacement 
to cement, fine aggregates and coarse aggregates. By doing so, these wastes 
drastically improve many properties of fresh and hardened concrete, paving 
the way for major developments in concrete and construction industries.

The principal binder in concrete is Portland cement whose production 
requires exorbitant amount of energy consumption, is costly and a major 
contributor to green-house gases (GHG; one ton of Portland cement releases 
approximately one ton of CO2). Furthermore, it consumes huge quantities 
of virgin materials that cause depletion of natural resources, such as forests, 
hill, mountains, etc. at an alarming rate. Given that these challenges must 
be dealt with effectively, the commitment to deploy immense quantities of 
industrial, agricultural and natural waste materials (palm-oil fuel ash, fly 
ash, coal and oil-burning by-products, bottom ash, rice husk ash, bagasse 
ash, metakaolin, used tires, cement dust, stone crushers dust, marble dust, 
silica fume, glass, etc.) becomes imperative. Research has adequately shown 
that waste materials incorporated in concrete could enable the construction 
industry to not only become much more sustainable and economical, but also 
help overcome other related ecological, sociological and economic problems 
associated with it.

x
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Effective utilization of various waste materials in the concrete and 
construction industry whose growth knows no boundaries and mounting 
evidence of worldwide interest suffice the need to produce a collective 
anthology of a wide variety of waste materials available today.

Jahangir Mirza
Research Institute of Hydro-Quebec, Canada

Mohd Warid Hussin
Universiti Teknologi Malaysia, Malaysia

Mohamed A. Ismail
Miami College of Henan University, China 
January 20, 2019
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ABSTRACT

This chapter deals with the characterization and assessment of iron ore tailings 
(IOT) as raw materials for the construction industry. This chapter specifies the 
production process of iron ore and generation of waste material followed by 
listing the nature and prospective issues of IOT. Methods of IOT characterization 
are explained through five elements, which are chemical composition, leaching 
behavior, thermal stability, mineralogical characterization, and morphology. 
The experimental program and research results of this study are explained 
in six subtitles, namely chemical composition, leaching behaviour, thermal 
stability, x-ray diffraction pattern, Fourier transform infrared spectroscopy 
(FTIR), and field emission scanning electron microscopy (FESEM/EDX). 
Results revealed that the IOT materials are suitable for use in construction 
and building industries due to their substantial silica and alumina contents 
and could possibly be used to fabricate paving blocks, sand-crete blocks, 
mud blocks, geopolymer bricks, and ceramic floor tiles.

Characterization and 
Assessment of Iron Ore 

Tailings as Raw Materials 
for Construction Industries
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INTRODUCTION

Iron is one of the world’s most commonly used metal derived from iron ore. 
Iron is the key ingredient, representing almost 95% of all metals used per year 
(U.S. Geological Survey [USGS], 2017). It is used primarily in structural 
engineering applications, maritime structures, automobiles, general industrial 
machineries and equipment, etc.

World production of iron ore was more than two billion metric tonnes of 
raw ore annually. China is by far the largest producer, consumer, and importer 
of iron ore. In 2015 alone China produced 1.3 billion tonnes of iron ore 
equivalent to 44% of the world’s output. Australia comes as the second largest 
producer of iron ore that produced 824 million tonnes in 2015 representing 
more than 20% of the global output. Brazil is the third largest producer of iron 
ore producing 751 and 411 million tonnes in 2015 and 2014, respectively. 
Brazil’s 2015 output represented 12% of the world’s production. In the past, 
India was a world leader, but now stands the fourth largest producer. In 2015, 
India produced 129 million tonnes of iron ore. Russia is the fifth largest 
producer, and in 2015 it produced 112 million tonnes of crude iron ore.

Iron ore tailings (IOT) are waste materials generated when iron ore is 
processed by separating valuable fractions from the worthless ore. Enormous 
quantities of industrial wastes produced from mining industries are usually 
disposed of to landfills due to uneconomic attractive usage. The continuous 
disposal of IOT endures over-burden to the mining industries and the 
community in terms of environmental and economic perspectives. For instance, 
in China the total stockpiles of iron ore tailings was 2.899 billion metric 
tonnes during the years between 2007 and 2011. Of that, approximately 806 
million metric tonnes were generated in 2011. However, only 307 million 
metric tonnes of tailings were comprehensively recycled (Cai et al., 2016). 
Goyal et al. (2015) reported that approximately 10 – 12 million tonnes of such 
mined ores are lost as tailings in India. In Europe, about 2.75 billion tonnes 
of mining waste have been produced between 1998 and 2001 (Grangeia et al., 
2011). The estimated iron ore production in Brazil for 2015 was 751 million 
tonnes and generated 260 million tons of iron-ore tailings (Carrasco et al., 
2017). The increased accumulation of iron ore tailings and eventually their 
disposal pose an over-burden to the mining industries and the community in 
terms of environmental and economic perspective (Zhang et al., 2006). Lack 
of space for the disposal of huge amount of IOT stocked in the industry will 
become a major problem in the future. There are other possible issues, such 
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as, leaching of heavy metals and acid mine drainage which could cause havoc 
to the community and the environment (Hitch et al., 2010).

As mentioned earlier, IOT stockpiled in the tailing dams might be risky to 
the environment and the impacts could be physical, chemical or geotechnical 
instability. The possible effects for storing the tailings in the dam could lead 
to soil and surface water pollution due to toxic substances such as lead, 
sulphates and dissolved metals. Sulphates, in particular are susceptible to 
chemical oxidation when exposed to oxygen and form acid in the soil. In this 
case the acid might possibly kill vegetation and diffuse into ground water.

The persistent disposal of IOT in landfills or tailing dams has a range of 
environmental issues, which include: erosion, dust, water and soil pollution, 
negative effects on the ecosystems and loss of land fertility. The difficult 
situations that might be encountered are during the failure of tailing dams or 
collapse of heaps due to earthquakes and heavy rainfall, which could affect 
the environment and health safety of human life (Cai et al., 2011).

In order to find a solution for the environmental issues raised and 
sustainability of natural resources, there is certainly a need to further study 
the characterization and microstructure of the waste material that will increase 
the percentage of tailings utilization as construction and building materials. 
Current utilization of IOT at 7 to 10% (Zhao et al., 2014; Huang et al., 2013b) 
is very low compared to huge disposal ranging from 5 to 7 billion tonnes 
per year worldwide (Edraki et al., 2014). Increasing the utilization of IOT 
will provide eco-friendly, economic and environmentally sustainable mining 
industries and also provide alternative and cheaper building and construction 
materials.

For this study, the IOT was obtained from Kota Tinggi iron ore mills in 
Johor; a southern state in Malaysia Peninsula. Physical test results showed 
that it had a specific gravity of 2.6, bulk density of 1710 kg/m3, fineness 
modulus of 2.07 and water absorption rate of 7.0%.

Production of Iron Ore and Generation of Waste Material

The process of mining starts with assembling the ores from excavation, 
blasting and exploration processes. These processes eventually produced 
wastes that were commonly found as mine overburden wastes, rocks and top 
soil of different scales. At the end of these processes, mine ore is produced 
which might be of different types depending upon the area of ore deposit. 
The ore will further undergo other processes through pulverizing, upgrading, 
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leaching, and concentration (Wills and Napier-Munn, 2005) for efficient and 
maximum liberation. At the time of pulverization, solid ore materials are 
crushed, grinded and cut down into smaller scale. This process will strip the 
valuable particles of the minerals and raise the appearance in order to continue 
the next process. The valuables minerals are packed and shut into different 
arrangement or blended with other materials. The pulverization method of 
processing assists to release the valuable and worthwhile ore minerals from 
the different arrangements. The pulverization method of processing will also 
produce spoils or fines as waste materials which are considered worthless.

In order to achieve higher percentage of metals or precious mineral, the 
mineral ores are required to undergo another process using upgrading and 
concentration of the ore through separation of the precious minerals from 
the worthless type. The upgrading and concentration are performed through 
magnetic separation, chemical separation, washing and froth flotation 
relying on the mineral ore being treated. The processing of iron ore ends at 
this phase but gold and other ores will undergo leaching processes which 
were performed through subjecting the ore to upgraded and concentrated 
cyanidation (Committee on Technologies for the Mining Industry, 2002).

The stages of ore processing as enumerated produce huge wastes which 
include; leached residues, slurries, processed waste water, tailings and 
hazardous chemicals. The product of the ore processing at this stage is the 
formation of bulk raw material. However, the bulk raw material will further 
undergo refining and smelting before finally being accepted as marketable 
product. Waste materials such as ashes and slags are also produced during 
the processes of refining and smelting.

Nature and Prospective Issues of IOT

Persistent disposal of iron ore tailings unleashed problems for the community 
as well as mining companies in terms of environmental and economic issues. 
The environmental issue of pollution is the main concern to the mining 
industries. The acquisition of nearby landfill space for the disposal of tailings 
through friendly and sustainable means is another main concern of the mining 
industries. When the tailings are successfully disposed off, it is necessary to 
keep on monitoring and managing the disposal site (McKinnon, 2002). That 
will ensure the prevention of any erosion possibility in case of dam failure 
while acid mine drainage will be curtailed (Grangeia et al., 2011;Yellishetty 
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et al., 2008). The main prospective issue of the tailings is that they might 
release heavy metals and hazardous toxic elements into the environment 
(Ye et al., 2014). Similarly, the mining industries were also faced with the 
problems of cost for wastes mine disposal which cause decline in huge amount 
of production profit.

In the past, mining industries were engaged in discharging their tailings 
directly into the sea (McKinnon 2002). Presently, some of these tailings 
are pressurized into tailing dams as slurry while others are stored as wastes 
near the mine sites (Wills and Napier-Munn, 2005). Some of the mining 
industries utilize certain part of the tailings as backfill and land reclamation 
to refill previous area in open cast mines and quarries that were dug-out 
(Skarżyńska, 1995).

In order to handle the problems of mine tailings that satisfy community 
and devise sustainable mining techniques, it becomes mandatory to assess the 
various methods of managing such tailings produced from the industries. In 
this case, the economic and sustainable options of handling mine tailings are 
obligatory. The best reuse alternative for these tailings is to use it in concrete 
production where large volumes could be utilized. Literature studies have 
shown that some of these tailings could be used in the construction of buildings 
and civil engineering infrastructures (Skarżyńska, 1995;Choi et al., 2009).

Methods of Iron Ore Tailings Characterization

The characteristics of IOT can vary greatly and depend on the ore mineralogy 
together with the physical and chemical processes used to extract the economic 
product. The tailings characteristics must be determined to establish their 
long-term behavior and the potential short and long-term liabilities as well 
as environmental impacts. Once the likely characteristics of the tailings 
are determined from mineralogical examinations, the necessary design 
requirements can be identified to mitigate and render possible use in paving 
block fabrication, sand-crete block, mud block, geopolymer brick or ceramic 
floor tiles as construction and building materials. To help determine the 
characterization and assessments of tailings, the following methods were 
utilized:

1. 	 Chemical composition
2. 	 Leaching behavior
3. 	 Thermal stability
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4. 	 Mineralogical characterization
5. 	 Morphology

The engineering characteristics of tailings are, in most instances, influenced 
by the method of deposition and materials’ characteristics.

Chemical Composition

The IOT were tested for chemical oxide composition using S4 Pioneer 
X-ray fluorescence spectroscopy (XRF) machine. The XRF machine works 
by irradiating the samples with an intense X-ray beam from a radioisotope 
source. The primary source of the rays excites the sample by detaching the 
tightly bound electrons’ inner shell from their orbits in the samples of excited 
atoms. When the excited atoms are relaxed to their original state, fluorescent 
X-rays are emitted. The energy from the emitted rays detected is used for the 
identification of elements in the sample using an energy dispersive detector; 
while the intensity of the X- rays is used to determine the quantity of the 
elements.

Leaching Behaviour

Toxicity Characteristic Leaching Procedure (TCLP) was used in determining 
the concentration of heavy metals in IOT. The test was performed according 
to the US EPA Method 1311 (1992) whereby IOT materials less than 2.00 
mm in size were mixed with deionized water at a liquid - solid ratio of 20:1. 
Two test samples were agitated with a speed of 30 rpm for 24h. After the 
extraction and filtration of the leachates, heavy metal ion concentrations 
therein were determined by means of an Inductively Coupled Plasma–Mass 
Spectrometry (ICP–MS).

Thermal Stability

This aspect of the test evaluates the thermal stability of the materials due 
to thermal decomposition. IOT were subjected to thermo-gravimetric and 
differential analysis (TGA/DTA) test. Test specimens were prepared and 
tested in powder forms prepared by grinding. The equipment used for the test 
is Mettler Toledo TGA/DSC thermo-gravimetric analyser. The specimens 
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were heated within a temperature range of 30.0 ± 2.0 oC to 1000 ± 2.0 oC 
at a heating rate of 10 oC min-1 and helium content of 10ml/min. Within the 
specified temperature range, the mass loss and the decomposition temperatures 
were determined, recorded and reported.

Mineralogical Characterization

The Mineralogical characterization of IOT was determined using X-ray 
diffraction analysis (XRD) and Fourier Transform Infrared Spectroscopy 
(FTIR). XRD enables the determination of the crystalline structures, the 
quantitative and qualitative analysis phase, the study of phase transformations, 
the crystallographic texture, the size of crystallites and the internal stresses in 
a variety of materials. In this study, a SIEMENS Diffractometer D5000 with 
X-ray source of Cu Kα radiation was used. The scan step was 0.02° using a 
scanning rate of 0.5 °C/min and in the range 2-theta-scale from 5 ° to 80 °. 
The scale on the x-axis (diffraction angle) of the usual XRD pattern gives the 
crystal lattice spacing and the y-axis scale (peak height) shows the intensity 
of the diffraction rays. The diffraction samples were powdered by grinding.

FTIR is an instrument used to obtain an infrared spectrum of absorption 
or transmission of a solid, liquid or gas. The objective of any absorption or 
transmission of spectroscopy is to measure the wavelength, which determines 
the material’s molecular characterization. FTIR experiment was performed on 
IOT samples to examine the absorption of infrared spectrum. FTIR was used to 
identify the chemical functionality and materials’ molecular characterization. 
The spectra were recorded from 400 to 4000 cm-1 at a resolution of 4 cm-1 
with an accumulation of 16 scans. A transparent disk (pallet) was used for 
the test. The pallet was prepared by mixing about 1 mg of the test specimen 
with about 100 g of potassium bromide (KBr) in an agate mortar and then 
pressed using a pallet dye under pressure. Nitrogen (N2) gas was used to 
purge the spectrometer.

Morphology

Morphological and microscopic analysis of IOT was determined by using 
Field Emission Scanning Electron Microscopy (FESEM). The FESEM device 
was GEMINI FESEM versatile ultrahigh resolution with a variable pressure 
solution, equipped with an energy dispersive X-ray analyser (EDX) unit. The 
EDX was used to analyse the elemental composition of the respective materials.
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RESULTS AND DISCUSSION

Chemical Composition

The chemical composition of IOT was determined by using X- Ray 
Fluorescence spectroscopy (XRF) as shown in Table 1. The major component 
of IOT is silicon dioxide or silica (SiO2). The mass content of silica was 
56% while alumina (Al2O3) content was 10% and iron oxide (Fe2O3) content 
was 8.3%. The silica usually reacts with calcium hydroxide to produce more 
aggregate binding gel - CSH (Gite et al., 2013). Fe2O3 is the main colorant 
in the mine tailing, being responsible for the reddish colour. The calcium 
oxide (CaO) content in IOT was 4.3%, which could possibly be taking part 
in the pozzolanic reaction and creating extra C-S-H gels and is beneficial 
for strength development of the concrete. Interestingly, no trace of sulphur 
trioxide was found in the chemical composition. Although various researchers 
have raised suspicion about the possibility of corrosion effect on the IOT 
material due to the high content of Fe2O3 (Kuranchie et al., 2015;Yellishetty 
et al., 2008), the results of chemical analysis indicated that the IOT is very 
suitable for construction and building materials.

Leaching Behaviour

The heavy metals leaching test results are listed in Table 2 along with the 
regulatory limits. As reported in chemical composition, IOT contain certain 
amount of heavy metals that can be leached by water, but the concentrations 
of As, Ba, Cd, Cr, Pb and Zn in the leachate were below the allowable 
regulatory limit for waters (groundwater, surface water and tap water) and 
farmland soil based on the requirement of U.S EPA (2000) standards. Huang 
et al. (2013a) observed similar trend when they investigated the leaching 
behavior of IOT powder as cement replacement. They reported that all 
the leaching contaminants were below the regulatory limits. Similarly, da 
Silva et al (2015) also reported that chromium, lead and cadmium elements 
were below the detection limits of the Inductive Couple Plasma (U.S EPA 

Table 1. Chemical composition of IOT

Chemical Composition (%) SiO2 Al2O3 Fe2O3 CaO MnO K2O TiO2 CUO PbO LOI

IOT 56 10 8.3 4.3 1.7 1.5 0.4 0.2 0.4 3.3
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1992), when the leaching concentration of concrete blocks containing IOT 
was examined. They also reported that other heavy metals that could affect 
the environment, such as water, soil and groundwater contamination were 
not detected. Related studies by Coruh and Ergun (2006) and Hashem et al. 
(2011) have also shown that heavy metals contained in mine tailings can be 
effectively immobilized in cement mixtures. Therefore, IOT used in this study 
can be considered as a non-hazardous mine waste material.

Thermal Stability

The thermal stability in terms of thermo-gravimetric and differential thermal 
analysis (TGA/DTA) curves of IOT is shown in Figure 1. It can be seen that the 
TGA curves showing peaks ranging between 40 to 230 oC, and 260 to 600 oC 
are normally associated with loss of surface water and dihydroxylation of the 
material (Maifala and Tabbiruka, 2007). The mass loss due to dihydroxylation 
was completed at 570 oC. The differential thermal analysis (DTA) curve 
shows two sharp exothermic peaks at 280 oC and 580 oC corresponding to the 
loss of surface water and to dihydroxylation of the IOT material. The small 
endothermic peaks between 200 oC and 580 oC are due to loss of structural 
water as discussed by Temuujin et al., (1999). TGA curve further showed that 
the sample decomposed from 100% to 91.14%, which correspond to the mass 
loss of 6.15% and 2.71% due to the decomposition of adsorbed water between 
40 to 230 oC and 260 to 600 oC respectively, making a total loss of about 
8.86%. This could be due to high porosity and loose nature of the particles.

Table 2. Concentration of heavy metals in IOT

Elements U.S EPA Test Method 1311 (1999) 
Regulatory Limits (mg/l) Concentration in IOT (mg/l)

As 0.05 0.0013

Ba 1.00 0.0191

Cd 0.01 0.0011

Cr 0.05 0.0047

Pb 0.05 0.0009

Se 0.01 0.0010

Ag 0.05 0.0094

Zn 0.50 0.0003

Cu 0.002 0.0010
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X- Ray Diffraction Pattern

The X-ray diffraction patterns of IOT are shown in Figure 2. The XRD patterns 
show several peaks between 12.2o and 64.1o indicating crystalline structure. 
The observed sharp crystalline peaks are quartz (SiO2), gibbsite [Al(OH)3], 
hematite (Fe2O3) and chamosite [(Fe2+, Mg)5Al(AlSi3O10)(OH)8]. Quartz is 
the major phase and is generally known to be unreactive (Yao et al., 2009), 
but usually increase the packing density and long-term strength development 

Figure 1. Thermo-gravimetirc and thermal differential analyses of IoT

Figure 2. XRD pattern of IOT
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(Huang et al., 2013a). Traces of calcite (CaCO3) were also detected in the 
spectrum and these can be attributed to the high loss on ignition observed in 
the chemical composition (Yao et al., 2015).

Fourier Transform Infrared Spectroscopy (FTIR)

Figure 3 presents the FTIR spectra for IOT. Results showed that the spectrum 
of IOT minerals have two groups of absorption; outer hydroxyl groups and 
inner hydroxyl group. The outer groups are in the outer unshared plane 
(upper), whereas the inner groups are situated in the lower shared plane of 
the octahedral sheet. The spectrum of the minerals was arranged in their 
sheets, as well as in the occupancy of the octahedral and tetrahedral sites. The 
inner hydroxyl groups, lying between the tetrahedral and octahedral sheets, 
give the absorption near 3693 cm-1. A strong band at 3734 cm-1 is related to 
the in-phase symmetric stretching vibration, two weak absorptions at 3448 
and 3618 cm-1 are assigned to out-of-plane stretching vibration (Kristof et 
al., 1997). The absorption peaks at 1031 and 912 cm-1 show Si–O stretching 
vibration for symmetric and asymmetric bond vibration, respectively (Kaufhold 
et al., 2012). The bending vibrations at 797 and 470 cm-1 were assigned to 
Si–O–Al and Si–O–Si respectively. The spectrum band at 694 cm-1 exhibits 
the Fe2O3 stretching vibration (Kaufhold et al., 2012), which is a characteristic 
of IOT minerals as shown in XRF results. The study of IOT spectra further 

Figure 3. FTIR Spector of IOT
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shows that the minerals’ absorption bands play an important role frequently 
in the water absorption rate and differentiation of mineral composition due 
to structural OH and Si–O groups.

Field Emission Scanning Eectron Microscopy (FESEM/EDX)
The results of FESEM/EDX presented in Figure 4 showed that IOT material 
is of angular shape. It also consisted of porous and highly rough surface with 
irregular shape that was well dispersed. The material is made up of loose 
particles with high surface area. The nature of the particles and surface texture 
of IOT could contribute positively to the water demand and consequently 
lead to low workability. Similar behaviour has been reported by Zhao et al. 
(2014). Similarly, the EDX shows that the prominent element present in the 
materials was silica (Si) with a relative percentage by weight of 57.43%. 
The other elements that were more prominent were iron (Fe) and alumina 
(Al) comprising about 8.01% and 5.91% respectively. The alumina element 
plays a very important role in the formation of calcium alumina silicate 
hydrate (C-A-S-H) during cement-pozzolanic hydration process. The high 
carbon has been acknowledged as the basic reason for its high LOI value and 
consequently high water demand. Generally, there is a very good agreement 
between the findings about the properties of IOT carried out using XRD, 
XRF and EDX methods.

