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Abstract 

Nowadays, the demand for using high performance fiber-reinforced concrete (HPFRC) with 

improved qualities is widely increased throughout the world. As it is commonly known, for the 

production of a high performance concrete (HPC) matrix, a large amount of binder is normally 

used. The production of ordinary Portland cement (OPC) as the binder of concrete accounts for 

7% of CO2 emission, in which has a notable environmental impacts, and subsequently results in 

unsustainable concrete. This study is aimed at replacing OPC with innovative cements like calcium 

sulfoaluminate cement (CSA) and Type K cement to develop more sustainable HPFRC. Hence, 

twenty four different concrete mixes were developed and their mechanical, physical, durability 

and microstructural properties have been assessed. 

 

The first objective of this study is to study the influence of CSA cement on the properties of HPC. 

Additionally, CSA-blended mixes with OPC, and also ternary mix containing slag were produced 

to investigate the effect of blended binder on the features of HPC. The second objective of this 

study is to evaluate the effect of different metallic and non-metallic fibers at constant fiber content 

of 1% on the properties of HPFRC. Also, the effect of fiber hybridization on the engineering 

properties of HPFRC was studied. The results of this study indicate that the full replacement of 

OPC with Type K cement had insignificant influence on the mechanical properties of HPC, while 

the addition of CSA cement led to an increase in the strengths of HPC. Among different cement 

based concrete developed in this study, the best performing mix was attained by the concrete 

containing pure CSA cement. The addition of CSA cement results in a reduced shrinkage 

deformation, improved durability properties, and enhanced bond between cement matrix and 

fibers. The results of HPFRC indicate that the addition of double hooked-end (DHE) steel fibers 

significantly increased the engineering properties of concrete. A deflection-hardening behavior 

was attained in the flexural performance of HPFRC containing at least 0.5% DHE steel fibers. The 

findings of this study are of great interest to structural engineers and have the potential to 

significantly contribute toward expanding the use of HPFRC to different structural applications. 

 

Keywords: High performance concrete; Fiber-reinforced concrete; Type K cement; Calcium 

sulfoaluminate cement; Blended cement mix; Slag; Mechanical properties; Durability properties; 

Shrinkage deformation; Microstructural properties
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Chapter 1 

Introduction 

 

1.1 Problem statement 

 

Portland cement concrete is the most widely used human-made material on the planet; about 25 

billion metric tons are produced globally each year. Nowadays the demand for using high 

performance concrete (HPC) is widely increased throughout the world. As it is commonly known, 

for the production of a HPC matrix, a large amount of binder is normally used. Even though the 

reasons for concrete’s dominance are diverse, the massive production and consumption cycle of 

concrete have significant environmental impacts, making the concrete industry unsustainable. 

Currently, Portland cement concrete production accounts for around 7% of carbon dioxide (CO2) 

emissions annually. Most of the emissions are attributable to the production of ordinary Portland 

cement (OPC) clinker. The current approach to overcome this problem is through the reduction of 

clinker factor, and replacement of OPC with supplementary cementitious materials such as fly ash, 

slag, silica fume and natural pozzolan. However, due to growing field experience and increasing 

demand for those materials, there is an essential need to develop concrete made with new 

generation of cement like calcium sulfoaluminat cement (CSA). CSA clinker can also be blended 

with OPC to produce Type K cement, which is expansive. 

 

On the other hand concrete is a common building material, generally weak in tension, often ridden 

with cracks due to plastic and drying shrinkage. Moreover, mechanical loading conditions as well 

as drying shrinkage can cause the conventional concrete to crack and consequently reduce the 

overall strength and stiffness of the concrete structure. Once a crack has formed, water and 



Chapter 1. Introduction 

 

2 
 

aggressive agents such as chlorides and sulphates can penetrate quicker and greater into the 

concrete and subsequently accelerating the corrosion process and reducing the service life of 

reinforced concrete structures. Hence, introduction of short discrete fibers into the concrete can be 

used to counteract and prevent the propagation of cracks.  

 

The goal of the current study is to develop sustainable HPC through the replacement of OPC with 

innovative cement such as CSA cement and Type K cement. Moreover, the properties of CSA 

blended mixes containing slag as a replacement of OPC are assessed in some mixes. The current 

research also aims at understanding the effect of introducing different types of fibers like double 

hooked-end (DHE) steel fibers, hooked-end (HE) steel fibers, and polyvinyl alcohol (PVA) fibers 

on the mechanical, durability, and microstructural properties of HPC. Therefore, the findings of 

this research have the potential to significantly contribute toward expanding the use of HPC 

manufactured with innovative binders and reinforced with fibers to different structural 

applications. 

 

1.2 Objectives and innovative features 

 

The current doctoral thesis is designed to develop a much more sustainable HPC with and without 

fibers by replacing OPC with CSA cement. The inclusion of CSA cement in concrete has a variety 

of advantages such as lower carbon footprint, rapid strength gain, and lower shrinkage. However, 

the variation in the main composition of CSA cement can significantly influence the properties of 

concrete. Hence after clarifying its features, it can be used for several applications such as bridge 

decks, airport runways, patching roadways, and sidewalks. The hydration products and 

microstructure of CSA cement has been already investigated by many researchers. However, to 
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the knowledge of the author there is very limited data about the effect of blending OPC with CSA 

cement, and features of ternary mixes including slag. Moreover, the effect of introducing fibers on 

the properties of CSA-based concretes has not been studied. Therefore, developing high 

performance fiber-reinforced concretes (HPFRC) containing CSA will be of great interest for 

cement and concrete producers all over the world. In addition, the features of HPC were fabricated 

with Type K cement is not well understood by the researchers and further investigation is required 

to study its properties. The main objectives of the current study are as following: 

 Assessment the influence of CSA cement on the mechanical, durability and microstructural 

properties of HPC. As already discussed, the compositions of CSA cement has a significant 

influence on the properties of concrete. To the knowledge of the author this is the first 

study that comprehensively investigates the features of HPC made with CSA cement. 

 Investigating the properties of CSA-based concretes in binary and ternary systems 

containing cementitious materials, such as slag. 

 Studying the effect of expansive cement like Type K cement on the properties of HPC, 

with the aim of improving the bond between fibers and cement matrix and also 

compensating the shrinkage of concrete. 

 Understanding the effect of different fibers including DHE steel fibers, HE steel fibers, and 

PVA fibers at low fiber volume fraction of 1% on the properties of HPFRC made with 

CSA cement. Additionally, this study aims at investigating the effect of fiber hybridization 

and water-cement (w/c) ratio on the characteristics of the HPFRC.   
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1.3 Structure of the dissertation 

 

The current doctoral thesis is composed of eight chapters. The details of each chapter is as follow: 

Chapter 1: Introduction. This chapter covers the problem statement, objectives and innovative 

features of this study and structure of the dissertation. The aim of this chapter is to clarify why this 

research topic should be further investigated by researchers. 

Chapter 2: Research background. A literature survey of the main topics studied in this 

dissertation is presented. The essential of using alternative binders such as CSA cement is 

discussed. An overview on the topic of CSA cement and its effect on the mechanical and durability 

properties of concrete has been done. Additionally, pervious research on the properties of HPFRC 

are discussed, and the influence of different fibers on the characteristics of HPFRC is reviewed. 

Chapter 3: Materials and experimental program. The properties of materials employed in this 

study, mixing procedure, and testing method are presented in this chapter. Based on the nature of 

this research that is mainly focused on the experimental program, a set of experiments including 

compressive, splitting tensile, modulus of elasticity, flexural strength, single fiber pullout, drying 

shrinkage, water absorption, electrical resistivity, electrochemical potential of fibers in concrete, 

scanning electron microscopy (SEM), and X-ray diffraction (XRD) are discussed. 

Chapter 4: The influence of expansive cement on the mechanical, physical, and 

microstructural properties of hybrid-fiber-reinforced concrete. This chapter presents the 

results of the mechanical, physical, and microstructural properties of HPFRC made with expansive 

Type K cement. The results of this chapter has been obtained from the research that was carried 

out as a study abroad in the University of California, Berkeley. 
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Chapter 5: Mechanical, durability, and microstructural properties of high performance 

CSA-based composites. The mechanical, durability and microstructural properties of HPC made 

with CSA cement and fibers are analyzed and discussed in this chapter. Moreover, the effect of 

combined use of CSA with OPC, and blend mixes containing OPC, CSA, and slag with and 

without DHE steel fibers are evaluated in this chapter.  

Chapter 6: The influences of different types of fibers and fiber hybridization on the 

engineering properties of concrete containing CSA cement. The aim of this chapter is to 

investigate the effects of addition different types of fibers including DHE steel fibers, conventional 

HE steel fibers, and PVA fibers and their hybridization on the engineering properties of CSA-

based concretes. Hence, different concrete mixes at w/c ratios of 0.35 and 0.28 were developed 

and their compressive strength, splitting tensile strength, modulus of elasticity, flexural behavior, 

and dimensional stability have been evaluated. Additionally, the microstructure of concretes were 

observed by using SEM method. 

Chapter 7: Conclusions and recommendation for future research. This chapter provides a 

summary of the major conclusions that can be drawn from the research. Several recommendations 

for future work that stem from this work are also provided. 

Chapter 8: References. Generally, a number of most related references that have been used in the 

body of this dissertation are listed in this chapter. 
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Chapter 2 

Research background 

 

2.1 Introduction 

 

CSA cement is a new generation of cement industry, and further research are still required to fully 

understand the properties of concretes were manufactured with CSA cement. This chapter presents 

a review on the manufacturing and hydration products of CSA cement as well as the properties of 

concretes made with CSA cement including dimensional stability, mechanical properties, and 

durability properties. Moreover, a comprehensive review to date is presented to show the effect of 

different fibers on the mechanical, physical and durability related features of HPFRC. 

 

2.2 Need for alternative binders 

 

Concrete, with a yearly consumption of more than 25 billion tons [1], is the most used construction 

material in the world. Conventional concrete is a composite material that consists of OPC, 

aggregate, and water at proportions of approximately 12%, 80%, and 8%, respectively [2]. The 

Portland-based hydraulic cement was annually used about 4 billion tons in 2013 [3], and as is 

shown in Fig. 2.1, it is expected that its production rapidly grows in countries such as China, India, 

and some regions in middle East and Northern Africa [4]. It was reported that the Portland cement 

concrete production has a significant environmental impact due to the emission of carbon dioxide 

(CO2), in which accounts for around 5-7% emission annually [5]. The production of Portland 

cement clinker is the main reason leads to the CO2 emissions. The current approach to overcome 

this problem is through the reducing clinker factor, and replacing OPC with supplementary 

cementitious materials (SCM) such as fly ash, slag, silica fume and natural pozzolan [6]. However, 
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due to growing field experience and increasing demand for those materials, there is an essential 

need to develop concrete made with alternative binders such as calcium aluminate cements (CAC), 

CSA cement, alkali-activated binders, and supersulfated cements [7]. Recently, CSA cement 

gained an increased attention due to its lower amount of CO2 emission as compared to that of the 

OPC [8]. It is reported that the CO2 emission may reduce up to 35% by replacing OPC with CSA 

cement [9]. Using CSA cement in concrete results in an increased sulfate resistance, high 

impermeability and chemical resistance, and low chance for alkali-silica reaction [10]. Moreover, 

depending on CSA cement composition and subsequently its hydration products, different kind of 

binders like shrinkage-compensating concrete (SHCC), self-stressing concrete, and rapid-

hardening concrete can be developed [11-13]. 

 

Fig. 2.1 Global cement production [4]  
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2.3 Calcium sulfoaluminate cement (CSA) 

 

2.3.1 Manufacturing of CSA cement and its application 

CSA cements were first developed by Alexander Klein at the University of California at Berkeley 

in the 1960s [14]. Thereafter, various kind of CSA cements were successfully produced in China 

in 1970s and categorized as the “third cement series” [15, 16]. Limestone, a source of aluminum 

like bauxite or recycled materials, and gypsum are the raw materials for the production of CSA 

cements that are burned at 1250-1350°C, which resulting in a sulfate-based clinker [17]. The main 

compounds of the formed clinker are ye’elimite (C4A3$), followed by belite (C2S), aluminate and 

ferrite, depending on the raw materials [18]. The CSA clinker production caused lower amount of 

CO2 emission over that of the OPC due to the lower firing temperature, and lower used limestone 

percentage that subsequently contribute toward generating environmental-friendly binder [19]. As 

can be seen in Fig. 2.2, ye’elimite phase as the major compound of CSA cement releases 0.216 g 

CO2 per g of cementing phase, while alite (C3S) as the main phase in OPC releases 0.578 g CO2 

per g of cementing phase during calcination process [8]. 

 

 

 

 

 

 

 

 

Fig. 2.2 Amount of CO2 released for various cementitious phases during calcination process [8] 
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Dimensional stability features of CSA cement are significantly influenced by the variation of the 

gypsum and anhydrite content that were added to the raw mix [20]. The presence of gypsum 

(CaSO4) content in the range between 18-20%, 22-24%, and higher than 25% resulted in slight 

shrinkage during setting, minimal dimensional change, and notable expansion, respectively [12]. 

To develop expansive cement, CSA clinker can be blended with OPC. Expansive cement based on 

its main components can be classified to three different types of K, M, and S [21], which resulting 

in shrinkage-compensating concrete and self-stressing concrete [22]. Type K cement is a modified 

Portland cement containing ye’elimite, gypsum, and lime. The main component of Type M cement 

is gypsum that appropriately mixed with Portland cement and alumina cement, while high amount 

of tricalcium aluminate (C3A) is available in Type S cement [23]. The magnitude of the final 

expansion is the dominant factor that influencing the properties of expansive concrete that is larger 

in self-stressing concrete [24]. 

 

The presence of ye’elimite phase in the CSA cement results in the rapid generation of ettringite, 

and interlocking and bonding between ettringite crystals consequently caused high early strength 

[25]. The lower alkalinity of pore solution in CSA cement over that of the OPC make it as a 

promising binder to develop high performance glass fiber-reinforced composites [26]. 

