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INVESTIGATION OF TERNARY BLENDED BINDER PVA FIBRE 

REINFOCED CEMENTITIOUS COMPOSITES AS REPAIR MATERIAL 

ABSTRACT 

Fibre reinforced cementitious composites (FRCC) is a type of high-performance 

concrete with unique features suitable for repair application. To develop a well-performed 

FRCC, good fibre dispersion is crucial and it is achievable via high binder content without 

compromising the mechanical properties. Therefore, supplementary cementitious 

material is used to reduce the heat of hydration as well as improving the workability of 

FRCC. In this research, the focus was on using fixed water-to-binder ratio to study the 

effect of different binder (900 kg/m3, 1100 kg/m3 and 1300kg/m3) and ground granulated 

blast furnace slag (GGBS) (0, 30 % and 60 % as fly ash replacement) content on the 

performance of FRCC as repairing material. Overall, the research was planned into two 

phases. The initial phase served as a preliminary stage in selecting the FRCC by fulfilling 

the minimum requirement in terms of workability and compressive strength; whereas the 

final phase was the testing of mechanical properties, namely, splitting tensile, flexural, 

slant shear and impact strength tests. The results showed that workability and rheology 

of FRCC can be improved with higher binder content or using 30 % GGBS replacement. 

Conversely, FRCC with lower binder content and higher GGBS content induced higher 

compressive strength. Ultimately, six mixtures of FRCC were selected in the final phase 

by fulfilling the minimum requirement in terms of workability and compressive strength. 

Based on the experimental results, the effect of GGBS was observed to be varied at 

different binder contents on the mentioned mechanical properties and ductility of FRCC; 

as this is primarily attributed to the interfacial bond of matrix-fibre and matrix strength. 

Based on the performance and the economic considerations, binder content at 1100kg/m3 

and 30% GGBS replacement in FRCC was the most optimum. In overall, the usage of 

GGBS as partial replacement for fly ash showed positive effect in developing FRCC for 
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repair work as the minimum requirement for mechanical properties of repair material 

could be fulfilled. 

Keywords: Ternary blended binders, PVA fibre, FRCC, GGBS, repair materials 
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PENYELIDIKAN KOMPOSIT BERSIMEN BERTETULANG GENTIAN 

(FRCC) PVA DENGAN TIGA CAMPURAN BAHAN PENGIKAT SEBAGAI 

BAHAN PEMBAIKAN 

ABSTRAK 

Komposit bersimen bertetulang gentian (FRCC) merupakan sejenis konkrit berprestasi 

tinggi berciri unik yang sesuai untuk aplikasi pembaikan. Demi menghasilkan satu FRCC 

yang berprestasi, penyebaran gentian yang baik adalah amat penting dan ia boleh dicapai 

melalui kandungan bahan pengikat yang tinggi. Namun begitu, kandungan simen yang 

tinggi akan menghasilkan haba hidrasi yang tinggi. Jadi, pengganti simen digunakan 

untuk merendahkan haba hidrasi dan juga menambahbaikkan kebolehgunaan FRCC. 

Penyelidikan ini menggunakan nisbah air dengan bahan pengikat yang tetap untuk 

mengkaji kesan kandungan bahan pengikat (900 kg/m3, 1100 kg/m3 dan 1300kg/m3) dan 

kandungan kisaran sanga relau bagas yang digiling (GGBS) (0, 30 % dan 60 % sebagai 

pengganti abu terbang) yang berlainan dalam prestasi FRCC sebagai bahan pembaikan. 

Secara keseluruhannya, penyelidikan ini dibahagikan kepada dua fasa. Fasa awal 

merupakan peringkat pemilihan FRCC yang memenuhi syarat-syarat minima dalam 

bentuk kebolehgunaan dan kekuatan mampatan; manakala fasa akhir merupakan 

pengajian sifat-sifat mekanikal, iaitu kekuatan tegangan, lenturan, ricih condong dan 

hentakan. Keputusan menunjukkan bahawa kebolehgunaan dan reologi FRCC boleh 

ditambah baik dengan kandungan bahan pengikat yang lebih tinggi atau menggunakan 

penggantian 30% GGBS. Sebaliknya, FRCC yang mengandungi bahan pengikat yang 

lebih rendah dan GGBS yang lebih tinggi mendorong kekuatan mampatan yang lebih 

tinggi. Akhirnya, enam campuran FRCC dipilih dalam fasa akhir selepas memenuhi 

syarat-syarat minimum atas kebolehgunaan dan kekuatan mampatan. Berdasarkan 

keputusan eksperimen, dalam kandungan bahan pengikat yang berbeza, kesan GGBS 

adalah berlainan terhadap sifat-sifat mekanikal tersebut. Ini boleh dikaitkan dengan ikatan 
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antara gegentian dengan matriks bersimen dan kekuatan matriks. Kandungan bahan 

pengikat pada 1100kg/m3 dan gantian 30% GGBS memberikan keputusan yang paling 

optima dari segi pertimbangan prestasi dan nilai ekonomik. Secara keseluruhannya, 

penggunaan GGBS sebagai gantian abu terbang dalam FRCC menunjukkan kesan positif 

dalam penghasilan FRCC untuk kerja pembaikan. 

Kata kunci: Tiga campuran bahan pengikat, gentian PVA, FRCC, GGBS, bahan 

pembaikan 
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A-(30,0) : Mortar with 900 kg/m3 binder content with 30% GGBS 
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replacement and 1.5% PVA fibre dosage 

A-(30,2.5) : FRCC with 900 kg/m3 binder content, with 30% GGBS 

replacement and 2.5% PVA fibre dosage 

A-(60,0) : Mortar with 900 kg/m3 binder content with 60% GGBS 
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replacement and 1.5% PVA fibre dosage 

A-(60,2.5) : FRCC with 900 kg/m3 binder content, with 60% GGBS 

replacement and 2.5% PVA fibre dosage 

AAR : Alkali-aggregate reactivity 

Ac : Cross sectional area 

ASTM : American Society for Testing and Materials 

B-(0,0) : Mortar with 1100 kg/m3 binder content without GGBS 
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2.5% PVA fibre dosage 
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replacement and 2.5% PVA fibre dosage 
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B-(60,2.5) : FRCC with 1100 kg/m3 binder content, with 60% GGBS 

replacement and 2.5% PVA fibre dosage 

BSI : British Standard Institution 

C-(0,0) : Mortar with 1300 kg/m3 binder content without GGBS 

C-(0,1.5) :  FRCC with 1300 kg/m3 binder content without GGBS and 

1.5% PVA fibre dosage 

C-(0,2.5) : FRCC with 1300 kg/m3 binder content without GGBS and 

2.5% PVA fibre dosage 

C-(30,0) : Mortar with 1300 kg/m3 binder content with 30% GGBS 

replacement 

C-(30,1.5) : FRCC with 1300 kg/m3 binder content, with 30% GGBS 

replacement and 1.5% PVA fibre dosage 
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CHAPTER 1: INTRODUCTION 

1.1 Background 

Infrastructure development such as bridges, road and skyscrapers has become the 

catalyst in boosting economic growth, especially in developing countries. Therefore, 

concrete material is literally becoming the building block of economic development and 

as a result, large quantities of Portland cement as well as aggregates are in demand for 

concrete material production. This brings negative impact to the public health as well as 

the environment. It is reported that 6.3 mg of less than 10 microns particle is released 

with the production of every ton of Portland cement (Marlowe, 2003).  Besides, one ton 

of Portland cement uses approximately 4 GJ of energy and emits nearly 1 ton of carbon 

dioxide gas into the atmosphere. Together with the mining of raw materials such as 

aggregates, limestone and clay, the overall system in production of concrete material is 

socially, economically and ecologically unsustainable. 

 

Based on standard code of practice in reinforced concrete such as Eurocode 2, the 

infrastructure built using concrete was designed to have minimum service life of 50 years. 

Nevertheless, the existing concrete structure in the last few decades might have begun to 

experience deterioration after withstanding the mechanical loads and the exposure to its 

service environment. Not to mention that the brittle nature and low tensile strength of 

concrete cause concrete to be vulnerable to cracking. It is expected that cracks could lead 

to other types of deterioration, such as steel corrosion, sulphate attack etc. As a result, 

repair or replacement work are solutions to prevent further deterioration of concrete 

structure. However, by looking at the downturn of current economic trend, repair work is 

more suitable than replacing existing concrete structure. 
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In many countries, the construction of new concrete structure is getting decreasing. As 

existing concrete structures age, the demand in reparation and maintenance works is 

increasing. Therefore increasing amount of repair materials such as ettringite based 

binders, epoxy resin, fibre reinforced polymer (FRP) and etc are being developed and 

used. However, despite the increasing varieties of concrete repairing material, the rate of 

success remains low mainly because of inadequate early age performance, long-term 

durability (Gürkan Yıldırım et al., 2018) or wrong choice of repair material. Therefore, it 

is important to formulate a concrete repair material that is equipped with good mechanical 

properties, compatibility and sufficient early age performance so that the failure rate of 

concrete repairs can be reduced as well as eliminate the need for recurring repairs. Besides 

focusing on its performance, it is crucial to effectively incorporate by-products or waste 

material so that more environmentally friendly repair material can be produced. 

 

Of all repair material, fibre reinforced cementitious composites (FRCC) serves as a 

potential repair material and it is produced adding short fibre into high flowable mortar. 

Mainly polymeric fibres are being used in FRCC which includes polyvinyl alcohol (PVA) 

fibre (M. Li & V. C. Li, 2011; Magalhães et al., 2015; Meng et al., 2017), polypropylene 

(PP) fibre (Pakravan et al., 2016) and polyethylene (PE) fibre (Said & Razak, 2015). To 

be used in repair application, fibre with high tensile strength, modulus of elasticity and 

tensile strain capacity is preferred as reinforcement in cementitious composites. Which is 

why PVA and high-performance PE fibres were used in FRCC for repair application. 

However, PVA is a more popular option as high performance PE fibre is high in cost 

(Horikoshi et al., 2006).  

 

In order to have excellent properties in FRCC, the cement matrix of FRCC has much 

higher cement content (900 – 1300 kg/m3)  compared to conventional concrete (250 – 500 
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kg/m3). This is due to the absence of coarse aggregate in FRCC which requires more 

cement matrix for coating, effective fibre dispersion and matrix toughness control. This 

high cement content does not merely cause high material cost and heat of hydration but 

it is also less eco-friendly. To reduce the cement usage, fly ash (FA) is mostly used as 

cement replacement by researchers (C. Lin et al., 2017; S. X. Wang & Li, 2007; Zhang 

& Zhang, 2017). For FRCC to be applied as repair material, certain early age performance 

should be achieved, especially having higher compressive strength than the substrate. 

Therefore, alternate SCM such as ground granulated blast furnace slag (GGBS) which 

has higher activity index than FA can be used to improve the early age performance. 

Besides, GGBS is locally available. Hence, this research will be focusing on using triple 

blended binder, namely cement, FA and GGBS to formulate PVA-FRCC based repair 

material with various binder contents. 

 

1.2 Objectives 

1. To assess the influence of GGBS, binder content and fibre dosage on workability 

and compressive strength of PVA FRCC. 

2. To evaluate the mechanical properties of ternary blended binder PVA FRCC. 

3. To determine the flexural performance of PVA FRCC prepared with ternary 

blended binder. 

 

1.3 Scope of work 

The initial phase of this research began with trial mix of mortar and FRCC with 

different binder content at 900kg/m3, 1100kg/m3 and 1300kg/m3, different fly ash 

replacement using GGBS at 0% (as control), 30% and 60% and the fibre dosage at 1.5% 

and 2.5%. Workability and compressive strength were used as the minimum criteria to 

proceed with the second phase. The compressive strength was focused on the early phase 
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because it is the only engineering property of concrete that is routinely specified and has 

a relationship to most other mechanical properties (Bamforth & et al., 2008). 

 

In second phase, the mechanical properties of the ternary blended binder PVA FRCC 

such as splitting tensile strength, flexural strength, slant shear strength and impact 

strength were further studied. The flexural performance of the FRCC was also studied in 

terms of toughness, failure mode and flexural behaviour.  
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CHAPTER 2: LITERATURE REVIEW 

2.1 Introduction 

This chapter covers on the following items: 1) types of compatibility in concrete 

repair material; 2) requirement of concrete repair material specified by relevant 

engineering standards; 3) introduction of fibre reinforced cementitious composites 

(FRCC) as repairing material; 4) constituent materials used in FRCC and; 5) effects of 

fibre on workability and mechanical properties of FRCC to show its suitability as 

repairing material. 

 

2.2 Types of compatibility for repair material 

The compatibility for repairing material is normally correlated to its durability and 

capability to sustain loading (Morgan, 1996). However, Emmons and Vaysburd (1995) 

stated that ‘compatibility can be defined as a balance of physical, chemical and 

electrochemical properties and dimensions between a repair material and the existing 

substrate that will ensure that the repair can withstand all the stresses induced by volume 

changes and chemical and electrochemical effects without distress and deterioration over 

a designated period of time.’ Figure 2.1 summarized the model for concrete repair design 

and the importance of compatibility is discussed briefly at the following section. 
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Effective and durable 
repair materials

Production and application 
of durable repairs

Selection of compatible 
repair materials

Bond 
compatibility

Permeability 
compatibility

Dimensional 
compatibility

Electrochemical 
compatibility

Structural and 
mechanical 
compability

Shrinkage Creep
Modulus of 

elasticity
Thermal 

expansion
Strain capacity

 

Figure 2.1 Model of concrete repair material (Emmons & Vaysburd, 1995; 
Morgan, 1996) 

 

2.2.1 Bond compatibility 

According to Morgan (1996), bond compatibility is the development and maintenance 

of a satisfactory level of adhesion between the substrate and repair material. The 

performance of the remaining material is primarily dependent on its bonding towards the 

concrete substrate especially for repairs which are not secured mechanically through tying 

and anchoring. Under normal circumstances, the interface of repair material and substrate 

form the weakest link, making it the main limitation for the concrete repairing material. 