Figure 4. Field emission scanning electron microscopy morphology and energy-
dispersive x-ray analysis of IOT
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CONCLUSION

The concentration values of silica and alumina contents obtained from 
chemical analysis correlate with the mineralogical composition of IOT. The 
leaching behaviour of IOT is within the acceptable limits. From the TGA-
DTA thermo-grams, the TGA curve showed that the sample decomposed 
from100% to 91.14%, which correspond to the loss of 8.86%. The morphology 
results indicated that the IOT were porous, angular and have rough surface 
with irregular shape and loose particles with high surface area.
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ABSTRACT

This chapter discusses the utilization of wastes in the form of palm oil fuel 
ash, oil palm kernel shell, and oil palm fibre in the production of mortar mixes 
as a part of new and innovative materials in construction industry. Detailed 
introduction is provided followed by a clear description of each waste and 
its effect when added to mortar mixes. Furthermore, a research study on the 
effect of palm oil fuel ash, palm oil kernel shell, palm oil fibre on mortar 
properties was carried out and the experimental program details are given 
under four subtitles. Splitting tensile strength and flexural strength were 
performed to test the engineering properties of mortar containing different 
types of waste. Results and discussion are provided for additional grasp. It 
is concluded that the inclusion of high-volume palm oil biomass waste can 
produce sustainable mortars with high strength and with more durability 
performance.

INTRODUCTION

When properly designed and manufactured, concrete has become a predominant 
building material in the construction industry due to its excellent mechanical 
and physical properties. More than 10 billion tonnes of concrete are produced 
annually. As it has been estimated that by the year 2050, the rate of world’s 
population will increase from 1.5 to 9 billion, directly increasing the demand 

Effect of High-Volume Oil 
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for housing and concrete materials which are estimated to be 18 billion tonnes 
by 2050 (Meyer, 2009). However, with the large quantities of concrete being 
produced, there are consequences that will affect the environment. It has been 
found that approximately one tonne of carbon dioxide (CO2) is released with 
every tonne of cement produced. Overall, around 5% of total CO2 emission 
all over the world is contributed by the cement manufacturing industry 
(Worrell et al., 2001). Due to the implementation of the Kyoto protocol in 
February 2005, countries all over the world must reduce their greenhouse 
gas emissions (GHG). Therefore, the major challenges are to reduce the CO2 
emissions arising from cement manufacturing industries.

Previously, researchers have focused on finding materials that have similar 
properties as cement are yet more sustainable and affordable. Since cement 
is the major building materials, finding and substituting a material that 
would reduce the overall cost is necessary. The need towards sustainability 
and sustainable environment has made the use of pozzolanic material in 
construction popular. Within the past few years, natural and industrial wastes 
have been used in construction materials namely, pulverized fuel ash (PFA), 
ceramic tile waste, ground granulated blast furnace slag (GGBFS), metakaolin 
(MK), silica fume (SF), palm oil fuel ash (POFA) and rice husk ash (RHA), 
etc. Their usage as construction materials have become quite prevalent since 
they offer advantages in terms of strength and durability (Meyer, 2009; Samadi 
et al., 2015; Ismail et al., 2013; Ramadhansyah et al., 2012). In addition, 
these pozzolanic materials have also been proven to improve the properties 
of concrete and reduce the hydration temperature and hence make massive 
construction easier.

Palm oil fuel ash (POFA) is generally known as one of the pozzolanic 
materials from natural waste. By 2014, Malaysia had recorded a staggering 
5.39 million hectares of oil palm plantations, an increase of 11.0% from the 
previous 4.85 million hectares in 2010 (MPOB, 2015). Malaysia is the second 
largest producer of crude palm oil in the world, consequently producing a 
large amount of oil palm waste. It is estimated that “the total potential palm 
biomass from 4.69 million hectares of oil palm planted area in Malaysia in 
2009 is 77.24 million tonnes per year comprising of 13.0 million tonnes of 
oil palm trunks, 47.7 million tonnes of oil palm fronds, 6.7 million tonnes of 
empty fruit bunches, 4.0 million tonnes of palm kernel shell and 7.1 million 
tonnes of mesocarp fibre (all dry weight)” (Ng et al., 2011; Zwart, 2013). 
These wastes are usually used as fuel in oil palm mill to generate electricity 
and produced approximately 5% another solid waste namely, POFA (Tay and 
Show, 1995). In Malaysia alone, about 3 million tonnes of ashes are generated 
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annually (MPOB, 2015). Even though the wastes have been used for other 
purpose, they are still left and dumped in open field creating environmental 
and health hazards. Therefore, the utilization of oil palm biomass waste 
presents an opportunity to make the industry more environmentally safe and 
sustainable.

Problem Statement

The rapid developments in the construction industry in Malaysia have led to 
huge demand for Portland cement and natural aggregates for construction. 
However, the use of these materials not only poses environmental risks but also 
depletes the natural resources as well. Therefore, this study was undertaken 
to find a way to reduce the use of Portland cement and natural aggregates by 
replacing them with high volume oil palm biomass waste namely palm oil 
fuel ash (POFA), oil palm kernel shell (OPKS) and oil palm fibres (OPF). 
Furthermore, the brittle characteristic of concrete or mortar requires another 
material to be added to increase the performance life of concrete. Increasing 
the use of waste materials reduces the use of cement and natural aggregates 
automatically. Large amount of oil palm biomass waste, which is locally 
available in large quantities, could be utilized and would solve disposal 
problem effectively.

Oil palm biomass waste is recommended for use in order to reduce the 
CO2 emission and to recycle the waste materials for the sake of environment. 
Despite the application of POFA as a pozzolanic material in mortar up to 
30% as cement replacement, the problem of ash disposal remains as large 
amount of the ash goes unutilized. Therefore, by replacing cement with high 
volume Nano POFA will improve the strength and durability characteristic 
of mortar. On the other hand, the addition of OPKS will reduce the density 
of high filler loading mortar while the addition of OPF solves the issues of 
brittle characteristic of mortar. In order to completely evaluate the potential of 
oil palm biomass wastes for new applications, a comprehensive and detailed 
study of fundamental properties is truly necessary.

Oil Palm Biomass Waste

In the oil palm mill, palm oil consists only 10% from the total biomass. The 
rest, 90% biomass are disposed as wastes (Awalludin et al., 2015). At present, 
Malaysia has at least 417 productive palm oil extraction mills nationwide 
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(Umar et al., 2013). Khalil et al. (2010) reported that the combination of 
wastes from all the mills can generate more than 12.4 million tonnes of 
Empty Fruit Bunch (EFB) as solid waste per year and most of them have 
been returned to the plantation site. In a yearly basis, Oil Palm Fibre (OPF) 
and Oil Palm Trunk (OPT) can mountain up to 4 and 18 million tonnes (dry 
weight), respectively. These numbers are based on estimation of 5% oil palm 
plantation that are due for new replantation (Kong et al., 2014). In 2012, an 
estimated 83 million tonnes (dry weight) of oil palm biomass wastes were 
available throughout the country and it is projected that these wastes will 
keep rising to reach 100 million tonnes dry weight by 2020 (Umar et al., 
2013). The high potential value of these wastes to be used for more profitable 
purposes is often being ignored.

Lack of technology to utilize the entire remaining wastes can worsen the 
biomass overload problem for the environment. However, the production of 
Oil Palm biomass waste is limited to only a few countries such as Thailand, 
Indonesia, Malaysia, Nigeria, etc. Therefore, it is not widely used in the 
construction projects. Fewer case studies have been reported by using oil 
palm biomass waste in the application of concrete in construction works. In 
most of these countries, the oil palm biomass waste was used to produce full 
scale concrete beams for the structural tests in the laboratory (Alengaram et 
al., 2011; Aldahdooh et al., 2014).

In Malaysia, the oil palm shells have been utilized as replacement of 
aggregates to produce low cost houses in Sabah (Teo et al., 2006) and POFA 
as cement replacement in the production of eco-homes in Johor (Ahmad, 
2016). The POFA used in this study was black in colour. It was obtained 
from palm oil mill located in Johor which is southern part of Malaysia. The 
POFA was treated and ground until nanoparticles sizes. The POFA used was 
similar to the studies done by Lim et al. (2015). The chemical composition 
of OPC and nano POFA (NPOFA) used in this study are shown in Table 1.

The collected OPKS was subjected to further grinding to obtain similar 
properties as sand. The use of OPKS was to reduce the density of high-
volume palm oil biomass mortar. The bulk density of OPKS and sand used 
were 750 kg/m3 and 1614 kg/m3, respectively. The size used was in the range 
of 300 µm – 2.35 mm. The palm oil fibres (OPF) used in this research was 
obtained from the empty fruit branch of oil palm tree. After oil extraction 
process, the fruits or nuts were stripped from fruit bunches, leaving behind 
the empty – fruit bunches as waste. The valuable fibre was obtained from 
the oil palm empty fruit branches after it had been treated in boiled water 
for 3 hours at 100 ±5°C.
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All mortar specimens were prepared with blended ash to fine aggregate ratio 
of 1:3, whereby the fine aggregate was prepared in ambient air-dry condition. 
The percentages of fibre were varied from 0.3 to 0.9%. The mixing was carried 
out at a room temperature of approximately 28°C. The mix proportions for 
all mixes are given in Table 2. The test specimens of 70 x 70 x 70 mm cube, 
40 x 40 x 160 mm prism and 70 Φ x 150 mm cylinder were prepared. The 
specimens were compacted in two-layer with tamping as described in ASTM 
C109-11. The specimens were demoulded after 24 hours and placed in water 
tank for curing process until the age of testing for compressive strength test, 
flexural strength test and splitting tensile strength test.

Effect of Palm Oil Fuel Ash

The effect of NPOFA replacement on strength performance of mortar is 
shown in Figure 1. The 60% NPOFA replacement shows higher strength at 

Table 1. Chemical composition of OPC and NPOFA

Chemical Composition (%) OPC NPOFA

SiO2 16.40 69.30

Al2O3 4.24 5.30

Fe2O3 3.53 5.10

CaO 68.30 9.15

K2O 0.22 11.10

MgO 2.39 4.10

CO2 0.10 0.10

SO3 4.39 1.59

LOI 2.40 1.30

Table 2. Mix proportions of biomass mortars

Materials (kg/m3)
Mortar Mix

OPC 60% POFA 80% POFA 100% POFA

OPC 525 210 105 -

POFA - 315 420 525

Sand 1578 1578 1578 1578

OPKS 0, 25, 50, 75, 100%

w/c ratio 0.4 0.4 0.4 0.4
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all curing age compared with the other mixes. This is due to the appropriate 
amount of reactive silica for pozzolanic reaction and Ca(OH)2 from the cement 
hydration process. However, as the percentage of NPOFA increases, the 
compressive strength of mortar decreases. This is probably due to the lack of 
calcium hydroxide to react with the reactive silica from NPOFA resulting in 
less calcium silicate hydrate gel (C-S-H). The compressive strength of mortar 
increases as the age increases due to the hydration process that causes an 
increase in the C-S-H gel. In addition, it is believed that the finer particles will 
fill the voids inside the mortar and make it denser than normal OPC mortar. 
Besides, the compressive strength at 28 days for 90% and 100% replacement 
are reduced by 73% and 86%, respectively. This is probably due to the lack of 
CaO from binder to start the hydration process thus, produce less Ca(OH)2 
as the cement content reduced.

Previous researches suggested that the strength of mortar with pozzolanic 
materials is expected to be higher at later ages due to its pozzolanic reaction 
activities that resembles with other blended cement mortar behaviour (Awal 
and Shehu, 2011). However, by using nano size of POFA, the early strength 
also increased. This is due to the reaction by K2O content in NPOFA which is 
higher (11.10%) that initiates the early strength of mortar. Mortar samples made 
with higher potassium (K2O) content accelerated the formation of ettringite 
thus increased the early strength. This was also highlighted by Cohen and 

Figure 1. Effect of percentage of NPOFA on compressive strength
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Richards (1982) who mentioned that the formation of ettringite was enhanced 
with the presence of alkalis. Overall, by increasing the amount of NPOFA, 
the compressive strength of mortar increased until a certain limit where the 
compressive strength reduced drastically compared with normal mortar.

Effect of Oil Palm Kernel Shell

The effects of OPKS percentages on compressive strength of mortar are 
shown in Figure 2. Cement was substituted by 80% of NPOFA in all the 
mortar mixes. Sand was replaced with 25%, 50%, 75% and 100% of OPKS. 
The recorded compressive strength at age of 28 days for 0%, 25%, 50%, 75% 
and 100% OPKS replacement were 34.73, 32.89, 30.65, 23.65 and 18.76 
MPa, respectively. Evidently, the compressive strength was decreased as 
the OPKS percentage increased. This is due to the mechanical properties 
of OPKS, which was derived from oil palm biomass waste as reported by 
Okpala (1990) and Basri et al. (1999). The compressive strength of mortar 
was affected by the strength, thickness and density of the OPKS aggregates. 
The OPKS aggregates have flaky shape which reduced the bonding between 
fine aggregates and cement matrix thus causing a reduction in the strength 
of mortar.

Mannan and Ganapathy (2004) reported that at the early age, the failure 
happened due to the breakdown between binder and fine aggregates, while at 

Figure 2. Effect of OPKS on compressive strength of mortar
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later age the failure happened due to the breaking of the OPKS itself. However, 
in this study since the size of OPKS is reduced, the failure happened due to 
the breakdown of the binder and fine aggregates. The aggregates strength 
and binder strength were found to be an important factor in reducing the 
compressive strength. However, with the addition of 50% OPKS at 28 days 
shows relatively similar value to the target strength which is 30.7 MPa. The 
flakiness shape of OPKS significantly decreased by crushing the larger sizes 
of OPKS aggregates which resulted in a better performance as fine aggregates 
and consequently offered better compressive strength.

Effect of Oil Palm Fibre

The compressive strength of oil palm biomass waste with different OPF 
ratios is shown in Figure 3. The compressive strength for all mortar mixes 
showed similar strength development with increasing age. It was found that 
the fibres did not affect the compressive strength of mortar as much. The 
compressive strength at 28 days for 0, 0.3, 0.5, 0.7 and 0.9% OPF were 34.7, 
35.1, 35.7, 36.9 and 36.2 MPa, respectively. The compressive strength of 
mortar decreased with the addition of 0.9% OPF. This may be due to a higher 

Figure 3. Effect of OPF percentage on compressive strength of biomass mortar
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void volume content within the fibres themselves, which leaves room for 
more compressibility of the samples and results in reducing the compressive 
strength. Moreover, due to the addition of higher volume of OPF, the fibres 
tend to agglomerate and cause a balling effect. By adding 0.7% OPF, the 
compressive strength of mortar at 28 days increased by 6% compared with 
normal mortar. This result indicated a bond strength improvement with the 
addition of OPF that interconnected the matrix in the composites and reduced 
the crack visibility in mortar. This shows a good bonding can be developed 
with the addition of 0.7% fibres in biomass mortar.

Splitting Tensile Strength Test

The splitting tensile strength of biomass mortar with different percentages 
of OPF is shown in Figure 4. The splitting tensile strength values at the age 
of 28 days were 1.2, 1.9, 2.5, 4.0 and 2.8 MPa for mortars with 0, 0.3, 0.5 
0.7 and 0.9% fibres addition, respectively. The splitting tensile strength of 
biomass mortar found to be increased with the increasing ages of curing. The 
0.7% OPF addition showed the highest splitting tensile strength at all ages. 
This is due to the function of the fibre that helps to carry load and withstand 
the stress after cracking thereby increasing the tensile strength.

Figure 4. Splitting tensile strength of biomass mortar with different percentage OPF
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During the splitting tensile test, the effect of the fibres was apparent. The 
fibres appeared to control the cracking and alter the post cracking behaviour. 
The fibres seem to provide a load redistribution mechanism after initial 
cracking. However, it was observed that with the inclusion of 0.9% fibres, 
the splitting tensile strength of the mortar was decreased. This is probably 
due to the high-volume inclusion of fibres that tends to agglomerate and 
causes balling effect. Similar findings were reported by previous researchers 
where with the inclusion of more than 1% fibres, the tensile strength reduced 
(Dawood and Ramli, 2011).

Figure 5 shows the typical failure patterns of mortar without fibres and 
with the addition of 0.7% OPF after splitting tensile tests. It is shown that the 
mortar specimens without fibres split into two main halves along the loading 
path as expected while mortar specimen with 0.7% fibres still maintain the 
original shape. Unlike normal mortar, it was difficult to separate the fractured 
specimens because the fibres were bridging the gap that kept the two mortar 
sections together as shown in Figure 5 (b).

Flexural Strength Test

Figure 6 shows the flexural strength test for biomass mortar with different 
percentages of OPF. The flexural strength values at the age of 28 days were 
2.6, 3.5, 4.8, 7.2 and 5.3 MPa for mortars with 0, 0.3, 0.5 0.7 and 0.9% fibres, 

Figure 5. Failure pattern of mortar after splitting tensile strength test
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respectively. Similar to the splitting tensile strength, the 0.7% OPF ratio 
showed the highest flexural strength compared with the others. This is due to 
the fibres themselves which played an important role in mortar by providing 
good fibre-matrix bonding, and ability to interrupt the distribution of stress 
that resulted in multi cracking in mortar. The flexural strength for all ages 
of curing decreased with the addition of 0.9% OPF. This could be attributed 
to the balling effect of fibres taking place during mixing. In addition, the 
reduction in flexural strength was attributed to the agglomeration of the 
filler and its inability to support stresses transferred from the binder matrix. 
Furthermore, with the high volume of fibres, it contributed to weaker bonding 
between particles. In addition, the flexural strength continued to increase as 
the hydration period and pozzolanic reaction increased.

CONCLUSION

Based on the experimental investigation, the following remarks can be 
highlighted.

The use of Nano size POFA increases the compressive strength of mortars 
even at early ages of curing. Besides, 50% OPKS can be used as fine aggregates 
replacement to produce lighter mortar with comparable strength. The 0.7% 
ratio of OPF increases the splitting tensile strength and flexural strength of 

Figure 6. Flexural strength of biomass mortar with different percentage of OPF
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biomass mortar by 69% and 65%, respectively, at age of 28 days. The oil palm 
biomass waste can potentially be used up to 80% replacement of cement and 
fine aggregates with comparable strength (30 MPa).
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ABSTRACT

Chapter 3 is based on performance of mortar grouts incorporating rice husk 
ash (RHA) and fly ash (FA). Detailed experimental work was conducted to 
investigate the mechanical properties of mortar grout using RHA and FA 
as partial replacement of cement. This study investigated the compressive 
strength and durability of mortar grouts in their hardened state. Durability 
tests such as water absorption, apparent volume of permeable voids, sorptivity, 
and rapid chloride penetration tests are researched. Detailed results and 
discussion which focused on mechanical properties as well as durability 
of hardened state mortar grout are presented. It was confirmed that the 
inclusion of blended RHA and FA significantly improved the compressive 
strength of mortar grouts. The durability of mortar grout increased along 
with a longer curing time. Hence, RHA and FA can partially replace cement 
in the production of mortar grouts.

INTRODUCTION

Deterioration of concrete structures has shortened the service life of existing 
reinforced concrete structures (Horrigmoe, 2000). The major causes of concrete 
deterioration are a lack of consideration in design details, specifications, 
poor labour skills, etc. This leads to decrease in durability properties such as 
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carbonation and chloride-induced corrosion of reinforcing steel that affects 
the long-term performance of concrete structures. The consequences of a 
concrete structural failure are severe and can be life-threatening. Spalling or 
cracking of concrete cover is the most common type of deterioration and the 
simplest way to rectify this condition is to use mortar grouting by patching 
the affected area. This will result in an extended service life of the existing 
reinforced concrete structure (Imbin et al., 2013). Mortar grout consists 
of a mixture of cement and other fine material such as fine sand. With the 
rising awareness of sustainability and environmental impact of construction 
materials, agricultural waste residues such as rice husk ash (RHA), palm oil 
fuel ash (POFA) and bagasse ash, in addition to, industrial wastes such as fly 
ash (FA), silica fume and ground-granulated blast furnace slag is increasingly 
used as supplementary cementitious materials (Nagaratnam et al., 2016; 
Sanal, 2017; Sanal 2018). This is to achieve high performance, good quality 
and low-cost concrete mixtures (Uduweriya and De Silva, 2010).

Rice husk ash (RHA) is a by-product from the burning of rice husk. The 
milling of rice generates on average at 20% rate by weight of the 500 million 
tons of paddy produced in the world (Ganesan et al., 2008). Subsequently, 
the burning of these husks produces ash at an average of 18% by weight 
of the husks (Reddy and Alvarez, 2006). The pozzolanic activity of RHA 
depends on certain criteria such as the silica content of the ash, the silica 
crystallization phase, the size and the surface area of its particles and a low 
carbon content (Zain et al., 2011; Rahman et al., 2014). A case study was 
reported that addressed the technical considerations in Japan (Tateda et al., 
2016) for the optimisation of rice husk burning in a boiler to retain a high 
solubility of silica in RHA. This study described step by step details to achieve 
the optimal operation of a boiler for stakeholders using RHA. The best quality 
of silica, based on a solubility evaluation, in rice husk ash and heat could be 
obtained simultaneously through the optimal operation. Since the boiler used 
in that study was very simple and inexpensive, the best practices reported at 
this study can be transferred and applied to using rice husks as a resource in 
many parts of world, especially in Southeast Asian countries].