Additionally, CSA cements and their blends with OPC have the potential to encapsulate hazardous 

waste due to their lower porosity, and the ability of ettringite and AFm phases to bind heavy metals 

[27-29]. CSA cements have several applications based on their performance, and this binder has 

been successfully used in China for the production of concrete in concrete pipes, bridges, precast 

concrete, waterproof layers, pre-stressed concrete, shotcrete, and low temperature constructions 

[30-32]. 
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2.3.2 Hydration product of CSA cement 

The main compound of CSA cement is ye’elimite that its hydration products can be varied 

depending on the availability of calcium sulfate and lime [33, 34]. In the presence of both calcium 

sulfate and lime, it is expected that the ye’elimite hydration forms only ettringite crystals based on 

the Eq. (2-1):  

C4A3$ + 8C$ + 6CH + 90H           3(C6A$3H32)                                                                         (2-1) 

In the absence of lime, the hydration products consist of ettringite and amorphous aluminum 

hydroxide (Eq. (2-2)): 

C4A3$ + 2C$ + 38H            C6A$3H32 + 2AH3                                                                              (2-2) 

 

When calcium sulfate is consumed and in the absence of lime, the ye’elimite hydration will lead 

to the formation of monosulfate and amorphous aluminum hydroxide (Eq. (2-3)): 

C4A3$ + 18H             C4A$H12 + 2AH3                                                                                       (2-3) 

 

It is worth noted that the calcium sulfate is always present within commercial formulations of CSA 

cement in forms of anhydrate in the CSA clinker or added to it as gypsum or anhydrite. The 

required lime to form ettringite in Eq. (2-1) can be derived from different ways: (1) free CaO 

sourced from the CSA clinker, (2) calcium hydroxide generated by hydration of belite as the 

second phase of CSA clinker, (3) calcium hydroxide originated by hydration of OPC blended with 

the CSA cement, and (4) calcium hydroxide originated by hydration of modified OPC containing 

C4A3$ instead of C3S [35]. As it can be seen from the above equations, the main hydration product 

of ye’elimite is ettringite. However, the properties of ettringite formed in Eqs. (2-1) and (2-2) are 

significantly different. The ettringite formed in the presence of lime exhibit an expansive behavior 
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(Eq. 2-1) that can contribute toward development of self-stressing and shrinkage-resistant binders 

[11, 36, 37]. It has been reported that the morphology of these ettringite is different with others 

and colloidal ettringite with high specific surface are formed through the first reaction pathway 

[38]. The expansion of CSA cements can be attributed to the adsorption of water molecules 

whereby colloidal ettringite based on the swelling theory [39, 40]. On the other hand, the absence 

of lime (Eq. 2-2) caused to the formation of non-expansive large ettringite crystals, which 

subsequently resulted in a high early mechanical strength [41, 42]. Lower drying shrinkage and 

solution alkalinity as well as high impermeability and chemical resistance are other promising 

features of these dimensionally stable and rapid-hardening cements [12, 43].   

 

Moreover, the presence of belite as the second phase in CSA cement results in the formation of 

strätlingite (C2ASH8) based on the Eq. (2-4). Winnefeld and Lothenbach [44] used a 

thermodynamic modeling to determine the phase development with ongoing hydration of CSA 

cement containing belite as shown in Fig. 2.3. 

C2S + AH3 + 5H             C2ASH8                                                                                                   (2-4) 

 

In binary mix containing OPC and CSA cements, in which CSA has been added at more than 50% 

of the total binder, the hydration of OPC compounds takes place after several hydration days [45]. 

The hydration of alite as the main component of OPC results in the formation of strätlingite and 

portlandite based on the Eq. (2-5).  However, if the content of CSA in blended mix with OPC is 

low, the calcium-silicate-hydrate (C-S-H) and portlandite will be produced. Additional ettringite 

crystals also expected to be formed through the reaction of C3A as the accessory phase in OPC 

based on the Eq. (2-6): 
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C3S + AH3 + 6H            C2ASH8 + CH                                                                                           (2-5) 

C3A + C$ + 32H            C6A$3H32                                                                                              (2-6) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.3 Phase development of a CSA cement with a water-cement ratio of 0.8 as a function of hydration 

time calculated by thermodynamic modeling [44] 

 

2.3.3 Dimensional stability of CSA cement and expansion mechanism 

Volumetric changes of cementitious materials are unavoidable due to their ongoing hydration. 

Dimensional stability of concrete is closely linked to the properties of cement paste, in which pore 

structure, specifically pore size is principal factor. At the beginning, these porosities are saturated 

with water. However, ongoing hydration of cementitious materials results in self-desiccation 

jointly with external evaporation. As a result of that, capillary stresses will develop in cement 

matrix and consequently leads to macroscopic shrinkage [46, 47]. Shrinkage cracking in concrete 

structures may accelerate other forms of damage in concrete such as corrosion, freeze/thaw 
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damage, and subsequently shorten the service life of structures [48]. Hence, expansive cement like 

CSA cement are developed to overcome this weakness and compensate the shrinkage of concrete. 

The dominant factors influencing the magnitude of expansion in CSA cement are the content of 

ye’elimite and added calcium sulfate, the particle size distribution, the w/c ratio, and lime content 

[49-51]. There are two main theories that proposed to outline the expansion mechanism of CSA 

cement as a result of ettringite precipitation. 

 

 Crystallization pressure theory: Based on this theory, the expansion of CSA cement can be 

attributed to the ettringite formation in small pores in a supersaturated pore solution [52-54]. 

Taber [55] used experiments to show the role of supersaturation in applying stress as shown in 

Fig. 2.4. He reported that in a saturated solution, a crystal is not always able to lift a given 

weight. On the other hand, a supersaturated solution provides condition that a crystal can grow 

and lift a specific weight as a result of crystallization stress generated due to the crystal growth. 

Additionally, in a supersaturated solution and in the presence of one loaded crystal and one 

unloaded crystal, the experiment indicate that the unloaded crystal grows to consume the 

supersaturation. In absence of evaporation in a saturated solution, the unloaded crystal grows 

while the loaded crystal would dissolve. This clearly reveals the contribution of pressure on 

solubility of the crystal. It should be taken into account that these experiments were conducted 

under equilibrium conditions and the effect of ions transport and kinetics were not considered.  
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Fig. 2.4 Experiments conducted by Taber to show the role of supersaturation in exerting pressure [55] 

 

 Swelling theory: According to the swelling theory proposed by Mehta [11], the expansion of 

CSA cement is directly linked to the swelling behavior of fine ettringite crystal. It was reported 

that the presence of lime changed the morphology of ettringite crystal (Fig. 2.5), in which 

resulting in finer colloidal ettringite crystals that tend to adsorb polar molecules of water and 

consequently cause an expansion [56, 57]. There are also studies [58, 59] pointed out that the 

both described theories can result in an expansion in CSA cement. Additionally, Mather [60] 

proposed that the expansion can be attributed to the increased solid volume. However, there 

exist no convincing evidence to support this hypothesis and correlate the expansion of cement 

matrix to the total content of ettringite crystals [61]. 
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Fig. 2.5 SEM micrographs indicating different ettringite crystals in C4A3$-C$ system: (a) colloidal ettringite 

in the presence of lime, (b) prismatic long ettringite in the absence of lime [57] 

 

2.3.4 Mechanical properties of CSA cement  

Generally, the same factors that affecting the dimensional stability of CSA cement can also alter 

its mechanical properties. The cement particle size distribution, w/c ratio, curing condition, clinker 

phase assemblage, and the content of added calcium sulfate are variables that affect the properties 

of concrete produced with CSA cement. Concrete made with finer cement particle size distribution 

gained faster strength development due to the presence of greater surface area of the cement to 

react. A suitable curing condition is essential for any kind of cements to exploit hydration reactions 

and develop concrete with enhanced strength. Using wet plastic sheets or external water as well as 

the addition of curing compound can provide conditions that promote hydration of cement particles 

and subsequently lead to improved strength. There is a direct correlation between the porosity and 

w/c ratio of concrete. The strength of concrete increases by lowering the w/c ratio due to the 

reduced capillary porosity. Pores are not able to carry the load, and their reduction causes a strength 

development. On the contrary, high w/c ratios result in an increased porosity in the microstructure 
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of cement matrix that consequently cause lower mechanical strength [62, 63]. It has been reported 

that the formation of ettringite and monosulfate phases in the CSA cement consumed large volume 

of water that resulting in a lower porosity over that of the OPC for a given w/c ratio and rate of 

hydration [64]. To study the hydration reactions of CSA cement, different w/c ratios including 

very low w/c ratios of 0.35-0.45 [65-67], moderate w/c ratios of 0.5-0.6 [68-70], and very high 

w/c ratios of 0.7-0.8 [71, 72] were used. A w/c ratio of 0.64 is theoretically required for the 

hydration of CSA cement through reaction pathway of Eq. (2-2). However, the presence of 

different minor phases in CSA cement can also affect the hydration products as well as 

aforementioned w/c ratio. It should be noted that it would not be possible to establish a general 

theoretical water demand for full hydration of CSA cement due to the large variation in its 

compositions.  

 

The increase in the content of ye’elimite in the CSA clinker leads to a higher strength at early ages, 

while an increase in the belite content results in an improvement in the strength at later age. In 

general, raising the content of calcium sulfate results in a lower strength of concrete [73], while its 

presence speed up the hydration process of CSA cement [74]. Hence, it is expected to attain higher 

strength at early ages by addition of calcium sulfate to the CSA cement. However, it should be 

noted that the addition of calcium sulfate more than 25% can result in reduced strength due to the 

cracking of cement matrix. Additionally, the type of calcium sulfate added to the CSA cement can 

significantly change the mechanical properties of concrete. Using reactive calcium sulfate like 

gypsum improves the early age strength [75], while the addition of low reactive calcium sulfate 

like anhydrate increases the strength at later age due to the delayed ettringite formation [20]. 
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2.3.5 Durability properties of CSA cement  

Durability is one of the most important aspects of the concrete due to its fundamental incidence on 

the serviceability working conditions of concrete structures [76]. It is well understood that a well-

formulated CSA cement based concrete is able to resist against different physical and chemical 

attacks it may subjected during its service life. However, the performance of concretes fabricated 

with CSA cement is poorer as compared to that of the OPC over time [77]. Carbonation, sulfate 

attack, and chloride diffusion can result in deterioration of concrete structures made with CSA 

cement. Basically, ion diffusion is required for all those effects that is related to the microstructural 

properties of concrete. In CSA cement based concrete, the resistance to diffusion is increased due 

to the formation of significant amount of hydration products, particularly at early ages that 

subsequently reduces the interior pore space [78]. Additionally, hydration of CSA cement 

consumes the free water quickly that consequently hinders the growth of porosity. However, the 

addition of CSA cement in concrete increases the possibility of carbonation due to the presence of 

rich amount of ettringite crystals [79]. Carbonation decomposes the ettringite crystals and forms 

calcium carbonate, calcium sulfate, and alumina gel, which causes a reduction in the strength of 

concrete [19, 80]. It was reported that the 28-days strength of CSA cement-based concrete was 

reduced by up to 7.1% as a result of accelerated carbonation [77]. In another study, Mechling et 

al. [81] studied the carbonation resistance of mortars produced with CSA cement at different w/c 

ratios and subjected to variable curing conditions. They reported that mortar made with CSA 

cement specifically at high w/c ratios (i.e. 0.58 and 0.78) were more sensitive to carbonation over 

that of the mortars containing OPC. However, it was observed that the carbonation resistance was 

almost equal for both type of mortars at lower w/c ratio of 0.45. Similarly, Zhang and Glasser [17] 
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reported that reducing the w/c ratio reduces the risk of carbonation in concrete made with CSA 

cement and comparable results with OPC concrete can be attained. 

 

Lower pH of CSA cement over that of the OPC increases the concern of steel bars corrosion 

embedded in the concrete. On the other hand, lower pH in CSA cement-based concrete results in 

a lower risk of alkali-silica reaction compared to that of the OPC concrete [15]. The results of the 

existing studies on the corrosion resistance of steel bars in concrete made with CSA cement are 

still contradictory. For instance, Glasser and Zhang [12] pointed out that there was no evidence of 

corrosion on the surface of steel bars embedded in CSA concrete after 14 years, and they remained 

passivated. The good performance of concrete with CSA cement against the corrosion can be 

attributed to the lower permeability as well as the self-desiccation features that subsequently 

reduces the bleeding water in the vicinity of steel bars. On the contrary, Kalogridis et al. [82] 

observed that more negative potential was attained in concrete with CSA cement compared to that 

of the OPC concrete in half-cell potential test. This can be explained by the less alkalinity of pore 

solutions in concrete fabricated with CSA cement that subsequently increases the risk of bars 

corrosion. 

 

2.4 High performance fiber-reinforced concrete (HPFRC) 

 

2.4.1 Mechanics of crack formation and propagation 

Concrete usually exhibits large numbers of micro-cracks even before it is subjected to any loads 

[83]. The aggregate-mortar interface is typically the weakest link in the composite concrete system 

[84-86]. During loading, cracks will typically form at interfacial transition zone (ITZ), generally 

the weakest part of most hardened concrete, and influence the mechanical properties of the 
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concrete. Cement-based materials have a relatively low tensile strength and low tensile strain 

capacity. Due to its low tensile strain capacity, concrete has a brittle behavior and cracks are almost 

inevitable in any concrete structure [87, 88]. The applied load surpassing the low tensile strength 

of the concrete is the primary reason of crack formation [89]. These cracks propagate under loading 

and contribute to the non-linear behavior at low stress levels and volumetric expansion until 

failure. The fiber has the ability of transferring stress between the matrix and tensile strains at 

rupture [90]. This fiber capability, causes an improvement in the post-cracking behavior and the 

toughness of the concrete [91, 92]. 

 

2.4.1.1 Pre-cracking mechanisms (Stress transfer) 

Concrete is a heterogeneous material with pores and micro-cracks caused by shrinkage and thermal 

strains, which have been restrained by coarse aggregates and boundary conditions. Hence, during 

loading, the matrix transfers part of the load to the fibers before any macro-cracks are initiated 

[93]. As a consequence, it has been shown that the strength of the concrete can be increased by 

adding fibers with a higher elastic modulus than that of the matrix [94].  

 

2.4.1.2 Post-cracking mechanisms (Crack bridging) 

In fiber-reinforced concrete (FRC), the main effect from fibers comes after the initial cracking of 

the matrix. The steel fibers are able to bridge the cracks and transfer the stress across the cracks. 

The presence of steel fibers is also able to limit the propagation of the cracks [95, 96]. The tensile 

strength of the steel fibers is higher than that of the hardened concrete. Therefore, the failure of a 

FRC is mainly due to the failure of the bonding between the concrete paste and the fibers. This 

pullout effect of fibers was observed in the failure of FRC tensile tests. The inclusion of deformed-
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end fibers (e.g. hook-end steel fibers) results in a considerable energy dissipation that takes place 

to straighten and plastically deform the fibers [97-100]. There will be also the combined effect of 

aggregate and fibers bridging in FRC. Comparing the two types of bridging effect from the 

aggregate and steel fibers, the effect of steel fibers bridging is significantly greater as it is shown 

in Fig. 2.6. The process from crack initiation to failure of the specimen can be broadly divided into 

three zones: 1) a zone of micro-cracking and macro-crack growth, 2) bridging zone and 3) traction-

free zone [101]. Depending on the amount of fibers crossing the crack and on the fiber matrix 

bonding, the post-crack stress can be larger than the cracking load, resulting in a so-called strain 

hardening behavior where multiple cracks occur. However, for normal fiber content (<1%) the 

concrete exhibits strain softening behavior, which the damage localizes immediately after 

initiation of the first crack. 