Therefore, it is crucial to have excellent bonding between the substrate and repair material 

in order to have high rate of success in repairing work. There are several methods used to 

quantify the bonding of repair system by engineering standards (ASTM, 2013; BSI, 

1999a, 1999b) and researchers (Bentz et al., 2018; Guo et al., 2018; Zanotti & Randl, 

2019), namely, pull-off test (direct tension), slant shear test, direct shear test, splitting 

tensile strength test (indirect tension). Other than improving the bond compatibility and 

durability of repair material, surface preparation on the substrate also helps in optimizing 

the bond compatibility. The concept on surface preparation of existing substrate is 

basically focusing on its surface roughness, cleanliness and the moisture condition. The 

surface roughening is usually done mechanically and there are various procedures and 
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methods, namely sand blasting, water jetting, grinding, hammering, wire brushing and 

etc. In terms of cleanliness, the bond surface must be ensured free of any dust, oil or any 

contaminants (Austin et al., 1995) as they decrease the friction and prevent the 

interlocking between substrate and repair material. Upon the placement of repair material, 

Figure 2.2 indicates the best moisture condition for the surface should be in saturated 

surface dry (SSD) condition rather than being too dry or too wet (Silfwerbrand, 2009). 

When it is too dry, the substrate absorbs the moisture from the fresh repair material, 

causing the interface to be heterogenous and form porous zone. Conversely, free water 

could exist when the substrate surface is too wet and this creates high water/cement (w/c) 

ratio at the bond interface which is detrimental to the bond strength. 

 

Figure 2.2 Relationship of moisture condition to bond strength between repair 
material and substrate (Silfwerbrand, 2009). 

 

2.2.2 Structural and mechanical compability 

For this compatibility, it is dependent on the application of the repair material whether 

is for non-structural or structural repair. The requirement for this compatibility is that the 

mechanical properties of the repair material, namely compression, flexure and tension 

must exceed the existing substrate material. This requirement is generally set as 

consideration by engineering standards but the criteria for both non-structural and 

structural repair are different. For non-structural repair, the mechanical strength 
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requirement is not as stringent as structural repair as stress-carrying capacity is not a 

major consideration for non-structural repair. Conversely, the requirement for structural 

repair is more complex and according to Morgan (1996), repair materials with high MOE 

should be cautious and avoided as excessively high stiffness could cause repaired area to 

attract undue load. 

 

2.3 Requirement of concrete repair material from engineering standards 

To ensure the performance and durability of repair material, minimum requirements 

have been set up by various engineering standards such as British Standards Institution 

(BSI), American Society for Testing and Materials (ASTM) International and Florida 

Department of Transportation (FDOT). According to EN 1504-3, concrete repair material 

is generally grouped into structural and non-structural (BSI, 2005) which is tabulated in 

Table 2.1. On the other hand, Section 930 from FDOT (2016) categorizes repair material 

based on its application for the horizontal and vertical surface as shown in Table 2.2 and 

Table 2.3. In overall, the minimum requirements are based on the mentioned 

compatibility. 

Table 2.1 Requirement for structural and non-structural repair material (BSI, 
2005b). 

Performance properties 
Requirement 

Structural Non-structural 
Class R4 Class R3 Class R2  Class R1 

Compressive strength ≥ 45 MPa ≥ 45 MPa ≥ 15 MPa ≥ 10 MPa 
Adhesive bond ≥ 2.0 MPa ≥ 1.5 MPa ≥ 0.8 MPa 
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Table 2.2 Minimum requirement of repair material for horizontal surface (FDOT, 
2016) 

Horizontal surface 
Requirement Rapid Very rapid 

Compressive strength, 
MPa 

3 hours N/A 17.3 
24 hours 17.3 34.5 
7 days 34.5 51.8 
28 days Greater or equal than 7 days 

Mortar flow, % 100 80 

Bond strength 24 hours 2.8 3.1 
7 days Greater or equal than 24 hours 

 

Table 2.3 Minimum requirement of repair material for vertical surface (FDOT, 
2016) 

Vertical surface 

Requirement High 
performance 

Ultra-high 
performance 

Compressive strength, MPa 

24 hours 8.6 17.3 
7 days N/A 43.1 

28 days 43.1 
Greater or 

equal than 7 
days 

Flexural strength (7 days), MPa 3.4 4.8 
Mortar flow, % 100 100 

Bond strength 24 hours 3.1 5.2 
7 days 5.2 5.2 

 

2.4 Fibre reinforced cementitious composites 

Fibre reinforced cementitious composites (FRCC) is a type of high-performance 

concrete produced by adding discontinuous short fibres to the cement matrix. As opposed 

to conventional concrete which is brittle and has localized crack failure, FRCC has 

superior mechanical properties (tensile and flexural strengths) and ductility which was 

aided by the ability to exhibit multiple cracking. The function of fibres in the matrix is 

primarily in the post-cracking stage which induces the fibre-crack interactions, including 

crack suppression, crack stabilization, crack bridging and fibre-matrix debonding (Bentur 

& Mindess, 2006). The function of fibre can be schematically shown in Figure 2.3. 
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Figure 2.3 Schematic description of short fibre in cementitious composites (Rossi, 
2001) 

 
 

At the pre-cracking stage, the extension of both fibre and the matrix are same. But 

when cracking happens, the matrix extends more than fibres as stress is built up at the 

crack tip and through the fibre-matrix interfacial bond, the fibres suppress the matrix to 

extend more. As a result, the crack initiation stress was increased which also means an 

increase in the first crack stress. Then, the fibre starts to stabilize the crack by transferring 

and sustaining the stress from the crack. As cracks widen with increased loading, the fibre 

will act as a connector bridging across the crack which helps to slow down the rate of 

crack opening and thus ensuring the integrity of the composite. Ultimately, the bridging 

fibres will start to debond from the matrix or rupture which result in the failure of the 

composite. 

 

There are many types of concrete or cementitious material such as polymer modified 

concrete, fibre reinforced polymer concrete, high early strength mortar, textile reinforced 

concrete formulated as repair material, however, these repair materials were not 

substantially benefitted with self-healing ability correspond to FRCC. Also, with the 
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superior enhancement in the mechanical properties and ductility, FRCC shows the 

potential as repair material. Therefore, many types of research about repair application 

using FRCC had been done by other researchers (Victor C. Li et al., 2000; X. Li et al., 

2017). 

 

2.5 Constituents of FRCC 

Basically, FRCC is made of hydraulic cement, mineral admixture, aggregate, discrete, 

discontinuous fibre, water and superplasticizer. 

 

2.5.1 Cement 

Cement is a type of binder which forms a cohesive paste when added with water that 

can bind all the materials together such as aggregate and fibres to form composites. Also, 

upon the addition of water, hydration of cement particle takes place and it is exothermic. 

As illustrated in, illustrated in Figure 2.4, there are 5 phases in hydration process which 

involve the reaction of tricalcium silicate (C3S), dicalcium silicate (C2S), tricalcium 

aluminate (C3A) and tetracalcium aluminoferrite (C4AF) in cement particle (Aïtcin, 

2016b). In phase 1 (initial dissolution), the rapid dissolution of different alkali species is 

highly exothermic and hydration involves C3S and C3A which last for a few minutes. 

which then continue with Phase 2 (induction period) which has low chemical activity and 

comes with low heat of hydration. Due to the rapid drop in the concentration of silicate, 

calcium silicate hydrate (CSH) is formed in Phase 2 until they reach a certain critical size 

that marks the beginning of Phase 3 (acceleration period). Figure 2.4 shows the main peak 

of heat release due to the dissolution of C3S and formation of C-S-H and calcium 

hydroxide (CH). and 4 (deceleration period) where the continuation of hydration of C3S 

and C3A takes place. Lastly, Phase 5 (deceleration period) involves mainly with the 
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hydration of C2S and C4AF which induce continuous strength development and 

densifying process at a low rate. 

 

Figure 2.4 Schematic representation of heat release and stage of Portland cement 
hydration (Marchon & Flatt, 2016). 

 

2.5.2 Supplementary cementitious material 

Due to the high surface area of fibres, more paste volume is required to have an easier 

dispersion of fibre in the matrix. Rather than having high w/b ratio, high binder content 

is the best way to attain good workability and mechanical properties without 

compromising the durability and performance of FRCC. Also, the addition of fibres 

changes the structure of the aggregate skeleton, the packing density is decreased and thus, 

it requires higher fines content in order to compensate for this effect (Grünewald, 2004). 

Hence, the binder content used in FRCC is in the range of 800kg/m3 to 1250kg/m3 (Said 

et al., 2015; Sherir et al., 2015). However, when cement content is more than 500kg/m3, 

the matrix will be compromised by the rapid high heat of hydration and causing more 

water required to be hydrated in hardened mortar or concrete which leads to shrinkage 

cracking (S. X. Wang & Li, 2007). This was also similarly reported by other researchers, 
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whereby high cement content leads to both drying and autogenous shrinkages (Kapelko, 

2006; Kosmatka et al., 2011; Yurdakul, 2010). Therefore, in order to reduce the rate and 

amount of heat of hydration and more environmentally friendly, mineral admixture such 

as FA, silica fume and slag are used by researchers (J.-K. Kim et al., 2007; Sadrmomtazi 

et al., 2018; Yu & Leung, 2017). The usage of SCM as cement replacement is reported 

to be increasing the setting time of concrete due to the less content of C3A in the mixture 

of different binder (Dave et al., 2017). 

 

2.5.2.1 Fly ash  

Fly ash (FA) is a by-product of the burning of pulverized coal in electric power plant 

and it consists of silica, alumina, iron and calcium. It is also known as pulverized fuel 

ash. The particle size of FA varies from 10μm to more than 100μm and in spherical shape. 

Its surface area is within 300 – 500m2/kg, specific gravity of between 1.9 – 2.8 and its 

colour ranges from off-white to light grey. Since the shape of FA is in spherical which is 

indicated in Figure 2.5, it acts as ball bearing that contributes the lubricating effect in the 

matrix. Thus, it helps to increase the workability of fresh mortar or concrete and also 

reduce the water demand in the mixture when in comparison with the same workability 

(Ikotun et al., 2017; Thomas, 2007). 

 

FA attain pozzolanic reaction which increases the amount of CSH at the expense of 

CH at later stage which fills up the capillary space in cement. Thus, FA increases the later 

strength of concrete and enhances durability by reducing its permeability (Thomas, 2007). 

Other than that, the un-hydrated FA can act as a filler due to its small and smooth spherical 

shape to densify the fibre-matrix interface (Yu & Leung, 2017) in FRCC. For these 

reasons, FA is used as supplementary cementitious material in FRCC (C. Lin et al., 2017; 

S. X. Wang & Li, 2007; Yuan et al., 2013).  
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Figure 2.5 Micrograph of FA  
 

2.5.2.2 Ground granulated blast furnace slag  

Blast furnace slag is obtained from the by-product in iron and steel industries. Different 

cooling process blast furnace slag exhibit different behaviour. When it is air cooled, the 

chemical composition of slag will form crystalline phase which does not have pozzolanic 

or cementitious property even ground to high fineness. On the other hand, when the 

silicates and aluminosilicates of calcium-rich molten slag are rapidly chilled, granulated 

blast furnace slag is produced and it behaves like pozzolan and possesses cementitious 

properties (Aïtcin, 2016c). In order to be used as a mineral admixture, it is generally 

ground finer than Portland cement within the range of 10 – 45 microns. 

 

Its glassy surface shown in Figure 2.6 also gives a positive effect on workability that 

helps to reduce internal friction between the constituting material in concrete and delay 

chemical reaction. Other than that, GGBS has lower specific gravity than ordinary 

Portland cement (OPC) which induces more paste volume and less aggregate used which 
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renders better workability (Bilim, 2006). Similar to FA, its pozzolanic reaction helps in 

improving the later strength and durability of concrete (G. X. Li et al., 2018; Topçu, 

2013).  Thus, GGBS is accepted to be used as alternate binder in FRCC (J.-K. Kim et al., 

2007; Said & Razak, 2015). 

 

 

Figure 2.6 Micrograph of GGBS  
 

2.5.3 Aggregate 

Aggregates generally hold crucial percentage of volume in concrete, and thus it is vital 

on different aspects of material properties and shrinkage restrain (M. Sahmaran et al., 

2009). In FRCC, no coarse aggregate is used as it constrains the matrix toughness of the 

mortar so that multiple cracking can be formed before reaching maximum bridging stress 

(S. X. Wang & Li, 2007). Also, the presence of aggregate size larger than fibre causes 

balling and hinders effective dispersion of fibres which results in poor fibre-matrix 

interface (De Koker & Van Zijl, 2004). Therefore, as long as the size of aggregate 

(<2.38mm) do not interfere the dispersion of fibre, the mechanical performance and 

ductility of FRCC will not be negatively affected (M. Sahmaran et al., 2009). 
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2.5.4 Superplasticizer  

Superplasticizer (SP) is a type of chemical admixture that has the ability to reduce 

water demand by 30% as compared to normal water reducer which water reduction is in 

the range of 10% – 15% at a given workability (Ramachandran, 1996). Hence, SP is also 

known as high range water reducer (HRWR). There are 4 types of superplasticizers, 

namely lignosulphonates (LS), sulphonated melamine formaldehyde (SMF), sulphonated 

naphthalene formaldehyde (SNF) and polycarboxylate ether (PCE) (Björnström & 

Chandra, 2003). 

 

LS is generally regarded as the first generation of SP and it is derived from the by-

product of pulp and paper industry (Aïtcin, 2016a). It has the weaknesses of low water 

reduction effect and high dosage is required in order to increase the water reduction. Other 

than that, it also causes excessive retardation and air entrainment in concrete. In SMF, it 

is manufactured from the resinification of melamine – formaldehyde and it is able to 

provide high initial slump. However, it has poor slump retention, causing SMF to be 

unsuitable for long-haul applications. On the other hand, from the process of oleum 

sulphonation, SNF is synthesized through the process of sulphonation of oleum and react 

subsequently with the formaldehyde to form polymerization. Although SNF is widely 

used in the world due to low cost, it has compatibility issue with cement. The 

polymerization of PCE is initiated from the free radical mechanism using peroxide 

initiators. Among the four types of superplasticizer, PCE is the most effective 

superplasticizer as it can cause water reduction up to 40% and hence, it is preferred in the 

production of high or ultra-high-performance concrete where w/b can be as low as 0.2 (P. 

P. Li et al., 2017). Although PCE is costlier compared with other types of SP, a lower 

dosage is required to achieve the same workability and ensuring PCE to be cost-effective. 
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2.5.5 Fibre 

Generally, there are two types of fibres used in concrete which are natural and synthetic 

fibres. Natural fibres are generally categorized into animal based and plant-based fibres. 

Natural fibres used by researchers in concrete are generally plant based which include 

bamboo, hemp, straw, bagasse and coconut (Merta & Tschegg, 2013; Reis, 2006; 

Wahyuni et al., 2014; W. Wang & Chouw, 2017). On the other hand, synthetic fibres are 

made from metal, polymer and mineral and these fibres are generally manufactured by 

forming threads through hole extrusion and then chopped into the desired length. For the 

application in concrete, synthetic fibres are preferred as they have better mechanical 

properties and chemical resistivity corresponds to natural fibre. The examples of synthetic 

fibres used by researchers are steel, polypropylene (PP), polyethylene (PE), basalt and 

polyvinyl alcohol (PVA) fibres (Ezziane et al., 2015; Jiang et al., 2014; Z. Pan et al., 

2015; Said & Razak, 2015; Won et al., 2015). 