Fly ash, on the other hand, is the non-combustible mineral waste from 
the coal industry. It is collected from the power generating plant’s exhaust, 
after the carbon is consumed in the power plant boiler and solidify as 
microscopic or glassy spheres (Papadakis and Tsimas, 2002). Similarly, it 
is also pozzolanic in nature and further aids flow-ability of cement-based 
materials (Nagaratnam et al., 2016). The application of RHA and FA in 
blended mortar grout is relatively unexplored. A significant amount of these 
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waste materials is generated every year in many developing countries. Such 
wastes contain around 90% SiO2 and due to this high percentage of SiO2, it 
works as a pozzolanic material. Therefore, it is very important to utilize it 
in any cement-based materials like mortar grout and to further examine its 
hardened state properties.

This detailed experimental work was conducted to investigate the mechanical 
properties of mortar grout using RHA and FA as partial replacement of cement. 
It analyses the compressive strength and durability of the mortar grout in 
the hardened state. The durability tests investigated are water absorption, 
apparent volume of permeable voids (AVPV), sorptivity and rapid chloride 
penetration tests (RCPT). All the experiments were carried out in triplicate 
and mean values are reported.

Preparation of Supplementary Cementing Materials

Rice Husk Ash (RHA)

The RHA used in this research was obtained through an open burning 
condition in a rice mill in Kinarut, Sabah, Malaysia. The raw RHA obtained 
was coarser than the specified recommendation by ASTM C618, hence, 
sieving and grinding was carried out to obtain the desired fineness of RHA 
in order to comply with the standard.

The RHA was first dried in the oven for 24 hours to remove any moisture 
for the ease of sieving. Dried RHA was then sieved and collected at the size 
of 75 μm. It was followed by grinding in a Los Angeles abrasion machine 
for 180 minutes.

In order to obtain RHA with high amorphous silica and large surface area, 
it was produced at a controlled temperature and duration. The RHA was burnt 
for 30 minutes, followed by air supply of 60 minutes and a chilling process of 
2 days. RHA produced by this method contains low carbon (LOI of 3.21%) 
and a whitish colour. On the other hand, another key process in the production 
of a better quality RHA is the grinding of burnt ash. A grinding duration of 
60 minutes or more is suggested to get the standard fineness of RHA.

Fly Ash (FA)

The FA used in this research was supplied by Gobel Industries Sdn. Bhd. 
and sourced from the Sejingkat Coal-fired Power Plant in Kuching, Sarawak, 
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Malaysia. The samples were mostly greyish in colour. ASTM C618 specifies 
the physical requirements and states that not more than 34% by weight of FA 
should be retained on a US standard 325 mesh sieves which is a 45 µm sieve 
size. It can be seen from the sieve analysis that the FA used in this research 
conforms to the requirement as stated above as only 11% was retained on 
the 45 µm sieve.

The soundness of FA using the Le-Chatelier apparatus showed an expansion 
of about 2.4 mm which is below the maximum specified value of 10 mm and 
is sound for the intended use.

Preparation of Mix Design

The mix design of mortar grout incorporating FA and RHA was based on 
various trial mix designs according to the workability conditions of a target 
slump height of 50 – 180 mm as seen in most structural applications (Shan, 
2001). Water to binder ratio (w/b) was kept constant at 0.42 throughout this 
study while the SP content adjusted to maintain the mortar grout mixes with 
the target slump specified.

The mix proportion of mortar grout is shown in Table 1. Cement and fine 
aggregates were properly mixed together in the ratio of 1:2.75 by weight 
before the addition of water. OPC was partially replaced with pozzolans at 
the dosage of 0-30% by weight of the materials. This research was carried 

Table 1. Mortar grout mix proportions

Mix No. Symbol OPC RHA FA SP (%)

1 OPC 100 - - 1.0

2 10RHA 90 10 - 1.1

3 20RHA 80 20 - 1.4

4 30RHA 70 30 - 1.9

5 5RHA5FA 90 5 5 1.2

6 10RHA10FA 80 10 10 1.5

7 15RHA15FA 70 15 15 1.8

8 10FA 90 - 10 0.9

9 20FA 80 - 20 0.8

10 30FA 70 - 30 0.4

Note for Mix No 1: OPC = 550 kg/m3, Sand = 1008 kg/m3, Crushed quartz aggregates = 504kg/m3, W/B = 0.42, Slump = 
50-180 mm.
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out with 10%, 20% and 30% replacement of cement by RHA and FA in the 
ratio of 1:0, 0.5:0.5 and 0:1 in each percentage of replacement.

Mixing, Casting and Curing of Specimens

All ingredients of grout were mixed into a cylindrical pan mixer with a vertical 
rotational blade. Initially, fine aggregates, cement and the supplementary 
cementitious materials (FA and RHA) were mixed completely in the mixer. 
Water was added slowly within the area of the mixer followed by the addition 
of super-plasticiser gradually. The total mixing time was 5 minutes. After the 
fresh state tests of the mix had been carried out, the mortar grout was cast 
into the cylindrical moulds that comply with all the requirements stated in 
AS1012.8.1. The cylindrical mould used was 100 mm diameter 200 mm in 
height. A vibration machine was used for the compaction of the mortar grout 
during placing. According to the AS1012.8.1, the placing of mortar grout 
should be finished within 20 minutes after the mixing of mortar grout. De-
moulding of mortar grout specimens has to be carried out after 18 – 36 hours. 
For the ease of de-moulding of the specimens, a layer of oil was applied onto 
the inner surface of cylindrical steel. Lastly, the specimen was immersed in 
the curing tank for the desired curing time.

Mechanical Properties Test on Harden State Mortar Grout

Hardened state of mortar grout consisted of mechanical and durability 
properties. For the mechanical properties, compressive strength test was 
carried out. Meanwhile, the immersed water absorption test, apparent 
volume of permeable voids test (AVPV), sorptivity test and rapid chloride 
ion penetration test (RCPT) were conducted for the durability properties of 
the mortar grout.

Compressive Strength Test

The compressive strength test of mortar grout was carried out in accordance to 
the AS1012.9 (Standards Australia 1999). Testing machine was the Universal 
Testing Machine (UTM) which complies with AS 2193 (Standards Australia 
2005). The specimen was removed from the curing tank and maintained in 
moist condition before running the compression test. Capping was required 
for specimen in any of the conditions stated in clause 4 of AS1012.9.
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The specimen was cleaned to remove dirt before commencing the test. 
The axis of the specimen was aligned with the centre of thrust of the upper 
platen. After that, load was applied at the loading rate of 160KN per minute 
until the specimen failed and the maximum load was recorded.

Durability Test on Harden State Mortar Grout

For the durability tests, the 200 mm standard cylinder specimen was sliced 
into 4 pieces using a concrete cutting blade into 50 mm in height and 100 
mm diameter specimens. All the tests were carried out on three specimens for 
each curing time, which were 28 and 84 days. Water absorption and volume 
of permeable voids were tested according to AS1012.21, while, sorptivity 
test and rapid chloride ion penetration tests were carried out with ASTM 
C1585 and ASTM C1202 respectively.

Water Absorption Test

Immersed water absorption test was used to indicate the amount of water 
absorbed by the concrete specimen at a desired age. At every test age, the 
initial weight of specimen was recorded before oven drying in the oven at 
110 °C for 24 hours. After that, the specimen was weighed again to ensure 
that there was no more than 1 gram of difference. The specimen would be 
oven dried again until the differences were not more than 1 gram.

After letting the specimen cool to a temperature between 21 °C and 25 °C, 
the specimen mass was recorded as M1 and immersed in water for at least 
48 hours. The dry surface weight (by using a dry cloth) was recorded as M2 
and the percentage of absorption was calculated by the formula:

Ai
M M

M
i=
−( )

×2 1

1

100% 	 (1)

Apparent Volume of Permeable Void (AVPV) Test

The specimen from the previously immersed absorption test can be used in 
AVPV test since they were non-destructive. In AVPV test, the surface dry 
specimen was boiled in water at 95 °C for 5.5 ± 0.5 hours and was left to 
cool down naturally in same water for at least 14 hours. The mass of boiled 
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specimen was recorded as M3b. The specimen was again placed back in water 
and apparent weight was noted as M4ib. The AVPV was calculated as follows:

AVPV
M M

M M
b

b ib

=
−( )
−( )

×3 1

3 4

100% 	 (2)

Sorptivity Test

Specimen was oven dried at 50 °C for 24 hours and mass was recorded. Then, 
the curved surface and one of the end surfaces were coated with silicone to 
seal all the surfaces and air dried for 1 hour. After that, the exposed surface (a, 
mt) was contacted with water where the immersion was maintained between 
1mm to 3 mm. The mass of saturated specimen (dry side which the surface 
water was removed) was measured at a regular interval of 60s, 300s, 600s, 
1200s, and 1800s, until 8th days. The specimen had to be placed back into 
the immersion immediately after each measurement. The absorption, I was 
calculated by using the formula below:

I
m

a d
t=
×

	 (3)

where mt = change in specimen mass, a = exposed area and d = density of 
water.

The initial rate of absorption was obtained from the beginning till sixth 
hour. The rate of absorption was analyzed based on the slope of regression 
lines obtained from the graph of absorption (I) against square root of time (S0.5).

Rapid Chloride Ion Penetration (RCPT) Test

Before commencing the test, all the specimens were pre-conditioned. Initially, 
the curved surface of the specimen was coated with silicone and air dried for 
1 hour. The specimen was then placed in a vacuum desiccator with both ends 
exposed. After sealing the desiccator, a vacuum was started and maintained 
for 3 hours. Pressure should be decreased to less than 50 mm Hg (6650 
Pa) within a few minutes. With the vacuum pump still running, sufficient 
distilled water to cover the specimens was drained into the desiccator (air 
was not allowed to enter from outside). Vacuum pump was still running for 
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additional an hour under this condition. The specimen was left soaked in 
water for a further 18 hours to complete the pre-conditioning procedure. 
After the pre-conditioning, the specimen was removed from the desiccator 
and then clamped together between two halves of a voltage cell. One side of 
the cell was filled with 3.0% of NaCl solution while the other side was filled 
with 0.3 N NaOH solution.

The electrical wires were connected to appropriate apparatus. The 60.0 ± 
0.1V potential difference was applied across the cell for 6 hours and the current 
passing through the specimen was recorded as at intervals of 30 minutes until 
6 hours. During the test, the temperature of the solutions was not allowed to 
exceed 90 oC. Since the requirement of the standard was achieved, the total 
charge passed was calculated directly with the formula:

Q = 900(I0 + I30 + I60 + ….. I360)	 (4)

RESULTS AND DISCUSSIONS

Mechanical Properties Test on Harden State Mortar Grout

Compressive Strength Test

Figure 1 shows the results of the average compressive strength tests of the 
mortar grout containing various percentage replacements of RHA and FA. 
The strength of the mortar grout containing combination of RHA and FA is 
relatively high. It can be observed that the mortar grout mix incorporating 
only FA achieved a lower compressive strength than all the control mix for 
all tested times. However, the addition of RHA had generally improved the 
strength at all ages. At all ages, the strengths of the mortar grout mixtures 
containing only RHA basically achieved higher strength than the control mix 
except for the 30RHA mixtures because the strength was found to decrease 
with increasing the amount of RHA.

According to Habeeb and Mahmud (2010), this could be explained in 
terms of remaining silica from RHA and the amount of Ca(OH)2 from the 
hydration process increases the pozzolanic reaction. The amounts of silica 
available in the hydrated blended cement reacts with the available amount 
of produced Ca(OH)2 and left no silica to act as inert material which would 
contribute nothing to the strength.
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The higher content of RHA causes low strength due to the excessive amount 
of silica present in the mix. The extra amount of silica from RHA leaches 
out and replaces part of the cementitious material without contributing to the 
strength (Al-Khalaf and Yousif, 1984). Mixtures of combination of RHA and 
FA can be seen to generally improve the compressive strength.

Givi et al. (2010) reported that addition of RHA provides a good effect on 
compressive strength of concrete at early ages. However, FA tends to reduce 
the early age strength and only increases in the long term (Naik et al., 1995). 
This could explain why the strengths of all the mixtures containing RHA 
and FA are not much different from the strength of control mix at early ages.

The strengths of mixtures with 10%, 20% and 30% FA are lower as compared 
to the control mix. Low calcium fly ash tends to reduce the early age strength 
which retards the hydration of C3S and thus its pozzolanic reaction is slow and 
can only contribute to the strength gain at later ages (Islam and Islam, 2010).

The compressive strength gain of mortar grout incorporating RHA and FA 
with curing time can be studied as well in Figure 1. At 28 days, the strength 
of mixture 5RHA5FA rose higher than that of 10RHA mixture which has 
the highest strength at the 7 days. Mixture 5RHA5FA continued to gain 
strength and remained the highest from 28 days to 84 days. This indicated 
that 5% inclusion of RHA and 5% of FA in mortar grout could be better in 
compressive strength than all the other mixtures. Besides, these results not 
only show high pozzolanic activity but also slow pozzolanic reaction rate in 
mixtures containing RHA and FA.

The compressive strength of 10FA was 37.1 MPa which was only slightly 
lower than the strength of control mix at 84 days. This could be explained 

Figure 1. Compressive strength of mortar grout with various percentages 
replacement of RHA and FA
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as slower pozzolanic reaction of the FA with Ca(OH)2 during the hydration 
process. Moreover, chemical reaction and strength gain rate for concrete 
containing FA was comparably slower at early ages of curing (Islam and 
Islam, 2010). The mortar grout mixture containing 30% of FA content has 
the lowest strength at all curing ages, as compared to all mixtures. Due to 
the larger amount of cement replaced, the pozzolanic reaction of FA may 
require longer curing time to gain strength.

Durability Test on Harden State Mortar Grout

Water Absorption Test

Figure 2 shows the results for immersed water absorption test. The addition 
of RHA increased the water absorption of the concrete specimens with 
its increasing percentage as cement replacement. The percentage of water 
absorption increases with an increment of RHA content; perhaps due to the 
fineness of RHA particles which are finer than OPC and due to its hygroscopic 
nature (Ganesan et al., 2008). It can also be seen that the addition of FA 
reduced the water absorption of the concrete specimen. Moreover, absorption 
was found to decrease with increasing percentage of FA in the mixtures. The 
water absorption for inclusion of only FA in concrete is lower than control 
mix at all curing age and decreases with the increasing amount of FA.

The decrease in water absorption indicates higher mortar durability. 
Therefore, it showed that, FA aids the durability up to 30% cement replacement 
in the mortar. The absorption continues to decrease in all mixtures with 

Figure 2. Immersed water absorption test results
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curing periods from 28 to 84 days. This shows that the durability of mortar 
actually improved with time due to more pozzolanic reaction. Pozzolanic 
reaction will produce concrete with finer pore structure and hence increasing 
the durability of concrete.

Apparent Volume of Permeable Voids (AVPV) Test

Figure 3 shows the AVPV test result. It can be observed that mixtures containing 
only RHA show higher AVPV than control mix. In addition, increasing 
the RHA content, increased the AVPV values. According to Parande et al. 
(2011), increased replacement of RHA content causes the effective porosity 
to decrease. They attribute this mainly to the uncompleted formation of CSH 
gel formation in pozzolanic materials. RHA is a type of materials which also 
shows hygroscopic properties. RHA based mortars required more chemical 
admixtures, as the micro particles absorbed more water. Thus, the produced 
mortar grout was more permeable and less durable.

It appears that the addition of FA reduced the AVPV of concrete specimens 
and the absorption was found to decrease with increasing percentage of FA 
in the mixtures. The mixtures containing FA had lesser AVPV values than 
RHA mortars. This shows that FA is slightly more effective in modifying 
pore and reducing the permeability of mortar grout. Besides this, decreasing 
of AVPV values was observed with curing age and could be due to the slow 
hydration process in FA based grouts.

Figure 3. AVPV test results
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Sorptivity Test

Both Figures 4 and 5 show the initial and secondary rate of absorption 
decrease with increase in either RHA or FA as partial cement replacement 
in the mortar grouts. Similar results were reported by Ganesan et al. (2008), 
who mentioned that the sorptivity decreased continuously with increasing 
contents of RHA. Moreover, addition of FA in mortar grouts showed a lower 
rate of absorption as compared to that of control mix and mixtures containing 
RHA only.

The capillary pores of mixtures with FA concrete were filled with the aid 
of free lime (CaO) during the hydration process. Hence, the rate of absorption 
of mixture with FA was lower than the control mix due to the reduction of 
capillary pores. Voids that are filled in a packed system would reduce the 
sorptivity due to improvement of arrangements of particles in the system 
(Yahia et al., 2005).

It was also observed that sorptivity of the mortar grout decreases from the 
age of 28 days to the age of 84 days. Similar results were reported by Imbin 
et al. (2013). With prolonged curing time, more hydration process will take 
place and thus leads to a reduction in pore space and thus decrease the water 
uptake of the mortar grout.

Figure 4. Initial rate of absorption test results
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Rapid Chloride Ion Penetration (RCPT) Test

Results in Figure 6 show that addition of RHA in mortar grout enhances the 
resistance to chloride penetration as compared to control mix and mixtures with 
FA. The addition of RHA and FA in concrete as partial cement replacement 
material increases nucleation sites for precipitation of hydration products 
which reduces the Ca(OH)2 and improves the permeability of concrete 
(Chindaprasirt et al., 2008). These factors help in developing resistance 
improvement of chloride penetration in concrete, which the RHA being the 
best, followed by FA.

It can be observed that total Coulombs charge passing through mixtures 
containing RHA decreased with the increase in RHA content up to 30%. The 
lower un-burnt carbon content found in RHA would have helped in greatly 
reducing the total Coulombs charge passed since the charge passing through 
concrete relies on the electrical conductance where unburnt carbon might act 
as a medium for conductivity (Ganesan et al., 2008). Besides, the inclusion 
of FA in mortar grout also reduced the total Coulombs charge passed with 
its increasing content in the mixtures.

Figure 5. Initial rate of absorption test results of mortar grout with various percentages 
replacement of RHA and FA in different curing time
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Resistance of chloride ion penetration is expressed as chloride resistivity 
in mortar grout. The inclusion of FA in mortar grout has high electrical 
resistances and thus lower permeability in mortar grouts (Boga and Topcu, 
2012). With the continuous water curing of up to 84 days, the charge passed 
through all mortar grouts can be significantly reduced.

Chloride resistivity of concrete is also related to pore structure of the 
cement paste matrix. A longer curing time causes more hydration reaction to 
take place in developing the pore structure of mortar grouts. In other words, 
it leads to an increase in chloride resistivity or decreases the diffusion of 
chloride ions in mortar grouts.

CONCLUSION

For the mechanical properties of mortar grout, the inclusion of blended 
RHA and FA significantly improves its compressive strength. The maximum 
compressive strength was obtained by a combination of 5% of RHA and 5% 
of FA in mortar grout at 84 days. Further increasing the RHA and FA content, 
reduces the compressive strength of mortar grout. Moreover, the use of mortar 
grout containing RHA and FA improve its durability in the long term. The 
durability of mortar grout increases along with a longer curing time as more 

Figure 6. RCPT test results
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hydration will occur to refine the concrete pore structures. Hence, RHA and 
FA which are locally available in Malaysia can partially replace cement in 
the production of mortar grout.
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ABSTRACT

This chapter discusses the effects of metakaolin (MK) on geopolymer mortar 
and concrete industries. The research topics of MK-based geopolymer cover 
reaction mechanisms and kinetics. This chapter aims at augmenting knowledge 
about enhancing mechanical properties of geopolymer mortars/concrete 
using MK. Specifically, this chapter presents literature studies as well as 
current experimental studies which delineate the effect of MK on fresh and 
hardened-state properties of geopolymer mortars (GPMs). Properties and 
characteristics of metakaolin are explained followed by properties of fresh 
MK mortars. Properties of hardened MK concrete and durability aspects 
of MK mortars are explained. Applications of MK-based geopolymers and 
metakaolin-based geopolymers as repair materials are also included in this 
chapter. The results of using MK-based GPMs revealed improved workability, 
enhanced setting time, increased density, higher compressive strength, flexural 
strength, and resistance against acid attack than conventional ordinary 
portland cement mortar/concrete.

INTRODUCTION

In late 1970s, Professor Joseph Davidovits carried out a research on fireproof 
polymers and introduced the concept of geopolymer, which was coined to 
describe a family of alkali activated alumina-silicate binders (Davidovits, 
2008). The formation of geopolymer was based on the reaction between the 
two parts of materials: alkali activator and reactive alumina-silicate precursor. 

Effect of Metakaolin on 
Geopolymer Industry
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In this study, the precursor was mainly metakaolin (MK) and is at a very 
early stage of the research development. The geopolymer based on alkali 
activation of MK has gained worldwide interests in the past several years. It 
was not only because of its excellent thermal stability, which is much better 
compared with conventional polymer material, but also due to its comparable 
mechanical properties to cements, which is being considered as a green 
alterative to Portland cement (Duxson et al., 2007). In recent years, the rapid 
growth in research and development of geopolymer has shifted from the early 
interests of thermal resistant applications towards construction and building 
materials (Pacheco-Torgal et al., 2008). Because of this, the raw materials used 
for large volume geopolymer manufacture has been significantly broadened, 
including heated low quality clays and a variety of silica and aluminium-
bearing (Si- and Al) waste materials and by-products sourced from different 
industries (Zhang et al., 2016).