 

Fig. 2.6 Schematic description of the stress-crack opening relationship for the plain concrete and FRC [101] 
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2.4.2 Fiber orientation and its effect on the mechanical properties of FRC 

Efficiency of fibers in enhancing mechanical properties is significantly influenced by their 

orientation with respect to the cracks formed in concrete [102, 103]. The positive effect of fibers 

on the performance of FRC is maximized when the fibers are aligned perpendicular to the crack 

openings in the direction of stress [104, 105]. Mechanical property results of FRC show scatter as 

a result of variations in the fiber orientation in different specimens [106-110]. The orientation of 

fibers is generally characterized through the so-called orientation number, ηө, which varies from 

0.0 to 1.0, denoting fibers parallel and orthogonal to the analyzed cross-section, respectively [111]. 

The parameters that affect the fiber orientation in composites include the fresh-state properties, 

casting method, vibration, flow direction, and formwork geometry [112-115]. Among these, the 

wall-effects produced by the formwork and the fresh-state characteristics of SFRC are recognized 

as the most influential [116, 117]. There are different techniques to measure the alignment of steel 

fibers in concrete, which can be classified as destructive and non-destructive methods. Researchers 

have studied the fiber orientation in the composites by using different techniques, such as the 

manual counting [118, 119], image analysis [120, 121], electrical AC-Impedance measurement 

[116, 122-124], electrical resistivity [107, 125, 126], and X-ray computed tomography [108, 127-

129]. The last of these techniques is a non-destructive method that investigates the internal 

structure of materials. This technique has recently become popular among researchers owing to its 

advantages such as higher accuracy and simplicity over the other techniques [127]. 

 

Lin [130] investigated the effect of fiber orientation on the compressive strength of specimens 

were drilled from a concrete block with dimensions of 1060×1060×300 mm. It was found that the 

samples taken vertically from the concrete block had a larger compressive strength compared to 



Chapter 2. Research Background 

 

22 
 

that of the specimens taken horizontally. This can be attributed to the fact that fibers were aligned 

more horizontally in the specimens taken vertically, and consequently they arrested the 

propagation of vertical cracks created during compression. This is in agreement with the findings 

of Bonzel and Schmidth [131]. Barnett et al. [107] studied the effect of fiber orientation on the 

flexural strength of ultra-high performance fiber-reinforced concrete by assessing the effect of 

flow direction to evaluate the influence of fiber orientation on the results. It was found that the 

fibers tended to incline perpendicularly to the flow of concrete. It was also shown that panels 

poured from the center had the highest strength compared to those poured randomly or at several 

locations around the perimeter of the panel. Edgington and Hannant [132] reported that the flexural 

strength of specimens that were cast horizontally increased by 75% over that of the specimens cast 

vertically. In another study, Ponikiewski et al. [128] investigated the effect of fiber orientation on 

the flexural strength of beams that were cut from a wall with dimensions of 1200×1200×150 mm. 

In this study, the concrete was pumped from the upper middle section of the formwork to fill the 

structure. It was shown that the specimens taken from the bottom part of the wall exhibited the 

best post-cracking behavior, which was also verified by the better dispersion and alignment of 

fibers seen in the X-ray computed tomography results. As evident from the summary presented in 

this section, the fiber alignment has a considerable influence on the mechanical properties of FRC, 

and it should be taken into consideration in the design of different structural elements 

manufactured with FRC.  

 

2.4.3 Mechanical properties of fiber-reinforced concretes 

It has been shown that different parameters of fibers such as type, content, aspect ratio, and length 

affecting the properties of fiber-reinforced concrete. Therefore, it is quite essential to consider the 
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influence of each factor on the concrete mix design. This chapter was aimed at making a significant 

contribution toward the understanding of the effect of these important factors on the properties of 

FRC. A special focus is drawn on the steel fiber-reinforced concrete as their applications are 

widespread. However, the influence of the other fiber types and fiber hybridization on the 

properties of concrete including different fibers is also presented to make a comprehensive 

conclusion.  

 

2.4.3.1 Compressive strength 

In general, HPFRC exhibits higher compressive strength than concrete without fiber [133-136]; 

however, there are instances where conflicting results on the compressive strength of HPFRC are 

reported in the literature [137]. 

 

Song and Hwang [138] studied the effect of steel fiber on the compressive strength of high strength 

concrete (HSC) at the fiber content including 0.5%, 1.0%, 1.5%, and 2.0% by volume of concrete. 

The maximum compressive strength was obtained with the inclusion of 1.5% fiber in which the 

compressive strength was measured to be 15.3% higher than that of the HSC without fiber. In 

another study by Ding et al. [139], it was reported that steel fiber had no significant influence on 

the compressive strength of hardened concrete. In their study, they introduced hooked-end steel 

fiber (L=35 mm and D=0.55 mm) at the dosages of 25 and 50 kg/m3. It has been shown that the 

compressive strength of HPFRC was almost equal to that of plain concrete. Eren and Ҫelik [140] 

pointed out that the content and aspect ratio of fibers are primary factors governing the 

compressive strength of concrete. In this study, it was observed that the use of steel fiber with 

higher content and aspect ratio led to a higher increase in the compressive strength. Köksal et al. 
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[141] also studied the influence of steel fiber on the compressive strength of FRC containing silica 

fume. To investigate the effect of silica fume, it was used at three different percentages including 

5%, 10%, and 15%. Additionally, steel fiber was used with aspect ratios of 65 and 80 at two fiber 

contents of 0.5% and 1.0%. It was reported that the compressive strength values of concretes 

having aspect ratio of 80 were higher than that of concretes with aspect ratio of 65 at the same 

silica fume and steel fiber content. The addition of 1% steel fiber content with aspect ratios of 80 

and 65 resulted in an increase up to 117.6% and 113.8%, respectively in the compressive strength 

of steel fiber-reinforced concretes having 15% silica fume as compared to that of control specimen. 

 

2.4.3.2 Modulus of elasticity 

In homogeneous materials, a direct relationship exists between density and modulus of elasticity. 

In heterogeneous, multiphase materials such as concrete, the density, the modulus of elasticity of 

the principal constituents, and the characteristics of the transition zone determine the elastic 

modulus behavior of the composite [142]. The experimental test results indicate that the use of 

fibers has no significant influence on the modulus of elasticity of concrete, particularly at a low 

fibers content [143, 144]. It was reported by some researchers [145-149] that introducing fibers, 

and specifically steel fibers caused an increase in the modulus of elasticity of concrete, whereas 

other researchers could not comply with it [150-153]. 

 

Beigi et al. [154] studied the influence of fiber types on the properties of self-consolidating 

concrete. Steel fiber at the content of 0.2%, 0.3%, and 0.5%, polypropylene fiber at the content of 

0.1%, 0.15%, and 0.2% and glass fiber at the content of 0.15%, 0.2%, and 0.3% were used. It was 

reported that the inclusion of fibers did not significantly affect the modulus of elasticity of the 
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concrete and in the most cases a slight reduction in the modulus of elasticity was observed as 

compared to that of the control concrete. In another study performed by Suhaendi and Horiguchi 

[155], it was reported that the incorporation of polypropylene fiber led to a reduction in the 

modulus of elasticity. However, introducing steel fiber in concrete resulted in an increase up to 

7% and 22% in the modulus of elasticity of concrete with 0.25% and 0.5% fiber content, 

respectively as compared to that of the control specimen. Aulia [156] studied the effect of addition 

PP fiber at the content of 0.2% on the elastic modulus of concretes with different types of 

aggregate. He showed that the inclusion of polypropylene fiber in concrete did not significantly 

affect the modulus of elasticity of the HSC. The average increase in the modulus of elasticity of 

concrete with different aggregates containing polypropylene fiber was up to 6% and the average 

decrease amounted up to 5%. This indicates that the use of 0.2% polypropylene fiber resulted in a 

low influence on the modulus of elasticity of concrete rather than the influences contributed by the 

other compositions of the concrete. 

 

2.4.3.3 Stress-strain curve 

Typically, the stress-strain curves of most normal strength concretes are roughly linear to about 

one-third to one-half of the concrete’s ultimate strength [157]. In case of high strength concrete it 

has been found to be straight up to 85% or more of the peak stress [158]. Such a high linearity of 

the stress-strain relationship can be attributed to the absence of micro-cracks at low load levels 

[142, 159], which causes sudden failure and high brittleness behavior of concrete. It was reported 

that the addition of steel fibers into concrete has little-to-no effect on the ascending part of the 

stress-strain relationship, while it has a significant effect on the descending branch of the curve 

[160-163]. However, Ding and Kusterle [94] found that at early age, fiber reinforcement has a 
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significant effect on the ascending portion of the stress-strain curve. In addition, it has been shown 

that the descending part of the stress-strain curve is an essential key element in the non-linear 

analysis and design of reinforced concrete members under compression loads. 

 

Marar et al. [164] indicated that an increase in the content and aspect ratio of fiber led to an increase 

in the compression toughness of concrete. It was reported that the use of 2% steel fiber content 

with aspect ratios of 60, 75, and 83 caused the compression toughness energy of concrete to 

increase by 5.4, 7.0, and 7.6 times, respectively compared to that of the plain HSC. As it is shown 

in Fig. 2.7, the slope of the descending part decreased as the fiber content increased, which resulted 

in an increase in the tough-ness. An increase in the fiber content led to an improvement in the post-

peak ductility and energy absorption capacity of the high strength FRC. Additionally, the strain at 

the peak compressive stress was also increased with an increase in the volume of fiber. This finding 

was in agreement with the results of Ünal et al. [165], Ezeldin et al. [166], Panzera et al. [167] and 

Nataraja et al. [168]. 

 

 

 

 

 

 

 

Fig. 2.7 Typical stress-strain relationship for HSC containing steel fiber with aspect ratio of 83 at fiber 

volume content of 0.5%, 1.0%, 1.5%, and 2.0% [164] 
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2.4.3.4 Splitting tensile strength 

The tensile strength of concrete is much lower than the compressive strength, which is normally 

assumed to be equal to zero and is not considered directly in design [169, 170]. This is 

demonstrated that under tensile loading, cracks propagate rapidly at much lower stress levels than 

when compared to compressive stress levels, which cause brittle failure in the concrete [171]. Even 

for reinforced concrete structural members, due to the low tensile strength of concrete, the concrete 

cover is likely to be cracked under load. Dewar [172] studied the relationship between the indirect 

tensile strength (cylinder splitting strength) and the compressive strength of concretes having 

compressive strengths of up to 85 MPa at 28 days. It has been shown that at low strengths, the 

indirect tensile strength may be as high as 10% of the compressive strength, but at higher strengths 

it appears to reduce to 5%. It was observed that the splitting tensile strength was about 8% higher 

for crushed-rock-aggregate concrete than that of the gravel-aggregate concrete. 

 

Lu and Hsu [173] reported that HSC experienced a brittle splitting tensile failure when the lateral 

deformation exceeded its tensile capacity, while the steel fiber HSC exhibited more ductility 

without a sudden breakage of the cylinder, which could be attributed to the reinforcement effect 

of steel fiber. Previous researchers [174-180] have shown that the addition of steel fibers in very 

low contents (Vf ≤ 0.5%) in concrete resulted in a maximum increase in the splitting tensile 

strength ranged from 9% to 50% when compared to the concrete without fiber. For low contents 

(0.5% < Vf ≤ 1%) and higher contents (1% < Vf ≤ 2%) of fibers, an improvement was observed in 

the splitting tensile strength varied from 15% to 121% and 40% to 143%, respectively. Some other 

studies investigated the influence of synthetic fibers on the splitting tensile strength of concrete. 

For instance, Song et al. [181] pointed out that the inclusion of 0.6 kg/m3 nylon and polypropylene 
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fiber in concrete resulted in an increase up to 17.1% and 9.7% in the splitting tensile strength, 

respectively as compared to that of the control concrete. Mohammadi et al. [182] conducted an 

experiment to study the behavior of hybrid fiber-reinforced concrete. As it can be seen in Fig. 2.8, 

a maximum increase up to 59% was observed in the splitting tensile strength of the concrete with 

65% long fiber (L=50 mm and L/D=40) and 35% short fiber (L=25 mm and L/D=20) at a fiber 

volume fraction of 2% with respect to control specimen. 

 

 

 

 

 

 

 

 

 

 

Fig. 2.8 Typical splitting tensile strength of fiber-reinforced concretes with mixed aspect ratio of fibers at 

different fiber volume fractions [182] 

 

2.4.3.5 Flexural strength 

It has been reported that the inclusion of fibers in HPC resulted in an increase in the flexural 

strength of concrete [183-188]. The reason for this increase is that after matrix cracking, the fibers 

will carry the load that the concrete sustained until cracking by the interfacial bond between the 

fibers and the matrix. Therefore, the fibers resist the propagation of cracks and tend to reduce the 

sudden failure of specimen, which causes an increase in the load carrying capacity of concrete 
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[189, 190]. Balaguru et al. [191] investigated the influence of fiber type, content, and length on 

the flexural behavior of HSC. It has been shown that the use of hooked-end steel fiber in concrete 

was very effective in increasing the toughness when compared to other types of fiber. It was also 

pointed out that the fiber content in the range of 30 to 60 kg/m3 was sufficient to obtain a ductile 

behavior. Toutanji [192] studied the effect of PP fiber at different fiber volume fractions on the 

flexural strength of concrete. It has been shown that an increase in the fiber volume fraction 

resulted in an increase in the post-peak flexural resistance of concrete. A pronounced increase in 

the flexural strength was noted upon increasing the fiber volume fraction from 0.1% to 0.3% and 

a relatively smaller increase was observed as a result of the addition 0.5% fiber content. The test 

results reported by Banthia and Sappakittipakorn [193] are shown in Fig. 2.9. Although 

hybridization appears to be a promising concept, FRC with hybridization of large and small 

diameter crimped fibers failed to reach the toughness levels demonstrated by FRC with small 

diameter fiber alone. 

 

 

 

 

 

 

 

 

 

Fig. 2.9 Typical flexural load-deflection curves for single and hybrid steel fibers with diameters of 0.80 

mm and 0.40 mm at a volume fraction of 0.75% [193] 
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Sivakumar and Santhanam [175] reported that the combined use of polypropylene, glass or 

polyester fibers with steel fiber led to an increase in the pre-peak and post-peak performance of 

FRC compared to those of the concrete without fiber. Blunt and Ostertag [194] also showed that 

the use of hybrid fibers was very effective in improving the flexural behavior of concrete when 

compared to that of the composite with single fiber. As can be seen from Fig. 2.10, the mixture 

with 1.5% total fiber content (0.8% S2 + 0.5% S1 + 0.2% PVA) showed a significant increase in 

the post-cracking resistance of the concrete compared to that of the concrete with monotype fiber. 

It has been shown that the use of fiber hybridization resulted in an increase up to 196% in the 

maximum flexural strength relative to the control concrete. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.10 Typical flexural load-displacement of single fiber and hybrid fiber proportions at the same total 

fiber content [194] 
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2.4.4 Physical and durability properties of fiber-reinforced concretes 

In this section, the influence of different parameters such as fiber type, fiber content and fiber 

aspect ratio on the properties of FRC is discussed. Considering the important effect of mineral 

admixtures on the properties of concrete, this paper was aimed to address their contribution on the 

physical and durability behavior of FRC.  