 

Among the synthetic fibres, PVA fibres are one of the most renowned fibres used in 

FRCC for research and application. This fibre is made by the polymerisation of vinyl 

acetate, creating polyvinyl acetate which is then converted into powdered form PVA and 

extruded as fibres. Other than that, this fibre has unique properties such as high aspect 

ratio, high tensile strength, high modulus of elasticity, good compatibility with OPC 

(Choi & Lee, 2015) and relatively low density (1300kg/m3) compared to cement matrix 

(2000kg/m3 – 2500kg/m3). Also, this fibre has good resistance to chemical attack 

typically in alkali condition due to the presence of acetate group (CH3CO2
-) that absorbs 

calcium hydroxides (M. Li & Li, 2013). For these reasons, PVA fibre induces superior 

improvement in mechanical properties and ductility of FRCC to correspond to other fibres 

(Nam et al., 2016; Shafiq et al., 2016). 
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2.6 Effect of fibre on FRCC 

2.6.1 Workability 

Generally, the workability of FRCC decreases when added with any type of fibres, 

(Figueiredo & Ceccato, 2015; M. Li & Li, 2013). According to Bentur and Mindess 

(2016), there are 3 factors that can affect the workability which are fibre dosage, modulus 

of fibre and aspect ratio of fibre. When fibre dosage is increased, less lubricant effect 

from the cement matrix as more cement matrix is used to coat the fibre causing decreasing 

in workability. This phenomenon can be observed in the research of Figueiredo and 

Ceccato (2015), where the slump value decreased and Ve-Be time increased when fibre 

dosage was increased. In the case of fibre modulus, workability of FRCC is lower when 

the modulus is higher. This is due to the stiffer fibre increases stiffening effect to the 

concrete mix. However, the stiffening effect can be compensated with vibration and 

therefore workability test with dynamic effect is more useful (Johnston & Gray, 1978). 

Aspect ratio is the ratio of fibre length to its cross-sectional diameter and it is important 

for the fibre-matrix bond.  Performance of hardened FRCC can be improved and lower 

critical fibre volume can be induced by high fibre aspect ratio but also giving a detrimental 

effect to the workability of FRCC (Bentur & Mindess, 2006). This can be explained by 

the higher fibre surface area caused by higher aspect ratio fibre which requires more 

cement matrix to coat the fibre. However, reduction in workability from higher aspect 

ratio can be compensated by achieving the desired mechanical performance and ductility 

with less fibre dosage due to lower critical fibre volume. 

 

2.6.2 Compressive strength 

Compressive strength is the capacity of a material to sustain compressive load on a 

certain unit of area. For FRCC, the effect of fibre on compressive strength is controversial 

as there were different observations made; there were researchers who reported 
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improvement in the compressive strength with certain dosage of fibre addition whereas 

on the other hand there were findings of lowering compressive strength with fibre 

addition; insignificant effect was also reported by researchers (Ayub et al., 2014a; 

Fakharifar et al., 2014; Grantham et al., 2014; Sivakumar & Santhanam, 2007; Yusof et 

al., 2011). However, this effect varies on different types of fibre and dependent on the 

workability of FRCC. 

 

Based on the research done by Ayub et al. (2014), the effect of fibre volume to 

compressive strength was insignificant. As listed in Table 2.4, the compressive strength 

increased until fibre dosage of 2% and then dropped at 3% fibre. The increment in 

compressive strength could be attributed to the higher modulus of basalt fibre causing the 

composite to be stiffer and harder. This was due to the 2% of basalt fibre dosage 

contributed more stiffness than the specimen with 1% fibre dosage. When fibre dosage 

reached 3%, the workability of fresh basalt-FRC could be insufficient, causing improper 

compaction and eventually more void is formed. As shown in Figure 2.7, this observation 

was also reported in steel and alfa fibres by Yusof et al. (2011) and Grantham et al. 

(2014). 

 

On the other hand, some researchers observed that fibre has a detrimental effect on 

compressive strength of FRCC, especially on polymer fibre. Based on previous research, 

both PVA and polypropylene fibre were reported to reduce the concrete compressive 

strength which is illustrated in Figure 2.8 (Hossain et al., 2013; A. E. Richardson, 2006). 

This could be due to the low bond strength between the polymer fibre and cement matrix 

(A. Richardson, 2005) that causes a break in the calcium silicate hydrate (CSH) bond. 
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Table 2.4 Mechanical properties of basalt-FRC (Ayub et al., 2014a) 

Sample 

Compressive strength 

Elastic 
modulus 

(GPa) 

Splitting tensile 
strength 

Max 
strength 
(MPa) 

Percentage 
increase 

with 
respect to 

P0 

Peak 
strain 

Ultimate 
strain 

Max 
strength 
(MPa) 

Percentage 
increase 

with 
respect to 

P0 
P0 71.87 - 2412 14630 40.76 5.26 - 
P1 73.52 2.29 2781 19512 42.01 5.40 -4.78 
P2 74.16 3.19 2832 18335 41.88 5.52 -2.24 
P3 65.08 -9.45 2969 16662 42.54 6.00 8.62 

 

 

Figure 2.7 Compressive strength of Alfa fibre with different fibre dosage 
(Grantham et al., 2014). Univ
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Figure 2.8 Compressive strength of concrete including PVA, steel and hybrid 
fibres (Hossain et al., 2013) 

 

2.6.3 Tensile strength 

When fibre is added, the tensile load sustained by the brittle matrix is transferred to 

the fibre which helps to increase the tensile strength of the composite. Commonly, 

previous researchers showed that fibre improves tensile strength and tensile capacity of 

concrete (Ayub et al., 2014b; Yusof et al., 2011) and it is correlated to the fibre dosage 

and length of the fibre. Figure 2.9 and Figure 2.10 show the increment in fibre dosage 

provides higher tensile strength until certain dosage. As reported by previous research, 

the increment of fibre in the cement matrix able to sustain more tensile loading, resulting 

in higher tensile strength. However, Yusof et al. (2011) reported that as the fibre dosage 

reached 2%, the tensile strength decreased and this can be explained as high fibre dosage 

hinders good workability which resulted in ineffective fibre dispersion and cracks 

bridging. Yusof et al. (2011) also found out that longer fibre provides better tensile 

strength in FRCC. As observed in Figure 2.10, the tensile strength increased until the 

percentage of long fibre reached 70% as this was the most optimum ratio of long to short 

fibre. 
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Figure 2.9 Splitting tensile strength of Basalt-FRCC (Ayub et al., 2014b). 
 

 

Figure 2.10 Cementitious composite reinforced by long and short steel fibres 
(Yusof et al., 2011) 

 

However, there is a crucial factor which outweighs the tensile strength of fibre and it 

is known as the orientation efficiency factor of fibres (Bentur & Mindess, 2006). When 

the fibre is mixed with the cement matrix, it is assumed that the fibre is randomly 

orientated and the tensile strength of the fibre varies at different inclination angles. This 

can be supported by the result of single PVA and basalt fibre pull-out test conducted by 

Choi et al (2015) details in Table 2.5. Although basalt fibre has higher tensile strength 

than PVA fibre, the strength reduction coefficient which is correlated to the orientation 
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efficiency factor is higher than PVA fibre. Thus, it can be deduced that fibre bridging 

capacity of PVA fibre is better than basalt fibre. 

 

Table 2.5 Tensile strength of PVA and basalt fibres at different inclination angle 
(Choi & Lee, 2015) 

Fibre Average fibre tensile strength (MPa) Strength reduction 
coefficient 0o 30o 45o 67.5o 

PVA 1202 ± 132 1114 ± 182 1025 ± 223 1003 ± 161 0.171 
Basalt 1773 ± 349 871 ± 247 715 ± 268 302 ± 219 1.535 

 

2.6.4 Flexural behaviour 

Generally, it is well known that flexural strength can be improved by adding fibre. 

When fibre is included in concrete, part of the loading is distributed to the fibre which 

causes concrete to sustain higher flexural loading and the improvement is correlated with 

the fibre dosage. This phenomenon can be observed in Figure 2.11 that shows the 

improvement of flexural strength increases with fibre dosage. According to Pakravan et 

al. (2017), the increase of ultimate flexural strength of FRCC is due to the formation of 

good chemical bonding between PVA fibres with cement matrix. At higher fibre content, 

the magnitude of chemical bond is higher. However, the enhancement effect dropped at 

3% fibre volume fraction because high fibre dosage induces lower workability which 

results in the ineffective dispersion of fibre. Nevertheless, the flexural strength of 

specimens with overdosed fibre volume still has higher flexural strength than concrete 

without fibre. 
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Figure 2.11 Flexural strength of FRCC with different fibre dosage: a) PVA fibre b) 
basalt fibre (Shafiq et al., 2016) 

 

As conventional concrete cracks and fails instantaneously when loading exceeds its 

flexural strength, fibres continue to sustain loads by transferring stresses and loads across 

cracks which help in delaying the failure of composites. This flexural behaviour induced 

from the inclusion of fibre is known as deflection hardening and softening, as shown in 

the load-deflection curve in Figure 2.12. To achieve deflection hardening in bending, the 

bending moment of resistance at the first crack in bending must be greater than the 

moment resistance in the post-cracking zone (Bentur & Mindess, 2006) and deflection 

hardening is more beneficial when it comes to energy absorption capacity to a given 

deflection (Shaikh, 2013). There are a few factors that will determine the flexural 

behaviour, including fibre volume, mechanical properties and chemical bond of fibre. In 

order to obtain strain hardening or deflection hardening in FRCC, the fibre content must 

a

b
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exceed the critical fibre volume to provide sufficient volume of fibres to sustain the load 

and bridge the cracked matrix effectively (Bentur & Mindess, 2006). Therefore, to fully 

enhance the performance of FRCC, the fibre dosage must exceed the critical fibre volume. 

On the other hand, mechanical properties of fibres, especially in modulus of elasticity, is 

one of the most crucial properties. When fibre has lower modulus than cement matrix (10 

– 45 GPa), dowel action is allowed to take place after first cracking as there was more 

flexibility for the fibres to bridge across the crack and jamming effect happens inside the 

matrix, causing slip or deflection hardening of fibre in matrix (Redon et al., 2001). 

Contradictorily, high modulus fibre is stiff and local flexural stress will be built up in the 

fibre which superimposed on the axial tensile stress that may cause deterioration of fibre 

after cracking occurs. As a result, deflection softening happens. However, as illustrated 

in Figure 2.13 and Figure 2.14, Said & Razak (2015)  tested that cementitious composites 

reinforced with both low and high modulus polyethylene fibre (39 GPa & 82 GPa) could 

still show deflection hardening behaviour while Pakravan et al. (2016) reported that 

polypropylene fibre induced deflection softening due to low modulus of elasticity (4 

GPa). 

 

Figure 2.12 Typical load-deflection curve of FRCC in bending (C. Lin et al., 2014) 
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Figure 2.13 Load-deflection curve of cementitious composites reinforced with PE 
fibre. a) low modulus b) high modulus (Said & Razak, 2015) 

 

 

Figure 2.14 Load-deflection curve of cementitious composites reinforced with PP 
fibre (Pakravan et al., 2016) 

 

a

b
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Additionally, the load-deflection curve is related to the energy absorption of FRCC as 

it is obtained by calculating the area under the curve where it is the dissipation of energy 

from flexure loading through debonding and pull-out of fibres during cracks bridging 

(Bentur & Mindess, 2006; Yoo et al., 2013). Therefore, good post cracking load with high 

displacement induced by deflection hardening gives high energy absorption. Based on 

previous researches, energy absorption is dependent on fibre dosage and fibre-matrix 

chemical bond. By referring to the load-deflection curve at Figure 2.13a and Figure 2.14, 

the area under load-deflection curves was larger with increasing fibre dosage. This could 

be due to higher fibre dosage which could sustain more load and exhibit better crack 

control. However, when observing the curve at Figure 2.13b, the stiffer PE fibre had a 

negative influence at 3% dosage. This might be due to the more intense stiffening effect 

from the higher modulus PE fibre, causing ineffective fibre dispersion at high dosage. 

This was similarly reported by Pakravan et al. (2018). Conversely, higher fibre-matrix 

chemical bond causes rupture of fibre which causes less ductility compare to fibre pull-

out (Redon et al., 2001). For higher chemical absorption or better ductility, it is better for 

fibre to exert pull-out rather than rupture (Z. Lin & Li, 1997). By comparing the load-

deflection curve of Figure 2.15, the curve exerted by PVA fibre had lower displacement 

than PP fibre’s load-deflection curve. This can be explained by the fact that PVA fibre is 

hydrophilic whereas PP fibre is hydrophobic in nature. The hydrophilic properties, the 

hydroxyl group from PVA fibre provides a stronger fibre-matrix interfacial bond. Univ
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Figure 2.15 Load-deflection curve of cementitious composites reinforced with PVA 
fibre (Pakravan et al., 2016) 

 

2.6.5 Bonding with concrete substrate 

There are many ways to test the bonding of repair system, namely slant shear strength, 

pull-off test, direct shear test and splitting tensile (Austin et al., 1995, 1999; Gerges et al., 

2015; Momayez et al., 2005; Mustafa Sahmaran et al., 2013; G Yıldırım et al., 2015). 

Among all the methods, the failure mode of the specimen using conventional high 

strength mortar or micro-silica concrete consistently happen at the interface. However, 

this did not occur on FRCC-concrete substrate repair system. Also, the design of FRCC 

requires high amount of binder content it is expected that the bonding between FRCC and 

the substrate is more superior than certain type of repairing material such as high strength 

mortar or micro-silica concrete (MSC). 

 

One of the research done by Mustafa Sahmaran et al. (2013) was to compare the bond 

between concrete substrate with engineered cementitious composites (ECC). 2 types of 

ECC were used, namely F_ECC and S_ECC. The cementitious material used in F_ECC 

comprised of cement (566 kg/m3) and FA (680 kg/m3); whereas cement (593 kg/m3) and 

GGBS (712 kg/m3) was used in S_ECC. Slant shear test was conducted in compliance 

with ASTM C882, using 100 mm diameter x 200 mm height composite cylinder. The test 
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result tabulated in Table 2.6 shows ECC has better bonding after 7 days and 28 days, 

whereas MSC was stronger at 1st day. Explanation was given by Sahmaran et al. (2013) 

that ECC used a high amount of mineral admixture, and hence the maturity of ECC was 

not as good as MSC during 1st day. Other than that, it was found that the bond strength of 

S_ECC was better than F_ECC, which was due to the hydration and pozzolonic reaction 

of GGBS was better than FA during the testing age. The most significant advantage of 

ECC compared to MSC was the failure mode. All specimens in the composite cylinder of 

ECC only failed at the substrate whereas composite cylinder of MSC experienced 

interface failure and monolithic rupture. 