Despite the fact that fly ash and slag became the two major waste materials 
used in today’s limited commercial geopolymer products, MK is probably 
still the most promising feedstock materials for geopolymer in the future. This 
is because MK has more consistent chemical compositions than fly ash and 
slag, and is expected to result in more consistent and predictable products. In 
fact, fly ash and slag are becoming less available in many countries because 
of their effective usage in the manufacture of blending cements and concrete 
(Malhotra and Mehta, 1996). Therefore, from a long-term point of view, the 
use of MK as raw material is becoming more attractive and realistic. MK 
is a thermally treated product from kaolin, which is one of the naturally 
occurring abundant minerals in the earth’s crust (Zhou and Keeling, 2013). 
Kaolin has been historically used in the production of Portland cement. To 
produce one tonne of clinker, the most important ingredient of cement, it 
requires about 0.3 tonnes of clay to mix with 1.5 tonnes of limestone and 
other iron-bearing minerals and calcination at 1450 °C (Zhang et al., 2014). 
Kaolin can also be used in another form as the supplementary cementing 
material in concrete mixing. This utilization requires a thermal treatment 
process, usually at temperatures ranging between 500 °C and 800 °C, to 
convert kaolin into metakaolin (MK). MK is a pozzolan, which in itself 
possesses little or no cementing property but will react chemically with calcium 
hydroxide (Ca(OH)2) to form compounds in the presence of water to possess 
cementing properties. Theoretically, the replacement, usually 5–20% by mass 
of cement, contributes to a slight reduction in CO2 emission due to the less 

 EBSCOhost - printed on 2/14/2023 7:31 AM via . All use subject to https://www.ebsco.com/terms-of-use



51

Effect of Metakaolin on Geopolymer Industry

intensive thermal and grinding treatments required in obtaining it compared 
with cement clinker. In practice, however, MK is not commonly used in most 
construction cases due to its relatively large specific surface area, which may 
demand high water/binder ratio to achieve satisfying workability. This means 
that such a family of abundant resource is not utilized in large volume in 
concrete, the largest man-made material used in the world. In comparison, 
geopolymer can be made with 100% MK, and this type of binder can reduce 
by up to 70–80% of CO2 emissions.

Metakaolin has been the preferred alumino-silicate material among 
researchers (Barbosa and MacKenzie, 2003; Duxson et al., 2007) due to 
its high rate of dissolution in the reactant solution, ability to manufacture 
with same homogenous properties, even though it needs extensive energy 
to produce. It was recorded that about 300,000 tonnes of locally produced 
calcined clay (metakaolin) were used in Amazon basin in 1960s (Sabir et al., 
2001). With the worldwide interests of geopolymer, the number of scientific 
publications has increased exponentially in recently years. The research topics 
of MK-based geopolymer cover from the reaction mechanisms to kinetics.

The aim of this book chapter was to increase the knowledge on the 
enhancement of mechanical properties of geopolymer mortars/concrete using 
MK. Specifically, this chapter presents the studies from the literature as well 
as our experimental studies on the effect of MK on fresh- and hardened-state 
properties of geopolymer mortars (GPMs).

Properties and Characteristics of Metakaolin

Physical Properties

Calcination of clay mineral (kaolin) produces metakaolin at moderately-
high temperatures (650-800°C). Metakaolin particles, off-white in color, are 
extremely small with an average particle size of 3-10 µm (Figure 1). Some 
physical properties of metakaolin are given in Table 1. The field emission 

Table 1. Physical properties of metakaolin

Ref. Specific Gravity Fineness m2/kg Partial Size d50 µm Colour

(Tafraoui et al., 2009) 2.50 15000 12.0 -

(Al-Akhras 2006) 2.50 12000 1.0 white

(Poon et al., 2001) 2.62 12680 - -
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scanning electron microscopy (SEM) images, taken for the metakaolin 
samples, revealed irregular platy and angular shaped particles. These are 
closely packed in lumps with certain areas disorderly arranged as depicted 
in Figure 2. The tiny lumps observable in their physical form which could 
be noticed in the micrograph as packs of layers are of metakaolin sheets.

Figure 1. Metakolin

Figure 2. SEM of metakolin sample
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Chemical Compositions

Major constituents of metakaolin are silica oxide (SiO2) and alumina oxide 
(Al2O3). Other components include ferric oxide, calcium oxide, magnesium 
oxide, potassium oxide, etc. The typical chemical composition of metakaolin 
is given in Table 2. Results revealed that the major constituents of metakaolin 
are silica oxide (SiO2 between 50 and 75%) and aluminum oxide (Al2O3) 
ranging between 27 and 42%. Metakaolin should meet the requirements of 
ASTM C618 (ASTM 1999), “Standard Specification for Coal Fly Ash and 
Raw or Calcined Natural Pozzolan for use as a mineral admixture in Concrete, 
Class N”, with the following modifications as given in Table 3.

The metakaolin used was the product of heat-treated kaolin at 650°C for 4 
h. The chemical composition and specific weight data of the original kaolin 
and metakaolin are given in Table 4 (as provided in different research papers). 

Table 2. Chemical compositions of MK by using XRF test

Ref. SiO2 Al2O3 CaO MgO Fe2O3 Na2O K2O TiO2 Others LOI Si+Al Si:Al

(Tchakouté et 
al., 2016)

54.50 27.40 0.10 0.09 2.55 0.09 0.28 2.21 1.59 11.19 81.90 1.98

(Alanazi et al., 
2016)

55.01 40.94 0.14 0.34 0.55 0.09 0.60 0.55 0.24 1.54 95.95 1.34

(Reig Cerdá et 
al., 2016)

58.39 35.47 0.01 0.30 2.71 - 1.44 1.51 0.07 0.10 93.86 1.66

(Cyr and 
Pouhet 2016)

68.10 24.10 0.91 0.22 3.73 0.08 0.35 1.14 1.37 92.20 2.83

(Duan et al., 
2015)

53.32 42.09 0.09 0.21 2.33 0.49 0.64 0.63 0.12 0.08 95.41 1.26

(Gordon et al., 
2014)

52.8 39.2 0.10 0.20 0.80 - 2.7 - 3.0 1.2 92.0 1.33

(Arellano-
Aguilar et al., 
2014)

75.41 22.91 - - 0.64 - 0.52 0.52 - - 98.32 3.40

(Ismail et al., 
2013)

54.7 39.9 - 0.70 1.43 - 2.58 - 5.4 - 94.6 1.37

(Živica et al., 
2011)

53.68 42.01 0.21 0.10 1.70 - - - 2.30 95.69 1.28

(Rovnaník 
2010)

55.01 40.94 0.14 0.34 0.55 0.09 0.60 0.55 0.24 1.54 95.95 1.34

(Tafraoui et al., 
2009)

58.10 35.14 1.15 0.20 1.21 0.07 1.05 - 1.23 1.85 93.24 1.65

(Wild and 
Khatib 1997)

52.10 41.0 0.07 0.19 4.32 0.26 0.63 0.81 0.02 0.60 93.10 1.27

(Ambroise et 
al., 1994)

51.52 40.18 2.0 0.12 1.23 0.08 0.53 2.27 0.06 2.01 91.70 1.27
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With the aim to compare the reactivity of both materials also, their solution 
heat was estimated using the kinetics method of its development (Živica et 
al., 2011). The comparison of chemical composition showed an increase in 
the SiO2, Al2O3 and Fe2O3 contents of the metakaolin. This was the direct 
consequence of the decrease in loss on ignition occurred due to heat-treatment 
of kaolin. Further interesting effects observed were a significant (approximately 
20 times) increased solution heat and, on the contrary, a decreased specific 
weight of the metakaolin. The increased solution heat indicated the increased 
reactivity of metakaolin opposite to kaolin. The decrease in specific weight 
indicated the decreased compactness of metakaolin. This effect was confirmed 
by the porosimetry results showing 31.8% increase of pore volume and 20.2% 
increase of total porosity. Furthermore, 40.7% decrease in macro-pores’ 

Table 3. Requirements of metakaolin (ASTM C 618)

Modified Specification Requirements

Item Limit

Silicon dioxide (SiO2) plus aluminum oxide (Al2O3) plus iron oxide (Fe2O3) Min 85%

Available alkalis Max 1.0%

Loss on ignition Max 3.0%

Fineness: amount retained when wet-sieved on 45-µm sieve Max 1.0%

Strength activity index at 7 days (% of control) 85

Increase of drying shrinkage of mortar bars at 28 days Max 0.03%

Table 4. Chemical composition and properties of kaolin and metakaolin

Chemical Composition (%)

Components Kaolin Metakaolin

Humidity 0.94 0.35

Loss on Ignition 12.20 1.95

SiO2 48.06 53.68

Al2O3 36.76 42.0

Fe2O3 1.42 1.7

CaO 0.33 0.21

MgO 0.24 0.10

Specific weight (kg.m-3) 2631 2582

Solution heat (Jg-1) 278.2 5563

(Živica et al., 2011)
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contents and 68.9% increase in specific surface area indicated the metakaolin 
as a material significantly finer than the starting kaolin.

Figure 3 shows the XRD pattern of MK. MK comprised of mainly amorphous 
phase as exhibited by the broad hump around 18–62° with crystalline phases 
of mullite (Al6Si2O13), quartz (Si), (Mg2Si), (CaSiO2) and (Al4Ca).

All the mentioned effects were undoubtedly the consequence of the 
heat-treatment process, producing the amorphous or near-amorphous SiO2–
Al2O3– Fe2O3 products. Its presence in the metakaolin is confirmed from the 
DTA-curves by a very broad endotherm between 200 and 950°C, instead of 
the sharp endotherm peak at 511°C visible on the DTA-curve of the kaolin.

Hydration Reaction

In Portland cement concrete, MK reacts at normal temperatures with calcium 
hydroxide in cement paste to form mainly calcium silicate hydrates (C–S–H), 
C2ASH8 (gehlenite hydrate), and C4AH13 (tetra calcium aluminate hydrate). 
The formation of secondary C–S–H by this reaction with kaolin reduces the 
total porosity and refines the pore structure thus, improving the strength and 
impermeability of the cementitious matrix.

In geopolymer concrete, the reactions are different. The polymerization 
process involves a substantially fast chemical reaction under alkaline condition 

Figure 3. XRD of metaokin sample
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on Si -Al minerals, that results in 3D polymeric chain and ring structure 
consisting of Si-O-Al-O bonds. The main concept behind this geopolymer 
is the polymerization of the Si-O-Al-O bond which develops when Al-Si 
source materials like fly ash or rice husk ash is mixed with alkaline activating 
solution (NaOH or KOH solution with Na2SiO3 or K2SiO3). The main product 
of geopolymerization process is sodium aluminosilicate hydrate (NASH). 
The geopolymer can be in the form of -Si-O-Al-O- or –Si-O-Al-O-Si-O- 
or –Si-O-Al-O-SiO-Si-O-. The chemical reaction behind the formation of 
geopolymer areas is as follows in Figure 4.

From the above equation in Figure 4, it is clear that water does not play 
any role in the polymerization process because it was expelled from the 
chemical reaction.

Properties of Fresh MK Mortars

Workability and Setting Time

Two different tests, such as, workability and setting time were reported 
to evaluate the fresh properties of geopolymer mortars (GPMs). In our 
experimental study, it was found that the metakaolin contributed to the 
improvement in workability of geopolymer mortar. The workability of the 

Figure 4. Impact of MK substituting GBFS on workability of GPMs
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mortar increased with the increase in MK percentage as replacement of GBFS 
as illustrated in Figure 5. This could be attributed to the differences in the 
physical properties and chemical reactions of the mixtures. Furthermore, 
with the reduction of GBFS content, the number of angular particles reduced 
which helped to improve the workability of the mortar mixture. On top, 
admixing MK and GBFS produced slow setting and enhanced workability 
as shown in Figure 6. This observation was also supported by the findings 
of Majidi et al., (Al-Majidi et al., 2016). It was also observed that a decrease 
in calcium contents and increase in Si and Al contents led to enhance the 
initial and final setting times as reported elsewhere (Lee et al., 2016; Phoo-
ngernkham et al., 2015; Sofi et al., 2007). Furthermore, an increase in the MK 
content contributed to increase the SiO2 and Al2O3, which led to improve the 
setting time (Chindaprasirt et al., 2012). The rate of setting time increased 
significantly as indicated by the substantial differences in the initial setting 
time. The difference between initial and final setting times also increased 
with the reduction of GBFS content in the mortar. It also supported the fact 
that higher the GBFS content in the mortar, the quicker is the rate of setting 
(Kumar et al., 2010; Sugama et al., 2005). Thus, it could be established that 
MK, as part of the binary blended binder, is very effective to decelerate the 
setting time of GPMs under ambient condition.

Figure 5. Impact of MK substituting GPES on setting times of GPMs
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Effect of Metakaolin on Geopolymer Density

Figure 7 illustrates the effect of MK substituted GBFS on the density of GPMs. 
The density of GMPs was found to increase with increasing percentage of 
MK as replacement of GBFS. The particle size and specific gravity of MK 
was found to influence the GPMs density. Also the increased contents of 
Al2O3 and SiO2 led to produce sodium aluminosilicate hydrate (NASH) gel 
besides the calcium silicate hydrate (CSH), This improved the microstructure 
of GPMs as reported in previous research studies (Huseien et al., 2016a; 
Huseien et al., 2016b).

Properties of Hardened MK Concrete

Effect of Metakaolin Content on Compressive Strength

Görhan et al. (2016) studied the substitution of fly ash by metakaolin ranging 
from10% to 40% to produce geopolymer mortar. It was reported that the increase 
in metakaolin content improved the compressive strength of GPM from 18 
MPa to 26 MPa. The hardened properties of metakaolin based geopolymer 
replaced by sewage sludge ash (10 and 20%) was investigated by Reig et al. 
(2016). The results indicated that the reduced MK content affected negatively 

Figure 6. Effect of MK substituted GPFS on GPMs density
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in strength properties of GPMs. The compressive strength dropped from 37 
MPa to 26 MPa with 100 and 80% of metakaolin content, respectively.

Alanazi et al. (2016) reported the influence of metakaolin on bond strength 
between GPM and cement concrete whereas effect of Si: Al in metakaolin 
composition was evaluated by Arellano-Aguilar et al. (2014). They reported 
that the increase in silicate content from 2.7 to 3.3 improved the compressive 
strength rate. The geopolymer prepared based metakaolin displayed a good 
bond strength with cement concrete using splitting and slant shear tests 
which reached 3.63 MPa and 16.32 MPa, respectively. The “h” value is 26% 
as shown in Figure 8.

Chen et al. (2011) also published the reduction in compressive strengths 
of geopolymers with increasing replacement of metakaolin by calcined 
reservoir sludge (CRS) particles. As compared to metakaolin, the solubility 
and concentration of geopolymer precursors of less reactive CRS particles 
in an alkaline activating solution are lower as displayed in Figure 9.

Effect of Curing Regime on GPMs Microstructure

In geopolymer industry, curing regime plays an important role in the 
geopolymerization and building of microstructure of hardened samples. Curing 
scheme includes the factors, such as temperature, duration and humidity. MK-

Figure 7. Effect of MK substituted GBFS on GMPs density
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based geopolymers are usually prepared at elevated temperatures. The effect 
of curing temperature is discussed in this section. The GPM samples were 
cured at elevated temperatures of 65°C which displayed a higher strength 
compare to the samples cured at ambient temperature (27°C). Compressive 

Figure 8. Effect of SiO2Al2O2 content on compressive strength of MK based on GMPs
Source: Arellano-Aguilar et al, 2014)

Figure 9. Comparison of the compressive strength of MK replaced by CRS based 
on GPMs
Source: Chen et al, 2011
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strength dropped from 37 to 26.4 MPa when curing temperature was reduced 
as mentioned above (Reig et al., 2016). Gorhan et al. (2016) reported the 
effect of two oven temperatures: 60 and 80°C on the compressive strength 
development. Experimental results indicated that the GPM samples cured at 
high temperatures (80°C) displayed lower strength compare to other samples 
cured at lower temperatures as shown in Figure 10. The effect of curing period 
was also investigated by Chen et al. (2014) and reported that the increase in 
curing time from 2 to 24 hours improved the strength properties of GPMs.

Durability Properties of MK Mortars

Several studies (Alanazi et al., 2016; Kong et al., 2007) showed that the 
metakaolin have positive effects on durability of GPMs, such as increase in 
resistance of geopolymers’ concrete to elevated temperatures, enhance the 
resistance against sulphate and acid attacks, etc. Duan et al. (2015) reported 
that the metakaolin mixed with fly ash could reduce the water absorption 
and increase the resistance to high temperatures. Other authors (He et al., 
2010; Pan et al., 2014; Ranjbar et al., 2014) explored some basic aspects of 
metakaolin based geopolymers activated using sodium alkali solution for 
high-temperature applications. They estimated that the structure was stable 
enough to resist high temperatures.

Figure 10. Effect of curing temperature and curing period on GPMs strength and 
properties
Source: Gorham et al, 2016
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Jin et al. (2016) found in his investigation and his results indicated that 
metakaolin based geopolymer presented excellent stability in the acid and 
alkaline environments. Hence, there could be a potential for GPMs as building 
materials that could perform extremely well in aggressive environments with 
no secondary affects. Pateech et al. (2012) studied the acid, sulphate and 
freezing-thawing resistance of metakaolin based geopolymer and reported 
important advantages of using MK in geopolymer industry.

Applications of MK Based Geopolymers

Many potential applications have been proposed for the GPMs, such 
as, sustainable geopolymer concrete, fire-proof building materials and 
environmental materials, etc. This section summarises the very promising 
applications that have been extensively reported by researchers.

•	 Anti-corrosive cement and concrete products
•	 Thermal resistant and fire-proof materials
•	 Advanced inorganic composites and ceramics
•	 Waterproof, fast setting geopolymer repair materials
•	 Using MK as repair material for concrete surface especially exposed to 

aggressive environments, etc.

Metakaolin Based Geopolymers as Repair Materials

The effect of MK on GPMs bond strength was assessed as repair materials. 
ASTM C882 (ASTM 1991) and was utilized to evaluate the shear bond strength 
capacity between the Portland cement substrate (MS) and GPM with stiffer 
slant shear angle of 45°. For casting the specimens (Figure 11), the MS was 
cast and cured for 3 days in water and then left in the laboratory ambient 
temperatures of 27°C and 75% relative humidity till the samples reached the 
age of 28 days. This was then placed in 50 mm cubic molds and the second 
part was cast (OPC and GPM). These cubes were evaluated at ages of 1, 3, 
7 and 28 days. The shear bond strength was the ratio of maximum load at 
failure and the bond area. The reported results of shear bond strength were 
the average of three samples.

The bond strength between OPC and GPM was determined using a slant 
shear bond test. Cubical slant shear specimens of dimension (50 mm × 50 
mm × 50 mm) were prepared with interface line at 45∘ (Figure 11). They were 
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tested under compression using the standard procedure. The slant shear test is 
the most widely accepted test for the bonding of repair materials to damaged 
concrete substrates. The results of GPMs bond strength were compared to 
OPC mortar as shown in Figure 12. The bond strength of GPM prepared 
with 5% weight MK, 14 M NaOH solution and 0.40 of S: B displayed the 
highest bond strength of 16.5 MPa and 31.4 MPa at the early age of 1 day 
and at the later age of 28 days, respectively compared to OPC mortar. Figure 
13 illustrates the typical bond failure of a slant shear sample, however, its 

Figure 11. Preparation of GPMs samples for bound strength test

Figure 12. Sheer bound strength between OPC mortar and GPMs with interface 
line at 45 to the vertical
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bonding surface was still intact. The cracks passed through the MS substrate 
and GPM interface and there was no significant gap between the two bonding 
surfaces. Similar trends were also reported elsewhere (Huseien et al., 2017; 
Huseien et al., 2016b; Phoo-ngernkham et al., 2015).

CONCLUSION

Based upon our and literature studies, the following conclusions could be 
presented:

•	 GPMs increase compressive and flexural strengths
•	 GPMs reduce permeability (including chloride permeability)
•	 GPMs has a potential to reduce efflorescence. This occurs when calcium 

ions are transported by water to the surface. There they combine with 
CO2 of the atmosphere to make calcium carbonate, which precipitates 
on the surface as a white residue.

•	 GPMs increase resistance to chemical attack
•	 GPMs increase durability
•	 GPMs reduce effects of alkali-silica reactivity (ASR)
•	 GPMs enhance workability and finishing of concrete
•	 GPMs reduce shrinkage, due to “particle packing” making concrete 

denser
•	 GPMs attain high bond strength indicating their ability as alternative 

potential repair material.

Figure 13. Typical failure model of the GMPs as repair materials
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ABSTRACT

A conspectus based upon a compelling topic, namely, versatility of cockle 
shell use in concrete to replace partially the natural coarse aggregates and 
river sand, which is yet to be investigated, is covered in this chapter. An 
introduction to enlighten the reader with this promising waste material precedes 
a review of environmental issues with cockle shell which would reduce harm 
to environment and preserve natural materials for future generation. Cockle 
trade is an important subtitle that covers cockle shell waste generation, 
research, and development related to the deployment on the use of cockle 
shell, processing cockle shell for making construction material are discussed 
in detail. Experiments were conducted, and the test data revealed that the 
use of cockle shell as partial replacement of coarse aggregates enhanced 
the strength of concrete and as partial replacement of sand improved the 
performance of mortar bricks.

INTRODUCTION

Construction industry contributes to the establishment of various types of 
structures in meeting with the demands of expanding population. In relation 
to that, the growing needs of construction trade requires natural resources 
such as granite aggregates and sand to be harvested from the environment. 

Versatility of Cockle 
Shell in Concrete:

A Conspectus
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Both granite aggregates extracted from local quarries and sand mined from 
river are utilized for the production of construction materials such as concretes 
and bricks. The continuous quarrying of granite aggregate, a non-renewable 
material, poses negative impact on the environment in terms of destruction 
of wild life habitat, climate change and possible depletion in future. The 
excessive river sand mining has opened up the door for water pollution and 
ecological imbalance to the river bed environment which directly affects the 
quality life of surrounding community. In view of sustainable construction, 
explorations for other alternative materials which could be used as partial 
or full replacement of coarse aggregates or sand would not only benefit the 
construction industry and also contribute to the cleaner environment.