 

2.4.4.1 Drying shrinkage 

Drying shrinkage has a serious impact on the structural and durability performance of the concrete. 

Shrinkage cracking in concrete structures may accelerate other forms of damage in concrete such 

as corrosion, freeze/thaw damage, and subsequently shorten the service life of structures [195, 

196]. Shrinkage of concrete due to loss of water is closely linked to the properties of cement paste, 

in which pore structure, specifically pore size is principal factor. The shrinkage of concrete is also 

affected by many different parameters such as composition of the concrete, method of curing, 

ambient temperature and humidity condition [197].  

 

In one study Cheung and Leung [198] studied the effectiveness of sulfoaluminate cement (SAC) 

and shrinkage reducing admixture (SRA) on the shrinkage of high-strength fiber-reinforced 

cementitous composites (HSFRCC) with various water-binder ratios. HSFRCC were 

manufactured with water-binder ratios of 0.19, 0.3 and 0.4 when OPC was used. Concretes with 

SAC were developed at water-binder ratios of 0.21, 0.3 and 0.4. Micro-steel fiber (L=13 mm and 

D=0.16 mm) was used at the volume fraction of 2% in all mixes. It has beenreported that SAC was 

more effective in reducing the shrinkage of HSFRCC with higher water-binder ratios (0.3 and 0.4), 

whereas SRA indicated better performance in a lower water-binder ratio. The combined use of 



Chapter 2. Research Background 

 

32 
 

SAC and SRA led to a very significant reduction in the shrinkage of concrete. Drying shrinkage 

was decreased by over 80% when the water-binder ratio was around 0.2, while the reduction was 

over 70% for mixes with water-binder ratios of 0.3 and 0.4. Other researches also indicated that 

the use of SRA in concrete caused a reduction in the shrinkage of cementitious materials [199-

202]. 

 

Though researchers have been studying the effect of fibers on the drying shrinking of concrete for 

decades, their results really explored contradictory conclusions [203-205]. Some studies showed 

that fibers had an insignificant effect on the shrinkage [206-208], while others indicated a real 

contribution of fibers in reducing the shrinkage of FRC [209-212]. A reduction up to 8% [213], 

24% [214], 32% [215], 50% [216], and 65% [217] have also been reported by researchers. Kaïkea 

et al. [135] studied the effect of mineral admixtures and steel fiber content on the drying shrinkage 

of HPC. In this study, the cement weight was replaced by 10% or 20% of silica fume or slag, 

respectively as a supplementary cementitious materials. Corrugated steel fiber (L=55 mm and 

D=0.8 mm) was added into concrete at fiber volume fraction of 1% and 2%. The water to binder 

ratio was equal to 0.27. Fig. 2.11 indicates that an increase in the fiber content resulted in a 

significant reduction in the shrinkage strain of concrete, particularly at 28-day. Specimens with the 

fiber content of 1% (HPCB1% and HPCS1%) showed a reduction in the shrinkage of concrete 

varied from 4% to 9% as compared to that of the corresponding plain concrete specimens. 

Introducing 2% fiber content (HPCB2% and HPCS2%) in concrete led to a reduction in the 

shrinkage ranged from 15% to 24%. This is in agreement with the results of Mangat and Azari 

[218] that demonstrate an increase in the steel fiber volume fraction has a significant influence on 

the reduction of drying shrinkage. 
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Fig. 2.11 Typical free shrinkage of high performance fiber-reinforced concrete: (a) include silica fume, (b) 

include blast furnace slag [135] 

 

2.4.4.2 Creep 

Concrete due to its poor strain capacity and low tensile strength is a brittle material and highly 

sensitive to cracking. In most cases, cracks can significantly reduce the lifetime of a structure by 

allowing aggressive agents to move into the cracked areas [219]. The evolution of strains and crack 

openings through time is fundamental for the durability of concrete structures. Therefore, time-

dependent phenomena such as shrinkage and creep must be taken into account along with 

instantaneous strains and cracking [220, 221]. Concrete is known to deform considerably under 

constant loading and normal service conditions. Compressive creep strain in conventional concrete 

can be 1.30 to 4.15 times higher than the initial elastic strain under standard conditions [222, 223]. 

Rossi et al. [224] conducted a study to compare the creep of concrete in tension and compression. 

It was pointed out that the basic creep was more important in compression than that of in tension, 

while the tensile creep and compressive creep in drying conditions were equivalent. It was also 

reported that there was a greater difference between the basic creep in tension and in compression 
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when the concrete was younger. Bywalski et al. [215] investigated the influence of steel straight 

fiber (L=13 mm and D=0.2 mm) on the creep behavior of HSC. Steel fiber with three volume 

fractions of 1%, 2%, and 3% was used as the reinforcing material. To investigate the creep of HSC, 

the water-binder ratio of 0.26 was used. As can be seen in Fig. 2.12, the presence of steel fiber had 

negligible or small effect on the value of creep deformation of HSFRC. Also, the fiber content had 

no significant influence on the creep deformation of concrete. It was reported that the value of 

creep deformation depend on the concrete matrix, or to be more exact, its quality. The quality of 

the concrete matrix is affected by the consolidation of the concrete mixture. This conclusion may 

be applied in the assumption for estimating the bending rigidity of structural elements, assuming 

for the purpose of calculations, the creep deformation identical as in the case of HSC without fiber. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.12 Typical creep deformation of fiber-reinforced concrete after 28 days (Note: A, B, C, and D indicate 

plain concrete, fiber-reinforced concretes containing 1%, 2%, and 3% steel fibers, respectively) [215] 
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2.4.4.3 Electrical resistivity 

Concrete is a multiple-phased material and its microstructure contains many interconnected micro-

pores, in which the applied external current can be transferred through the migrating ions. Hence, 

resistivity measurement is an effective way to explore the microstructure and the features of ions 

in the micro-pores of concrete [225-228]. This technique is related to chloride ingress because 

chloride presence can increase electrical current and reduce the resistivity of concrete [229, 230]. 

Therefore, it can be used to provide information regarding the risk of steel rebar corrosion in the 

concrete [231-234]. There are some established relationships between the corrosion rate and 

electrical resistivity of concrete that are shown in Table 2.1 [235], and Table 2.2 [236]. It is 

suggested that an electrical resistivity of higher than 20 kΩ cm results in a low corrosion rate of 

steel rebar, whereas an electrical resistivity of less than 5 kΩ cm causes a very high corrosion rate. 

Resistivity of concrete is influenced by many factors such as concrete composition, w/c ratio, 

cement content, admixtures, curing condition, moisture content, and ambient humidity [237-239].  

 

Table 2.1 Relationship between concrete resistivity and rebar corrosion rate [235] 
 

Electrical resistivity (kΩ cm) 
 

Corrosion rate 
 

>20  Low 

10–20  Low to moderate 

5–10  High 

<5  Very high 

 

Table 2.2 Relations between electrical resistivity of concrete and probability of steel corrosion [236] 
 

Electrical resistivity (kΩ cm ) Probability of corrosion 

12< Not probable 

5-12 Probable 

<5 Inevitable 
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Ahmad et al. [233] studied the electrical resistivity of self-consolidating concrete containing 

different filler materials such as silica fume, natural pozzolan, metakaolin, and limestone powder. 

It has been shown that all blend mixes had a “low” likelihood of steel bars corrosion. Silica fume 

was the most effective pozzolan when compared to other fillers to increase the electrical resistivity 

of concrete. It was reported by Alsadat Sabet et al. [240] that incorporation of mineral admixtures 

caused a significant increase in the electrical resistivity of concrete mixes, specifically at later ages. 

They indicated that introducing natural zeolite and fly ash in concrete mixes resulted in an increase 

in the electrical resistivity in approximately the same level in all ages. The addition of 10% natural 

zeolite or 20% fly ash in concrete mixes caused the 90-day electrical resistivity to increase from 

8.4 kΩ cm for the control mix to 30 kΩ cm and 50 kΩ cm, respectively. At this age, the resistivity 

of mixes containing 10% and 20% silica fume were 54 kΩ cm and 231 kΩ cm, respectively. The 

presence of silica fume densifies the microstructure of concrete, while its pozzolanic reaction 

causes the formation of secondary C-S-H. The C-S-H gel, which is known as a source of strength 

in concrete, increases the volume of solid phases and reduces the formation of capillary pore 

systems in concrete. These phenomena result in an improvement in durability properties of 

concrete, such as concrete resistivity. The positive impact of supplementary cementitious materials 

on the electrical resistivity of concrete has been proven by other researchers [226, 241-243]. 

 

The electrical resistance of concrete is strongly influenced by the electrolytes in the pores structure 

of composite, and in the case of fiber-reinforced specimens, by the presence of the conductive 

elements such as steel fibers [244]. Nili and Afroughsabet [245] assessed the effect of steel fiber 

on the properties of concrete made with silica fume. Steel fiber was used at 0.5% and 1.0% by 

volume of concrete. Silica fume was introduced at 8% by weight of cement into concrete mixtures 

that were manufactured with water-binder ratios of 0.46 and 0.36. It was reported that the addition 
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of steel fiber into specimens led to a considerable decrease in the electrical resistance. It was also 

pointed out that the higher fiber content caused a more significant reduction in the electrical 

resistivity of concrete. Typically, an addition of 1% steel fiber into 0.46 and 0.36 water-binder 

ratios specimens led to a reduction up to 79% and 78% in the 28-day electrical resistance of 

concrete, respectively. In another report [246] it has been shown that the presence of 60 kg/m3 

steel fiber (L=35 mm and D=0.5 mm) in concrete resulted in a reduction in the electrical resistivity 

of self-consolidating concrete up to 65%, 63%, and 60% at 7, 28, and 91 days, respectively as 

compared to that of the plain concrete. 

 

Kakooei et al. [247] studied the effect of polypropylene fiber on the electrical resistance of FRC. 

Polypropylene (PP) fiber (L=19 mm and D=0.02 mm) was used at the content of 0.5, 1.0, 1.5, and 

2.0 kg/m3. Additionally, the influence of coral and siliceous aggregates on the behavior of concrete 

was considered. It was pointed out that the sample fabricated with 1.5 kg/m3 PP fiber showed 

better results in comparison with other fiber contents. This resulted in an increase up to 26% in the 

electrical resistivity of concrete when compared to that of the control concrete. They also indicated 

that the sample made using coral aggregate had the least electrical resistivity, which indicated the 

lower resistivity of concrete against the current. The reduction in the resistivity was due to the 

presence of chloride in the coral aggregate. However, Nili and Afroughsabet [248] reported that 

the addition of PP fiber caused a reduction in the electrical resistance of concrete. It has been 

shown that a slight decrease in the electrical resistance was observed as the fiber volume fraction 

increased from 0.2% to 0.5%. This was explained by the fact that the inclusion of PP fiber in 

concrete caused an increase in the porosity of the mixture. The connectivity and size of pores have 

a significant influence on transport properties in concrete. Hence, in concrete with a higher porosity 
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it is much easier for electrical current to be carried by ions through concrete’s pore network, which 

consequently leads to a lower electrical resistance. As can be seen in Table 2.3 [249], the electrical 

resistivity of FRC is lower than that of the control concrete at both w/c ratios. This can be explained 

by the fact that the addition of fibers led to an increase in the porosity of concrete, and subsequently 

reduced the electrical resistivity of concrete. 

 

Table 2.3 Typical electrical resistivity (kΩ cm) of fiber-reinforced concretes with various fiber types (Note: 

CC indicates control concrete, and SFC, PFC, and GFC indicate concrete reinforced with steel fiber, 

polypropylene fiber, and glass fiber, respectively) [249] 

 CC SFC PFC GFC 

w/c=0.65 21.3 11.3 18.1 17.6 

w/c=0.45 24.4 9.8 21.6 21.9 

 

 

2.4.4.4 Chloride penetration resistance 

Durability is one of the most important aspects of the concrete due to its fundamental incidence on 

the serviceability working conditions of concrete structures [250]. For the durability of concrete, 

permeability is believed to be the most important characteristic [251, 252], which is related to its 

microstructural properties such as the size, distribution, and interconnection of pores and micro-

cracks [253-256]. The rapid chloride-ion test indicates that a reduction in the water-binder ratio 

leads to a reduction in the connectivity of the pore system, which consequently makes the 

migration of aggressive ions more difficult in HPC than that of the conventional concrete [257, 

258]. There are some classifications of concrete based on the chloride permeability and chloride 

diffusivity results that are shown in Table 2.4 [259], and Table 2.5 [260], respectively. Various 

factors influencing chloride ingress and the corrosion processes in the reinforced concrete such as 
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water-binder ratio, admixtures, cement composition, construction process, and environmental 

conditions [232]. 

 

Table 2.4 Classification of the concrete based on the chloride permeability [259] 

Charge passed 

(Coulombs) 
 

Chloride 

permeability 
 Typical of concrete 

>4000  High  High w/c ratio (>0.60) conventional PCC. 

2000–4000  Moderate  Moderate w/c ratio (0.40–0.50) conventional PCC. 

1000–2000  Low  Low w/c ratio (<0.40) conventional PCC. 

100–1000  Very low  Latex-modified concrete or internally-sealed concrete. 

<100  Negligible  Polymer-impregnated concrete, polymer concrete. 

 

Table 2.5. Typical resistance to chloride penetration of various types of concrete based on the 28-day 

chloride diffusivity [260] 

Chloride diffusivity, 

D28 × 10-12 m2/s 

Classification of resistance to chloride 

penetration 

>15 Low 

10–15 Moderate 

5–10 High 

2.5–5 Very high 

<2.5 Extremely high 

 

In general, it has been reported that the addition of mineral admixtures in concrete led to an 

increase in durability properties of concrete [261, 262], by increasing the chloride binding [263], 

decreasing the chloride permeability [264], elevating the threshold of chloride content [265], and 

improving the distribution of pore size and shape of the concrete matrix [266]. Furthermore, 

reductions in the chloride permeability of concrete have been reported up to 50% with the addition 

of 5% silica fume [267], 60% with the addition of 20% fly ash [240], 90% with the inclusion of 

60% slag [268], and 23% by introducing SRA [269]. The corrosion resistance of steel FRC is 

governed by the same factors that influence the corrosion resistance of the conventionally 
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reinforced concrete. Processes such as carbonation, penetration of chloride ions and sulphate attack 

are related to the permeability of the cement matrix. As long as the matrix retains its inherent 

alkalinity and remains uncracked, deterioration of steel FRC is not likely to occur [246]. The 

transport of chloride in concrete by means of permeation may occur in concretes with a large 

number of cracks and defects [270, 271]. Meanwhile, engineers attempt to increase the design load 

by using the strain-hardening property of high performance steel FRC, as it allows the appearance 

of multiple fine cracking and prevents the occurrence of large cracks [272, 273]. However, due to 

the increased danger of corrosion in the cracked area, the crack width should be limited at the 

Serviceability Limit State (SLS) [274]. According to the different codes and guidelines [275-278], 

the maximum allowable crack width at the tensile face of reinforced concrete structures for severe 

environments vary from 0.1 to 0.33 mm, with the strictest requirement specified by ACI 224 [275]. 