 

Table 2.6 Slant shear strength result and failure mode (Mustafa Sahmaran et al., 
2013) 

Mixture 
Bond strength (MPa) 

Failure mode 
1 day 7 day 28 days 

F_ECC 7.1 14.7 21.7 Through substrate 
S_ECC 8.3 17.4 24.3 Through substrate 
MSC 10.4 14.1 15.6 Slanted interface and monolithic rupture 

 

Another testing method used by G Yıldırım et al. (2015) in their research about 

comparing market available repair material (REP) with high early strength ECC (HES-

ECC) was direct pull-off test which measures tensile bond. Based on their finding, HES-

ECC had slightly better (maximum 30%) tensile bond strength than REP and it was not 

significant. However, when focusing on the failure mode in Figure 2.16, HES-ECC 

outperformed the market available repair material as the specimens failed at substrate, 

unlike REP which failed at the interface. 
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Figure 2.16 Failure modes of HES-ECC and REP specimens after 28 days using 
direct pull-off test (G Yıldırım et al., 2015) 

 

2.7 Research Gap 

Research on FRCC in repairing application has been conducted since year 1997. In 

general, the repair application is not only limited to structural repair such as reinforced 

concrete (RC) structure repair, but also non-structural such as overlay and highway repair. 

Most of the FRCC mixture requires high binder content in order to have sufficient 

bonding with high volume of fibre. Therefore, Supplementary Cementitious Materials 

(SCM) were frequently used to partially replace OPC in the research of FRCC for 

environmental friendly purposes (X. Li, Wang, Bao, & Chen, 2017) and to enchanced the 

properties of FRCC (Kim, Fischer, Lim, & Li, 2004; Sahmaran, Yücel, Yildirim, Al-

Emam, & Lachemi, 2013). Table 2.7 shows the summary of past research on FRCC with 

different binder combination for repair applications. 

 

The commonly used SCM in FRCC are FA, GGBS, SF and calcium aluminate cement 

(CAC). There are several reasons in selecting the suitable SCM in the mix design of 

FRCC. Chen et al. (2018) used SF with OPC to develop ultra-high performance repair 

material with compressive strength higher than 130 MPa. On the other hand, calcium 

aluminate cement (CAC) was used by Y. Y. Kim et al. (2004) to decrease the setting time 
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of FRCC for shotcrete application. Furthermore, FRCC with the use of OPC and GGBS 

as binder attained larger average bond strength than specimens with OPC and FA or SF 

(Sahmaran et al., 2013). Sahmaran et al. (2013) found out that GGBS enhance the early 

and ultimate strength (28 days and 90 days) of FRCC more than FA and even SF. This 

triggers the interest of using GGBS as binder in this research as good bonding strength 

with substrate as one of the main requirements for repair materials to perform properly 

and long lasting. Besides that, the previous research done was more into specific repair 

application, but the parametric studies on the effect of types of binder were less focused. 

Therefore, this research will be focusing on investigating the effect of ternary blended 

binder (OPC, FA and GGBS) on the mechanical properties and flexural perfornace of 

PVA FRCC which can be used as repair materials.  

  

Table 2.7 Past research on FRCC for repair application 

Researcher Application Binder content1  Binder used Fibre  
Lim and Li 
(1997) 

Old infrastructure 
repair 1180 OPC, FA and 

silica fume (SF) PE 

Victor C. Li et 
al. (2000) 

Repair and 
retrofit Not stated OPC and SF PE 

Victor C Li 
(2004) RC repair 1320 OPC and FA PVA 

Y. Y. Kim et al. 
(2004) 

Shotcrete repair 
application 1260 OPC, FA and 

CAC PVA 

M. Li and V. C. 
Li (2011) Repair Not stated OPC (Type III) PVA 

Mustafa 
Sahmaran et al. 
(2013) 

Overlay repair 
1246 OPC and FA PVA 

1305 OPC and GGBS PVA 

Muzenski et al. 
(2015) Highway repair Not stated OPC PVA 

(X. Li et al., 
2017) RC repair 1250 OPC and FA PVA 

Chen et al. 
(2018) 

RC structure 
corrosion repair 1100 - 1600 OPC and SF PE 

Hou et al. 
(2019) 

RC structure 
corrosion repair 1305 OPC, FA and SF PVA 

 

1 Calculated based on given mixture proportion from literature 
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CHAPTER 3: METHODOLOGY 

3.1 Introduction 

This chapter comprises of the following items: 1) program flow of the research; 2) 

procedure of mixing and curing method; 3) material used and; 4) method of statement in 

the conducted test in fresh and hardened FRCC.  

 

3.2 Experimental work 

The experimental work was divided into two phases which are Phase I and II. The 

details of the process on both phases are illustrated in the flowchart shown in Figure 3.1. 

Start

Data collection and analysis of 

FRCC trial mix result

Reach targeted workability (80±20%) and 

compressive strength 

(1 day  18MPa, 28day  45MPa) ?

Yes

No

Phase I: Trial Mix of FRCC

• Binder content: 900kg/m3(Series A), 1100kg/m3(Series B), 

1300kg/m3(Series C) *cement content was fixed at 500kg/m3 for each series) 

• Remaining binder: 400kg/m3, 600kg/m3, 700kg/m3 was occupied 

by FA and GGBS (GGBS replace FA by 0%, 30% and 60%)

• Fibre dosage: 1.5% and 2.5%

Preparation of materials

Literature review

Testing

• Casting and curing

• Workability test   (ASTM C1437)

• Rheology test

• Compressive strength test(BS-EN 12390-3)

Phase II: Evaluate mechanical properties and flexural 

performance of selected FRCC mix 

Data collection and analysis 

Objective 1:

To assess the influence of 

GGBS, binder content and 

fibre dosage on workability 

and compressive strength of 

PVA FRCC.

Testing (Mechanical properties)

• Workability test   

• Compressive strength test

• Splitting tensile strength test 

      (BS-EN 12390-6)

• Slant shear strength test 

      (BS-EN 12615)

• Charpy Impact test

Thesis writing

End

Objective 2:

To evaluate the mechanical 

properties of ternary 

blended PVA FRCC.

Objective 3:

To evaluate the flexural 

performance of ternary 

blended binder PVA 

FRCC.

Indication of mix label

Flexural performance of FRCC  

• 3 points bending test

• 4 points bending test (using 

thin plate specimens)

Calculation and analysis

• Ratio of post peak strength-to-

first crack strength (σ2/σ1)

• Flexural toughness

• Flexural failure mode

 

Figure 3.1 Flowchart for work plan 
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3.2.1 Phase I 

This phase focused on the trial mixing of mortar and FRCC with targeted compressive 

strength (as stated in Table 2.2 and Table 2.3) of 18 MPa in 1 day and at least 45 MPa at 

28th day together with flow (80 ± 20%). In the trial mixing process, different parameters 

namely binder content, percentage of FA replacement with GGBS and PVA fibre dosage 

were used. The binder content was fixed at 900kg/m3 (Series A), 1100kg/m3 (Series B) 

and 1300kg/m3 (Series C) but using fixed cement content at 500kg/m3. This fixed cement 

content was to lower the matrix toughness and autogenous shrinkage as high cement 

content induced higher shrinkage strain (M. Li & V. Li, 2011). The remaining binders are 

either FA or GGBS, it can be fully FA (0% GGBS) or partially replaced with GGBS at a 

percentage of 30% and 60% as illustrated in Figure 3.2. Lastly, the PVA fibres are dosed 

at 0%, 1.5% and 2.5%. The detailed proportion ratio of the FRCC mixture can be referred 

in Table 3.1 and Table 3.2 holds the information of the tests conducted in this phase. The 

mixtures that had fulfilled the minimum criteria would be selected and continued in Phase 

II. 

 

Figure 3.2 Overview of GGBS replacement 

Cement Fly ash GGBS

60% GGBS replacement 

30% GGBS replacement 

0% GGBS replacement 
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Table 3.1 Proportion ratio of mortar and FRCC 

Series Mix2 Cement FA GGBS Water Sand Fibre, 
% 

SP3, 
% 

A  
(900kg/m3) 

A-(0,0.0) 0.56 0.44 0.00 0.28 1.19 0.0 0.65 
A-(0,1.5) 0.56 0.44 0.00 0.28 1.15 1.5 0.65 
A-(0,2.5) 0.56 0.44 0.00 0.28 1.12 2.5 0.65 
A-(30,0.0) 0.56 0.31 0.13 0.28 1.21 0.0 0.65 
A-(30,1.5) 0.56 0.31 0.13 0.28 1.17 1.5 0.65 
A-(30,2.5) 0.56 0.31 0.13 0.28 1.14 2.5 0.65 
A-(60,0.0) 0.56 0.18 0.27 0.28 1.23 0.0 0.65 
A-(60,1.5) 0.56 0.18 0.27 0.28 1.19 1.5 0.65 
A-(60,2.5) 0.56 0.18 0.27 0.28 1.16 2.5 0.65 

B 
(1100kg/m3) 

B-(0,0.0) 0.45 0.55 0.00 0.28 0.65 0.0 0.35 
B-(0,1.5) 0.45 0.55 0.00 0.28 0.62 1.5 0.35 
B-(0,2.5) 0.45 0.55 0.00 0.28 0.59 2.5 0.35 
B-(30,0.0) 0.45 0.38 0.16 0.28 0.68 0.0 0.35 
B-(30,1.5) 0.45 0.38 0.16 0.28 0.64 1.5 0.35 
B-(30,2.5) 0.45 0.38 0.16 0.28 0.62 2.5 0.35 
B-(60,0.0) 0.45 0.22 0.33 0.28 0.70 0.0 0.35 
B-(60,1.5) 0.45 0.22 0.33 0.28 0.67 1.5 0.35 
B-(60,2.5) 0.45 0.22 0.33 0.28 0.64 2.5 0.35 

C 
(1300kg/m3) 

C-(0,0.0) 0.38 0.62 0.00 0.28 0.22 0.0 0.25 
C-(0,1.5) 0.38 0.62 0.00 0.28 0.20 1.5 0.25 
C-(0,2.5) 0.38 0.62 0.00 0.28 0.18 2.5 0.25 
C-(30,0.0) 0.38 0.43 0.18 0.28 0.30 0.0 0.25 
C-(30,1.5) 0.38 0.43 0.18 0.28 0.27 1.5 0.25 
C-(30,2.5) 0.38 0.43 0.18 0.28 0.25 2.5 0.25 
C-(60,0.0) 0.38 0.25 0.37 0.28 0.33 0.0 0.20 
C-(60,1.5) 0.38 0.25 0.37 0.28 0.30 1.5 0.20 
C-(60,2.5) 0.38 0.25 0.37 0.28 0.28 2.5 0.20 

 

 

Table 3.2 Information of test conducted in Phase I 

No. Test Specimen type Testing age 
1 7 28 

1 Workability Fresh FRCC - - - 
2 Rheological Slurry - - - 
3 Compressive strength Cube (50 mm x 50 mm x 50 mm) 3 3 3 

 

 

 

2 [Series]-([percentage of GGBS replacement], [fibre dosage]) 

3 Dosed by weight of the binder 
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3.2.2 Phase II 

This phase was the continuation of the mixtures (Table 3.3) that had fulfilled the 

minimum requirement stated in Phase I (Section 3.31). These mixtures were analysed 

with more extensive tests listed in Table 3.4 such as compressive, flexural, splitting 

tensile and slant shear strength tests. Two flexural strength tests were conducted where 

one was in accordance to engineering standard whereas the other was to assess the 

flexural performance that is related to thin overlay application. Microstructure analysis 

was performed by using Scanning Electron Microscope (SEM) to further support the 

analysis of results.  

Table 3.3 Information of FRCC mix in Phase II 

Mix selected from Phase I 
A-(30,1.5) 
B-(0,1.5) 
B-(30,1.5) 
B-(60,1.5) 
C-(30,1.5) 
C-(60,1.5) 

 

Table 3.4 Information of test conducted in Phase II 

No. Test Specimen 
type Dimension Testing age 

1 7 28 56 

1 Compressive 
strength Cube 50 mm x 50 mm x 

50 mm 3 3 3 3 

2 Splitting tensile 
strength Cylinder 100 mm ϕ x 200 mm - - 3 - 

3 Flexural strength 
(3-point bending) Prism 160 mm x 40 mm x 

40 mm - - 3 - 

4 Flexural strength 
(4-point bending) Panel 500 mm x 75 mm x 

16 mm - - 3 - 

5 Slant shear strength Prism 160 mm x 40 mm x 
40 mm 3 3 3 - 

6 SEM imaging - - - - - - 
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3.3 Material used 

3.3.1 Binder 

In this research, the binder shown in Figure 3.3 was CEM I grade 52.5 N ordinary 

Portland cement (OPC), fly ash (FA) and ground granulated blast furnace slag (GGBS). 

The properties of the used binder were tabulated in Table 3.5. 

 

Figure 3.3 Cementitious material: a) OPC; b) FA; c) GGBS  

 

Table 3.5 Properties of OPC, FA and GGBS (as provided by manufacturer) 

Properties Value 
OPC FA GGBS 

Fineness, m2/kg 346 385 477 
Moisture content, % 0.36 0.32 0.43 

Specific gravity 3.15 2.50 2.89 
LOI, % 1.26 1.02 1.41 
SiO2, % 18.96 53.62 36.33 
Al2O3, % 4.98 26.32 12.57 
Fe2O3, % 4.76 7.56 0.56 
CaO, % 66.56 8.65 38.48 
MgO, % 0.96 1.50 7.28 
SO3, % 2.65 0.72 1.86 

Total alkali, % 0.71 0.71 0.43 
 

a
) 

b
) 

c
) 
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3.3.2 Silica sand 

Silica sand with maximum size of 1.18 mm was used as the fine aggregate for fibre 

reinforced cementitious composites (FRCC) and its particle size distribution was 

indicated in Figure 3.4. The silica sand is oven dried and kept inside a sealed container to 

maintain its moisture content. 

 

 

Figure 3.4 Grading of silica sand 

 

3.3.3 Water 

The water used is obtained from the tap water. To ensure the purity of the water, a 

water filter is installed in the lab and thus the water is free from any impurities so that the 

mechanical strength of the FRCC is not affected. 