At the same time, the active cockle trade in Malaysia generates a large 
amount of cockle shells that are disposed-off as waste. Cockle, being an 
important protein source in South East Asian region contributes to the growth 
of this industry. In practice, the harvested cockle are processed to obtain its 
edible meat before being produced as canned food or sent to fresh market. 
The cockle shells are usually dumped as waste in large quantity at dumping 
site which causes pollution. Issues of waste disposal at landfill sites become 
a burden to those industries owing to the extra cost which needs to be spent 
for waste management. In addition, disposal of these wastes in increasing 
quantity is creating a negative impact on the environment. It is observed that 
the freely available wastes when used as mixing ingredient for the production 
of construction material would produce an environmental friendly material. 
This would decrease the dependency on natural resources and also reduces 
the amounts of cockle trade waste ending at landfill.

Related Environmental Issues

The rapidly growing Malaysian construction industry has increased the 
demand for concrete production, which directly leads to higher consumption 
of granite aggregates and fine aggregates. Although, this country still have 
sufficient granite aggregates reserves but continuous quarrying activities 
would cause ecological imbalance, affect community’s healthy life style 
and aggregates depletion in the future. This issue has been touched by local 
researchers (Hainin et al. 2012) who stated that extensive use of granite 
aggregates in construction would disturb the environment and eventually 
bring the local granite supply to an end. Imported aggregates have been used 
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increasingly over the years (Malaysian Geoscience and Mineral Department, 
2011). Continuous procurement of the imported aggregate in larger amount as 
production of natural aggregate supply is insufficient to meet the increasing 
demand of building industry which would escalate the concrete materials’ 
cost. Unless, actions are taken to reduce the high dependency on granite 
aggregates by using other types of material as alternative aggregates, the 
depletion of aggregates is inevitable in future. In short, smart approach of 
integrating agricultural wastes as aggregates in concrete would save energy, 
conserve natural resources and also reduce construction materials cost (Prusty 
and Patro, 2015).

The sand mining activities at the rivers are becoming more active in order 
to meet the construction industry need. This has resulted in negative impact 
towards river environment in terms of water quality and destruction of aquatic 
life habitat. Sand mining imposes negative impact on the environment in terms 
of reduced water quality, destabilization of stream bed and bank which in turn 
cause the destruction of riverine vegetation (Asyraf et al., 2011) thus leading 
to ecological imbalance. Other than that, there are many countries facing 
sand supply shortage (Rashad, 2016). In order to reduce high dependency 
of the construction industry on sand supply and ensure the sustainability of 
river environment, one of the alternatives is to use the freely available solid 
waste to replace the river sand partially or perhaps fully to produce concrete.

At the same time, the active cockle trade contributes to the positive 
economy development of the local community to meet the increasing 
demand of consumers. This fishery industry generates a large quantity of 
cockle shells which are disposed at dumping site. According to Boey et al. 
(2011), the active cockle trade has led towards the generation of abundant 
waste shells. The cockle’s production is increasing which increased the retail 
value of cockles alone by RM91.60 million in 2010 from 68.60 million the 
previous year, i. e., an increase of 33.53% (Department of Fisheries, 2010). 
It is expected that the availability of cockle shells as waste would be in larger 
amount as well which in turn will pose negative impact to the nearby area. 
Thus, concerns towards preserving the cleanliness of the environment and 
reducing amount of waste dumped at landfills has motivated the present 
research to investigate the possibility of integrating cockle shells as mixing 
ingredient in the production of concrete and bricks. Existence of environmental 
friendly construction materials would contribute towards a more sustainable 
construction and well balanced ecosystem.
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Cockle Trade

Cockles or “Anadara Granosa” as shown in Figure 1 is a type of shellfish 
that grows in muddy coastal area. It is quite common to use it in local dishes 
owing to its cheap price. It began to commercialize in Malaysia by the end 
of 20th century. Cockle breeding are usually carried out at the mangrove 
swamps on west coast of Peninsular Malaysia from Kedah coast to the north 
of Johor which is located in the south of Malaysia. The cockle aquaculture 
areas in Malaysia extend about 10,383.09 hectares contributing a production 
of 78,024.7 tons in year 2010 (Department of Fisheries, 2010). The cockles 
which are normally produced in form of processed food or fresh edible 
meat without shell are sold to consumer inside and outside the country. 
This industry continues to grow as shown in Figure 2, as the demand from 
consumer increases.

Cockle Shell Waste Generation

As the production of cockle increases, the by-product from this industry 
increases as disposal waste material. This fact has been highlighted by Mijan 
et al. (2011) who stated that cockle shell is abundantly available in Malaysia 

Figure 1. Cockles
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as a by-product from seafood industry. Large amount of cockle shells have 
created the problem to the environment and community. The cockle shells 
that have been dumped and left untreated will cause an unpleasant smell and 
disturbing view to the surrounding (Rashidi et al., 2011). The shell is hard 
which makes it difficult to be disposed as compared to other biodegradable 
materials such as coconut shell or oil palm shell. Leaving this waste at dumping 
site to biodegrade is not the best approach to reduce the use of landfill space. 
Processing this shell waste to be used as a construction material would reduce 
the amount of waste disposed at landfill and save the landfill space. Figure 
3 illustrates the cockle shell generation process beginning from the cockles 
brought by the fisherman boat to the factory until the shell is produced. Figure 
4 shows the dumping site of the cockle shells.

Research and Development on the Use of Cockle Shell

The beauty of cockle shell (see Figure 5) has attracted the local community 
in the fishing village to produce handcraft by using it. However, its use in the 
handcraft industry is limited and the production of cockle shell is in abundance 
allowing it to be used for other applications. In chemical industry field, the 
local researchers discovered its potential for use as a catalyst in biodiesel 
production from palm olein. The high calcium oxide content in cockle shell 

Figure 2. Production of cockle shell in Malaysia (2007-2010)
Source: Department of Fisheries (2007-2010)
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Figure 3. Cockles are processed at the factory and its shell thrown as waste

Figure 4. Cockle shells are disposed at dumping site
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(Table 1) has made it suitable to repair bones in the medical field. Being a 
natural material, cockle shell has also been found useful in fabrication of 
artificial reef which is more environmental friendly to the marine. So far, 
very limited research is available on the use of cockle shell in the production 
of construction materials, namely concrete and bricks, which are widely used 
in the country. Only one study was found in Thailand where cockle shells 
were reported as a replacement of natural aggregates (Tonnayopas et al., 

Figure 5. Cockle shells are washed and dried before ready to be used

Table 1. Chemical composition of cockle shell

Chemical Composition (%)

Calcium Oxide (CaO) 67.28

Sodium Oxide (Na2O) 0.50

Iron Oxide (Fe2O3) 0.40

Aluminium Oxide (Al2O3) 0.27

Strontium Oxide (SrO) 0.19

Sulphur Trioxide (SO3) 0.19

Magnesium Oxide (MgO) 0.14

Phosphorus Pentoxide (P2O5) 0.07

Potassium Oxide (K2O) 0.04

Chlorine (Cl) 0.03

Manganese Oxide (MnO) 0.02

Titanium Oxide (TiO2) 0.02
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2011). This research study used blended cockle shells with rice husk ash. 
Contrary to this, our research incorporated only cockle shells in the concrete. 
Therefore, this research study was conducted to explore the potential of this 
waste material as mixing ingredient for the production of concrete and bricks.

Processing Cockle Shells as a Construction Material

This research investigated the potential of cockle shell as partial replacements 
of coarse aggregates and sand. All the shells collected from the cockle 
processing factories or dumping sites were washed thoroughly using tap 
water to remove clay, dust, sand, debris, etc., followed by air dried as shown 
in Figure 6. They were then ready for use as partial replacement of coarse 
aggregates in concrete. For the partial replacement of fine aggregates, the 
shells were crushed using jaw crusher and sieved by passing through 1.18 mm 
sieve. Figure 7 illustrates the image of cockle shells as partial replacements 
of coarse and fine aggregates.

Partial Coarse Aggregates Replacement

The present research investigated the effects of integrating various percentages 
of cockle shells as partial replacement of coarse aggregates (0%, 5%, 10%, 
15%, 20%, 25% and 30%) towards workability and compressive strength of 
concrete. Based on the results (Figure 8), the concrete workability reduced 
as the percentage of cockle shell increased. As the amount of cockle shells 

Figure 6. Cockle shells are washed and dried before ready to be used
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Figure 7. Partial coarse aggregates replacement and fine aggregates replacement

Figure 8. Effect of cockle shell on workability of concrete
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increased, their rough textured surface caused the mix to become more difficult 
to be mixed which led to lower the slump value. Concrete mixture containing 
the highest content of cockle shells (30%) showed the least workability. This 
could probably be credited to the variation in cockle shells texture which are 
rougher (due to the symmetrically radial ribs running on the outer shell) than 
the natural aggregates (Muthusamy and Sabri, 2012). The rougher surface 
creates more friction thus decreasing the fluidity of the mix containing higher 
percentage of cockle shells. These results are in line with the findings of 
Mindess et al. (2003) who highlighted that the use of smooth particles for 
concrete mixing would produce more workable mixture compared with the 
ones consisting rougher particles.

Furthermore, the difference in the shape of angular granite as compared 
to the curved and roughly parabolic shape cockle shells was found to affect 
the concrete workability. Past researcher (Adewuyi and Adegoke, 2008) 
highlighted that the workability of concrete can be affected by the shape of 
coarse aggregates. Other than that, the use of solid granite which is heavier 
and replaced by weight, the specific surface area increases with the increment 
of cockle shell contents in the mix. This situation requires a larger quantity 
of cement paste than the amount available in the mix to coat the cockle shell 
particles. This, in turn, leads to lesser workability for concrete mix containing 
larger percentage of cockle shells as partial replacement of coarse aggregates.

In terms of strength performance, the partial replacement of granite 
aggregates with cockle shells enhanced the strength performance of concrete 
when a right mix proportion was formulated. Mix consisting 20% replacement 
of cockle shells exhibited the highest value of compressive strength which 
outshined other mixes including plain concrete as shown in Figure 9. The 
surface texture of cockle shells which are rougher than granite aggregates 
improve the bonding and increase the inter particle friction, which, in 
turn, enhances the compressive strength of concrete. Mindess et al. (2003) 
highlighted that the aggregates with rough textured surfaces will improve 
the mechanical component of the bond.

On the other hand, it is apparent that too much of cockle shells tend to 
decrease the compressive strength of concrete as can be seen in the performance 
of concrete mix containing 30% cockle shells. It could be justified since 
too much cockle shells (which means higher effective surface area) would 
lead to insufficient proportion of cement paste thus produce poor bonding 
properties of the matrix with aggregates. In addition, the reduction in concrete 
workability with an increase of cockle shells makes the concrete mix difficult 
to be compacted thus leading to higher porosity or exhibiting lower strength. 
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Overall, this study indicated that the optimum replacement of cockle shells 
is possible to produce a workable mix for concrete work.

Partial Sand Replacement

The potential use of cockle shells as partial sand replacement is discussed 
in this section. Based on the results of investigation conducted by adding 
crushed cockle shells as partial replacement of fine aggregates at varying 
percentages (0% - 50%) in mortar, it was found that the inclusion of crushed 
cockle shells had influenced the compressive strength performance of the 
mix. As depicted in Figure 10, the highest compressive strength value 
was achieved by adding 20% crushed cockle shells with only 80% of fine 
aggregates as natural river sand. This positive contribution could probably be 
due to the filling effect of this fine waste material which makes the concrete 
denser and stronger (Muthusamy et al., 2016). Although inclusion of more 
crushed cockle shells would reduce the larger amount of Natural River sand 
which makes the material more environmental friendly, the utilization of 
this waste material in the mix need to be limited. This is because too much 
inclusion of crushed cockle shells in the mix causes the compressive strength 
of the mix to drop. It was observed that beyond 20% replacement of crushed 
cockle shells, the strength of mortar continues to decrease as their amount 
of integration become larger.

Figure 9. Compressive strength of concrete containing cockle shell as partial course 
aggregates replacement at 28 days
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Looking at the strength performance of bricks produced using 100% 
Natural River sand and the one containing 20% cockle shells as illustrated 
in Figure 11; both specimens exhibited a continued strength increment 
throughout the curing period. However, bricks containing 20% cockle shells 

Figure 10. Compressive strength of mortar cube with various percentage of crushed 
cockle shell as partial sand replacement

Figure 11. Compressive strength of control specimen and brick containing 20% 
cockle shell at 7 and 28 days
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performed better in all curing ages. In addition, the moisture absorption of 
bricks was also lower than the control specimen as depicted in Figure 12. 
The use of crushed cockle shells as partial replacement of fine aggregates 
increased the denseness of concrete internal structure through filling effect 
which contributed to enhance the strength achievement and lower the moisture 
absorption. This finding encourages the use of cockle shells as partial sand 
replacement in cement sand bricks production which consumes lower quantity 
of river sand. Most importantly, the pollution issues related to the disposal 
of cockle shells as dumping site can be reduced as lesser amount of shells 
would end up as waste.

CONCLUSION

Based on the experimental investigation, the following remarks can be 
highlighted:

1. 	 Cockle shell has the potential to be used as partial replacements of fine/
or coarse aggregates in concrete.

2. 	 When cockle shells are used as partial replacement of coarse aggregates 
in concrete, addition of up to 20% contributed to its strength development.

Figure 12. Water absorption of control specimen and brick containing 20% cockle 
shell at 28 days
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3. 	 Integration of suitable contents of crushed cockle shells between 10 and 
20% enhanced the compressive strength of concrete and cement sand 
bricks through filling effect.

4. 	 Approaches taken to turn the cockle shells waste to wealth creation 
through production of environmental friendly construction material 
would not only reduce the high dependency of construction industry 
on natural resources but also minimize the amount of waste ending at 
dumpsite.
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ABSTRACT

Chapter 6 deals with the durability performance of mortar containing ceramic 
tile waste exposed to sulphate attack. The introduction discusses the latest 
development regarding this subject as no case study has been found where 
ceramic tile waste was actually used in the field. This study investigates 
the sulphate resistance of ceramic mortar by using sulphate solution and 
tested the visual appearance of specimens, mass loss, residual compressive 
strength, and microstructure analysis up to 18 months of sulphate exposure. 
The ceramic mortar demonstrated superior advantages with respect to visual 
appearance and mass change with low values of strength loss upon exposure 
to sulphate solutions. Therefore, ceramic waste in the form of fine aggregates 
and fine powder can be used in mortar production with comparable strength 
and improvement in the fresh and hardened state properties of the mortar as 
compared with the OPC mortar.

INTRODUCTION

Limited research was carried out on the blended cement mortars incorporating 
ceramic powder exposed to sulphate attack. Generally aggressive chemicals 
such as sodium sulphate (Na2SO4), magnesium sulphate (MgSO4) and calcium 
sulphate (CaSO4) which are available in some soils or groundwater will attack 

Durability of Mortars 
Containing Ceramic Tile Waste 

Exposed to Sulphate Attack
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cement paste in concrete or mortar. These chemicals will degrade and/or 
deteriorate the cement paste. In soil, these aggressive agents are in the form 
of salts where, when dissolved in water will react with Ca(OH)2 present in 
ordinary Portland cement paste. According to periodic table of elements, 
sodium ions (Na+1) are more reactive than calcium ions (Ca+2) and can be more 
harmful to cement paste. The reaction between these aggressive agents and 
cement paste cause an expansion and swelling which will consequently crack 
the concrete or mortar. One of the main issues related to concrete or mortar 
is the attack by sulphate ions (SO4

-2) which would decrease the compressive 
strength over a long period of time. The decrease in compressive strength of 
concrete in infrastructures can be a critical issue related to serviceability of 
structure. Series of researches have been conducted to fully understand the 
mechanism of sulphate ions (SO4

-2) reactions (Bhutta et al., 2013). According 
to the findings reported by Mehta and Monteiro (1998), the reaction of 
sulphate ions (SO4

-2) with cement paste of concrete occurred in two phases. 
In the primary phase, the sulphate ions (SO4

-2) react with calcium hydroxide 
(Ca(OH)2) and produce gypsum (CaSO4.2HO2) which fills the pores in concrete 
or mortar. In the secondary phase, the concentration of sulphate ions (SO4

-2) 
increases and results in the transformation of mono-sulpho-aluminate into 
long needle-shaped crystals of ettringite (3CaO. Al2O3. 3CaSO4·32H2O). The 
ettringite causes expansion in concrete or mortar which consequently reduces 
the compressive strength. In fact, not only sulphate ions (SO4

-2) in the solution 
reacts with calcium hydroxide (Ca(OH)2), other ions like magnesium ions 
(Mg+2) also react with cement components and cause additional deterioration 
to concrete structures.

Usually, to improve the resistance of structures exposed to sulphate attack, 
pozzolanic materials are added in concrete or mortar mixtures. Extensive 
literature studies are available on the beneficial use of pozzolanic materials 
such as fly ash, palm oil fuel ash, rice husk ash, metakaolin, and silica fume to 
improve the resistance of concrete or mortar against sulphate attack (O’Farrell 
et al., 2006; Ramadhansyah et al., 2012b; Budiea et al., 2010; Jaturapitakkul 
et al., 2007). Such pozzolanic materials decrease the permeability of concrete 
and mortars by two mechanisms; firstly by reducing water requirements 
for mixture (using fly ash). Secondly, all pozzolanic materials contain high 
amount of amorphous silicate (SiO2) which react with calcium hydroxide and 
produce calcium silicate hydrate. The calcium silicate hydrate gives denser 
structure to concrete which provide high resistance against sulphate attack.
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Several research studies have been carried out to investigate the effect 
of ceramic waste on concrete’s resistance to sulphate attack. Yunhong 
et al. (2014) observed that the sulphate corrosion resistance of concrete 
incorporating ceramic powder is better than the control concrete. Also with 
the increase in ceramic powder replacement level, the sulphate corrosion 
resistance of concrete showed a better performance. Similarly, Vejmelková 
et al. (2012) reported that by increasing the amount of ceramic powder up 
to 30% demonstrated better resistance to expansion which is similar to the 
studies conducted by Toledo et al. (2007) with 40% ceramic powder as 
cement replacement and up to 30% in work by O’Farrell et al. (2006). All 
these could be attributed to greater pozzolanic activity. Besides, Binici et al. 
(2008) reported the effect of utilizing marble aggregates as coarse aggregates 
replacement together with river sand and ground blast furnace slag as fine 
aggregates on sulphate resistance of concrete. However, our literature survey 
study showed no case studies where this waste material (ceramic) was used 
in the field. It was shown that the concrete containing marble aggregates had 
better resistance towards sulphate attack. Therefore, it is necessary to study 
the effect of concrete containing ceramic waste exposed to sulphate attack.

Sulphate Resistance

The sulphate resistance test was conducted to study the performance of 
ceramic mortar exposed to sulphate solution. The sulphate resistance of 
ceramic mortar specimens was evaluated based on the effect of sulphate 
solution on visual appearance of specimens, mass loss, residual compressive 
strength and microstructure analysis up to 18 months of sulphate exposure.

Visual Appearance

Figure 1 shows the visual appearance of the Ordinary Portland cement (OPC) 
and ceramic mortars after immersion in 5% sodium sulphate (Na2SO4) solution. 
The changes in dimension and condition of specimens were observed and 
recorded. As seen in Figure 1, there are no changes observed on the surface of 
the ceramic mortar, whereas for the OPC mortar, it shows significant surface 
deterioration after 18 months of exposure in 5% Na2SO4 solution. There was 
white sediment of gypsum observed in the crack formed because of sulphate 
attack on the OPC mortar. In contrast, mortar containing ceramic did not 
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show any change of dimension and remained structurally intact without any 
visible cracks.

Mass Change

The mass change of OPC and ceramic mortars after 18 months of immersion 
in 5% Na2SO4 solution is shown in Figure 2. After 3 months of immersion 
period, the mass of OPC mortar reduced by 0.7% while for ceramic mortar, 
it increased by 1.7% from its initial mass. Both the OPC and ceramic mortars 
showed an increment in mass at early age of immersion period. However, the 
OPC mortar tended to reduce the mass after 2 months of immersion period 
by 5.1% from its initial weight. This probably was due to the acceleration 
of sulphate attack which led to the formation of several products from the 
reaction between sodium sulphate and hydrates of cement, some of which 
expand within the specimens. This expansion, as it is very well known, is 

Figure 1. Appearance of mortar cubes exposed to 5% NA2So4 solution for 18 months
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based on the formation of sulphate reaction products of ettringite and gypsum 
that leads to cracking.

Besides, the mass gain of ceramic mortar during the immersion period 
could be attributed by the sulphate reaction that increases the formation of 
gypsum and absorption of sulphate solution. This reaction is known to cause 
an increase in solid volume of the system, and may lead to the expansion of 
mortar. Furthermore, after 18 months of immersion, the ceramic mortar was 
still gaining weight while the OPC mortar already lost the weight due to the 
expansion and cracking. It is worth mentioning that the primary ettringite 
produced at early age does not produce cracking because the cement paste 
is still in the plastic state and, therefore, can accommodate any increase in 
volume. Similar finding was also reported by Ahmad and Noor (2011) by 
using different type of pozzolanic materials.