It was also noted that crack widths larger than 500 µm have a significant effect on the chloride 

diffusion of steel FRC, while crack widths less than 200 µm have almost no influence on the 

chloride intrusion [279, 280]. It is widely reported that in case of SFRC, steel fiber corrosion is 

much less severe than when compared with steel rebar reinforcement of concrete structures [281-

286]. Abbas et al. [287] assessed the effect of steel fiber on the rapid chloride penetration test 

(RCPT) of ultra-high performance concrete (UHPC). Steel fiber with a constant diameter of 0.2 

mm and different length of 8 mm, 12 mm, and 16 mm was used at the fiber content of 1%, 3%, 

and 6% by volume of concrete. It was reported that all UHPC specimens showed a very high 

resistance to chloride transport and exhibited coulomb values less than 100, indicating negligible 

chloride ion penetrability based on the classification of concrete in ASTM C1202 [259]. It has 

been shown that the fiber length had no significant effects on the RCPT results. However, the steel 

fiber dosage had a remarkable effect on the passed coulomb values. Frazão et al. [246] studied the 
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chloride diffusivity of the steel fiber-reinforced self-consolidating concrete (SFRSCC) by using 

rapid migration test (RMT). Hooked-end steel fiber (L=35 mm and D=0.5 mm) was used at the 

content of 60 kg/m3. It has been reported that the resistance to chloride penetration was slightly 

higher in SFRSCC (11.61 × 10-12 m2/s) as compared to that of the SCC (10.27 × 10-12 m2/s).  

                       (a)                                                             (b)                                                     (c)   

Fig. 2.13 Typical rapid chloride migration test: (a) Schematic of test set-up, (b) cathode solution of SFRSCC 

after test, (c) surface of SFRSCC specimens sprayed by silver nitrate [246] 

 

As shown in Fig. 2.13, the steel fiber was corroded in the cathode solution of the test of SFRSCC 

and it was increased with the duration of the test. According to Granju and Balouch [288], there 

was no corrosion in the part of the specimen with cracks thinner than approximately 0.1 mm. It 

was also reported that only the steel fibers crossing the crack within a 2 to 3-mm rim from the 

external faces of the specimens exhibited extensive corrosion, as shown in Fig. 2.14. 
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Fig. 2.14 Typical photograph of corroded steel fiber in the crack [288] 

 

The choice of hybrid fiber-reinforced concrete can be very effective in reducing chloride 

permeability, whereby instead of the appearance of a few large cracks, a multitude of closely 

spaced micro-cracks form in the concrete [289]. Blunt et al. [290] pointed out that hybrid fiber-

reinforced composites are effective in delaying the corrosion initiation and in reducing the 

corrosion rate due to their higher resistance to cracking. The hybrid specimen was manufactured 

with 1.5% total fiber content that included 0.2% PVA fiber, 0.5% hooked-end steel fiber with a 

length of 30-mm and 0.8% hooked-end steel fiber with a length of 60-mm. As it is shown in Fig. 

2.15, the control specimens exhibited a higher corrosion rate after being subjected to the salt 

solution ponding and same cyclic flexural loading, due to the formation of flexural and splitting 

cracks in concrete. 
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Fig. 2.15 Typical high resolution scans of the corrosion damaged region of rebar (Note: C2 and H2 are 

represent of plain specimens and hybrid fiber-reinforced specimens, respectively) [290] 
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Chapter 3 

Materials and experimental program 

 

3.1 Introduction 

 

This chapter describes the materials properties were used in this study. Moreover, the mix design 

of different concretes developed in this study will be discussed. Finally, the experimental test 

methods including the compressive strength, splitting tensile strength, modulus of elasticity, 

flexural strength, single fiber pullout test, drying shrinkage, water absorption, electrical resistivity, 

electrochemical potential of fibers, scaning electron microscopy (SEM), and XRD are described. 

The study reported in this thesis is aimed at making a significant contribution towards the 

understanding of these important properties of high performance fiber-reinforced concrete. As a 

part of this research was carried out at the University of California, Berkeley, the materials and 

test methods were used there are also presented in this chapter. 

 

3.2 Characteristics of materials  

 

3.2.1 Cementitious materials 

The binder materials used in this study were ASTM Type 1 Portland cement, and a commercial 

CSA cement. Additionally ground granulated blast-furnace slag (GGBS) was used in some mixes 

to study the properties of blend-cement concretes. Moreover, ASTM Type II/V Portland cement 

and Type K expansive cement with specific gravity of 3.15 and 3.1 were used in conventional 

concrete (CC) and shrinkage-compensating concrete (SHCC), respectively at the study was 

performed in UC, Berkeley. Their chemical compositions and physical properties are given in 
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Table 3.1. Unfortunately, the chemical composition of Type II/V and Type K cements were not 

provided by the producer. 

 

Table 3.1 Chemical composition and physical properties of cementitious materials 
 

Item 
Cementitious materials (%) 

ASTM Type I ASTM Type II/V ASTM Type K CSA Slag 

SiO2 19.8 - - 7.6 36.0 

Al2O3 4.1 - - 25.1 9.0 

Fe2O3 2.7 - - 1.0 1.0 

MgO 3.8 - - 3.1 8.0 

SO3 3.4 - - 18.1 - 

Na2O 0.4 - - - - 

K2O 0.9 - - - - 

CaO 61.9 - - 41.0 44.0 

 
Compounds 

 

C3S 62.1 - - - - 

C2S 16.7 - - 12.4 - 

C3A 2.7 - - - - 

C4AF 10.0 - - - - 

C4A3$ - - - 50.1 - 

C11A7F - - - 2.3 - 

CaSO4 - - - 15.6 - 

Others 8.5 - - 16.5 - 

 
Physical properties 

 

Specific gravity (kg/m3) 3,168 3,150 3,100 3,100 2,720 

Specific surface (m2/kg) 360 - - 450 461 

 

3.2.2 Aggregates   

Both natural sand, with a 2.9 fineness modulus, and crushed gravel, with a nominal maximum size 

of 19 mm, were used as the aggregates at a volume fraction of 50%. The water absorption, specific 

gravity and other relevant data for the aggregates are given in Table 3.2. The grading curves of the 

aggregates are shown in Fig. 3.1. 
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Table 3.2 Physical properties of the aggregates 

Aggregate type 
Maximum size 

aggregate (mm) 
Water absorption (%) Specific gravity Fineness modulus 

Fine aggregate 4.75 1.1 2.65 2.9 

Coarse aggregate 19.0 0.96 2.74 - 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1 Grading curves of aggregates 

 

3.2.3 Water 

Tap water was used as mixing water for this study. 

 

3.2.4 Fibers 

Double hooked-end (DHE) steel fibers with a 60-mm length and an aspect ratio of 65, hooked-end 

(HE) steel fibers with a 35-mm length and an aspect ratio of 65 were employed in this study. Also, 

two different types of polyvinyl alcohol (PVA) fibers were used in some mixes. The geometry and 

the properties of fibers are provided in Fig. 3.2 and Table 3.3, respectively. 
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Fig. 3.2 Shape and dimension of steel and polyvinyl alcohol fibers 

 

Table 3.3 Properties of hooked-end steel and PVA fibers 

 

Type and shape of fiber 
Length 

l (mm) 

Diameter 

d (mm) 

Aspect 

ratio l/d 

Density 

(g/cm3) 

Tensile strength 

(N/mm2) 

Double hooked-end steel 

(DHE) 
60 0.9 65 7.8 2300 

Hooked-end steel (HE) 35 0.55 65 7.8 1050 

Polyvinyl alcohol (PVA) 12 0.039 300 1.3 1600 

Polyvinyl alcohol (PVA) 30 0.4 75 1.3 900 

 

 

3.2.5 Superplasticizer 

To achieve the desired workability in different concrete mixtures, a MasterGlenium 7500 produced 

by the BASF factory, was used as a superplasticizer in conventional concretes. In concrete mixes 

were fabricated with Type K cement, a RECOVER hydration stabilizer was used to delay the 

setting time of those concretes. To manufacture different concrete mixes that contains CSA 

cement, Driver Care 10, and Tartaric acid were used. 
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3.3 Concrete mixtures and mixing procedure 

 

All the concrete mixes prepared at Berkeley were produced at an effective water-binder ratio of 

0.35, and a total binder content of 450 kg/m3. Five different mixes containing expansive Type K 

cement and with hybridization of fibers were developed and details of their mix proportions are 

summarized in Table 3.4. Moreover, 19 different concrete mixes were produced in Politecnico di 

Milano to study the effects of CSA cement-based mixes, the addition of different type of fibers, 

the hybridization of fibers, and the influence of w/c ratio on the properties of concrete. A pan mixer 

was used for the preparation of all the mixes. Prior to adding the raw materials, the surface of the 

pan mixer was cleaned with a wet towel to avoid the absorption of aggregates moisture by the 

mixer. To fabricate uniform HPFRC, several mixing procedures have been tried and the following 

one was chosen. Initially, the fine aggregate and cementitious materials were mixed for one min. 

Then, approximately half of the water, including superplasticizer, was introduced into the mixer; 

the ingredients were further mixed for two min. The saturated surface dry (SSD) coarse aggregates 

and remaining mixing water were then introduced, and the mixing was carried on for another 5 

min. In the last step, fibers were added gradually to the rotating mixer and were mixed for an 

additional 5 min to obtain a homogenous mixture. Details of mix proportions and the results of a 

slump test are summarized in Table 3.5 and Table 3.6. To simplify the presentation of the results, 

the mix proportions of the first 8 concrete mixes that are CSA-blend cement mixes are listed in 

Table 3.5, while the mix proportions of concretes containing different types of fibers and w/c ratios 

are listed in Table 3.6.  The content of superplasticizer in those tables is given as a percentage of 

the total mass of the binder. To determine the workability of fresh concrete, slump tests were 

performed as per ASTM C143 [291] during the preparation of the concrete mixes. 
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Table 3.4 Mix proportions of concrete mixes were developed in University of California, Berkeley 

 

*Note: OPC (Type II/V), DHE, HE, PVA, SP, and HS represent ordinary Portland cement, double hooked-end steel fiber with the length of 60 mm, hooked-end 

steel fiber with the length of 35 mm, polyvinyl alcohol fiber with the length of 12 mm, superplasticizer (MasterGlenium 7500), and hydration stabilizer, respectively.  
 

 

Table 3.5 Mix proportions of CSA-blend cement mixes were developed in Politecnico di Milano University 

 

*Note: OPC (Type I), CSA, Slag, DHE, HE, and PVA represent ordinary Portland cement, calcium sulfoaluminate cement, ground granulated blast-furnace slag, 

double hooked-end steel fiber with the length of 60 mm, hooked-end steel fiber with the length of 35 mm, and polyvinyl alcohol fiber with the length of 30 mm, 

respectively. Moreover, in mixes that were manufactured with CSA cement, tartaric acid was used as a retarder to adjust the setting time of concrete mixes.  
 

Mix 

No. 
Mixture ID W/B 

Water 
Cement Fine 

Agg. 

Coarse 

Agg. 
 

Fiber volume fraction 

(%) 
 

SP 

(%) 

HS 

(%) 

Slump 

(cm) OPC Type K 

(kg/m3)  DHE HE PVA     

1 CC 

0.35 

157.5 450 - 901 936  - - -  1.0 - 22 

2 SHCC 157.5 - 450 898 933  - - -  1.2 0.2 24 

3 DHE1 157.5 - 450 884 919  1.0 - -  1.5 0.2 25 

4 DHE0.5+PVA0.5 157.5 - 450 884 919  0.5 - 0.5  1.8 0.2 14 

5 DHE0.5+HE0.3+PVA0.2 157.5 - 450 884 919  0.5 0.3 0.2  1.8 0.2 18 

Mix 

No. 
Mixture ID W/B 

Water 
Binder Fine 

Agg. 

Coarse 

Agg. 
 

Fiber volume fraction 

(%) 
 SP (%) 

Slump 

(cm) OPC CSA Slag 

(kg/m3)  DHE HE PVA  DC10 Tartaric  

1 OPC 

0.35 157.5 

450 - - 905 895  - - -  1.0 - 21 

2 OPC-DHE1 450 - - 892 882  1 - -  1.2 - 21 

3 CSA - 450 - 901 891  - - -  1.2 0.2 20 

4 CSA-DHE1 - 450 - 888 878  1 - -  1.4 0.2 19 

5 OPC50-CSA50 225 225 - 903 893  - - -  1.3 0.2 22 

6 OPC50-CSA50-DHE1 225 225 - 890 880  1 - -  1.5 0.2 20 

7 OPC25-CSA50-SL25 112 225 112 895 885  - - -  1.5 0.2 23 

8 OPC25-CSA50-SL25-DHE1 112 225 112 881 872  1 - -  1.7 0.2 23 
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Table 3.6 Mix proportions of fiber-reinforced concrete mixes were developed in Politecnico di Milano University 

 

*Note: OPC (Type I), CSA, Slag, DHE, HE, and PVA represent ordinary Portland cement, calcium sulfoaluminate cement, ground granulated blast-furnace slag, 

double hooked-end steel fiber with the length of 60 mm, hooked-end steel fiber with the length of 35 mm, and polyvinyl alcohol fiber with the length of 30 mm, 

respectively. Moreover, in mixes that were manufactured with CSA cement, tartaric acid was used as a retarder to adjust the setting time of concrete mixes.  

Mix 

No. 
Mixture ID W/B 

Water 
Binder Fine 

Agg. 

Coarse 

Agg. 
 

Fiber volume fraction 

(%) 
 SP (%) 

Slump 

(cm) OPC CSA Slag 

(kg/m3)  DHE HE PVA  DC10 Tartaric  

1 OPC 

0.35 157.5 

450 - - 905 895  - - -  1.0 - 21 

2 CSA - 450 - 901 891  - - -  1.2 0.2 20 

3 CSA-DHE1 - 450 - 888 878  1 - -  1.4 0.2 19 

4 CSA-HE1 - 450 - 888 878  - 1 -  1.4 0.2 18 

5 CSA-PVA1 - 450 - 888 878  - - 1  1.4 0.2 15 

6 CSA-DHE0.5-HE0.5 - 450 - 888 878  0.5 0.5 -  1.4 0.2 15 

7 CSA-DHE0.5-PVA0.5 - 450 - 888 878  0.5 - 0.5  1.4 0.2 16 

                 

8 OPC 

0.28 154.0 

550 - - 868 858  - - -  1.3 - 19 

9 CSA - 550 - 863 853  - - -  1.5 0.2 18 

10 CSA-DHE1 - 550 - 849 840  1 - -  1.7 0.2 20 

11 CSA-HE1 - 550 - 849 840  - 1 -  1.7 0.2 18 

12 CSA-PVA1 - 550 - 849 840  - - 1  1.7 0.2 16 

13 CSA-DHE0.5-HE0.5 - 550 - 849 840  0.5 0.5 -  1.7 0.2 17 

14 CSA-DHE0.5-PVA0.5 - 550 - 849 840  0.5 - 0.5  1.7 0.2 17 
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3.4 Specimens molding and curing 

 

Details of specimens casting and testing method were employed in this study are given in Table 

3.7. The specimens were molded with different dimensions that matched the requirements of their 

standards test and were compacted on a vibration table. The samples were covered with a wet 

plastic sheet to prevent them from dripping water in the first 24 h of curing. Then, the concrete 

specimens were demolded and immersed in lime-saturated water at 23°C until reaching their 

testing ages. For each test, three samples were prepared, and the average value was demonstrated 

as the final result. 