 

3.3.4 Superplasticizer 

The superplasticizer (SP) used in this experiment was Sika Viscocrete-2044. It is used 

to reduce the amount of water and produce the desired workability for mixing the fibre 

with the matrix. It is yellowish-brown liquid and it is polycarboxylate-based SP. It can be 
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premixed with gauging water or straight added to the mixture. The percentage of SP in 

this research was adjusted accordingly to achieve the targeted workability or before 

significant bleeding occurs. 

 

3.3.5 Polyvinyl alcohol fibre 

The polyvinyl alcohol (PVA) fibre used shown in Figure 3.5 and its properties are 

tabulated in Table 3.6. The dosage of fibre was fixed at 1.5% and 2.5% to the volume of 

mortar by aggregate replacement throughout the experiment. 

 

 

Figure 3.5 PVA fibre  

 

Table 3.6 Properties of PVA fibre used (as provided by manufacturer) 

Properties Value 
Tensile strength 1.3GPa 

Modulus of elasticity 41GPa 
Length 13mm 

Diameter 40μm 
Colour White 

Aspect ratio 300 
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3.4 Casting, curing and testing 

The materials were mixed in a mortar-mixing machine and procedure shown below 

was used to produce FRCC: 

i. Dry mixing of powder material (OPC, FA, GGBS and silica sand) for 1 minute. 

ii. Addition and mixing of liquid material (water and SP) in low revolution for 1 

minute and high revolution for 1 minute. 

iii. Addition and mixing of PVA fibres until the mixture is homogenous and no 

balling of fibre is observed. 

 

The fresh FRCC was then casted into oiled steel moulds and stored in a sealed room 

within 24 hours until demould. Then, the specimens were cured in a water tank until 

testing age.  

 

3.5 Fresh Fibre Reinforced Cementitious Composites 

3.5.1 Flow test  

The workability test conducted for FRCC was the flow table test. This test was 

conducted by referring the standard ASTM C1437 (ASTM, 2007). The apparatus used is 

a truncated conical mould with 60 mm in height and diameter of 100 mm at the bottom 

and 70 mm at the top, a flow table, trowel, tamper and Vernier calliper. The principle of 

this test is measuring the mean diameter of the fresh mortar or FRCC on a flow table disc 

inside a defined mould and delivers vertical impacts by raising the flow table and free fall 

at a given height. 

 

The procedure of determination of flow starts with moistening the flow table and 

placing the mould at the centre. About 25 mm thick of fresh FRCC layer was placed in 

the mould and tamped for 20 times for uniform filling. The process continued until the 
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mould was fully occupied. The excess FRCC was cut off to a plane surface and the mould 

is lifted. Twenty-five strokes were applied in 15 seconds and the diameter of the spread 

mortar was measured by using Vernier calliper. The percentage value of the spread was 

calculated by using Equation (3.1) 

 𝐴 =
𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑓 2 𝑟𝑒𝑎𝑑𝑖𝑛𝑔𝑠 − 𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑖𝑛𝑛𝑒𝑟 𝑏𝑎𝑠𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟

𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑖𝑛𝑛𝑒𝑟 𝑏𝑎𝑠𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟
× 100 (3.1) 

 

Where,   

 

3.5.2 Rheology test 

The rheological properties of the cementitious matrix such as plastic viscosity and 

shear stress were measured using Anton Paar’s modular compact rheometer as shown in 

Figure 3.6 at controlled shear rate or angular velocity. Generally, FRCC mortar (without 

fibre) is used for the rheological measurement. As the rheometer rotated the parallel plate 

(shown in Figure 3.7), a set of data and graph of viscosity over time were generated by 

the rheometer’s software. Since constant shear rate was used, shear stress was determined 

at the plateau of the graph as shown in Figure 3.8 or when the viscosity was almost at 

constant (refer Appendix A). The computation of shear stress was done by using 

Newton’s Law of Viscosity in Equation (3.2) when the measured torque maintained at 

constant over time. Due to the limitation of the rheometer, the shear rate was set at 0.05/s 

and slurry (without aggregate) was used instead of mortar. The mixture proportion of 

slurry was mainly binder and water as given in Table 3.1 but with constant dosage of SP 

at 0.35%. The slurry was mixed at same mixing sequence, speed and time at relative 

humidity of 60 ± 5%. Then, slurry was maintained at temperature 25°C by placing on a 

temperature-controlled dish and the measurement was taken as the parallel plate contacted 

with the slurry (Figure 3.7). 

A = Flow, in % 
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 𝜏 = 𝜂 × 𝑠ℎ𝑒𝑎𝑟 𝑟𝑎𝑡𝑒 (3.2) 

Where, 

 

 

 

Figure 3.6 Modular Compact Rheometer 

 

 

Figure 3.7 Rheological measurement of slurry 

𝜏 = Shear stress, in Pa 

𝜂 = Viscosity, in Pa.s  
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Figure 3.8 Obtained viscosity vs time graph 
 

3.6 Hardened Fibre Reinforced Cementitious Composites 

3.6.1 Compressive strength test 

In this research, the compressive strength of specimens with dimension of 50 mm x 50 

mm x 50 mm was conducted as stipulated in BS EN 12390-3 (BSI, 2009a).  Engineering 

Laboratory Equipment testing machine with loading capacity of 2000kN and a loading 

frame as shown in Figure 3.9 was used in this test. The specimens were tested at the 

desired age and loading was applied until specimens failed. Compressive strength was 

computed using Equation (3.3). 

 

 

Figure 3.9 Placement of cubic specimen in loading frame 

0

500

1,000

1,500

2,000

2,500

3,000

3,500

4,000

5,000

Pa·s

0 10 20 30 40 50 60s

Time t

Rheoplus

Anton Paar GmbH

Measurement 2, text1

2/13/2019, PP50/S-SN40917; [d=1 mm]

Viscosity

Univ
ers

ity
 of

 M
ala

ya



43 

 𝑓𝑐 =
𝐹

𝐴𝑐
 (3.3) 

Where,   

 

 

 

3.6.2 Splitting tensile strength test 

The splitting tensile strength conducted at 28th day was in compliance with the standard 

BS-EN 12390-6 (BSI, 2009b). The testing machine used was ELE testing machine with 

a load capacity of 2000kN. Before loading, the cylindrical specimen was placed centrally 

in the testing machine using a jig as shown in Figure 3.10. The plywood packing strips 

were placed carefully on top and underneath the specimens before placing a steel loading 

pieces along the top plane of loading of specimen. The loading rate was set to 1.57kN/s 

and the specimen was tested until failure. The maximum load, F attained from the ELE 

testing machine was used to calculate the splitting tensile strength using Equation (3.4). 

 

 

Figure 3.10 Placing of cylinder sample in jig 

 

fc = Compressive strength, in MPa 

F = Maximum load in failure, in kN 

Ac = Cross sectional area of specimen under load, in mm2 
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 𝑓𝑐𝑡 =
2 × 𝐹

𝜋 × 𝐿 × 𝑑
 (3.4) 

Where: 

fct = Tensile splitting strength, in MPa 

F = Maximum load, in kN 

L = Length of specimen, in mm 

d = Diameter of specimen, in mm 

 

3.6.3 Flexural strength test 

There were two different types of specimen used in the flexural strength test and their 

dimension were 160 mm x 40 mm x 40 mm and 500 mm x 75 mm x 16 mm. The former 

specimen size was required by engineering standards in order to conduct flexural test. 

Whereas the latter is one of the characteristic tests done by other researchers (Pakravan 

et al., 2016; Z. F. Pan et al., 2015) to assess the flexural behavior of FRCC through the 

analysis of load-deflection curve. Besides, FRCC is suitable for thin overlay (Mustafa 

Sahmaran et al., 2013; Yucel et al., 2013) in repair application, therefore the flexural 

behaviour of the thinner specimen was studied. 

 

3.6.3.1 Three-point bending test  

The flexural strength of the FRCC was tested by using three-point bending test and the 

dimension of the specimens was 160mm x 40mm x 40mm by referring to BS EN 196-1-

2005. Due to the setting ELE testing machine in the laboratory was not suitable, 

INSTRON displacement-controlled testing machine with load capacity 100 kN was used. 

Before loading, the specimens were marked at the side to indicate the position of 

supporting span and loading point. Then, the specimens will be placed in a frame as 

shown in Figure 3.11. The specimens were tested until failure by using displacement rate 
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of 1.5mm/min. The ultimate flexural strength was computed by using Equation (3.5) and 

load-displacement graph was plotted for further analysis. 

 

 

Figure 3.11 Setup of three-point bending test 
 

 𝑅𝑓 =
1.5 × 𝐹𝑓 × 𝑙

𝑏3
 (3.5) 

Where,   

 

 

 

 

3.6.3.2 Four-point bending test  

The four-point bending test was done using INSTRON displacement-controlled testing 

machine with 250kN loading capacity at 1.5mm/min displacement rate. The specimen 

sample used by researcher Z. F. Pan et al. (2015) on four-point bending test was 350 mm 

x 50 mm x 15 mm. However, in order to suit the available testing facility in the laboratory, 

Rf = Flexural strength, in MPa 

b = Side of the square section of the prism, in mm 

Ff = Load applied to the middle of the prism at fracture, in N 

l = Distance between the supports, in mm Univ
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the specimen size used in this research was modified to 500 mm x 75 mm x 16 mm. 

Specimens were marked at the rear to indicate the position of supporting span and loading 

span and its setup are indicated in Figure 3.12. Bending test was conducted until the 

specimen’s loading reached 50% of its ultimate load. The raw data was retrieved, and 

load-deflection graph was plotted for further analysis. By using Equation (3.6), the 

flexural strength is computed. After test, the bottom surface of the flexural specimen was 

gently tap with moist paper towel to reveal the crack line more easily. Figure 3.13 and 

Figure 3.14 show the difference between dry and moistened flexural specimen. 

 

 𝜎𝑓 =
𝐹𝐿

𝑏𝑑2
 (3.6) 

Where: 

σf = Flexural strength, in MPa 

F = Maximum load, in N 

L = Length of supporting span, in mm 

b = Width of specimen, in mm 

d = Depth of specimen, in mm 

 

 

Figure 3.12 Setup of four-point bending test 
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Figure 3.13 Tension zone of tested flexural specimen (dry) 

 

Figure 3.14 Tension zone of tested flexural specimen (after moistened) 

 

3.6.4 Flexural toughness 

During loading, energy is absorbed by the specimen and it is an alternate indication of 

ductility. The energy absorption was determined by computing the total area under the 

load-deflection curve and this was similarly done by Pakravan et al. (2017). The energy 

absorption of the specimens was calculated from the total area under the curve up to the 
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point where the load was reduced to 50% of the ultimate load. As illustrated in Figure 

3.15.  the total energy absorption would be the area under the curve from segment 

OABCDE. Then, the computation of flexural toughness was in accordance to Equation 

(3.7). 

 

Figure 3.15 Typical load-reflection graph of FRCC 

 

 𝐹𝑙𝑒𝑥𝑢𝑟𝑎𝑙 𝑡𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 =
𝐸𝑛𝑒𝑟𝑔𝑦 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑

𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎
 (3.7) 

 

3.6.5 Slant shear strength test  

The slant shear strength test was conducted in accordance to BS-EN 12615 (BSI, 

1999a).  Table 3.7 shows the mixture proportion of concrete substrate with 30 MPa 

compressive strength (cubic strength). The inclination angle (30º) and the dimension of 

concrete substrate were prepared accordingly to the schematic shown in Figure 3.16. 

There are a few methods in surface preparation for slant shear strength specimen, namely, 

sand blasting, mechanical grooving, hand brush and drilling. Based on the research done 

by Tayeh et al. (2013), sand blasting had the best bonding strength, followed by 

mechanical grooving. However, due to facility limitation, mechanical grooving method 
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was used. By considering the limited slant cross sectional area of substrate, ‘X’ mark was 

the most suitable pattern to be mechanically grooved on the surface of substrate. The 

substrates were pre-wetted to saturated surface dry (SSD) condition before placing onto 

steel mould. The steel mould was then carefully assembled without damaging the 

substrate and the inclined surface of the substrate was once again made sure in SSD 

condition before casting the fresh FRCC to form composite prisms. The composite prisms 

were de-moulded after 24 hours and water cured until testing age which was at 1st, 7th and 

28th days. The sample was orientated at FRCC on top part and substrate at bottom part 

and then placed on top the loading frame as demonstrated in Figure 3.17. After testing, 

the slant shear strength was calculated based on Equation (3.8) and the failure mode of 

the specimens was observed and analysed. 

 

 𝑓𝑏 =
𝐹√3

6400
 (3.8) 

Where,   

 

 

Table 3.7 Mix ratio and compressive strength of concrete substrate 

Material Ratio to cement 
Cement 1 
Water  0.6 

Fine aggregate 3.7 
Coarse aggregate 2.5 

Compressive strength 30.9 MPa 
 

𝑓𝑏 = Shear bond strength, in MPa 

F = Failure load, in N 
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Figure 3.16 Geometry and shape of concrete substrate (left); after surface 
preparation (right) 

 

 

Figure 3.17 Placement of slant shear specimen 
 

30º 
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3.6.6 Charpy impact test 

In this test, the six selected mixtures in Phase II were prepared together with an 

additional control mixture without fibre, B-(30,0) in order to provide comparison between 

specimens with and without fibre. The dimension of the specimen was 60 mm x 14 mm 

x 14 mm to suit the existing support as shown in Figure 3.18. The fresh specimens were 

casted into a 10-gang polyurethane mould and cured for 28 day before impact test. The 

Charpy impact test machine was adjusted to be free of zero error by lifting the pendulum 

to the max height and release the pendulum without test specimen. After adjustment, the 

specimens were carefully positioned on the support as illustrated in Figure 3.19 and the 

pendulum was released to conduct the impact test. The impact energy recorded was used 

in calculating the impact strength by using Equation (3.9) and this method was also used 

by Hakamy et al. (2015). 

𝐼𝑚𝑝𝑎𝑐𝑡 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ =
𝐼𝑚𝑝𝑎𝑐𝑡 𝑒𝑛𝑒𝑟𝑔𝑦

𝐶𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎
 (3.9) 

Where,   

 Impact energy = MPa 

F = Failure load, in N 
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Figure 3.18 Support of Charpy impact test machine 

 

Figure 3.19 Positioning of specimen on support 
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CHAPTER 4: RESULTS AND DISCUSSION 

4.1 Introduction 

This chapter gives an overview on the result and analysis done in the experimental 

work on these properties: 1) workability; 2) rheology; 3) compressive strength; 4) 

splitting tensile strength; 5) flexural strength; 6) flexural performance of thin plate 

specimen; 7) slant shear strength and 8) impact strength. 