Residual Compressive Strength

Figure 3 shows the residual compressive strength of OPC and ceramic 
mortars after 18 months of immersion in Na2SO4 solution. After 18 months 
of immersion period, the OPC and ceramic mortars showed a reduction in 
compressive strength by 41.1% and 16.8%, respectively, from their initial 

Figure 2. Mass change of OPC and ceramic mortars in Na2So4
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strength. It was observed that the compressive strength of mortar reduced 
with an increase in time of immersion. This is due to the reaction between 
sulphate and Ca(OH)2 that led to the decomposition of cement hydration 
product that caused strength reduction. However, the ceramic mortar showed 
lower decrease in compressive strength compared with the OPC mortar. This 
is attributed to the gradual pozzolanic reaction between the ceramic powder 
and Ca(OH)2 available thus, produced additional secondary C-S-H gel in the 
cement matrix. These additional hydrates increase the density of the matrix 
and refine the pore structure. This can be explained on the basis that the use 
of fine ceramic powder as a replacement of cement not only decreases the 
Ca(OH)2 content, but also the unreacted fine ceramic powder will act as a 
micro filler. This reduces the voids between aggregates and binder which 
leads to a denser mortar.

In addition, the replacement of OPC with ceramic powder also dilutes the 
C3A content, which reduce the formation of ettringite and thaumasite. These 
products expand within the mortar matrix, increase the internal stresses and 
eventually produce micro cracks. Therefore, the mortars lose their strength 
and produce cracks and deterioration. Besides, the amount of CaO presence 
in the binder materials also plays a significant role in the production of 
Ca(OH)2. Thus, by using higher cement replacement with ceramic powder, 
the amount of Ca(OH)2 is also reduced.

Figure 3. Residual compressive strength of OPC and ceramic mortars in Na2So4
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Figure 4 shows the relationship between compressive strength and 
immersion period in Na2SO4 solution of the OPC and ceramic mortars. It 
can be seen from the Figure 4 that the compressive strength of both types of 
mortars decreases with the increase in immersion period. The relationship 
between compressive strength and immersion period follows a linear pattern. 
The coefficient of determination (R2) value of 92% and 94% for OPC and 
ceramic mortars, respectively, show a good correlation and prediction of the 
relationship.

Microstructure Analysis

The deterioration of mortar by the formation of gypsum goes through 
a process leading to a reduction in strength and followed by expansion. 
Gypsum formation is also known to be the first step of ettringite formation 
which can be considered as the major cause of deterioration due to sulphate 
attack. The Scanning electron microscopy (SEM) and Energy dispersive 
x-ray spectroscopy (EDX) images for both samples are shown in Figures 5 
and 6, respectively. It can be seen that more needle crystals of ettringite were 
produced in the OPC mortar sample compared with ceramic mortar sample. 
This could be due to the amount of Ca(OH)2 produced during the cement 
hydration process. The EDX in OPC mortar sample showed the existence 
of extended crystalline structures of gypsum and ettringite as shown by the 

Figure 4. Relationship between compressive strength and immersion period
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presence of Ca, O, Al and S. However, different EDX spectrum can be seen 
from ceramic mortar sample which consisted of O, Si and Ca where more 
C-S-H gel was produced due to the gradual pozzolanic reaction. Therefore, 
it can be said that the ceramic mortar exhibited superior resistance than OPC 
mortar when exposed in sulphate solution.

The X-ray Diffraction (XRD) analysis of OPC and ceramic mortars samples, 
before and after 18 months of immersion in Na2SO4 solution, are shown in 
Figures 7 and 8. The XRD patterns for both samples showed similar results 
as shown in the SEM and EDX images. The high peak intensity of Ca(OH)2 

Figure 5. SEM and EDX images of OPC mortar in Na2So4 solution

Figure 6. SEM and EDX images of ceramic mortar in Na2So4 solution
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in OPC mortar sample before immersion produced a higher production of 
gypsum that led to the production of etttingite and thaumasite. Thaumasite 
can also be formed along with other calcium silicate hydrates (C-S-H) during 
cement alteration, especially when sulphate attack develops. The separation 
of peaks attributed to thaumasite and ettringite is greater at 2θ degree 

Figure 7. XRD pattern of OPC mortar sample after 18 months of immersion in Na2So4

Figure 8. XRD pattern of ceramic mortar sample after 18 months immersion in 
Na2So4
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between 22θ degree and 29θ degree scale as illustrated in the Figures 7 and 
8. The sulphate attack in mortar is generally attributed to the formation of 
expansive ettringite and gypsum. Therefore, the increase in peak intensity 
of this mineral shows the weak sulphate resistance and deforms the mortar. 
Due to less Ca(OH)2 amount in the ceramic mortar sample, the amount of 
thaumasite and ettringite produced also reduced and high peak intensity of 
C-S-H gel can be observed at 39θ and 60θ scale. This is due to the reaction 
of the silica from ceramic powder with the excessive Ca(OH)2 from cement 
hydration. Still high peak intensity of quartz is observed in the XRD analysis 
of ceramic mortar sample after 18 months of immersion due to the high 
amount of crystalline silica content that acted as micro filler and increased 
the packing effect of mortar.

The Fourier Transforms Infrared Spectroscopy (FTIR) spectra shown in 
Figures 9 and 10 indicate major bands at approximately 3645, 3450, 1645, 
1425, 1110, 985, 470 cm-1 in the OPC mortar sample and 3450, 1645, 1425, 
1015 and 463 cm-1 in ceramic mortar sample before immersion in the Na2SO4 
solution. The structure of molecular water in the system is characterized by 
the O-H stretching band from Ca(OH)2 decomposition, from 3200 to 3700 
cm-1, while the bending of the chemically bonded H-O-H was located at 
1645 cm-1, related to water bound in the hydrated products. Besides, the 
bands at 1005 to 1035 cm-1 are assigned to quartz as the crystalline phase in 
both samples. The FTIR spectra of ceramic mortar sample before and after 
immersion in Na2SO4 showed only minor differences. However, the reaction 
of the OPC mortar sample after exposure showed the decomposition of 
C-S-H and O-H phases in the microstructure. Figure 9 shows differences 
between the spectra obtained from the exposed and unexposed OPC mortar 
samples. The decomposition of the main binder, C-S-H gel is associated with 
the shifting to the new bands at 3645, 1015, 786 and 463 cm-1 in the sample 
after immersion. This shows that the OPC mortar is altered by the Na2SO4 
solution exposure.

CONCLUSION

This study principally focused on evaluating the performance of mortar 
incorporating ceramic waste and exposed to sulphate attack. An OPC mortar, 
designed to have a 40 MPa compressive strength at 28 days was used as a 
reference. In terms of fresh state properties, the filling ability of the mortar 
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Figure 9. FTIR spectra of OPC mortar sample after 18 months of immersion in 
Na2So4

Figure 10. FTIR spectra of OPC mortar sample after 18 months of immersion in 
Na2So4

 EBSCOhost - printed on 2/14/2023 7:31 AM via . All use subject to https://www.ebsco.com/terms-of-use



97

Durability of Mortars Containing Ceramic Tile Waste Exposed to Sulphate Attack

reduced and thus, the flow spread diameter of mortar also reduced. However, 
there is not much difference between the OPC mortar and ceramic mortar.

Furthermore, the study revealed that the ceramic mortar showed better 
resistance against aggressive environment than the OPC mortar. The 
performance of the ceramic mortar must have been influenced by the gradual 
pozzolanic reaction of ceramic powder and the fine particles filling the 
capillary pores that make the mortar denser, less permeable and more durable. 
Moreover, the low presence of CaO in the paste reduced the production of 
Ca(OH)2 resulting in an increase in resistance against aggressive environments. 
The ceramic mortar demonstrated superior advantages with respect to visual 
appearance and mass change with low values of strength loss upon exposure 
to sulphate solution. Therefore, ceramic waste in the form of fine aggregates 
and fine powder can be used in mortar production with comparable strength 
and improvement in its fresh and hardened state properties compared with 
OPC mortar.
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ABSTRACT

The effects of palm oil fuel ash (POFA) as micro-filler on interfacial porosity and 
pore size distribution of polymer concrete (PC) is the main aim of this chapter. 
Beginning with a brief introduction about the topic, the materials and method 
used in this study are explained. Two categories of fillers were involved in this 
study, fine-micro filler (ground POFA and is paired with calcium carbonate), 
and coarse micro-filler (unground POFA and is paired with silica sand). It is 
revealed that the replacement of overall types of micro-filler at different filler 
content decreased the average pore diameter of PC significantly, except for 
PC incorporating unground POFA. Additionally, incorporation of fine-micro 
filler with dispersion characteristic could significantly reduce the interfacial 
porosity of PC as compared to incorporation of coarse micro-filler in PC.

INTRODUCTION

Polymer concrete (PC) has resins instead of cement as a concrete binder. The 
hardening of PC occurs without any water and polymerizes when added with 
additives, catalysts or accelerators. Additionally, since thermoset materials 
are hydrophobic materials, therefore, presence of water and high moisture 
content in aggregates has to be avoided especially during production of PC 
to enhance the compatibility and interaction between materials.

Effects of Palm Oil Fuel Ash 
as Micro-Filler on Interfacial 
Porosity of Polymer Concrete
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Generally, PC products become cost-effective especially when they 
contain micro-filler. Fillers normally come either from the natural sources 
(mineral filler) or are synthetically produced. However, the depletion of 
natural resources has become a concern, therefore, many researchers have 
shifted to use synthetic fillers, though this choice is more expensive. With 
the consideration for both environmental issues and sustainable development, 
utilization and modification of waste materials has become an interesting 
topic of research in modern production of polymeric materials. This had 
been initiated in the 1980s when fly ash was first studied and then further 
explored in the 1990s (Ohama, 2007). To date, the effectiveness of fly ash in 
enhancing the performance and durability of PC is proven, and is preferred for 
being cost-effective, toxic free and able to give good original fineness with 
low thermal coefficient. Moreover, it is readily available and is compatible 
with other materials in resin (Atzeni et al., 1990; Varughese and Chaturvedi, 
1994; Gorninski et al., 2007).

This overview gives motivation to researchers to investigate the potentiality 
of Palm Oil Fuel Ash (POFA) usage in different types of concretes. Over the 
last few decades, the palm oil industry has grown up significantly in Southeast 
Asia such as Malaysia, Indonesia, and Thailand, and became an important 
agricultural-based industry. It is of no exemption to Africa where one of the 
major crops is also palm oil. This positive development was the reason for the 
researchers to utilize POFA in the cementitious system. However, POFA is a 
waste from agricultural plant and any agricultural based material has natural 
cellulose structure (Raveendran et al., 1996; Kaddami et al., 2006; Hafizah 
et al., 2014). This structure causes the PC to become hydrophilic, which 
also leads to very high and uneconomical resin consumption. Moreover, it 
deteriorates the PC quality even when fillers are used. Additionally, it becomes 
highly challenging in terms of reducing interfacial porosity in PC as well.

The objective of this study was to investigate the potentiality of POFA in 
reducing interfacial porosity in PC with low binder content using Mercury 
Intrusion Porosimetry (MIP) test. There existed several studies which were 
conducted by previous researchers that dealt with POFA in normal concrete. 
Therefore, two types of POFA were used in this study to compare their 
significant types in PC, i. e., ground and unground POFA. Additionally, 
ground POFA was paired with calcium carbonate as fine micro-filler, while, 
unground POFA was paired with silica sand as coarse micro-filler. All fillers 
were involved to investigate the function of filler on interfacial porosity. This 
work should eventually benefit researchers and fabricators in the field of PC 
production.
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Materials and Method

Binder

The polymer binder used in this study was the Isophthalic polyester resin. It 
was chosen since it is the most economical and widely used in composites 
industry. The properties of the Isophthalic polyester resin are given in Table 1.

Aggregates and Fillers

The inert granular materials used were crushed coarse aggregates and natural 
river fine aggregates. The aggregates were oven-dried at 100 ± 5 °C since 
the polyester resin is hydrophobic. The final moisture content of the inert 
granular material was less than 0.1%. The coarse aggregates’ size was from 
10 to 12 mm.

The ground and unground POFA were designated as GPOFA and UPOFA, 
respectively. As mentioned earlier, GPOFA was paired with calcium carbonate 
(CaCO3) and UPOFA with silica sand (Sand). The particle size distribution 
of all fillers is shown in Figure 1. The GPOFA was produced by grinding 
the POFA. Its further information can be found in Table 2.

Mix Proportions

Fifteen PC mixtures with POFA were prepared (Table 3) with the filler 
content fixed at 12% by weight of resin. The mixes were then combined with 
methyl ethyl ketone peroxide (MEKP) as the catalyst (hardener) and cobalt 
naphthenate (CoNp) as the initiator. The POFA, regardless of being unground 

Table 1. Properties of isophthalic polyester resin

Properties Isophthalic Polyester Resin

Density (g/m3)a 1.1

Styrene monomer content (%)a 39-44

Viscosity (Brookfield, 25 oC, 60 rpm (cPs)b 538

Tensile strength (MPa)b ASTM D3039 (1995) 7

Tensile modulus (MPa)b ASTM D3039 (1995) 300
aManufacturer data
bViscosity and tensile properties were tested in this study
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or grounded, took up 8 to 16% by weight of the PC spaces. Coarse aggregate 
content was fixed at 30% by weight. The design of PC mix proportion was 
carried out according to JIS A 1881 (2005). The nomenclature used was:

•	 PC-GPOFA: Polymer concrete incorporating ground POFA
•	 PC-CaCO3: Polymer concrete incorporating calcium carbonate
•	 PC-UPOFA: Polymer concrete incorporating unground POFA
•	 PC-Sand: Polymer concrete incorporating silica sand

Figure 1. Particle size distribution for different types of fillers

Table 2. Grinding mill information

Grinding Mill

Dimension of grinding drum : 711 mm (inside diameter) x 508 mm (inside length)

Number of rod bar : 7 numbers

Dimension of rod bar : 20 mm (diameter) x 480 mm (length)

Average diameter and length of rod bar : 18 mm, 480 mm

Milling speed : 30-33 rpm

Total milling rotational : 4000 rotational per session

Capacity per session : 5 kg/session
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Mercury Intrusion Porosimetry (MIP)

Mercury Intrusion Porosimetry (MIP) test was conducted to obtain porosity 
and pore size distribution using MIP equipment. Miniature of specimens (5 
mm thick and the total weight were between 3.5 and 4.5 g) was subjected 
to low and high MIP pressure. The test demanded high precaution which 
should be taken since mercury is very harmful. Results of incremental pore 
volume, cumulative pore volume and average pore diameter were obtained 
at this stage.

RESULTS AND DISCUSSION

Figures 2 and 3 show the graphs of incremental pore volume versus pore 
distribution of PC in log normal term. Two obvious peaks have been observed 
at section I (pore diameter is small, ranging from 10,000 to 70,000 nm) and 
at section II (pore diameter is large, ranging from 70,000 to 120,000 nm). In 
general, the pore diameter is small. Also, results have shown that the finer 
micro-fillers performed better in reducing the PC pore volume. In addition, 
the incremental pore volume of PC-GPOFA and PC-CaCO3 had reduced 
profoundly when the filler contents became higher (Figures 2a and 2b). 
Similar results were also observed for PC-Sand. However, the incremental 
pore volume decreased after adding more than 12% filler contents. This 
could be due to the progressive filling of binder particle gaps with sand. 
However, the overall decrease in pore volume was not obvious because the 

Table 3. Mix proportion of PC incorporating GPOFA and UPOFA

UP Binder
Filler

Fine Aggregates Coarse 
AggregatesPOFA Filler CaCO3 Filler Sand Filler

% kg/m3 % kg/m3 % kg/m3 % kg/m3 % kg/m3 % kg/m3

12 134

8 78 8 216 8 198 50 1240

30 750

10 97 10 270 10 248 48 1190

12 116 12 324 12 298 46 1141

14 136 14 378 14 347 44 1091

16 155 16 432 16 397 42 1042

Note: polyester binder was mixed with inhibitor, 0.5% CoNp and 1% MEKP
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sand filler was occluded by the polymer resin. In PC-UPOFA, the reduction 
in pore volume was insignificant (Figures 3a and 3b) because it promotes 
the formation of large pores due to its natural open cellulose structure. Thus, 
GPOFA and calcium carbonate are preferred for their better micro-filler 
dispersing characteristics and ability to reduce the interfacial porosity.

Figure 2. Incremental pore volume versus normal-log pore diameter distribution 
for PC containing fine micro-filler (a)PC-GPOFA and (b) PC-CaCo3
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Figure 4 presents the cumulative pore volume-pore diameter behavior. 
The graph shows two main linear boundaries. The first or primary boundary 
is of greater interest in this case as significant changes of pores take place 
at the small pore diameter boundary. The second or secondary boundary is 

Figure 3. Incremental pore volume versus normal-log pore diameter distribution 
for PC containing coarse micro-filler (a)PC-UPOFA and (b) PC-Sand
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insignificant and therefore, ignored in this study. Figures 5 and 6 exhibit the 
cumulative pore volume-pore diameter behavior for all types of PC. From these 
Figures, it is evident that GPOFA and calcium carbonate have better quality 
as micro-filler than the rest because of the correlation between cumulative 
pore volumes and its diameter at primary boundary. The projected linear 
intersection, C, for PC incorporating fine micro-filler (GPOFA and calcium 
carbonate) decreased significantly when the filler contents increased due to 
their greater ability in reducing pore volume and diameter. This was based 
on two inherent characteristics, i. e., the fineness of the micro filler and the 
dispersing ability. Meanwhile, PC with coarse micro-filler (UPOFA and 
silica sand) did not show consistent behavior which is evident through its 
fluctuating projected linear intersection (C value). Nevertheless, the general 
patterns showed that both coarse and fine filler PCs had been prepared well 
in view of their consistent linear slope, m, and regression, R2 as presented 
in Tables 4 and 5.

Figure 7 shows the effect of filler content on average pore diameter. This 
showed that the mean pore diameter had obviously reduced in higher filler 
content which could be due to an increased dispersing ability of micro-filler. 

Figure 4. Cumulative pore volume pore diameter behavior; primary and secondary 
boundary
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In fact, both GPOFA and calcium carbonate had dramatically reduced the 
average pore diameter. PC-sand also slowly reduced the pore volume when 
the sand was occluded by resin before it filled in the available gaps. PC-
UPOFA had shown different patterns because of the poor filler option while 
PC-UPOFA showed no changes in pore diameter, which directly meant that 
the POFA filler had failed to function effectively as PC filler.

Figure 5. Cumulative pore volume pore diameter behavior for PC containing fine 
micro-filler (a) PCC-GPOFA and (b) PC-CaCO3
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CONCLUSION

The fine micro-fillers in this study, i.e., GPOFA and calcium carbonate, were 
able to decrease PC interfacial porosity most effectively due to their fineness 
and dispersing ability. On the other hand, the coarse micro-fillers (sand and 
UPOFA) did not reduce the interfacial porosity significantly; the polymer 
resin occluded the sand filler before the particles could progressively fill into 

Figure 6. Cumulative pore volume pore diameter behavior for PC containing fine 
micro-filler (a)PC-UPOFA (b)PC-Sand
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Table 4. Correlation between cumulative pore volumes and its diameter at primary 
boundary for PC incorporating fine micro-filler

Filler Content (%)
PC-GPOFA PC-CaCO3

m C R2 m C R2

0 0.004 0.068 0.859 0.004 0.068 0.859

8 0.004 0.066 0.975 0.003 0.041 0.985

10 0.004 0.050 0.985 0.002 0.028 0.985

12 0.003 0.046 0.981 0.002 0.028 0.981

14 0.003 0.039 0.977 0.002 0.028 0.977

16 0.003 0.037 0.992 0.002 0.032 0.992

Table 5. Correlation between cumulative pore volumes and its diameter at primary 
boundary for PC incorporating coarse micro-filler

Filler Content (%)
PC-UPOFA PC-Sand

m C R2 m C R2

0 0.004 0.068 0.959 0.004 0.068 0.859

8 0.004 0.065 0.917 0.005 0.075 0.838

10 0.005 0.076 0.926 0.005 0.079 0.833

12 0.004 0.075 0.891 0.005 0.064 0.971

14 0.004 0.071 0.855 0.005 0.068 0.971

16 0.004 0.071 0.855 0.005 0.068 0.971

Figure 7. Average pore diameter at different filler contents
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the positions in between the binder. Also, UPOFA promoted the formation 
of large pores due to its natural open cellulose structure and thus, had failed 
to reduce pore volume. To conclude, GPOFA can be potentially applied as 
micro-fillers for PC production.
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ABSTRACT

Chapter 8 evaluates a most interesting and up-to-date topic of electric arc 
furnace oxidizing slag as aggregates’ quality and development of functional 
concrete. A comprehensive introduction is given followed by a scientific method 
of stabilizing electric arc furnace (EAF). Oxidizing slag (EOS) is explained in 
brief. Subsequently, expansion mechanism of EOS and physical and chemical 
properties of EOS aggregates are covered in reasonable detail. A method for 
quantitative evaluation of free CaO contained in EOS that covers free CaO 
content as a function of aging period and open storage position for EOS and 
ERS samples are explained. Results indicated that the functional concrete 
using EOS aggregates satisfied the standards of slump, amount of air, its 
unit volume weight, and compressive strength. Moreover, x-ray irradiation 
experiment confirmed that the functional concrete using EOS aggregates 
showed a shielding performance approximately 20% higher than the typical 
concrete. These results verify that EOS has sufficiently good properties for 
use as concrete aggregate.

Evaluation of Electric 
Arc Furnace Oxidizing 

Slag Aggregates Quality 
and Development of 
Functional Concrete
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INTRODUCTION

Slag, which is a by-product inevitably generated during steel production, is 
recycled in an eco-friendly manner by the steel industry. Blast furnace slag 
is a slag which is generated during manufacturing of steel from magnetite 
in the blast furnace. Blast furnace slag is utilized as a concrete aggregate for 
embankments and roads (Faraone et al., 2009) as well as a substitute for raw 
materials in cement manufacture.

As the amount of slag generated annually increases, the possibility of 
recycling it as a high value product needs to be studied in order to utilize it 
efficiently in recycling industry and create economic benefits (Fernandez et 
al., 2007; Sheen et al., 2015; Sturm et al., 2009).