 

Table 3.7 Details of the specimens and test methods utilized to determine properties of HPC 

Property Test standard Specimen size Age at test 

Compressive strength ASTM C39 100 mm cube 1, 7, 28, and 56 days 

Splitting tensile strength ASTM C496 100 × 200 mm cylinder 7, 28, and 56 days 

Modulus of elasticity ASTM C469 100 × 200 mm cylinder 28 days 

Flexural strength BS EN 14651 150 × 150 × 600 mm prism 7, 28, and 56 days 

Water absorption ASTM C642 100 mm cube 28 days 

Drying shrinkage ASTM C157 75 × 75 × 285 mm prism 28 days 

Electrical resistivity ------------------ 100 mm cube 1, 3, 7, 14, and 28 days 

Potential of steel fibers ASTM C876 100 mm cube 1, 3, 7, 14, and 28 days 

Potential-static test BS EN 480 100 mm cube 28 days 

Single fiber pull-out ------------------ 37.5 × 37.5 mm cylinder 28 days 

SEM  ------------------ ----- 28 days 

XRD  ------------------ ----- 7, 28, and 56 days 

  

3.5 Testing methods 

 

3.5.1 Compressive, splitting tensile and flexural strengths 

Compressive strength and modulus of elasticity were conducted on the cubic and cylindrical 

specimens, with dimensions of 100 mm and 100×200 mm using a 3000-KN universal compression 
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machine in accordance with ASTM C39 [292] and ASTM C469 [293], respectively. The splitting 

tensile strength also performed on the cylindrical specimens with dimensions of 100×200 mm as 

per ASTM C496 [294]. The flexural strength test was also carried out on beam specimens with 

dimensions of 150×150×600 mm as per BS EN 1465 [295]. The tests setup for aforementioned 

experiments are shown in Fig. 3.3.  

                        (a)                                                  (b)                                                        (c) 

                                                                             

 

 

 

 

 

 

                                                                            

                                                                                   (d) 

Fig. 3.3 The test setup for: (a) compressive strength, (b) splitting tensile, (c) modulus of elasticity, (d) 

bending tests 
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3.5.2 Water absorption 

The water absorption tests were performed on cubic specimens in accordance with ASTM C642 

[296]. The specimens were cured in water (23°C ) for 27 days. Subsequently, the specimens were 

dried in an oven at 45°C for at least 14 days. In the case where the difference between values 

obtained from two successive measurements of mass exceeded 0.5 % of the lesser value, the 

specimens were returned to the oven for an additional 24-hour drying period. Weights of the 

specimens were then measured at additional days until the difference between any two successive 

measurements was less than 0.5 %. The cured specimens were then immersed in the water tank for 

0.5 and 168 hours and they were weighed on a 0.01 g balance after being wiped with a dry paper 

towel. In the present study, water absorptions at 0.5 h and 7 days are referred to as the initial and 

ultimate water absorption, respectively. 

 

3.5.3 Drying shrinkage 

The free drying shrinkage test was performed on prismatic specimens in accordance with ASTM 

C 157 [297]. Upon removal of specimens from the molds, the samples were maintained in lime-

saturated water for 30 min to minimize variation in length due to variation in temperature. Then 

the specimens removed from water storage, wiped with a damp cloth and the initial comparator 

reading was measured immediately. After the initial comparator reading, the specimens were 

stored in lime-saturated water at 23°C until they reached the age of 28 days. The drying shrinkage 

was performed on the air stored specimens at a room with a relative humidity of 50% and 

temperature of 23°C, and consecutive reading were carried out after curing of 4, 7, 14, 28, and 56 

days. During each measurement, first the reference bar was placed in the comparator, and the 



Chapter 3. Materials and experimental program 

 

54 
 

comparator dial was set to zero. Next, the specimen was placed in the comparator and reading was 

taken. Using the comparator readings, the shrinkage strain was calculated as: 

Ɛ𝑠ℎ  (𝑡) =  (
𝑙2−𝑙1

𝑙𝑔
)                                                                                                                        (3-1) 

where Ɛsh (t) is the drying shrinkage strain of the specimen at time t, l1 is the initial comparator 

reading, l2 is the comparator reading at time t, and lg is the effective gage length between the steel 

studs were fixed at the opposite ends of specimens. The test setup for shrinkage test is shown in 

Fig. 3.4. 

 (a)  (b) 

Fig. 3.4 Test set up for measuring the drying shrinkage of prismatic specimens: (a) as per ASTM C157, (b) 

as per Europe standard 

 

It worth nothing that the shrinkage of specimens fabricated in Politecnco di Milano was measured 

on prismatic beams with dimensions of 100×100×500 mm based on the Europe standard. In 

addition, the shrinkage measurements was started after demolding of specimens and continued at 

the ages of 1, 2, 3, 7, 14, 28, and 56 days.  
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3.5.4 Electrical resistivity 

The electrical resistivity of the specimens was measured via a conductometer equipment. As can 

be seen in Fig. 3.5, the concrete specimens were placed between two copper plates at the bottom 

and top surface of cubic specimen. To make sure that the current is passing through the specimens, 

two wet sponges were placed between the surface of concrete and copper plates. Then, the 

conductivity of specimens were measured by using two wires that connected to copper plates. 

Afterward, the electrical resistivity of each specimens was calculated as: 

𝑅 =
1

𝐶
                                                                                                                                                      (3 − 2) 

𝜌 = 𝑅
𝐴

𝑙
                                                                                                                                                  (3 − 3) 

where R is electrical resistance, C is the conductivity, ρ is the electrical resistivity of the concrete, 

A is the surface area of the concrete, and l is the height of the concrete specimen. 

   Fig. 3.5 Test set up to measure the electrical resistivity of concrete specimens 
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3.5.5 Electrical half-cell potential of steel fiber in concrete 

The electrical half-cell potentials of steel fibers embedded in concretes was measured via a 

voltmeter equipment as per ASTM C876 [298]. To measure the potential of steel fibers, they have 

embedded in the body of concrete when it was at its fresh state. Then, a wire was connected to the 

calomel cell (instead of copper-copper cell) that was placed on the surface of concrete specimen. 

As recommended in ASTM C876, a wet sponge was used to ensure the connection of calomel cell 

and concrete surface. Another wire that connected to the positive terminal of voltmeter was then 

used to measure the potential of steel fibers as is shown in Fig. 3.6. It is worth noting that concrete 

samples were cured at 23°C and relative humidity of higher than 90%. 

 

Fig. 3.6 Test set up to measure the electrical half-cell potential of steel fiber in concrete 



3.5 Testing methods 

 

57 
 

3.5.6 Potential-static electro-chemical test 

To determine the corrosion susceptibility of steel fiber in concrete, the potential-static electro-

chemical technique was used as per BS EN 480-14 [299]. During the test, the concrete specimens 

containing two embedded steel fibers were maintained at a constant potential of 200 mV with 

respect to the saturated calomel electrode (SCE) for 24 hours. The electrolyte of the cell was a tap 

water at a temperature of 23°C. An ammeter with an accuracy ≤ 0.1 µA was used to measure 

changes in the current between the steel fibers and SCE immediately after polarization, 10, 30, and 

60 minutes and 24 hours. The potential-static test set up is shown in Fig. 3.7. After 24 hours, the 

applied constant potential of 200 mV was canceled and the potentials of fibers were measured by 

using a voltmeter up to 2 hours. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.7 Test set up for potential-static electro-chemical test  
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3.5.7 Single fiber pullout test 

The fiber pullout test was conducted on cylindrical samples with diameter and height of 37.5 mm. 

The embedment length of steel fiber was 19±0.5 mm. The single fiber pullout test set up is shown 

in Fig. 3.8. To observe the micro-cracking process of pullout samples by a microscope, the 

following technique was used. First, the samples were kept in a vacuum impregnation for the 

period of 24 hours to ensure that voids have been sucked out from the mortar. Then, an epoxy was 

poured on the top surface of samples and leaved it for a while to allow epoxy be penetrated inside 

the free spaces of mortar. After 2 days that epoxy got hardened enough, the samples were cut along 

their fiber axis. Afterwards, the side of cut sample including the injected epoxy was selected to be 

polished carefully and reach the right position where the steel fiber was in the mortar. The 

polishing of samples stopped as soon as a clear appearance of fiber channel filled with hardened 

epoxy was seen. The prepared samples for microscopic observation are shown in Fig. 3.9. 

 

 

 

 

 

 

 

 

 

 

Fig. 3.8 Test setup for single fiber pullout test 
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 (a)  

 

 

 

 

 

 

 

 

 

 

(b) 

Fig. 3.9 Prepared specimens for microscopic observation: (a) specimens were filled with epoxy, (b) polished 

specimens 
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3.5.8 Scanning electron microscopy (SEM) 

The SEM technique is used to investigate the morphology and surface characterization of materials 

by capturing images at the micro or nano scale. In this technique, a focused beam of electrons 

strikes the surface of the material. The surface interactions result in the emission of secondary and 

backscattered electrons as well as X-rays and other responses. The electrons are collected and 

converted to an image of the surface. Any compound, as long as it is electrically conductive, can 

be examined by this technique. The contrast formed by the collected electrons originates from the 

difference in surface topography and composition. Both secondary electrons (SE) and 

backscattered electrons (BSE) modes provide imaging facility. The SE mode is dominated by 

topographic contrast, whereas the BSE mode mainly detects atomic density which helps 

differentiate regions rich in a specific atom. It is also possible to collect the X-rays emitted from 

the surface. This technique which is referred to as energy dispersive X-ray spectroscopy (EDX) 

enables elemental analysis and the detection of different atoms in the compound. EDX imaging 

facilitates estimation of the distribution of various elements in the compound. In this study, a 

ZEISS EVO®MA10 SEM was used to collect microscale morphology of the samples. The SE 

mode was used to study a fracture surface, and the BSE mode was used to image a well-polished 

surface. The samples were carbon-coated prior to the SEM experiment, to avoid charging problem. 

The preparation of the thin section followed the protocol described by Kjellsen et al. [300]. The 

scanning electron microscopy devise is shown in Fig. 3.10. 
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Fig. 3.10 Scanning electron microscopy device 

 

3.5.9 X-ray diffraction 

The X-ray diffraction (XRD) technique is one of the most commonly used methods in cement 

chemistry. As each crystal has a unique X-ray pattern, the XRD technique is an effective tool for 

the characterization of crystalline materials. In a crystalline structure, various atoms are located in 

a repeating order which results in the formation of similar atomic planes. The distance between 

these planes is referred to as d-spacing. X-ray beams give constructive interference when they hit 

different parallel layers. The diffracted beams can be detected if they are in phase. This occurs 

according to Bragg’s law: 

𝑛𝜆 =  2𝑑 𝑠𝑖𝑛 (𝜃)                                                                                                                                  (3 − 4) 

in which λ is the wavelength of the X-ray (e.g. about 0.15 nm for copper), d is the distance 

between the atomic planes, θ is the angle between the incidence beam and the normal to the 

reflecting lattice plane, and n is an integer called order of reflection (Fig. 3.11) [301].  
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Fig. 3.11 Diffraction of X-rays expressed by Bragg’s law [301] 

 

The unreacted cement powders, as well as hydrated pastes of selected ages (7, 28, and 56 days), 

were measured by XRD. The hydrated paste were hand-grinded using a ceramic mortar and pestle. 

The sample were immediately sent to XRD measurements and therefore no special care was taken 

to stop the hydration. A PANalytical X'Pert Pro diffractometer as shown in Fig. 3.12, was used for 

the XRD measurement, operating at 40 keV and 40 mA with a Cobalt anode. The 2-theta scanning 

range was between 5° and 80°, with a step width of 0.0167° and total collection time of 1 hour. 

Software HighScore (Plus) was used to identify the peak positions. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.12 The test setup for X-rays diffraction test 
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Chapter 4 

The influence of expansive cement on the mechanical, physical, and 

microstructural properties of hybrid-fiber-reinforced concrete 

 

4.1 Introduction 

 

This chapter investigates the properties of concrete fabricated by replacement of ordinary Portland 

cement (OPC) with Type K expansive cement. New hybrid-fiber-reinforced concrete (HyFRC) 

containing expansive cement and with combinations of metallic and non-metallic fibers at total 

fiber volume fraction of 1% were also developed. The effectiveness of double hooked-end (DHE) 

steel fibers in concrete is also investigated. The compressive strength, splitting tensile strength, 

modulus of elasticity, flexural behavior, drying shrinkage and water absorption were evaluated. 

The microstructure and compositions of concrete matrix were studied using Scanning Electron 

Microscopy and X-ray diffraction, respectively. The fiber pullout test was also performed to 

investigate the effectiveness of Type K cement in improving the fiber-matrix interfacial bond. 

 

4.2 Compressive strength 

 

The compressive strength results of different mixes at curing ages of 7, 28, and 56 days is shown 

in Fig. 4.1. The results indicate that the replacement of OPC with Type K cement has no significant 

influence on the compressive strength of concrete, and a slight reduction up to 3% has been 

occurred by cement substitution. It may be attributed to the formation of higher ettringite in 

concrete with expansive cement which is the source of volume expansion and can create some 

micro-cracks in the body of concrete that subsequently reduce the strength compared to 

conventional concrete. A slight reduction in the strength of concrete fabricated by expansive 
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cement has been observed by other researchers [302, 303] as a result of aforementioned 

phenomena. It can be seen that the inclusion of 1% DHE steel fibers led to an increase in the 

compressive strength of SHCC. For instance, the compressive strength of concrete reinforced with 

1% DHE steel fibers were 8%, 4%, and 5% higher than those of CC at 7, 28, and 56 days, 

respectively. DHE steel fibers, owing to their high elastic modulus and particular shape that 

restricts the propagation of cracks, alters the tendency of cracks, and subsequently improves the 

compressive strength of concrete [304].  However, the substitution of 0.5% DHE steel fibers 

volume content with PVA fibers led to a slight reduction in the compressive strength of concrete. 

There are several factors including the fiber content, fiber type, fiber size, and porosity of cement 

matrix that affect the compressive strength of FRC. The reduction attained in the strength of 

DHE0.5+PVA0.5 mix can be attributed to the higher porosity of this mix compared to that of 

SHCC that becomes the dominant factor in this mix. The results demonstrate that the strength of 

DHE0.5+HE0.3+PVA0.2 mix is slightly higher than that of the corresponding mix without fibers. 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1 Compressive strength of different concrete mixes 
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4.3 Splitting tensile strength 

 

The splitting tensile strength of the different mixes prepared in this study is shown in Fig. 4.2. 