4.2 Phase I 

4.2.1 Workability  

The workability of the fibre reinforced cementitious composites (FRCC) in this 

research of different series, fibre content and fly ash (FA) replacement with ground 

granulated blast furnace slag (GGBS) is tabulated in Table 4.1. The workability decreased 

with the increasing fibre volume fraction and this phenomenon was similarly reported by 

Li et al. (2013). This was due to the increased fibre content that had higher fibre surface 

area which demanded more cementitious matrix for coating and dispersion (Bentur & 

Mindess, 2006). However, when comparing among the three series, the workability of 

Series C was significantly better than Series A and B since it had the highest binder 

content (1300kg/m3). For an example, A-(30,0), B-(30,0) and C-(30,0) were high 

workable mortar with flow 150%. When 1.5% of polyvinyl alcohol (PVA) fibre was 

added, the flow of Series A, B and C dropped to 32%, 70% and 100%. Meanwhile, it was 

noted that at 2.5% fibre dosage, the deviation in the workability of fresh mixes was lower 

at decreasing binder content. For an instance, the standard deviation was 6.6% in Series 

C, 3.0% in Series B and 0.6% in Series A when the mixes were incorporated with 2.5% 

PVA fibre dosage.  This happens because the cementitious paste in Series A was very 

limited for 2.5% PVA fibre dosage and no extra cementitious paste was available for 

lubrication and therefore exhibited similar workability. As a comparison among the three 
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series, Figure 4.1 displays the texture of the fresh FRCC of A-(30,1.5), B-(30,1.5) and C-

(30,1.5). Starting with the lowest binder content, the fresh A-(30,1.5) was rough and stiff 

with visible fibre balling. Continue with B-(30,1.5), the dispersion of the fresh FRCC was 

better. Lastly, the highest binder content, C-(30,1.5) had the smoothest and creamiest 

texture with largest spread. This shows that adequate binder content is pivotal for 

workability and fibre dispersion. 

 

When observing the effect of GGBS in FRCC, it was noticed that higher content in 

GGBS induced slightly lower workability in Series A and C. This is due to the higher 

specific gravity of GGBS (2.89) used in this research than the FA (2.50). This led to lower 

paste volume and higher aggregate content. However, Series B showed otherwise as the 

workability of B-(30,1.5) was 10% higher than B-(0,1.5) and B-(60,1.5); and B-(30,2.5) 

was 3% higher than B-(0,2.5) and 6% higher than B-(60,2.5). This could be due to 30% 

GGBS replacement being the optimum proportion in the particle packing and provided 

more effective paste volume in Series B. Lastly, only five mixes which were B-(0,1.5), 

B-(30,1.5), B-(60,1.5), C-(30,1.5) and C-(60,1.5) fulfilled the desired workability (80 ± 

20%). 

 

Table 4.1 Workability of FRCC in Phase I 

Series A Series B Series C 
Mix Flow (%) Mix Flow (%) Mix Flow (%) 

A-(0,0) 150 B-(0,0) 150 C-(0,0) 150 
A-(0,1.5) 43 B-(0,1.5) 60 C-(0,1.5) 118 
A-(0,2.5) 21 B-(0,2.5) 41 C-(0,2.5) 67 
A-(30,0) 150 B-(30,0) 150 C-(30,0) 150 

A-(30,1.5) 32 B-(30,1.5) 70 C-(30,1.5) 100 
A-(30,2.5) 22 B-(30,2.5) 44 C-(30,2.5) 59 
A-(60,0) 150 B-(60,0) 150 C-(60,0) 150 

A-(60,1.5) 41 B-(60,1.5) 60 C-(60,1.5) 80 
A-(60,2.5) 21 B-(60,2.5) 38 C-(60,2.5) 54 
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Figure 4.1 Fresh FRCC after flow table test: a) A-(30,1.5); b) B-(30,1.5) and c) 
C-(30,1.5) 

 

4.2.2 Rheology 

The bar chart illustrated in Figure 4.2 shows the shear stress of the slurries from Series 

A, B and C. It was found that the slurry from Series A had highest shear stress (25.9 – 

132.4 Pa) than those from Series B (1.8 – 15.2 Pa) and Series C (1.8 – 25.3 Pa). This was 

most likely due to the lowest content of supplementary cementitious material (SCM) in 

Series A, at only 44%. Other than that, the fixed dosage of superplasticizer (SP) at 0.35% 

was inadequate to reduce the viscosity of slurry in Series A. As listed in Table 3.1, 0.65% 

of SP dosage was required to achieve high flowable mortar. 

 

Meanwhile, when comparing the effect of GGBS, slurry specimen in Series A with 

30% GGBS replacement had the highest shear stress, 132.4 Pa followed by A-(60,0) and 

A-(0,0). This observation corresponded with the workability results listed in Table 4.1. 

On the other hand, the least viscous slurry in Series B and C was the slurry with 30% 

GGBS replacement, namely B-(30,0) and C-(30,0) which recorded shear stress of 1.8 Pa 

and 1.9 Pa respectively. This suggests that there is an optimum proportion of cement, FA 

ba

c
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c
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and GGBS in terms of the rheological properties provided there is sufficient flow. Hence, 

it can be concluded that the viscosity of slurry varies on the proportion ratio of the binder 

materials. 

 

Figure 4.2 Shear stress of slurry 
 

4.2.3 Compressive strength 

After curing for up to 28 days, the specimens of all series were tested and the results 

are tabulated in Table 4.2, Table 4.3 and Table 4.4. Based on the results, the compressive 

strength of all series had common trend which was the increase in strength over time.  

 

Generally, the compressive strength at all ages for all three series of the FRCC 

decreased in the presence of PVA fibre. The compressive strength decrease in Series A 

was in the range of 2.5 – 22.4%, in Series B was 2.6 – 20.1% while in Series C was 2.2 – 

16.1%. This could be due to PVA fibres which are relatively soft than the aggregate and 

matrix, hence slightly compromised the compressive strength. Other than that, the 

stiffening effect from the fibre decreased the workability which could lead to less 

effective compaction.  In terms of failure mode, the specimens without PVA fibres 

underwent typical brittle compression failure as shown in Figure 4.3a. On the other hand, 
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Figure 4.3b indicates the crack bridging ability from PVA fibres as the tested specimen 

was intact while exhibiting minor crack lines (Kanda & Li, 1999).  

Table 4.2 Compressive strength of A-series PVA-FRCC 

Series A Compressive strength, MPa 
1 day 7 day 28 day 

A-(0,0) 32.9 ± 0.5 52.9 ± 0.9 86.7 ± 3.0 
A-(0,1.5) 31.8 ± 0.9  51.2 ± 2.1  75.2 ± 1.8  
A-(0,2.5) 30.9 ± 2.9  52.6 ± 2.2  71.8 ± 2.3  
A-(30,0) 40.6 ± 1.1 64.8 ± 0.3 80.9 ± 1.2 

A-(30,1.5) 31.5 ± 0.4  57.9 ± 2.3  70.2 ± 0.7  
A-(30,2.5) 32.3 ± 0.8  56.5 ± 2.7  70.3 ± 4.1  
A-(60,0) 37.8 ± 0.7 64.0 ± 2.4 72.3 ± 2.9 

A-(60,1.5) 33.2 ± 1.5 59.2 ± 1.4  69.0 ± 0.7  
A-(60,2.5) 35.0 ± 1.4  57.2 ± 1.1  70.5 ± 1.1  

 

Table 4.3 Compressive strength of B-series PVA-FRCC 

Series B Compressive strength, MPa 
1 day 7 day 28 day 

B-(0,0.0) 26.3 ± 1.1 49.5 ± 2.0 67.9 ± 5.0 
B-(0,1.5) 23.4 ± 0.3  42.3 ± 0.4  64.7 ± 2.5  
B-(0,2.5) 23.9 ± 0.6  46.5 ± 1.5  63.6 ± 1.7  
B-(30,0.0) 31.8 ± 1.2 56.5 ± 1.4 78.8 ± 4.4 
B-(30,1.5) 27.3 ± 0.8  54.1 ± 0.9  68.5 ± 2.3  
B-(30,2.5) 25.4 ± 0.6  52.4 ± 0.7  66.1 ± 2.6  
B-(60,0.0) 27.4 ± 0.2 58.3 ± 0.9 74.4 ± 1.7 
B-(60,1.5) 26.7 ± 0.4  55.7 ± 0.4  71.1 ± 1.4  
B-(60,2.5) 25.8 ± 0.7  55.8 ± 0.6  71.2 ± 0.6  

 
 

Table 4.4 Compressive strength of C-series PVA-FRCC 

Series C Compressive strength, MPa 
1 day 7 day 28 day 

C-(0,0) 18.4 ± 0.4 34.9 ± 1.2 46.6 ± 1.2 
C-(0,1.5) 16.7 ± 1.0  32.0 ± 1.1  43.5 ± 2.2  
C-(0,2.5) 16.1 ± 0.7  30.8 ± 1.3  44.7 ± 0.6  
C-(30,0) 20.9 ± 0.7 43.7 ± 0.9 62.1 ± 2.6 

C-(30,1.5) 19.1 ± 0.1  41.9 ± 1.5  57.0 ± 1.8  
C-(30,2.5) 20.0 ± 0.8  41.3 ± 1.6  56.9 ± 1.9  
C-(60,0) 22.3 ± 0.2 51.5 ± 0.3 72.7 ± 0.9 

C-(60,1.5) 21.8 ± 0.4  49.0 ± 2.4  62.1 ± 0.9  
C-(60,2.5) 21.4 ± 0.7  47.9 ± 2.7  61.0 ± 0.6  
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In all series and regardless of PVA fibre dosage, the graphs illustrated in Figure 4.4 

until Figure 4.9 show a very significant finding that the early age compressive strength 

decreased along with binder content. In Figure 4.4, Figure 4.5 and Figure 4.6, it was found 

that the 1-day compressive strength decreased almost linearly from 900kg/m3 to 

1100kg/m3 binder content. Similarly, the 7-day compressive strength indicated in Figure 

4.7, Figure 4.8 and Figure 4.9 also decreased almost linearly especially at 0% and 1.5% 

fibre dosage. Series A was the most dominant in early compressive strength (1-day: 30.9 

– 40.6MPa & 7-day: 51.2 – 64.8MPa), followed by Series B (1-day: 23.4 – 31.8MPa & 

7-day: 41.9 – 64.6MPa) and lastly Series C (1-day: 16.1 – 21.8MPa & 7-day: 30.8 – 

51.5MPa). These were mainly due to Series A having the lowest w/c ratio of 0.504, 

whereas Series B and Series C had w/c ratio of 0.616 and 0.728 respectively. Since FA 

and GGBS were pozzolan, the early age compressive strength was primarily contributed 

by the w/c ratio as the first hydrates was developed on the surface of cement particles 

(Aïtcin, 2016a). Other than that, as shown in Figure 4.4 – Figure 4.9, the mixes that 

contained GGBS had significantly higher early age compressive strength. This finding 

was also similarly reported by Zhou et al. (2012). This was due to GGBS having higher 

early stage activity index than FA and therefore the early age compressive strength is 

theoretically higher with greater GGBS content. 

a) b) 

Figure 4.3 Failure pattern of 50mm cube sample: a) without fibre; b) with 
fibre 

Univ
ers

ity
 of

 M
ala

ya



59 

 

Figure 4.4 Graph of 1-day compressive strength of mortar in different series 

 

 

Figure 4.5 Graph of 1-day compressive strength of FRCC (1.5% fibre) in different 
series 
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Figure 4.6 Graph of 1-day compressive strength of FRCC (2.5% fibre) in different 
series 

 

 

Figure 4.7 Graph of 7-day compressive strength of mortar in different series 
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Figure 4.8 Graph of 7-day compressive strength of FRCC (1.5% fibre) in different 
series 

 

 

Figure 4.9 Graph of 7-day compressive strength of FRCC (2.5% fibre) in different 
series 
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others. The graphs in Figure 4.10, Figure 4.11 and Figure 4.12 clearly show most of the 

Series A points were higher than B and C at all of the fibre dosages. This could be 

explained by the fact that as all series were having low w/b ratio of 0.28 and in the Series 

B and C mixes where there was greater amount of SCM, incomplete hydration could 

occur (Ferrara et al., 2016). The 28-day compressive strength could also be determined 

by the aggregate content. Based on the research conducted by Yurdakul (2010), at fixed 

w/c ratio, the compressive strength of concrete did not improve at higher cement content 

(beyond approximately 300 kg/m3). Instead, the compressive strength of concrete reached 

a maximum value. In this research, the binder content used was ranging from 900 – 1300 

kg/m3 and containing high volume of SCM. Hence, the aggregate could have affected the 

compressive strength and the calculated aggregate volume in Series A, B and C was 46 – 

47%, 31 – 32% and 15 – 18% correspondingly. Since Series A had the highest aggregate 

volume and the lowest w/c ratio as mentioned earlier, it correlated with the highest range 

in 28-day compressive strength.  

 

By looking at the content of GGBS, the effect of GGBS on compressive strength varied 

in the early (1 & 7 days) and late (28 days) stages. Without considering the effect of PVA 

fibres, the graph in Figure 4.12 shows the trend of different combinations of cement, FA 

and GGBS. For 0% GGBS, a  decreasing trend could be observed as the compressive 

strength dropped 18.8MPa from Series A to B and then 21.3 MPa from Series B to C. 

Reason for this was FA required longer time than 28 days to fully hydrate. Since the 

cement content was fixed, higher binder content had more incomplete hydrated FA. 

Whereas for 30%-GGBS, its compressive strength showed a slight decrement of 2.1 MPa 

from A to B and then reduced by about 16.7 MPa from B to C. This showed that 30%-

GGBS was sufficient to have minor change in the compressive strength from Series A 

and B. However, the higher reactivity from the 30-% GGBS was not enough to 
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compensate for the strength reduction caused by incomplete hydrated FA in Series C. 