Blast furnace slag is actively developed and supplied as concrete aggregates 
and substitute for cement in concrete (Onoue et al., 2014; Motz et al., 2001). 
On the other hand, steel slag shows the problem of expansion and destruction 
during the hydration of cement in concrete due to unstable compounds present 
in it. This expansion and destruction during cement hydration occurs because 
of free CaO content present in it (Kuo and Shu, 2014; Wang, 2010). However, 
free CaO can be generated in steel slag during plasticity process. Free CaO 
content can vary according to temperature for plasticity in steelworks as well 
as cooling conditions. The melted slag is cooled slowly, aged in storage for 
approximately 3 months to a year to prevent expansion and destruction and 
is used as roadbed material.

In a study in Italy by Faleschini et al., 2016, some results of an experimental 
campaign about the potential use of EAF slag in cement-based materials 
were reported. The aim was to provide some insights about the important 
characteristics of the slag and its compatibility in concrete. Particularly, a 
mechanical characterisation was performed on compressive strength, tensile 
strength and elastic modulus showing the effects of substituting siliceous 
aggregates with slag. The performances were significantly enhanced in 
all cases. From that work, it was suggested that those improvements were 
gained both by a higher quality of the slag aggregates (in terms of density 
and strength), and by an improvement of the bond between EAF slag and 
the cementitious matrix. Similar results were also obtained recently by other 
authors, who obtained a singular morphology of the ITZ when EAF slag was 
used, which enhanced concrete mechanical properties.
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The positive results obtained in terms of mechanical strength allowed 
designing concrete mixtures with the desired strength and workability leading 
to a significantly reduced environmental impact.

This process requires a wide storage yard and additional relevant costs. 
Electric arc furnace (EAF)-oxidizing slag (EOS) was studied. This slag was 
evaluated as an aggregate that does not pose problems pertaining to chemical 
expansion safety based on the Korean Industrial Standard (KS). However, the 
practical application of EOS aggregates was not implemented due to unstable 
property of material itself, for the product found in South Korea.

This study examined the physical and chemical properties of EOS and 
quantitatively evaluated the free CaO content in it and EAF-reducing slag 
(ERS), according to the period and location of aging using ethylene glycol. 
Moreover, the EOS aggregates were replaced depending on the EOS content to 
examine the physical properties of concrete and verify its quality characteristics 
as construction materials.

Method of Stabilizing Electric Arc Furnace 
(EAF)-Oxidizing Slag (EOS)

EOS should be sufficiently stabilized before it is used as an aggregate for 
roads or construction. The methods of stabilizing EOS are mainly classified 
into reforming method and aging method.

The reforming method generates other compounds that contain CaO 
where converter slag and EOS do not contain free CaO. Hence, no volume 
expansion occurs. In this method, additives (sand, waste foundry, red soil, 
etc.) and oxygen are added to the melted EOS to facilitate the slagging of 
free CaO and stabilize the slag. However, this stabilization method involves 
high cost because these additives should be added to molten slag to react 
with free CaO, while heat sources are also required to maintain the molten 
state when a large number of additives are used.

Although the reforming method is highly reliable in terms of stabilization, 
it was only studied and not commercialized because of problems such as the 
small amount of EOS processed, high processing cost, and prioritization for 
the production and quality of steel produced. This method can be implemented 
practically only if it is modified in such a way that additional heat sources 
are not required or minimized and cheap additives are used.

The aging method stabilizes EOS by slowly cooling high-temperature EOS 
and by crushing it according to the appropriate particle size. It is then left in 
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the air before being used to artificially convert free CaO into Ca(OH)2 and 
induce hydration in advance. This prevents expansion and destruction when 
slag is used. In this method, 3 m EOS is typically stored and left exposed 
to air. When the hydration and carbonation reactions between free CaO and 
water as well as with CO2 are accelerated, the aging period is reduced. This 
aging period is reduced significantly in water or warm water compared to 
that in air. However, homogenization is unlikely to be performed during the 
aging process in water. In addition, although this method in warm water is 
implemented, it is not widely commercialized because it is not economically 
suitable.

The aging method in steam can make EOS more stable as an aggregate 
for roads compared to the aging method in air and facilitates the efficient 
use of limited land. At present, the entire steel industry in Japan uses aging 
methods in air or steam.

Expansion Mechanism of EOS

In terms of EOS, quicklime used as an adjunct to refine EAF materials such 
as pig iron and scrap iron, is frequently left behind in slag when they are 
insufficiently burnt. Figure 1 shows the compounds generated through the 
stabilization of quicklime in slag.

Existing studies (Wang, 2010) indicate that EOS is highly valuable for 
use as construction material because it contains large quantities of effective 
resources that can be recycled such as iron, carbon, and limestone. However, 
it was also reported that EOS contains a large quantity of free CaO, which is 
an unstable substance. Free CaO causes expansion and destruction because of 
hydration, thus leading to cracks in concrete during the hydration of concrete. 
When it reacts with water, its volume doubles and causes the expansion and 
destruction of slag.

Physical Properties of EOS Aggregates

The EOS produced in South Korea shows different physical properties 
depending on the region where it is produced. Table 1 describes the physical 
properties of EOS produced in Korea. It appears that these properties vary as 
slag is generated according to the types of pig iron output of steel manufacturers. 
Such differences are mainly based on density and absorption. In addition, 
the difference between EOS and ERS was verified.
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Chemical Properties of EOS

Table 2 shows differences between the chemical compositions of EOS generated 
in Korea. It indicates that the chemical composition of EOS generated by 
the same steel manufacturer varies according to the region where it was 
produced. Moreover, a significant difference between EOS and ERS was 
observed. EOS contains approximately 30% Fe2O3 and 25% CaO, whereas 
ERS contains approximately 0.5% Fe2O3 and 60% CaO. It resulted from the 
different manufacturing processes between EOS and ERS.

Figure 1. Type of CaO compounds in the slag

Table 1. Physical properties of the EOS in Korea

Type of Slag
A Steel Maker 

(Dangjin)
A Steel Maker 

(Incheon)

EOS ERS EOS ERS

Aggregate Size Fine Coarse Fine Fine Coarse Fine

Density (ton/m3) 3.70 3.78 1.22 3.38 3.42 1.16

Fineness Modulus 
(%) 2.71 6.62 - 2.54 6.36 -

Absorption (%) 1.1 1.34 1.64 1.21 1.79 1.65

EOS: Electric arc furnace oxidizing slag, ERS: Electric arc furnace reducing slag.
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Existing studies report that the amount of free CaO (an expansion element) 
is insignificant in EOS. However, this study confirms that the physical and 
chemical properties of EOS vary according to the regions. In addition, it was 
determined that the amount of free CaO increases as its quantity increases 
in ERS.

Quantitative Evaluation of Free CaO Contained in EOS

The amount of free CaO present in EOS was quantitatively evaluated using 
ethylene glycol. The evaluation was conducted according to the aging periods 
and location of storing EOS.

According to the ethylene glycol method, the wet rendering should be 
controlled based on the composition of each material. This material is basically 
produced in unit ton, but for the purpose of experimental objective, 1g of 
material was sampled and the experiment was carried out. A 1 g sample was 
placed along with 50 mL of ethylene glycol in a 100 mL conical flask, which 
was then placed in a water bath maintained at 60 °C for 30 min. Each treated 
sample was filtered using two layers of No.5B filter bed through a Buchner 
funnel and washed thrice with 30 mL ethylene glycol.

The filtrate was then collected in an induction conical flask and titrated 
with N/10-HCl standard solution with 2 to 3 drops of Brome-cresol green 
solution added as an indicator. The terminal point was set when an N/10-HCl 
standard solution turned from blue to green. Using the amount of N/10-HCl 
standard solution consumed, the amount of free CaO can be calculated, as 
shown in Equation (1). Figure 2 shows the materials used for the experiments.

FreeCaO
ml HCl normality of HCl

sample weight
�%( ) =

×

×
×

10
28 	 (1)

where 28 = chemically combined water (Javellana and Jawed, 1982)

Table 2. Chemical composition of the EOS in Korea

Fe2O3 CaO SiO2 Al2O3 MnO MgO SO3

A steel maker 
(Dangjin)

EOS 36.8 26.1 15.5 11.9 6.0 3.4 0.3

ERS 0.5 58.4 20.3 12.7 1.5 5.0 1.6

A steel maker 
(Incheon)

EOS 34.3 20.7 21.9 10.4 8.2 4.3 0.2

ERS 0.5 59.4 19.1 17.1 0.1 2.9 0.9
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Free CaO Content as a Function of Aging 
Period in the EOS and ERS Samples

Table 3 and Figure 3 show the results of these measurements. The free CaO 
contents in all the EOS samples were below 0.5%, and its content decreased 
as a function of aging period. On the other hand, while the ERS samples 
also showed remarkable decrease in free CaO contents as a function of aging 
period, it was always above 0.5%.

Free CaO Content as a Function of Open Storage 
Position for EOS and ERS Samples

Using the ethylene glycol method, CaO and free CaO contents in the EOS 
and ERS samples were quantitatively evaluated as a function of the open 
storage position (position within a depth of 1 m from the stacked slag). In 

Figure 2. Materials used in the ethylene glycol method

Table 3. Free CaO content at various aging periods in the EOS and ERS samples

Type of Slag City Sample
Free CaO Ratio (%)

1 Week 2 Week 3 Week 4 Week

EOS
Incheon EOS 1 0.224 0.224 0.168 0.154

Dangjin EOS 2 0.491 0.421 0.421 0.421

ERS
Incheon ERS 1 0.869 0.701 0.561 0.533

Dangjin ERS 2 1.795 1.753 1.738 1.682
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the case of electric furnace slag at A-Dangjin, an aggregate was pulverized 
for the experiments with a two day air-dried storage period. It was measured 
via XRF chemical analysis with the free CaO content (%) obtained by the 
ethylene glycol method. Although the CaO contents (%) in the EOS sample 
were identical at 26.1% at both storage positions, significant differences 
were observed in the free CaO contents for samples obtained from the two 
positions. The free CaO contents (%) of the EOS samples were 0.491% and 
0.196%. In other words, both the values were below 0.5%. On the other hand, 
the free CaO contents in ERS samples at the two storage positions were also 
different (0.87%, and 1.74%). Table 4 shows the free CaO content and CaO 
content for various samples. The content was measured in both the inside (IN) 
and outside (OUT) samples. The reason is that when the sample is exposed 
to air, the free CaO content decreases due to reaction with moisture.

Figure 3. Free CaO content at various aging periods in the EOS and ERS samples

Table 4. CaO content and free CaO content of EOS and ERS by storage position

Type of Slag Position CaO (%) Free CaO (%)

EOS
IN 26.1 0.491

OUT 26.1 0.196

ERS
IN 60.1 0.869

OUT 53.4 1.738
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Properties of Functional Concrete Using EOS Aggregates

Experimental Plan

In an experiment examining the properties of functional concrete using EOS 
aggregates, the physical properties and radiation shielding performance were 
compared by using typical aggregates, magnetite, and EOS based on W/C 
0.40%. Tests on the slump, amount of air, unit volume weight, and compressive 
strength were performed as part of the experiment on the physical properties 
of concrete. An X-ray shielding experiment was also conducted for radiation 
shielding performance test. Table 5 illustrates the mix details.

Materials Used

Ordinary Portland cement (OPC) was used in the experiment and its chemical 
properties are indicated in Table 6. EOS generated by steel manufacturer 
“A” located in Dangjin, washed river sand, and crushed granites were used 
as an aggregate, fine aggregate, and coarse aggregate, respectively. Table 7 
presents the physical properties of aggregates. In addition, poly carboxylate 
ether was used as a super plasticizer.

Table 5. Mix design

Sample W/C 
(%)

S/A 
(%)

Unit Weight (t/m3)

W C
Fine Aggregates Coarse Aggregates

Ad.
NF EOS MA NC EOS MA

40N

40 47 165 413

810 - - 911 - - 3.3

40E - 1257 - - 1308 - 3.3

40M - - 1508- - - 1570 4.1

40EM - 1257 - - - 1570 3.3

Table 6. Chemical composition of the cement

CaO SiO2 Fe2O3 Al2O3 MgO SO3 Na2O K2O

OPC 62 22 3 5 3 3 1 1
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Experimental Method and Measurement Items

Concrete was classified into hardened and unhardened concrete in this 
experimental study. Tests on the slump, unit volume weight, and amount of 
air were conducted as part of the experiment on unhardened concrete, whereas 
those on compressive strength and X-ray irradiation were performed on 
hardened concrete. The compressive strength was tested by using specimens 
of ∅10 × 20 cm, which were obtained after standard curing at the age of 3, 7, 
and 28 days. The unit volume weight of each specimen was also measured.

Test Results on Physical Property of Concrete

Table 8 shows the results of experiments on unhardened concrete. The results 
of the slump test indicate that the concrete satisfies the slump standard of 
150 ± 25 mm. Its unit volume weight is 3.14 t/m3 in 40E with the highest 
value of 3.62 t/m3 in 40M. This result verifies the difference according to 
the unit volume weight of aggregates. The results of the test on the amount 
of air show that it is the highest at 4.0% or greater at 40M.

Table 7. Physical properties of the aggregates

Normal Aggregates EOS Magnetite

Washed 
River Sand

Crushed 
Granites

Fine 
Aggregates

Coarse 
Aggregates

Fine 
Aggregates

Coarse 
Aggregates

Size (mm) 5 25 5 25 5 25

Density (t/m3) 2.61 2.62 3.70 3.78 4.30 4.40

Fineness 
Modulus (%) 2.69 6.86 2.71 6.62 2.75 6.80

Absorption 
(%) 1.32 0.80 1.1 1.34 0.61 0.50

Table 8. Test results of fresh concretes

Slump 
(mm)

Air Content 
(%)

Unit Volume Weight 
(t/m3)

40N 160 2.5 2.36

40E 160 3.1 3.14

40M 155 4.0 3.65

40EM 155 3.2 3.41
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Figure 4 shows the result of tests on the compressive strength of hardened 
concrete. The compressive strength is the lowest (39.5 MPa) at 40N, 60.2 MPa 
at 40E, 55.5 MPa at 40M, and 61.5 MPa at 40EM. The compressive strength 
of EOS concrete is approximately 20 MPa higher than that of typical concrete.

X-Ray Irradiation Experiment

The fundamental equation for the X-ray irradiation experiment is Equation 
(2). Assume that the X-ray irradiating upon the shield has an intensity of I0, 
while that after the irradiation can be denoted as I. Here, x is the thickness 
of the shield, and µ

t
 is the effective attenuation coefficient, which represents 

the probability of the X-ray causing an arbitrary interaction with the material 
per unit length. Linear attenuation coefficient can be described using the 
Lambert law.

I I e
O

xt= ⋅ − ⋅µ 	 (2)

where, I = dose rate at the surface of the shield facing toward the X-ray source

Figure 4. Test results of compressive strength
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IO = dose rate at the surface of the shield opposite to the X-ray source
µ
t
 = effective attenuation coefficient, which is a constant representing the 

X-ray absorption ratio of the shielding material.
x = thickness of the shield

Table 9 shows the results from the X-ray shielding test. From the X-ray 
shielding ratio experiment, normal concrete specimens, 40N showed a 
shielding ratio of around 73%; EAF concretes, 40E showed a shielding ratio 
of around 91%; and magnetite concretes, 40M showed a shielding ratio of 
around 93%. If the unit volume weight of the concrete is high, the effective 
attenuation coefficient follows accordingly.

CONCLUSION

The evaluated quality-based characteristics of EOS aggregates indicates that 
the absorption ratio is within 2.0%, amount of CaO is below 40%, and basicity 
(CaO/SiO2) is 2.0 or lower. The content of free-CaO in EOS is 0.5% or lower.

The results of a slump, air and unit volume weight and compressive strength 
on functional concrete using EOS aggregates indicate that it satisfies the 
standards of slump and amount of air and its unit volume weight as well as 
compressive strength. Moreover, the results of an experiment on the X-ray 
irradiation confirm that functional concrete using EOS aggregates shows a 
shielding performance approximately 20% higher than that of typical concrete 
and its performance is like that of magnetite concrete. These results verify 
that EOS has enough properties to be used as a concrete aggregate.

Table 9. Calculated data for the X-ray irradiation

Symbol of 
Specimen

Unit Volume 
Weight

Spectrum 
Data IO/I µt 

(cm-1)
Shielding Rate 

(%)

Source 1,712,234 1 - -

40N 2.28 450,588 3.80 0.267 73.68

40E 3.21 148,117 11.56 0.490 91.35

40M 3.55 105,174 16.28 0.558 93.86

40EM 3.31 127,588 13.42 0.519 92.55
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ABSTRACT

This chapter covers a comparison between ordinary Portland cement (OPC) 
and geopolymer concretes against sulphuric acid attack. An intensive 
introduction to the topic is given. Lack of study about high strength of self-
compacting geopolymer concrete (SCGC) against sulphuric acid attack is 
also one of the problems. In this research, slag and ceramics were used as 
replacement of OPC. The aim was to study the durability of SCGC against 
sulphuric acid attack which mainly incorporated ground granulated blast-
furnace slag (GGBFS) and ceramics waste as a binder. Methodology of the 
experimental program, with emphasis on preparation of materials and mix 
design is described. Testing procedure of GSCC is given. Durability test for 
sulphuric acid resistance and cost analysis are briefly explained. In conclusion, 
the sulphuric acid solution had no effect on the strength of concrete and the 
weight after being immersed in sulphuric acid solution for 28 and 42 days.

INTRODUCTION

Naik and Kumar (2010) reported that higher demand for concrete from the 
construction field has almost peaked in every country of the world including 
Malaysia. Therefore, developing countries are searching for new solutions 
and have been focusing more and more to recycle and reuse waste products 
to generate sustainable construction materials.

Comparison Between 
Ordinary Portland Cement 
and Geopolymer Concretes 

Against Sulphuric Acid Attack
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Ordinary Portland cement (OPC) production is considered a huge 
environmental problem because it requires large quantities of raw materials 
and fuel and contributes 8% of global CO2 emissions (Scrivener and Olivier, 
2012; Sanal, 2018). Furthermore, OPC is not a chemically stable material, 
as it deteriorates because of sulfate and sulfuric acid attacks as well due to 
elevated temperature exposure (Ariffin, 2013; Sanal et al., 2016). The use of 
pozzolans to replace part of OPC has become more attractive and important. 
Geopolymers (GP), the newly developed cement-free materials, are one 
alternative to overcome all the above-mentioned issues (Duxson, 2007).

Previous research study has shown that OPC concrete has a very low 
durability against sulphuric acid attack compared to geopolymer concrete 
(Shankar, 2012). Durability refers to the ability of concrete to resist deterioration 
from the environment or service to which it is exposed. Suitably proportioned 
concrete that is properly placed, finished, and cured can endure without 
significant distress throughout its service life (Taylor, 2013). This is because 
the penetration of sulfate ions in solution causes change in the chemical 
composition and microstructure of the concrete. These changes may vary in 
type or severity, but commonly include extensive cracking, expansion and 
loss of bond between the cement paste and the aggregates. Alteration of paste 
composition results in monosulfate phase which converts into ettringite and 
at later stages forms gypsum. The required additional calcium is provided 
by calcium hydroxide and calcium silicate hydrate present in the cement 
paste. The effect of these changes leads to an overall loss of concrete strength 
(Ferraris, 2006).

In addition, geopolymer binders have been reported as being acid resistant 
and thus are promising alternatives for sewer pipe manufacture compared 
to OPC concrete (Song, 2005). A lack of needed literature study about high 
strength self-compacting geopolymer concrete against sulphuric acid attack 
is also one of the problems.

In this research, slag and ceramics were used as replacement to OPC. Slag 
contained high calcium, which is suitable for aggressive environment (Islam, 
2010), while the ceramic containing high silica can make the concrete more 
durable with more binder gel (Paratibha, 2015). There is also pressure to provide 
a better quality concrete to the construction sector which preserves natural 
resources and air quality. It is expected that this self-compacting geopolymer 
concrete (SCGC) can solve all the issues described in OPC (Srinivas, 2015).
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The aim of this research was to study the durability of SCGC against 
sulphuric acid attack. SCGC mainly incorporated Ground Granulated Blast-
Furnace Slag (GGBFS) and ceramics wastes as a binder. These parameters 
include determining the optimum mix design for geopolymer concrete 
containing GGBFS and ceramics as binders, their durability performance 
against sulphuric acid attack and the effect of geopolymer concrete after 
immersion in sulphuric acid solution.

Cube specimens with 100 mm x100 mm x100 mm dimensions were 
prepared and cured at ambient temperature. Compressive strength test was 
conducted to study the engineering properties of geopolymer concrete. The 
cubes were tested for compressive strength after being immersed in sulphuric 
acid solution at ages of 28 days and 42 days. The concentration of sulphuric 
acid solution has a pH of 3.0.

METHODOLOGY

Preparation of Materials

Materials used in this research study basically consisted of GGBFS, ceramics, 
fine (Sand) and coarse aggregates (Gravel 10 mm) and alkaline solution 
(Sodium Hydroxide and Sodium Silicate). The grading of fine and coarse 
aggregates followed the ASTM standard C33 (Standard Specification for 
Concrete Aggregates).

The GGBFS was collected from slag factories in southern parts of Malaysia 
while the ceramic waste was collected from a ceramic factory in Johor. 
After collection, the ceramic was crushed in a crusher jaw to make it finer 
and easier to sieve. The crushed ceramic waste was sieved by a mechanical 
sieve shaker for a sufficient period. It was then grounded in a Los Angeles 
Abrasion Machine for at least 8 hours (for each 4 kg) using a steel bar (18 
mm diameter and 800 mm long). Only the finest ceramic was used in the 
mixing which was kept tightly secured in a container.