Similarly, the splitting tensile strength of concrete produced with Type K cement is reduced by 

only 3% compared to that of CC. The results indicate that the incorporation of fibers significantly 

improves the splitting tensile strength of concrete due to the restraining the extension of cracks. 

Among different mixes that considered in this study, the highest strength was achieved by the mix 

containing 1% DHE steel fibers. The splitting tensile strength of this mix were 99%, 94%, and 

133% higher than those of CC at 7, 28, and 56 days, respectively. Even though hybridization of 

fibers resulted in a reduction in the splitting tensile strength of concrete compared to DHE1 mix; 

however, the strength of HyFRC mixes is still significantly higher than that of the plain concrete. 

For instance, the splitting tensile strength of DHE0.5+PVA0.5 and DHE0.5+HE0.3+PVA0.2 

mixes increased by 22% and 49% at 28 days compared to that of SHCC, respectively. As can be 

seen in Fig. 4.2, the effect of curing age on the improvement of splitting tensile strength is 

relatively higher in FRC compared to plain concrete. As FRC mixes manufactured with expansive 

cement, this result suggests that the bond between fibers and cement matrix has been improved 

due to the self-stressing that resulted from the expansive behavior of Type K cement. For instance, 

the splitting tensile strength of SHCC mix was increased by 14% and 19% at 28 and 56 days 

compared to its 7 days strength, respectively, while the average increase in FRC mixes was 13% 

and 35%, respectively. This result has been verified by the results of single fiber pullout test and 

SEM images that show the effectiveness of Type K cement in improvement of bond between fibers 

and cement matrix that will be discussed in sections 4.8.2 and 4.9.2. 

 

 



Chapter 4. The influence of expansive cement on the mechanical, physical, and microstructural …. 

 

66 
 

 

 

 

 

 

 

 

 

 

 

Fig. 4.2 Splitting tensile strength of different concrete mixes 

 

4.4 Modulus of elasticity 

 

There is a direct correlation between density and modulus of elasticity in homogeneous materials. 

However, in heterogeneous, multiphase materials, such as concrete, the density, the modulus of 

elasticity of the principal constituents, and the characteristics of the transition zone determine the 

elastic modulus behavior of the composite [142, 305]. The 28-days modulus of elasticity of 

different mixes is shown in Fig. 4.3, and the percentage of modulus of elasticity over that of SHCC 

has been shown on top of each bar. The results indicate that cement type has no important effect 

on the modulus of elasticity of concretes considered in this study. It was also observed that the 

addition of fibers of any type and hybridization resulted in an increase in the static modulus of the 

concrete when compared to that of the SHCC. This improvement can be attributed to the presence 

of steel fibers with higher elastic modulus compared to cement matrix that consequently improves 
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the modulus of elasticity of concrete. Moreover, the hybridization of steel with PVA fibers was 

effective to restrict the propagation of micro-cracks that led to a better performance in HyFRC. 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3 28-days modulus of elasticity of different concrete mixes (Note: xx% indicates the percentages of 

modulus of elasticity based on SHCC-28 Days) 

 

4.5 Flexural performance  

 

4.5.1 Flexural strength-CMOD curve 

The diagram of 28-day flexural strength-CMOD for different concrete mixes is shown in Fig. 4.4, 

and flexural test results are presented in Table 4.1. As can be seen in Fig. 4.4, the behavior of 

concretes without fibers was almost linear up to the maximum load, followed by a sharped 

descending branch up to failure point, then the beam specimens split into two separated parts. The 

results indicate that substitution of OPC with Type K cement slightly increased the flexural 

strength. It has been reported that the addition of expansive agent in concrete led to an almost 

similar flexural strength compared to ordinary concrete [306]. On the other hand, the results of 
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fiber-reinforced concretes illustrate that the addition of fibers remarkably improved the post-

cracking behavior of FRC with an extensive cracking process between first crack load and peak 

load. Once the first crack was occurred, the fibers bridging the crack resisted the load and 

prevented further crack propagation. This resulted in an increase in the load that could be resisted 

to loads beyond the first cracking load. Basically, improvement of flexural strength-CMOD 

characteristic is dependent on the fiber type, fiber content, fiber orientation, and the bond between 

fiber and cement matrix. Fig. 4.4 shows that the best performance has been achieved by 

incorporation of 1% DHE steel fibers in concrete. The inclusion of 1% DHE steel fibers in concrete 

led to an increase in the load bearing capacity after first crack and the flexural strength increased 

up to CMOD equal to 1.5 mm. Then, a relatively big crack occurred in the beam and the flexural 

load gradually decreased. The excellent performance of this mix can be attributed to the ability of 

DHE steel fibers to carry the load after matrix cracks until further creation of cracks. The flexural 

load would be reduced due to the failure of fiber anchorage or debonding of fibers and the matrix 

[189, 190]. However, the replacement of 0.5% DHE steel fibers content with PVA fibers adversely 

affected the flexural performance of concrete compared to DHE1 mix, while its behavior was 

significantly better over that of plain concrete. The flexural strength of this mix was increased by 

only 4% compared to that of SHCC, and a drop in the flexural strength of concrete was observed 

after appearance of first crack. Then, a relatively flat behavior was seen in the load bearing capacity 

up to CMOD equal to 3.5 mm. When the flexural stress at the fiber-matrix interface has surpassed 

the bond developed by the matrix, the fibers are either slipping or being unbounded. As a result, 

the only mechanism that contribute to improve the strength of cracked section is through 

mechanical anchorage. Since, PVA fibers are straight and have lower length compared to steel 

fibers, they can bridge mainly the micro-cracks and have minor influence on the flexural strength. 
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The results demonstrate that hybridization of three different kind of fibers increased the flexural 

strength by 60% compared to that of the SHCC. Similar to DHE1 mix, combination of fibers in 

DHE0.5+HE0.3+PVA0.2 mix led to a load-deflection hardening behavior. As can be observed 

from Table 4.1, the CMODMOR corresponding to the peak load for plain concretes and 

DHE0.5+PVA0.5 mix was similar to CMODLOP. However, the CMODMOR for DHE1 and 

DHE0.5+HE0.3+PVA0.2 mixes were 1.5 and 1.6 mm, respectively that were 15 and 26.6 times of 

their CMODLOP. For these mixes, the fMOR increased by 52% and 50% compared to their fLOP, 

respectively. An increase of up to 46% was also observed in the fLOP of FRC compared to that of 

SHCC. The research finding of this study demonstrate that all the HyFRC considered in this work 

show a deflection hardening behavior and conventional steel bar can be replaced by randomly 

distributed fiber according to fib Model Code 2010 [307]. Therefore, HyFRC were developed in 

this study can be of high interest for design of structural member that subjected to bending load. 

 

 

 

 

 

 

 

 

 

 

Fig. 4.4 28-days flexural strength-CMOD curves of different concrete mixes 
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Table 4.1 Flexural test results 

 

Mix 

No. 
Mixture ID  

First crack  

 

Peak load 

 

Residual flexural strength (MPa)  

Toughness Strength, 

fLOP (MPa) 

CMODLOP 

(mm) 

Strength, 

fMOR (MPa) 

CMODMOR 

(mm) 
CMOD0.5 CMOD1.5 CMOD2.5 CMOD3.5 

1 CC  6.25 0.06  6.25 0.06  0.63 0.09 - -  6.4 

2 SCC  6.49 0.05  6.49 0.05  0.40 0.04 - -  5.8 

3 DHE1  9.48 0.10  14.39 1.50  12.26 14.39 11.61 9.93  131.5 

4 DHE0.5+PVA0.5  6.74 0.08  6.74 0.08  5.18 5.82 5.96 5.10  61.8 

5 DHE0.5+HE0.3+PVA0.2  6.91 0.06  10.39 1.60  9.95 10.31 9.05 7.82  112.8 

  

 

4.5.2 Residual flexural tensile strength and flexural toughness 

The residual flexural tensile strength for different concrete mixes is shown in Fig. 4.5, and the flexural toughness results are listed in 

Table 4.1. As it can be seen in Fig. 4.5, the residual flexural strength of plain concretes are quite similar and since these samples split in 

two separated parts, the results beyond CMOD of 0.5 mm were not provided. The results indicate that the inclusion of fibers and 

specifically DHE steel fibers significantly improves the residual flexural strength of concrete. The results also show that the hybridization 

of fibers resulted in a reduction in the residual flexural strength compared to that of the mix containing 1% DHE steel fibers. For 

example, the residual flexural strength of DHE0.5+PVA0.5 mix reduced by 58%, 60%, 49%, and 49% at CMOD of 0.5, 1.5, 2.5, and 

3.5 mm, respectively compared to those of DHE1 mix. DHE steel fibers due to their particular shape resist significantly against the 

propagation of cracks, absorbed more energy, and caused an increase in the load carrying capacity.  
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However, the inclusion of PVA fibers in mixes that reinforced with steel fibers was very effective 

in order to improve the post-cracking behavior of concrete and avoid the propagation of micro-

cracks. For instance, the residual flexural strength of DHE0.5+PVA0.5 mix at CMOD of 0.5, 1.5, 

2.5, and 3.5 were 5.18, 5.82, 5.96, and 5.10 MPa, respectively. This result show that the main 

influence of micro fibers like PVA is to enhance the toughness of concrete instead of increasing 

the peak flexural load. As it can be observed in Table 4.1, the replacement of OPC with Type K 

cement slightly reduced the toughness of concrete. On the other hand, the introducing of fibers of 

any type and combination has a remarkable effect on the improvement of toughness. The highest 

toughness was attained by the mix containing 1% DHE steel fibers that its toughness was 22.7 

times compared to SHCC. This is followed by DHE0.5+HE0.3+PVA0.2 and DHE0.5+PVA0.5 

mixes that their toughness were 10.7 and 19.5 times, respectively over that of SHCC.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.5 Residual flexural tensile strength of different concrete mixes 
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4.6 Drying shrinkage 

 

The result of drying shrinkage for different concrete mixes is shown in Fig. 4.6. The results indicate 

that the replacement of OPC with Type K cement led to an expansion, while samples prepared 

with OPC experienced shrinkage over testing time. Fig. 4.6 shows a great expansion (369 µm/m) 

that occurred in SHCC after 1 day, whereas the shrinkage of CC samples was 27 µm/m.  This high 

value of early volume expansion in SHCC mix can be attributed to the high amount formation of 

ettringite. The results also demonstrate that the addition of Type K cement can compensate the 

shrinkage of concrete and the length change remained almost unchanged after 56 days. It was also 

observed that highest shrinkage among all mixes considered in this study was attained by CC that 

a shrinkage strain of 475 µm/m was happened at 56 days. As it can be seen in Fig. 4.6, the inclusion 

of fibers of any type and fiber combination resulted in a reduction in the expansion of FRC made 

with Type K cement. However, an expansion strain up to 85 µm/m was observed in FRC at 1 day 

due to the presence of expansive cement. Thereafter, the expansion of concrete samples has been 

fully cancelled due to the restraining effect of fibers. The effectiveness of steel fibers in restraining 

the expansion of shrinkage-compensating concrete has been also shown by Paul et al. [204]. In 

another study, He et al. [308] studied the expansive deformation of self-stressing concrete 

reinforced with steel fibers. They pointed out that the inclusion of fibers can fully eliminate the 

swelling of concrete resulted from the introducing of expansive agent. They hypothesized that this 

phenomenon would create a mutual interfacial stress between matrix and fibers and consequently 

leads to an internal homogeneous compressive prestress. Moreover, the improved chemical bond 

between fibers and cement matrix and subsequently enhanced flexural performance of FRC can 

be attributed to the self-prestress effect. The results of present study in the sections of splitting 

tensile strength and single fiber pullout test verified the abovementioned hypothesis. The results 



4.7 Water absorption 

 

73 
 

of FRC indicate that hybridization of fibers is a promising way to reduce the shrinkage deformation 

of concrete. Among different FRC considered in this study, the lowest drying shrinkage was 

attained by DHE0.5+HE0.3+PVA0.2 mix. As cracks are initiated with small size and later 

propagated with different sizes in a body of concrete, hybridization of fibers with various features, 

such as different lengths and modulus of elasticity, plays an important role in resisting cracking at 

different scales and causes lower shrinkage. It was also reported by Sun et al. [217] that combined 

use of PVA fibers and steel fibers can significantly inhibit the shrinkage of concrete compared to 

using monotype of steel fibers. The results also indicate that the shrinkage of all samples tends to 

stabilize after 14 days. 

 

 

 

 

 

 

 

 

 

 

Fig. 4.6 Drying shrinkage of different concrete mixes 

 

4.7 Water absorption 
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porosity of concrete, in which also provide information about the permeable pore volume and their 

connectivity inside the concrete. Fig. 4.7 shows early (30 min) and ultimate (7 day) water 

absorption of different concrete mixes. As can be seen, SHCC indicates lower water absorption 

compared to that of the CC. The reduction were 24% and 22% for early and ultimate water 

absorption, respectively. This reduction can be attributed to the formation of higher amount of 

ettringite in mix containing Type K cement that fills the voids, leads to the discontinuity of pore 

network, and also improves the characteristics of cement matrix [309]. The finding of this research 

in microstructural observation confirmed the improved properties of cement matrix in SHCC mix.  

 

 

 

 

 

 

 

 

 

Fig. 4.7 Early and ultimate water absorption of different concrete mixes 

 

The results show that irrespective of the fiber type and combination, the addition of fibers reduced 

the water absorption of concrete with respect to SHCC. It was observed that the lowest water 

absorption was attained by the mix reinforced with 1% DHE steel fibers that its ultimate water 

absorption was 17% lower than that of SHCC. This reduction can be attributed to the ability of 

fibers to restrict the creation and propagation of cracks in the body of concrete that resulting in a 
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reduced permeability [245]. The results illustrate that the substitution of DHE steel fibers with 

PVA and HE steel fibers slightly increased the water absorption of concrete, while these concretes 

reached lower absorption compared to SHCC. This result suggests that the addition of PVA fiber 

content results in a relatively higher porosity compared to one reinforced by only steel fibers. The 

results of water absorption demonstrate a good correlation with the compressive strength test 

results, in which higher PVA fiber content led to a reduction in the strength of concrete. 

 

4.8 Compressive, splitting tensile, and pullout test results of mortars 

 

4.8.1 Compressive and splitting tensile strength 

The mechanical test results of different mortar mixes are listed in Table 4.2. As it can be seen in 

that table, the mixes that prepared with Type K cement showed slightly lower compressive and 

splitting tensile strength compared to that of mixes manufactured with OPC. These results are in 

good agreement with our finding for concrete mixes that has been already discussed.  