When it comes to the mix with 60%-GGBS, in Figure 4.10 as the difference of 

compressive strength among A to B and B to C was minor at 2.1MPa and 1.7MPa, 

respectively. This concurred that maintaining the 28-day compressive strength of ternary 

blended mortar across different binder content was possible, provided that the percentage 

replacement with GGBS was adequate. As mentioned earlier, the presence of GGBS 

helped in boosting the early age compressive strength. However, different content of 

GGBS reacted differently in the mix at later stage. Figure 4.10 shows the optimum 

percentage of FA replacement with GGBS, which were: 0% for Series A, 30% for Series 

B and lastly; 60% for Series C. It can be explained that the content of GGBS was not 

effective in Series A since there was no improvement at all. Instead, higher content in 

GGBS induced more less decrement in the 28-day compressive strength of mix with both 

30%-GGBS (-6.7%) and 60%-GGBS (-16.6%). In mortar of Series B, the possible 

explanation for 30%-GGBS being the most optimum as it exhibited better workability 

compared to 0% and 60%-GGBS upon inclusion of PVA fibres. The 60%-GGBS in 

mortar of Series C could have contributed to more complete hydration products as GGBS 

has greater reactivity. Lastly, the inclusion of PVA fibres did not alter the trend in 28-day 

compressive strength as the graphs in Figure 4.11 and Figure 4.12 show similar pattern 

as Figure 4.10. 
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Figure 4.10 Graph of 28-day compressive strength of mortar in different series 

 

 

Figure 4.11 Graph of 28-day compressive strength of FRCC (1.5% fibre) in 
different series 
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Figure 4.12 Graph of 28-day compressive strength of FRCC (2.5% fibre) in 
different series 

 

As FA and GGBS are pozzolanic material, the hydration of its particle is relatively 

slower than cement. Therefore, even after 28 days, the presence of unhydrated pozzolanic 

material is imminent, especially the high content of SCM in FRCC, which is evidently 

displayed in Figure 4.13 and Figure 4.14. The micrograph in Figure 4.13 clearly shows 

that A-(30,1.5) with lower binder content and the presence of GGBS induced more 

hydration products such as CSH gel and portlandite (cluster of hexagonal crystal). On the 

other hand, Figure 4.14 shows most of the FA remained smooth and spherical, which 

implied the low degree of hydration (Xu & Shi, 2017). 
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Figure 4.13 Micrograph of A-(30,0) at 28th day: a) at 700 magnification; b) at 7700 
magnification 
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Figure 4.14 Micrograph of B-(0,0) at 28th day: a) at 900 magnification; b) at 5600 
magnification 

 

4.3 Phase II  

4.3.1 Compressive strength 

The 56-days compressive strength of FRCC displayed in Figure 4.15 shared 

similar trend as the compressive strength at the age of 28th day (Section 4.1.3) which was 

mainly dependent on the w/c ratio. Based on the combined chart, the compressive strength 
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growth was in the range at 2.3% to 11.9% and it was significant that the growth was least 

effective at 60%-GGBS. This could be due to the pozzolanic activity of FA is more 

dominant than GGBS at later stage and the content of FA was lowest in the mixes with 

60%-GGBS.  

 

 

Figure 4.15 56-day compressive strength 

 

4.3.2 Splitting tensile strength 

The splitting tensile strength results plotted in the bar chart (Figure 4.16) was 
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the tested specimens from splitting apart instead of the typical splitting failure mode for 

control specimens without fibres (Figure 4.17). In terms of the effect of binder content, 

the FRCC’s tensile strength can be correlated to their respective compressive strength. 
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6.80 MPa, 6.65 MPa and 5.65 MPa. Similarly, B-(60,1.5) and C-(60,1.5) displayed the 

same trend. 

 

On the other hand, the compressive strength of FRCC improved as the content of 

GGBS increased. However, its effect on the splitting tensile strength was dissimilar.  In 

Series B, the splitting tensile strength without GGBS was 5.95 MPa which was then 

improved to 6.65 MPa at 30%-GGBS but then decreased to 6.15 MPa at 60%-GGBS. 

Likewise, C-(60,1.5) had lower splitting strength of 5.65 MPa than the mix C-(30,1.5) 

with 5.80 MPa. Similarly, this observation was reported by Güneyisi et al. (2008) where 

high volume GGBS (more than 50% cement replacement) had lower splitting tensile 

strength than the control (0% GGBS). This showed that GGBS improved the splitting 

tensile strength, but the improvement will be lower at high dosage (60%-GGBS).  

 

 

Figure 4.16 28-day splitting tensile strength result 
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Figure 4.17 Failure mode of splitting tensile specimen: a) typical concrete or 
mortar; b) FRCC 

 

4.3.3 Flexural strength  

Figure 4.18 shows the flexural strength results of prismatic FRCC specimens 

using three-point bending test. The flexural strength increased along with the binder 

content which was observed in specimen A-(30,1.5), B-(30,1.5) and C-(30,1.5) by having 

flexural strength of 13.5 MPa, 20.2 MPa and 22.1 MPa respectively. This might be due 

to the better dispersion of fibre at higher content of cementitious matrix as reflected from 

its workability in Table 4.1. It is significant that the GGBS content is inversely 

proportional to the flexural strength. In Series B and C, the flexural strength of FRCC 

decreased from 21.6 to 18.9 MPa and 22.1 to 19.8 MPa, respectively as the content of 

GGBS increased. This phenomenon can be linked with the splitting tensile strength 

results in Section 4.2.2.  

 

Meanwhile, the flexural strength of thin plate FRCC specimen shown in Figure 4.19 

did not share the same trend as those observed for the prismatic specimen. Only A-

(30,1.5) had the lowest flexural strength in both thick (13.5 MPa) and thin (5.6 MPa) 

section specimens which is hypothetically due to poor fibre dispersion (which can be 

reflected from poor workability as shown in Figure 4.1a) that originated from insufficient 

a) b) 
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cementitious matrix. B-(0,1.5) and B-(30,1.5) had significantly higher flexural strength 

(8.6 MPa and 8.9 MPa) compared to all other specimens especially in Series B whereby 

B-(60,1.5)’s thin plate flexural strength was only 6.6 MPa. Likewise, the flexural strength 

of C-(30,1.5) and C-(60,1.5) was in similar range which was 6.4 MPa and 6.7 MPa. 

 

Other than that, the flexural strength of the prismatic specimen had significantly higher 

flexural strength (13.5 – 21.6 MPa) compared to thin plate’s specimen (5.6 – 8.9 MPa). 

This is very likely due to the second moment of area (I) in prismatic FRCC (2.13 x 106 

mm4) specimen being higher than the thin plate (0.26 x 106 mm4). In theory, structure 

with higher I have more resistance to bending, therefore, with higher bending resistance, 

the flexural strength of the prismatic specimen is expected to be greater.   

 

Knowing that fibres are randomly orientated in FRCC, it was expected that the 

coefficient of variation (COV) will be slightly higher in FRCC’s specimen. From Figure 

4.18, the COV of prismatic specimen was in the range of 3.47 – 10.65 %; whereas Figure 

4.19 indicates the COV of thin section specimen was in between 0.77 – 29.69 %. The 

lower COV observed for the prismatic specimen was most likely due to the more uniform 

particle (inclusive of binder, aggregates and fibre) packing of fresh FRCC whereas there 

was limited space in the thinner specimen which cause greater inhomogeneity.  
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Figure 4.18 Flexural strength of prismatic specimen (three-point bending) 

Figure 4.19 Flexural strength of thin plate specimen (four-point bending) 
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4.3.4 Flexural load-extension curve 

4.3.4.1 Prismatic specimen 

The flexural load-extension curves of FRCC specimens with cross section of 40 

mm x 40 mm were plotted in Figure 4.20 to Figure 4.25. Based on the shape of the curves, 

PVA fibre was able to prevent instantaneous failure by delaying the fracture failure 

shortly for about 0.59 mm to 0.89 mm as shown in Figure 4.26.  

 

Figure 4.20 Load-extension curve of A-(30,1.5) (prismatic specimen) 

 

Figure 4.21 Load-Extension curve of B-(0,1.5) (prismatic specimen) 
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Figure 4.22 Load-extension curve of B-(30,1.5) (prismatic specimen) 

 

 

Figure 4.23 Load-extension curve of B-(60,1.5) (prismatic specimen) 
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Figure 4.24 Load-extension curve of C-(30,1.5) (prismatic specimen) 

 

 

Figure 4.25 Load-extension curve of C-(60,1.5) (prismatic specimen) 
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Figure 4.26 Average deflection of prismatic FRCC specimens at maximum load 

 

4.3.4.2 Thin plate specimen 

When comparing the deflection of both thin plate and prismatic FRCC specimens, 

it is obvious that the thin plate specimens exhibited relatively higher deflection. The 

deflection at maximum load recorded was in the range of 3.27 mm and 9.37 mm. This 

was most likely due to the difference in second moment of area (I). As I is inversely 

proportional to the maximum deflection, lower magnitude in I induce higher deflection. 

Therefore, the curves shown in Figure 4.27 to Figure 4.32 extended longer at the axis of 

deflection. 
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Figure 4.27 Load-extension curve of A-(30,1.5) (thin plate specimen) 

 

 

Figure 4.28 Load-extension curve of B-(0,1.5) (thin plate specimen) 
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Figure 4.29 Load-deflection curve of B-(30,1.5) (thin plate specimen) 

 

 

Figure 4.30 Load-extension curve of B-(60,1.5) (thin plate specimen) 
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Figure 4.31 Load-deflection curve of C-(30,1.5) (thin plate specimen) 

 

 

Figure 4.32 Load-deflection curve of C-(60,1.5) (thin plate specimen) 
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observations can be linked to the matrix strength which was correlated to its compressive 

strength. Consequently, the specimens were stiffer and deflected less. In overall, the 

deflection for both Series B and C was similar when the percentage of GGBS replacement 

was same. 

 

 

Figure 4.33 Average deflection of thin plate FRCC specimens at maximum load 

 

4.3.4.3 Summary 

As summary, the intermediate load-extension curves of each mix from prismatic and 

thin plate specimens were combined in the graph shown in Figure 4.34 and Figure 4.35. 
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Figure 4.34 Combined load-extension curve of prismatic specimens 

 

Figure 4.35 Combined load-extension curve of thin plate specimens 
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4.3.5 Ratio of post peak strength-to-first crack strength (σ2/σ1)  

Overall, the ratio of post crack to first crack load is higher in prismatic specimen 

as compared to thin plate specimen which is shown in Table 4.5. This is most likely due 

to prismatic specimens which allowed the PVA fibres to bridge the specimens after first 

crack to a greater extent. Meanwhile, since the thickness in thin plate specimens was 16 

mm and the fibre used was 13 mm in length, the performance of the FRCC in post-

cracking stage was limited. The most significant observation made was that the mix C-

(30,1.5) had the highest ratio in both prismatic and thin plate at 2.32 and 2.05 respectively; 

whereas A-(30,1.5) had the lowest ratio at 1.04 and 1.05 correspondingly. As fibres main 

contribution is in the post-cracking stage, the ratio was likely to be affected by the fibre 

dispersion associated with its workability. The workability results in Table 4.1 evidently 

shows that C-(30,1.5) had the highest flow diameter whereas A-(30,1.5) had the lowest 

flow diameter. On the other hand, Table 4.5 shows the ratio of post peak strength to first 

crack strength decreased as the content of GGBS increased. This could be due to the 

increasing content of GGBS improved the matrix toughness by having higher first crack 

strength which was associated with its compressive strength (Said & Razak, 2015). 

 

Table 4.5 First crack, post peak strength and the ratio of FRCC specimens 

Specimen 
Prismatic specimen 

(160 mm x 40 mm x 40 mm) 
Thin plate specimen 

(500 mm x 75 mm x 16 mm)                   
σ1 (MPa) σ2 (MPa) Ratio σ1 (MPa) σ2 (MPa) Ratio 

A-(30,1.5) 12.6 13.5 1.04 5.1 5.6 1.05 
B-(0,1.5) 10.9 21.6 1.99 5.6 8.6 1.54 
B-(30,1.5) 10.8 20.2 1.76 6.7 8.9 1.30 
B-(60,1.5) 13.8 18.9 1.37 5.0 6.6 1.32 
C-(30,1.5) 9.6 22.1 2.32 3.2 6.4 2.05 
C-(60,1.5) 10.4 18.9 1.83 3.9 6.7 1.72 
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4.3.6 Flexural toughness  

Table 4.6 shows the flexural toughness of both prismatic and thin plate specimens. 

As deflection was relatively low in prismatic specimen, the computed flexural toughness 

was primarily from the flexural load. Thus, the trend in thick section was insignificant. 

Conversely, the flexural toughness from thin plate specimen exhibited a significant trend. 

Based on previous observation, GGBS was able to enhance the matrix strength, but this 

was offset by the reduced deflection of the specimens which consequently led to decrease 

in flexural toughness. For instance, the flexural toughness of specimen from the mix B-

(30,1.5) and B-(60,1.5) was reduced by 4.5% and 47.9%, respectively compared to B-

(0,1.5) and similarly for C-(60,1.5) in which the toughness decreased by 19.3% compared 

to C-(30,1.5). It should be noted that among the 3 series, Series B exhibited the highest 

toughness. This could be due to Series B had the optimum binder content which provided 

high matrix strength without compensating much in deflection, provided GGBS content 

did not exceed 60% in FA replacement.  

 

Table 4.6 Flexural toughness  

Specimens 
Prismatic specimen 

(160 mm x 40 mm x 40 mm) 
Thin section 

(500 mm x 75 mm x 16 mm) 
Flexural toughness, N/m Flexural toughness, N/m 

A-(30,1.5)  1800  750 
B-(0,1.5)  3120  3320 
B-(30,1.5)  2390  3170 
B-(60,1.5)  3480  1730 
C-(30,1.5)  3820  2740 
C-(60,1.5) 2630  2210 

 

4.3.7 Flexural failure mode 

4.3.7.1 Prismatic specimen 

After flexural test, the number of crack lines in prismatic specimens was visually 

inspected and tabulated in Table 4.7. Specimen A-(30,1.5) showed single crack, whereas 

B-(60,1.5) and C-(30,1.5) exhibited the highest number of crack lines of 5. The single 
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localized failure of A-(30,1.5) shown in Figure 4.36 indicated that the PVA fibre in the 

mix did not effectively contribute in post-cracking stage. This happened because bundled 

PVA fibres were observed at the failure plane as shown in Figure 4.37. Furthermore, the 

low σ2/σ1 ratio (1.04) of A-(30,1.5) corroborated that the PVA fibre in this mix imparted 

only limited post-crack ductility after the initial crack occurred. However, instead of 

smooth line, the crack path shown in A-(30,1.5) was tortuous and this indicated the PVA 

fibres could still impart some degree of ductility in A-(30,1.5).  