The coarse aggregates (gravel) were collected from the Structure and 
Materials Laboratory at Universiti Teknologi Malaysia (UTM), Malaysia. 
The gravel was sieved through a mechanical sieve shaker and only the gravel 
that passed through 10mm sieve were collected and used in the mixing.
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Mix Design

Cube Samples

The mix proportions of geopolymer self-compacting concrete and the control 
OPC concrete samples are shown in Tables 1 and 2, respectively.

Testing Procedure of GSCC

In this research, the slump flow and L-Box test were performed to ascertain 
the self-compacting capabilities. All those tests were conducted in accordance 
with European Federation of National Associations representing producers 
and applicators of specialist building products for concrete (EFNARC) 
guidelines. The slump flow test was used to assess the horizontal free flow 
of SCC in the absence of obstruction. On lifting the slump cone filled with 
concrete, the concrete begins to flow. The time T50cm is a secondary indication 
of flow. It measures the time taken (in seconds) from the time when the cone 
is lifted to the instant when horizontal flow reaches a diameter of 500 mm.

The passing ability is determined by the L-box test as shown in Figure 2. 
The vertical section of the L-box is filled with concrete, and then the gate lifted 
to let the concrete flow into the horizontal section. The height of concrete at 
the end of the horizontal section is expressed as a proportion of that remaining 
in the vertical section (H2/H1). This is an indication of passing ability.

Table 1. Mix proportion of GSCC

Slag 
(kg/m3)

Ceramic 
(kg/m3)

F.A (kg/
m3)

C.A (kg/
m3)

SP (kg/
m3)

Na2SiO3
(kg/m3)

NaOH 
(kg/m3)

Extra 
Water 
(kg/m3)

GSCC 600 600 860 1.11 86.7 393.3 156.7 136.7

Table 2. Mix proportion of OPC concrete

W/B Ratio Water (kg/
m3) OPC(kg/m3) FA(kg/m3) CA(kg/m3)

OPC 
(100%) 0.59 192 384 898 861
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Durability Test on OPC Concrete and GSCC

It is well known that concrete is not fully resistant to acids. All acids will have 
an impact on the performance of concrete. The rate of speed of action may 
differ, but they eventually disintegrate the concrete. Six cube specimens of 
size 100 mm x100 mm x100 mm were prepared and immersed in sulphuric 
acid solution (pH 3) for 28 and 42 days.

Figure 3 shows the compressive strength comparison between OPC 
concrete and geopolymer concrete (GSCC) after acid immersion for 28 days. 
GSCC showed better strength compared to OPC concrete at ages of 28 and 
42 days. The high percentage of calcium in the geopolymer binder (slag) 
produced better concrete in terms of durability and strength. The composition 

Figure 1. Procedure for slump-flow test

Figure 2. Procedure for l-box test

 EBSCOhost - printed on 2/14/2023 7:31 AM via . All use subject to https://www.ebsco.com/terms-of-use



131

Comparison Between Ordinary Portland Cement and Geopolymer Concretes

and microstructure of the OPC concrete changed because of the penetration 
of sulfate ions present in the sulphuric acid solution, thus forming gypsum. 
These changes result in an overall loss of concrete strength.

Standards

All the standards that relate to any testing for mechanical properties and 
microstructure characterization of GSCC follow all the same relevant standards 
that are applied to the OPC concrete.

Cost Analysis

The cost analysis calculations are based on geopolymer concrete using waste 
materials as a binder replacing 100% OPC. The cost of geopolymer concrete is 
kept RM350.00 per m3 which does not consider the cost of alkaline solution’s 
amount in bulk volume. If we can apply this geopolymer concrete product to 
the construction industry, the price of the alkaline solution can be reduced 
further.

Besides that, the cement-free geopolymer concrete carries a high early 
strength, durability and resistance against attacks from aggressive environments 
compared to OPC concrete.

Figure 3. Compressive strength against days of immersion
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CONCLUSION

The following conclusions can be drawn about geopolymer self-compacting 
concrete against sulphuric acid attack from this study:

1. 	 The most optimum mix design for granulated blast furnace slag and 
ceramic powder as a cement replacement is 50% slag and 50% ceramic 
powder.

2. 	 8 M Sodium Hydroxide (NaOH) solutions gives better workability as 
compared to 12M NaOH solution.

3. 	 Samples containing slag has low workability because of its low relative 
density which causes an increase in paste volume. Thus, more water 
is needed for the self-compacting concrete, which can lead to low 
compressive strength.

4. 	 The sulphuric acid solution had no effect on the strength of concrete 
and its weight after being immersed in sulphuric acid solution (pH = 
3) at ages of 28 and 42 days.
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ABSTRACT

The cost of repairing cracked concrete is expensive as it requires special 
repair materials and skilled labour. Thus, the developments of new materials, 
like self-healing materials, are highly needed to repair cracks automatically 
and to restore or even increase concretes’ strength to prolong its service life. 
The aim of this chapter was to investigate the performance of epoxy resin 
without hardener as a self-healing agent in mortar. A detailed introduction 
of self-healing mortar is given followed by a problem statement. The epoxy 
resin as a self-healing material is also explained briefly. Self-healing concept 
is also discussed in detail followed by the experimental program. Results 
revealed that the epoxy resin without hardener as a healing agent performed 
effectively as the compressive strength and ultrasonic pulse velocity of 365 
days old cracked mortar samples regained the initial reading with prolonged 
curing time.

INTRODUCTION

Concrete is a strong, relatively cheap construction material and is presently the 
most widely used material in the construction industry. The main constituent 
that contributes to concrete strength is Portland cement. It is estimated that 
cement (Portland clinker) production alone contributes about 7% of the 
global carbon dioxide emissions due to the burning of limestone and clay at 
a temperature of ~1500°C as well as fossil fuel. During this process, calcium 
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carbonate (CaCO3) is converted to calcium oxide (CaO) and carbon dioxide 
is released (Worrell et al., 2001). From an environmental standpoint, concrete 
does not appear to be a sustainable material (Gerilla et al., 2007). Moreover, 
improperly manufactured concrete may experience a shorter service life as 
it can easily develop cracks due to excessive loading applications and other 
environmental causes. Hence, a good quality of concrete is needed which not 
only prolongs its service life but would also reduce the production of cement.

The major problem faced by concrete structures is cracking. It can cause 
severe damage such as corrosion of steel reinforcement that can lead to the 
deterioration of structures. A number of cracks with different morphology 
and size could appear during construction and the design life of structure 
(Zhang et al., 2011). Small cracks or micro-cracks need to be repaired 
before they become a major or macro-crack. There are many types of repair 
materials and methods that can be selected and used to repair these micro-
cracks. However, in certain cases, micro-cracks will still exist in the concrete 
structure and if they cannot be repaired effectively, the performance of the 
structure is compromised and its service life will be shortened. The cost of 
repairing concrete is expensive as it requires raw materials such as cement 
and skilled labours.

In many concrete structures, tensile forces can cause cracks and these 
can occur relatively soon after the structure is built. Repairing cracks in 
conventional concrete structures usually involves applying mortar which is 
bonded to the damaged surface. Sometimes, the mortar needs to be installed 
into the existing structure to ensure it does not fall off. The bonding property 
between host concrete and new repair materials needs to be carefully verified to 
avoid another problem leading to extra repair cost. Repairs can be particularly 
time consuming and expensive; often it is very difficult to gain access to the 
structure to make repairs, especially if they are underground or at a great 
height. Therefore, the development of new technologies and materials is 
essentially needed that can automatically repair cracks by giving longevity 
to the structures. Such materials will eventually reduce maintenance costs 
and fulfil the need of sustainability.

The self-healing concrete had been investigated since 1996 by Stefan 
Jacobsen and Erik J. Sellevold from Norway. In their research paper, they 
investigated the deterioration of self-healing concretes caused by internal 
cracking. Besides, Nynke ter Heide (2005) from Delft University of Technology 
had discussed self-healing process of concrete in detail. This led to more 
investigations conducted by other researchers in the area of self-healing 
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concrete. The occurrence of autogenous healing or self-healing of cracks in 
concrete was recognized in a previous study by Reinhardt and Jooss (2003). On 
the other hand, the research of Jonkers and Schlangen (2008) had developed 
a microorganism that can heal the cracks automatically.

Self-healing concrete refers to the ability of concrete to automatically repair 
the cracks without any external intervention. In concrete, the most common 
self-healing agent is bacteria. The bacteria used in some studies are known 
as microorganisms that can survive in alkaline environment of concrete (pH 
13 to 14), provided the air and enzyme are available. However, in this study, 
a different type of self-healing agent was used to incorporate with the mortar 
mix which eventually should heal the cracks.

Problem Statement

In most of the studies, an ureolytic bacterium of the genus Bacillus was used 
as a healing agent for the biological production of calcium carbonate. The 
mechanism of self-healing by using bacteria is the formation of calcium 
carbonate from the bacteria, based on the enzymatic hydrolysis of urea to 
ammonia and carbon dioxide (Hager et al., 2010). This reaction causes pH 
to increase from neutral to alkaline conditions resulting in the formation of 
bicarbonate and carbonate ions which precipitate in the presence of calcium 
ions to form calcium carbonate minerals (Jonkers et al., 2010).

Bacteria are good self-healing agents, but the acceptance of using it in 
concrete has been a big issue among contractors. The perceptions of using 
bacteria in the concrete become a serious concern perhaps because bacteria 
itself have a negative effect on human health. Moreover, to find and culture 
the bacteria is not an easy task as several conditions need to be considered for 
bacteria to survive. On top of the list is the availability of bacteria once the 
concrete is hardened. It becomes a main concern as bacteria are a sensitive 
microorganism. During the process of concrete mixing, the applied pressure 
can somehow destroy the bacteria. The alternative self-healing agent that 
shows promising results in healing the crack automatically is epoxy resin. 
This study focused on the self-healing performance of epoxy resin as a self-
healing agent.
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Thermoset Polymer: Diglycidyl Ether of 
Bisphenol – A Type of Epoxy Resin

Epoxy resin is a family of thermosetting polymer materials which do not 
give off reaction products when they cure and have low shrinkage. Moreover, 
it has good adhesion to other materials, good chemical and environmental 
resistance, good chemical and good insulating properties (Ariffin, 2016). 
In the present study, the high viscosity of epoxy resin namely Diglycidyl 
Ether of Bisphenol A-type was used. Epoxy resin has been used as one of 
the repair materials to repair concrete for many decades. The use of epoxy 
resin which is an external repair process entails the injection of epoxy resin 
solution together with a hardener into existing cracks in concrete structure. 
This method is well known and usually used for concrete structure repairs 
suffering from cracks.

Epoxy resin with different level of viscosity can repair cracks with 
different widths. Upon injection, a suitable pressure is applied which leads 
the epoxy resin to flow through the cracks. Besides using epoxy resin as a 
repair material, it can also be used as an additive or replacement material 
in concrete mixtures. The addition of epoxy resin in the concrete/mortar is 
categorized as polymer-modified concrete/mortar. In this study, the epoxy 
resin was used in mortar specimens and denoted as epoxy-modified mortar. 
Usually, the use of epoxy resin with the hardener has been common practice. 
The hardener functions as a hardening agent for the epoxy resin which 
strengthens the binders in concrete/mortar.

However, in this study, the epoxy resin was used without hardener as a self-
healing agent. The understanding was that epoxy resin can harden inside the 
concrete/mortar by reacting with hydroxyl ions. Hydroxyl ions are produced 
from cement hydration and react with epoxy resin to heal the cracks. The 
rationale for not using hardener was to let the epoxy resin stay in the same 
state for later reaction when cracks occurred. The unhardened epoxy resin 
would then react with the hydroxyl ions to repair the cracks automatically 
without any external intervention.

Self-Healing

Self-healing ability of the material to heal, recover and repair the cracks 
automatically without any internal intervention is seen as an interesting 
occurrence. The additional materials such as bacteria and epoxy resin have 
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a unique function to react and produce the element that can heal the cracks 
whenever they occur inside the concrete structure. Even when the crack size 
and width are limited to the micro-crack with a diameter between 0.1 mm 
and 0.3 mm, it has happened (Palin et al., 2015; Edvardsen, 1999).

The performance of epoxy resin as a self-healing agent was investigated 
by non-destructive test and compressive strength test as shown in Figure 1. 
The non-destructive test was selected to determine the self-healing effect by 
checking the formation of cracks produced at three different curing times. 
This technique has been previously used by Zhong and Yao (2008) for the 
purpose of self-healing evaluation. The first crack was induced at 28 days, 
which was immediately after the maturity of mortar. The second and third 
periods of the cracks production were at ages of 180 days and 365 days of 
the curing period, respectively. These durations were chosen in order to see 
the effectiveness of the epoxy resin as a healing agent after a certain period. 
The main purpose of this test method was to simulate the real situation in 
construction where sometimes the cracks occur at different and unexpected 
times.

There are two types of loads applied to the mortars; 50% and 80% of the 
ultimate load. The mortar that preloaded at 50% of ultimate load, was denoted 

Figure 1. Procedure of producing crack in mortar
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as fifty epoxy-modified mortars (50EM), while the 80% one was denoted 
as the eighty epoxy-modified mortars (80EM). Similarly, the normal mortar 
specimens were denoted as fifty normal mortars (50NM) and eighty normal 
mortars (80NM). These are summarized in Table 1.

Compressive Strength

The specimen’s ability to regain the initial compressive strength can be an 
indication of the self-healing process. The performance of epoxy resin without 
hardener as a self-healing agent has a potential to produce a maintenance-free 
mortar or self-healing mortar. The results are shown in Figures 2 to 4 for the 

Table 1. Crack generated to epoxy-modified and normal mortar

Specimen Cracks Generate

Epoxy-modified Mortar
50% of maximum load 50EM

80% of maximum load 80EM

Normal mortar
50% of maximum load 50NM

80% of maximum load 80NM

Figure 2. Compressive strength of self-healing epoxy modified and normal mortars 
after loaded at 28 days
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Figure 3. Compressive strength of self-healing epoxy modifies and normal mortars 
after loaded at 180 days

Figure 4. Compressive strength of self-healing epoxy modifies and normal mortars 
after loaded at 365 days
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compressive strength of mortars after being loaded for 28 days, 180 days and 
365 days. These figures showed the signs of compressive strength recovery 
in all cases. In the first month after the cracks were produced, the healing 
process was very fast, especially for epoxy-modified mortar cracked at 28 
days. The initial compressive strength of epoxy-modified mortar was 36 MPa 
but after the crack was produced, the compressive strength decreased to 18 
MPa for the 50EM while 7 MPa for the 80EM specimens. After 300 days of 
curing, the compressive strength of 50EM regained its initial strength while 
for the 80EM specimen, the compressive strength was 30 MPa. At 480 days 
of curing, the 80EM specimen was fully recovered and back to its original 
strength. That meant the crack inside the epoxy-modified mortar had been 
fully healed.

The compressive strength of epoxy-modified mortar which cracked at 
the age of 180 days showed a similar pattern but became constant towards 
the end of the testing period as shown in Figure 3. As shown in the Figure, 
the initial compressive strength after cracking was 19.8 MPa for the 50EM 
specimen, but increased to 20 MPa after a month of curing. On a similar 
note, 80EM specimens recorded 7.9 MPa of compressive strength after the 
production of crack and later it increased to 9 MPa after a month. However, 
the compressive strength of both specimens remained constant after 420 
days of curing.

Similarly, the same pattern of results was observed in specimens cracked 
at the age of 365 days as shown in Figure 4. The initial compressive strength 
of epoxy-modified mortar was 45 MPa which reduced to 23 MPa for 50EM 
and less than 10 MPa for 80EM after the production of cracks. However, after 
180 days of curing, the compressive strength for 50EM and 80EM increased 
to 24 MPa and 10.6 MPa, respectively. The increment of compressive strength 
was very small due to the age of the specimen. Some increment had shown 
which indicated that the good progress of self-healing function was occurring.

Generally, all the results showed an indication that the epoxy resin has 
reacted well with hydroxyl ions in repairing and healing the cracks inside 
the specimens without external intervention. The different healing rate was 
governed by the age of mortar. As explained, the young mortar heals faster 
than older mortar. The availability amount of unhardened epoxy resin to 
react with hydroxyl ions is also one of the factors that affect the healing rate. 
The epoxy resin shows that it can be used as a self-healing agent to heal the 
cracks automatically.

On the contrary, the compressive strength of normal mortar did not change 
and remained almost constant after a crack was produced. Even though the 
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compressive strength was constant, it started to decrease after a certain time. 
This is probably due to the penetration of water and aggressive ions such as 
chloride ions, which deteriorate the mortars. As a result, the compressive 
strength was reduced and was found to deteriorate (Ariffin et al., 2015a).

The pattern of self-healing in terms of compressive strength for epoxy resin 
and bacteria is slightly different. The bacteria self-healing agent can repair 
the cracks faster than epoxy resin as reported by several other researchers, for 
example Bravo et al., (2015). In his research, the healing process can be as 
fast as three days with the immersion of specimen in the solution containing 
bacteria. The objective of self-healing without requiring any extra material 
and workers had been achieved by using epoxy resin without hardener as a 
healing agent in the mortar specimens.

Damage Degree of Concrete After Self-Healing

The degree of healing rate was calculated to evaluate the healing progress of 
epoxy-modified mortar. Figure 5 presents a trend of the degree of damage 
for 50EM and 80EM specimens after a certain period. The results showed a 
good self-healing performance especially in 50EM cracked at the age of 28 

Figure 5. The damage of degree of self-healing epoxy modified mortar
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days, where the cracks were fully healed after 300 days of curing. The 80EM 
specimens produced crack at the age of 28 days took 480 days to completely 
heal the cracks. For epoxy-modified mortar cracked at the age of 180 days, 
the healing was slower and became constant after 300 days of curing. Only 
crack in 50EM was healed since 80EM had a limited amount of unhardened 
epoxy resin. For the specimens cracked at the age of 365 days, the healing 
was even slower. The point to emphasize is that the unhardened epoxy resin 
will still react with hydroxyl ions if no cracks are present to fill the pores. 
However, the progress of self-healing can be observed in the early ages after 
the crack was produced.

It was observed that earlier the damage occurred in the specimens, the 
better are the mechanical properties of the recovered material for the same 
degree of damage. The cement component and the epoxy resin matrix of 
the healing agent has led to a good adhesion, helping to heal the crack and 
reform its original state (Zhang and Rong, 2011). The results of self-healing 
performances, especially at 180 and 365 days, of producing crack showed a 
positive sign of healing the cracks automatically with the use of epoxy resin 
as a self-healing agent.

Permeability Test

The permeability test of the self-healing epoxy-modified mortar was carried 
out using the time for water to pass through the mortar. The water permeability 
time can be one of the indicators to evaluate the self-healing performance 
of epoxy resin in repairing the cracks. The time measurement of water 
permeability was recorded and presented in Figure 6. The time for water to 
pass through the self-healing epoxy-modified mortar indicates the number 
of pores and cracks inside the mortar.

It can be seen from the Figure that time taken for water to penetrate till 
the bottom of the specimen was initially 180 minutes. However, after the 
crack was produced, the time recorded was faster, which was 70 minutes to 
pass through for 50EM specimen and 30 minutes for 80EM specimen. The 
difference in the time is due to the different size of cracks, where 50EM 
specimen had smaller cracks and vice versa. As the mortar began to heal, 
the time taken for water to pass increased, which indicated that self-healing 
occurred inside the epoxy-modified mortar.
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Reaction Between Epoxy Resin and Hydroxyl Ion

The motivation to carry out the study of using epoxy resin without hardener 
as a self-healing agent originated from the reaction between epoxy resin and 
hydroxyl ion. It is believed that the reaction rate can improve the properties 
of epoxy-modified mortar and act as a self-healing agent. The hydroxyl ion 
produced during cement hydration process is important for self-healing 
together with calcium-silicate-hydrate (CSH) gel. The hydroxyl ions are 
needed for self-healing mechanism to occur (Ariffin et al., 2015b). For the 
bacteria self-healing concrete, the bacteria will react with oxygen to produce 
calcite to precipitate and heal the cracks. The same mechanism occurred in 
epoxy-modified mortar where, when unhardened epoxy resin reacts with 
hydroxyl ions, it will harden and heal the cracks. Due to the elimination of 
hardener in the mortar, not all epoxy resin harden inside the mortar at an early 
age. The unhardened epoxy resin will react as a self-healing agent while the 
hardened epoxy resin contributes to the strength of the mortar specimens.

Figure 6. Time measurement for water permeability of mortar crack produce at 28 
days
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The self-healing mechanism is shown in the Scanning Electron Microscopy 
(SEM) morphology in Figure 7. This Figure showed that the cracks have been 
filled with the healing agent and the healing process started immediately after 
the cracks were developed. It also showed that the cracks had been filled with 
the reaction of epoxy resin and hydroxyl ion products. Besides, the CSH gel is 
also observed in Figure 7. The CSH gel is known as the main component that 
gives strength to the mortar produced from the hydration process of cement.

CONCLUSION

Based on the experimental investigation, the following remarks can be 
highlighted:

1. 	 The epoxy-modified mortar specimens that were pre-loaded at 50% of 
ultimate load healed faster than the specimens which were subjected to 
80% ultimate load.

2. 	 The self-healing of epoxy-modified mortar, cracked at 28 days, completely 
healed after 300 days of curing.

3. 	 The healing progress of cracks at age of 180 days of mortar showed a 
good performance where almost 60% of the cracks had been repaired.

Figure 7. The SEM morphology of self-healing reaction in epoxy-modified mortar
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4. 	 Water permeability of the self-healing epoxy-modified mortar showed 
an increase in the time taken by water penetration, which indicated that 
the cracks and pores inside the specimens had been repaired and filled 
by the reaction between epoxy resin and hydroxyl ions.
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