Table 4.7 Observed number of crack lines on prismatic FRCC specimens 

Specimens Average number of crack line(s) 
A-(30,1.5) 1  
B-(0,1.5) 3  
B-(30,1.5) 2  
B-(60,1.5) 5 
C-(30,1.5) 5 
C-(60,1.5) 3 

 

 

 

Figure 4.36 Failure mode of prism specimen, A-(30,1.5) 
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Figure 4.37 Tested A-(30,1.5) prism specimen at failure plane 

 

On the other hand, the other specimens exhibited multiple surface cracking, which are 

shown in Figure 4.38. However, B-(60,1.5) had distinctive failure mode from the others. 

As displayed in Figure 4.39, besides transverse cracks at the bottom surface, internal 

crack lines were revealed after dampened the specimens with water. There were fewer 

undispersed PVA fibre in the other specimens as shown in Figure 4.40 especially in Series 

C, due to higher paste content. When inspecting the fracture surface of the specimens, it 

was found that the PVA fibres were mostly ruptured (Figure 4.41). This could be due to 

the lower tensile strength of the fibre compared to the matrix strength. Nonetheless, the 

micrograph in Figure 4.42 shows that the undispersed PVA fibre was pulled out from the 

matrix during fracture by having smooth edge at the tip of the fibre. This happened 

because the undispersed PVA fibre was able to resist higher load compared to single 

strand fibre and this prevented the specimen from rupturing. 
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Figure 4.38 Typical failure mode of prismatic FRCC specimens 

 

 

 

Figure 4.39 Failure mode of prismatic specimen, B-(60,1.5) 
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Figure 4.41 Micrograph of fracture surface of prismatic FRCC specimen 

 

Figure 4.40 Failure plane of FRCC prism 
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Figure 4.42 Micrograph of fracture surface at prismatic A-(30,1.5) specimen 
(undispersed fibre) 

 

4.3.7.2 Thin plate specimen 

In overall, Figure 4.43 shows typical failure mode of tested thin plate FRCC 

specimen. The PVA fibres at the fracture surface were observed to have ruptured, similar 

to prismatic specimens seen from Figure 4.41. By comparing Table 4.7 and Table 4.8, it 

was significant that the number of crack lines in thin section were higher than those found 

in the prismatic specimens. This could be due to the higher span to depth ratio in thin 

section FRCC which allowed more cracks to form. As PVA fibres did not disperse well 

in specimen A-(30,1.5), it was expected that the PVA fibres could only have limited 

contribution during the post-cracking stage. As a result, the least number of crack lines 

recorded was in A-(30,1.5) which also experienced the lowest deflection of 3.27 mm. 

Conversely, for the specimen, B-(0,1.5) that had the highest deflection of 9.37 mm, the 

highest number of crack lines was found. Interestingly, B-(60,1.5) had the second lowest 

deflection value but exhibited the second highest number of crack lines. This was most 

likely due to the distinctive cracking pattern in B-(60,1.5) as illustrated in Figure 4.44. 

The plausible reason for the distinctive cracking pattern was the high fibre-matrix 

interfacial bond contributed from the high GGBS content. Whereas the observed number 
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Figure 4.44 Failure mode of thin section specimen, B-(60,1.5) 

of crack line in the remaining specimens increased as the deflection was greater. Thus, it 

can be concluded that the deflection is directly proportional to the number of crack lines.  

 

Table 4.8 Number of surface crack lines on thin plate FRCC specimens 

Specimens Average number of crack lines 
A-(30,1.5) 9 
B-(0,1.5) 25 
B-(30,1.5) 15 
B-(60,1.5) 20 
C-(30,1.5) 19 
C-(60,1.5) 17 

 

 

Figure 4.43 Typical failure mode of FRCC thin section specimens 

 

 

Univ
ers

ity
 of

 M
ala

ya



90 

4.3.8 Slant shear strength 

The bar chart in Figure 4.45 shows that the slant shear strength of the composite prism 

specimens had good bond compatibility to the substrate by fulfilling the minimum 

requirement as stated in Table 2.2 and  

Table 2.3; which was 3.1 MPa for horizontal surface and 5.2 MPa for vertical surface. 

In general, it seems that the slant shear strength increased along with the compressive 

strength of the FRCC in the composite prism at the 1st day. However, the magnitude of 

compressive strength was not necessary directly correlated with the value of slant shear 

strength, which was also stated by Gürkan Yıldırım et al. (2018). Instead, it was governed 

by mechanical compatibility. For instance, composite prism C-(30,1.5) had the lowest 28-

day compressive strength (57.0 MPa) among the other specimens but acquired highest 

slant shear strength. This was due to the lowest difference in compressive strength 

between the mix C-(30,1.5) and the substrate (30 MPa) compared to other mixes, and this 

difference was about 27.0 MPa. Overall, the effect of binder and GGBS content was not 

significant on the slant shear strength.   

 

 

Figure 4.45 Slant shear strength of FRCC specimen at different age 
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At the age of 1 day, the failure mode of the composite prisms can be observed in Figure 

4.46 which was mostly in between the joint of FRCC and the substrate. This happened 

because the bonding between FRCC with the substrate was still under development and 

the compressive strength of FRCC was still lower than the substrate (30 MPa). As FRCC 

is good in controlling cracks and does not exhibit brittle failure, cracks were not formed 

at relatively low load. Instead, they were formed at the weakest area which was the 

interface between FRCC and the substrate. Pattnaik (2015) similarly reported the failure 

mode occurred at the slant surface when performing slant shear strength test using repair 

material with lower compressive strength than the substrate.  On the other hand, A-

(30,1.5) had higher compressive strength (31.5 MPa) than the substrate on the 1st day and 

the failure mode shown in Figure 4.47 was different from the others. Hence, the substrate 

in A-(30,1.5)’s composite prism became the weaker part and began to fail before the 

FRCC. This type of failure mode is always desirable as it indicated the substrate is the 

weaker component of the complete repair system. 

 

Figure 4.46 Typical failure mode of 1-day B-(0,1.5) composite prism 
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Figure 4.47 Tested 1-day A-(30,1.5) composite prism 

 

On the other hand, as the composite prism underwent curing, the FRCC’s compressive 

strength and bonding between FRCC and substrate were improved. As a result, the failure 

mode of the specimens tested on 7th and 28th day was different from 1-day age specimens. 

In Figure 4.48 and Figure 4.49, cracks were formed from the substrate, slightly passing 

through the joint up until FRCC; unlike in Figure 4.47, the cracks ceased to form beyond 

the interface between FRCC and substrate. Similarly, this type of failure can be related to 

substratum failure reported by Tayeh et al. (2013) or monolithic rupture as reported by 

Mustafa Sahmaran et al. (2013), which was considered as the most satisfactory failure 

mode for slant shear specimen.   
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Figure 4.48 Tested 7-day C-(60,1.5) composite prism 

 

 

Figure 4.49 Tested 28-day B-(30,1.5) composite prism 
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4.3.9 Impact Strength 

The chart in Figure 4.50 clearly indicates the contribution of PVA fibres on impact 

strength as FRCC specimens had 9 – 20 times higher impact energy compared to the 

specimen without fibres, namely B-(30,0). Upon impact, the fibres act as a connector to 

continue bridging the specimens before slipping off from the matrix. Apart from that, the 

impact strength shows an increasing trend with the GGBS content. Gradual increment in 

impact strength of about 31.12 kJ/m2 and 79.08 kJ/m2 was observed for the Series B mix 

containing 30% and 60% of GGBS replacement, respectively. Both specimens in Series 

C similarly shared the same trend, as highlighted by the increased impact strength of the 

mix.  

 

 

Figure 4.50 Impact strength of FRCC 

 

However, at given percentage of GGBS, the impact strength varied for different binder 

content. For instance, the impact strength fluctuated from 91.84 kJ/m2 to 109.18 kJ/m2
 

and then to 66.33 kJ/m2 respectively for A-(30,1.5), B-(30,1.5) and C-(30,1.5) specimens. 

This might be due to the combined factors of effectiveness in fibre dispersion and matrix 
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toughness. When comparing A-(30,1.5) with B-(30,1.5), the latter exhibited higher 

impact strength than the former due to better fibre dispersion. As shown in Figure 4.51, 

undispersed PVA fibres were visible, whereas the fibres in Figure 4.52 shows otherwise. 

This shows that the better fibre distribution induced improved bridging effect which could 

affect the impact strength. It was expected that the PVA fibres in the higher binder 

content, C-(30,1.5) dispersed better than B-(30,1.5) by having better workability. 

However, the impact strength result showed otherwise by a reduction of 42.85 kJ/m2 and 

same trend was also observed between B-(60,1.5) and C-(60,1.5) specimens. This 

phenomenon could be related to the greater influence of the matrix toughness.  

 

 

Figure 4.51 Fracture surface of A-(30,1.5) after impact test 
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Figure 4.52 Fracture surface of B-(30,1.5) after impact test 

 

The micrograph in Figure 4.53 and Figure 4.54 indicate the effect of binder and GGBS 

content respectively on the failure mode of PVA fibres after upon impact loading. In the 

specimen with the lowest binder content, A-(30,1.5), the PVA fibres were observed in 

bundled form; and the PVA fibres were increasingly well dispersed at higher binder 

contents. Besides that, roughening and fibrillation of PVA fibres were most severe in A-

(30,1.5), followed by B-(30,1.5).  This could be related to the higher matrix toughness 

causing greater bonding between PVA fibres and cementitious paste which was indicated 

by the amount of hardened matrix coated on the surface of PVA fibre. On the other hand, 

when looking at the effect of GGBS content, the PVA fibres shown in Figure 4.54 

experienced the most deformation, including rupture in the specimen with the highest 

GGBS content. This was also very likely due to the better bonding between fibre and 

cementitious matrix which was rooted from the improved matrix toughness. Therefore, 

higher matrix strength from lower binder and higher GGBS content improved the matrix 

strength which further enhanced the bonding between fibre and matrix. 
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Figure 4.53 Micrograph of Charpy impact test specimen at increasing binder 
content: a)A-(30,1.5); b)B-(30,1.5); c)C-(30,1.5) 

 

a) b) 

c) 
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Figure 4.54 Micrograph of Charpy impact test specimen at increasing GGBS 
content: a)B-(0,1.5); b)B-(30,1.5); c)B-(60,1.5) 

 

It was interesting that impact strength and flexural toughness had opposing effect due 

to GGBS content and binder content. At increasing GGBS content, flexural toughness 

was found to decrease whereas impact strength showed otherwise. Similarly, at increasing 

binder content, flexural toughness showed improvement whereas impact strength had 

varied effect. Overall, the measured impact strength was evidently much higher 

(approximately 17 – 122 times) than flexural toughness. Similar finding was also reported 

by researchers Atahan et al. (2012), as the impact strength recorded was higher than 

flexural toughness, though it was only approximately at threefold. This was due to the 

b) a) 

c) 
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specimen size (350 mm x 50 mm x 15 mm) used was same in both impact and flexural 

strength tests. As compared to the specimen size (60 mm x 14 mm x 14 mm) used in this 

research, the geometry of it allowed more resistance against impact loading. In general, 

the higher magnitude in impact strength was due to the difference in the loading nature, 

where one is instantaneous dynamic loading and the other is static flexural loading. 

Indirectly, loading speed and duration affect the friction and interfacial stress between 

PVA fibre and matrix which consequently causing fibre ruptured at flexural strength test 

(Figure 4.38) and pulled out at impact test (Figure 4.52). As additional proof, the strands 

of PVA fibre shown in Figure 4.53 and Figure 4.54 mostly had smooth edge and 

experienced less roughening and fibrillation.  

 

However, the COV recorded in this impact test was in the range of 18.9 % – 53.9 % 

which is considered to be high. This was due to the limitation in the specimen size for a 

standard Charpy impact test. As such, the fibre distribution might be affected and less 

evenly distributed. Therefore, a larger cross section of specimen can be considered in 

future for more consistent results. 
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CHAPTER 5: CONCLUSION 

5.1 Introduction 

This chapter summarises the findings on the investigation of ternary blended binder 

PVA FRCC as repair material and provides a few recommendations for future studies. 

5.2 Conclusion 

The workability of FRCC and the fibre dispersion were found to improve with the 

usage of higher binder content. However, the effect from GGBS varied at different binder 

content, but it was found that 30 % GGBS replacement had the most optimum result. The 

compressive strength of FRCC was significantly benefited from increasing GGBS, 

particularly in early age. However, the effect of increasing binder content on compressive 

strength showed otherwise. It can be summarized that lower binder and higher GGBS 

content contributed higher matrix strength.  

  

The test results in second phase showed the different binder and GGBS contents 

imparted different effects on the mechanical properties of FRCC. In splitting tensile 

strength, lower binder content induced better result whereas the usage of GGBS exhibited 

improvement if the content did not exceed 30%. For flexural strength test, higher binder 

content and lower GGBS content led to higher flexural strength. When it comes to slant 

shear strength, the effect of binder and GGBS content was not significant. Instead, it was 

governed by the mechanical compatibility between substrate and the repair material. 

Therefore, the FRCC with the lowest difference in compressive strength to the substrate 

gained the highest slant shear strength. On the other hand, impact strength can be 

enhanced with higher matrix strength and good fibre dispersion.  

 

For the flexural behavior, higher GGBS content yielded higher first crack strength. 

However, this offset the performance of PVA fibre in post-cracking stage and led to lower 
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ultimate flexural strength, post crack to first crack strength ratio, deflection, number of 

crack lines and flexural toughness. On the other hand, 1100kg/m3 binder content induced 

the best result in terms of the overall flexural performance, which includes post peak 

strength, number of crack lines and flexural toughness.  

 

 By accounting the aforementioned properties, it can be concluded that, in overall, 

the inclusion of GGBS in replacing 30% of fly ash potentially improved the performance 

of FRCC in terms of compressive strength, impact strength and flexural behaviour. Other 

than that, binder content should be sufficiently used, at minimum 1100kg/m3 to attain 

good fibre dispersion, which also affects the performance of FRCC. With the fulfilment 

of minimum requirement, the developed ternary blended binder FRCC can be potentially 

used as repair material. 

 

5.3 Recommendation  

In this research, the experimental work was restricted mainly by the availability of 

facility and time constraint. There are other aspects that were not covered in the present 

study. The following recommendations are suggested for future investigation: 

1. Direct tensile test can be done to determine the tensile-strain curve and tensile 

strain capacity for FRCC. This would help to verify the slip-hardening behaviour 

in the developed FRCC. 

2. The developed ECC can be evaluated with commercially available high-

performance fibre reinforced mortar.  

3. Further testing on dimensional and electrochemical compatibilities such as 

restrained shrinkage and chloride penetration test can be performed in order to 

find out the durability of the developed FRCC. 
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4. Different water-to-binder content and higher range of GGBS content can be 

investigated in this research. 

5. Different method of bonding test between FRCC and substrate can be performed.  
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