 

Table 4.2 Mechanical and fiber pullout test results of mortar mixes 

Mix 

No. 
Mixture ID 

Compressive 

strength (MPa) 

Splitting tensile 

strength (MPa) 
 

Pullout 

Pmax (N) ∆peak (mm) 

1 Type II/V-Plain 63.5 5.9  418.1 0.75 

2 Type K-Plain 59.4 5.6  525.9 0.65 

3 Type II/V-1%PVA 64.4 7.4  366.0 0.60 

4 Type K-1%PVA 61.0 6.9  427.7 1.33 

 

It was also observed that the addition of 1% PVA fibers in both plain mortars led to an increase in 

the mechanical properties and particularly the splitting tensile strength. For instance, the 

compressive and splitting tensile strength of Type II/V-1%PVA mix increased by 2% and 25%, 
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respectively compared to those of corresponding mix without fibers, while these increase for 

mortars with Type K cement were 3% and 23%, respectively. This improvement can be related to 

the ability of fibers to restrict the formation and propagation of cracks in the body of concrete. 

 

4.8.2 Single fiber pullout test 

The load versus displacement curve of different mortar mixes is depicted in Fig. 4.8 and pullout 

test results are presented in Table 4.2. As it can be seen in Fig. 4.8, a relatively similar appearance 

observed in all fiber pullout curves. The load versus displacement curves can be divided to three 

distinctive parts, in which each of them represent a specific behavior of fiber inside the mortar 

[310]. The hooked-end of steel fiber including a straight part at end that followed by an inclined 

part connected to the long straight steel fiber. Part a, represents a linear ascending branch that 

resulted from the plastic deformation of both parts of hooked-end. Afterwards, a descending 

branch was observed that followed by a second peak with a relatively lower pullout force (part b). 

This peak corresponds to the bending of straight part of hooked-end at the position where inclined 

part was in the beginning. Finally, fiber pullout curve shows a relatively flat behavior with a 

gradual reduction in the pullout force that corresponds to the movement of steel fiber through the 

original channel of mortar after complete straightening of hooked-end (part c). The results indicate 

that the replacement of OPC with Type K cement has a positive influence on the pullout force of 

mortar. It was observed that the pullout force increased by 26% as a result of cement substitution. 

This improvement can be attributed to the better bond that took place between the steel fibers and 

cement matrix as a result of cement expansion and formation of self-prestress effect [308].  
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Fig. 4.8 Fiber pullout curves versus displacement of different fiber-reinforced mortars 

 

The results of FRC indicate that the reinforcement of plain mortars with 1% PVA fibers led to a 

reduction in the peak load of pullout force. It was observed that pullout force of Type II/V-1%PVA 

and Type K-1%PVA mixes were 12% and 19% lower when compared to that of the corresponding 

plain mortar mixes. In fact, introducing microfibers in concrete either resulting in higher pullout 

resistance due to the restriction of micro-cracks or reducing the pullout resistance because of the 

lower shrinkage that is not favorable for the bond between fiber and matrix [311]. The results of 

this study suggests that the pullout resistance was reduced as a result of the lower shrinkage in 

cement matrix that weakened the fiber-matrix bonding. This reduction can also be explained by 

the higher porosity of mixes containing PVA fibers compared to plain mortars. Indeed, the 

appearance of large voids around the hook counteracts the positive effect of PVA fibers to restrict 

the initiation of micro-cracks. This result has been confirmed by microscopic observation of cut 

surface that will be discussed in next section. As it can be seen in Fig. 4.8, the second peak reached 
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a value almost similar to the first peak in case of mortars reinforced with PVA fibers, while there 

was a big drop in the pullout force of plain mortars after the first peak. Comparing the pullout 

behavior of different mortars in part c indicate that the addition of PVA fibers resulted in an 

increase in the frictional stress between steel fibers and surrounding matrix. 

 

4.8.3 Microscopic observation of pullout samples 

Fig. 4.9 shows the microscopic observation of different samples after the fiber was pulled out. As 

it can be seen, the plastic deformation of hook and slipping of fiber inside the channel led to the 

formation of micro-cracking around the fiber and particularly at the area closed to the hook in plain 

samples. There was no clear difference between the number and width of cracks in two different 

plain mortars. On the other hand, the addition of 1% PVA fibers in mortar increased the porosity 

of mortar and two big voids were observed very close to the hook in Type K-1%PVA sample. As 

shown in previous section, the pullout force of reinforced mortars was lower compared to that of 

plain mortars and it can be contributed to the appearance of these voids due to the less workability 

of mixes. 

(a) 
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 (b) 

(c) 

Fig. 4.9 Microscopic observation of micro-cracking process around the fiber hook of different fiber-

reinforced mortars: (a) sample with Type II cement, (b) sample with Type K cement, (c) sample with Type 

K cement and reinforced with 1.0% PVA fiber 

 

4.9 Evidence from the microstructure 

 

4.9.1 Components analysis from XRD measurements  

To track the phase change of at the microscale during hydration process, XRD was conducted to 

both types of paste at different hydration ages. As shown in Fig. 4.10(a), the anhydrous Type K 

cement contains significant amount of ye’elimite and CaSO4, apart from the C3S. As a result, the 
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7 days hydration product contains significant amount of ettringite, which contributes to the volume 

expansion of the paste. Another major crystalline phase in the hydration product is portlandite, 

which is from the hydration of C3S. It should be noted that, the intensity of C3S peaks decreases 

rapidly in the first week, but the decrease clearly slows down thereafter. However the major peak 

of ye’elimite (~27.8°) exhibits a continuous attenuating until complete absence in 28 days. 

 

 

 

 

 

 

 

 

 

 

     (a) 

 

As shown in Fig. 4.10(b), the Type II/V cement composed mainly of C3S, and minor contents of 

C2S, C3A, C4AF and gypsum. Its hydration products contains significant amount of portlandite, 

and minor content of ettringite. Similar to the behavior of C3S in Type K, hydration of Type II/V 

cement is rapid in the first week, but significantly slows down after that. 
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(b) 

Fig. 4.10 XRD pattern of anhydrous cements and hydration products of both types of cement at different 

ages: (a) Type K cement, (b) Type II/V cement. The black arrows in the small 2-theta domain is the 

background peak from certain sample holders 

 

4.9.2 SEM observations 

To provide microscale morphology for the tested samples, SEM were conducted on the flexural-

test samples, at both SE and BSE modes. To have a reliable knowledge about the microstructure, 

large numbers of images were collected and analysed. Here, representative images are shown in 

Fig. 4.11 for concision. As shown in Fig. 4.11(a), the hydrated matrix is composed of featureless 

paste and crystals embedded within. The crystals with large size and smooth cleavage (white arrow 

in Fig. 4.11(a)) are assigned to Portlandite, due to its unique morphology and abundance in XRD 

results. Some fibrillar products are observed within the paste and are assigned to ettringite needles, 

which exhibit small quantity of signals in the XRD results. The featureless paste is the anhydrous 
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cement and the hydration product C-S-H gel. In general, hardened Type II/V paste resembles the 

microstructure of a typical hydrated matrix of OPC. As shown in Fig. 4.11(b), fibrillar crystals 

dominate the microscale morphology of Type K cement paste. This is consistent with XRD result 

that hydration product of expansive cement contains large quantity of ettringite. Ettringite in Type 

K cement paste grows to much larger size (length 15-30 µm, and diameter 1-1.5 µm), compared 

with the ettringite needles in OPC paste (length 3-5 µm, and diameter 0.3-0.4 µm). The rapid 

formation of ettringite in expansive cement contributes to its volumetric expansion that was seen 

in drying shrinkage test results. 

Fig. 4.11 Microscale morphology of: (a) Type II/V cement paste and (b) Type K cement paste after 28-day 

curing. Scale bars are 10 μm. White arrow in (a) indicates the large and smooth cleavage of Portlandite 

crystals. A fibrillar morphology (red-dashed square) in (a) is magnified 

 

The microscale morphology of fiber embedment in Type K cement paste is also investigated. As 

shown in Fig. 4.12(a), on a fracture surface of mix containing 0.5% PVA fibers, a PVA fiber is 

half-embedded in the paste (red solid square). However the other end of the fiber (red dashed 

square) exhibits a large deformation, which could possibly be a fracture too. This indicates that 
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the PVA fiber is very well embedded in the matrix, and therefore increases the resistance against 

cracking-opening. In Fig. 4.12(b), a tight bond between the paste and steel fiber is also observed 

even after fracture, and the paste is still closely attached to the surface of the steel fiber. The 

microstructure evidence therefore confirm that the mechanical bonding between two types of fiber 

and the paste is solid, and should significantly increase the fracture toughness of the composite. 

This can also contribute to the better performance of fiber pullout resistance in mixes containing 

expansive cement. 

Fig. 4.12 Microscale morphology of: (a) DHE0.5+PVA0.5 paste and (b) DHE0.5+HE0.3+PVA0.2 paste 

after 28-day curing. Scale bars are 20 μm. Red squares and circles indicate details of PVA fiber and steel 

fiber, respectively 

 

To obtain a better estimation of the pore structure, BSE mode was applied to finely-polished 

surfaces of pastes, as shown in Fig. 4.13. In each image, there exist gaps between aggregates and 

paste, which is most likely generated during the polishing process and will not be discussed. In 

Fig. 4.13(a), pores of a several micron are universally observed in the paste of Mix 1 (Type II/V), 

whereas in (b) the paste of Mix 2 (Type K) cement appears much less porous. The matrix of Mix 

3 also exhibit no visible pores. This can be attributed to the large volume of the Type K cement 
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hydrates which efficiently fill the pore space. However, in the hardened paste of Mix 4 and 5 that 

contains PVA fibers, large pores are observed. There pores exhibit spherical shape, with diameter 

in the range of 10-100 μm. In Table 3.4, it is shown that the workability of Mix 4 and 5 are worse 

than the other three mixes, even the additions of superplasticizer in these mixes are the highest. 

Therefore the observed pores in Mix 4 and 5 can probably be attributed to two reasons: 1) the 

honeycomb due to the low workability, and 2) the PVA fiber itself is black under SEM, and is 

accounted as pores. Mix 3 has the best workability and an intermediate dosage of superplastisizer, 

and it turns out that the paste of Mix 3 does not contain as many large pores as in Mix 4 and 5. 

Using software Image J, Figs. 4.13(a), (d) and (e) are converted to binary images with pores being 

highlighted and solids as background. The binary images are then processed with a ‘particle 

analysis’ plugin for size distribution analysis. The results are shown in Fig. 4.13(f). Most pores in 

Mix 1 have diameter smaller than 10 μm, with average value ~3 μm. However in Mix 4 and 5, the 

major contribution to porosity is from pores with diameter larger than 40-50 μm. The average pore 

diameters of Mix 4 and 5 are ~60 and ~67 μm, respectively. As already discussed, the substitution 

a part of steel fibers with PVA fibers resulted in a reduction in the mechanical properties of 

concrete. Also, among different HyFRC considered in this study, the highest water absorption was 

attained by the mix containing higher amount of PVA fibers (i.e. Mix 4). The microstructural 

analysis show that the appearance of voids with larger size can also contribute to the 

abovementioned results.  
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Fig. 4.13 Back-scattered electron mode images of hardened paste of Mix 1 to Mix 5, in the order of (a) to 

(d). Scale bars are 200 μm. The accumulated volume percentage of pores as a function of their pore diameter 

is shown (f), as calculated from (a), (d) and (e) 
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Chapter 5 

Mechanical, durability, and microstructural properties of high performance 

CSA-based composites  

 

5.1 Introduction 

 

This chapter investigates the properties of concrete fabricated with blended cementitious materials. 

Additionally, the effect of 1% DHE steel fibers on the mechanical, durability, and microstructural 

properties of those concrete were studied. Eight different concrete mixes were developed as is 

shown in Table 3.5. The compressive strength, splitting tensile strength, modulus of elasticity, 

flexural behavior, drying shrinkage, water absorption, electrical resistivity, and electrochemical 

potential of steel fibers were evaluated. To study the morphology and microstructure of concretes, 

SEM method was used. As it is well documented, the setting time of CSA cement is quite lower 

compared to that of OPC, which subsequently it results in a difficulty to prepare the concrete 

specimens. Therefore, the addition of retarder or hydration stabilizer is inevitable to produce 

concrete containing CSA cement, particularly at low w/c ratio. However, to evaluate the 

workability and compressive strength evolution of CSA cement-based mixes without retarder, four 

plain concrete including OPC, CSA, OPC50-CSA50, and OPC25-CSA50-SL25 were produced. It 

is worth noting that in concretes that a portion of OPC was replaced with CSA cement, the setting 

of concrete was occurred in less than 10 minutes. Therefore, the molding of specimens was done 

very fast due to the limited setting time of those mixes. In other words, it is not practical to produce 

CSA-blend mixes without the addition of retarder. The results of their compressive strength at 

different curing ages are shown in Table 5.1. As it can be seen, the replacement of OPC with CSA 

resulted in an increase in the compressive strength of concrete at all curing ages considered in this 
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study. It can be explained by the fast formation of ettringite that consequently improved the 

strength of concrete. Moreover, the results further indicate that combination of OPC with CSA, 

and even substitution a portion of OPC with slag resulted in compressive strengths comparable to 

those of plain OPC concrete. However, due to the limited working time of those concretes, a 

retarder was used in all mixes containing CSA cement as is shown in Table 3.5. Thereafter, the 

results presented in this study belong to the mixes listed in Table 3.5. 

 

Table 5.1 Compressive strength of different CSA cement-based concretes fabricated without retarder 

 

Mix 

No. 
Mixture ID  

Compressive strength (MPa) 

1 Days 7 Days 28 Days 91 Days 

1 OPC  51.2  65.2  72.3  75.9  

2 CSA  60.6  76.2  83.4  87.7  

3 OPC50-CSA50  39.2  57.1  65.4  71.9  

4 OPC25-CSA50-SL25  39.7  59.3  67.3  74.3  

 

5.2 Consistency 

 

The consistency of the different mixes developed in this study was evaluated by a slump test, and 

the results are shown in Table 3.5. The slump values of the concretes varied between 19 and 23 

cm. It was observed that a minimum of 1% superplacticizer was required to adjust the consistency 

of concrete. As it can be seen, higher content of superplacticizer was used in CSA-based concretes 

compared to that of the OPC to obtain an almost similar slump value. This can be explained by the 

fineness of CSA particle size that is lower compared to that of the OPC. Furthermore, the fast rate 

of CSA cement hydration and its high demand of water to generate ettringite are other reasons that 

necessitate the addition of higher amount of superplacticizer. The results also show that higher 

content of superplacticizer was used in the binary and ternary mixes to develop concretes with the 



Chapter 5. Mechanical, durability, and microstructural properties of high performance CSA-based … 

 

88 
 

same slump value. The results indicate that the incorporation of steel fibers had a negative 

influence on the properties of fresh concrete. The long steel fibers and aggregates interlock in the 

body of concrete and lead to a reduction in the slump value. To attain the same consistency in the 

concretes with and without fibers, the content of superplacticizer was slightly increased. Fig. 5.1 

shows the appearance of fresh concrete during the slump test for the concretes without fibers and 

concrete reinforced with 1% DHE steel fibers. 

 

 

 

 

 

 

 

 

Fig. 5.1 Appearance of fresh concretes in slump test: (a) OPC mix, (b) OPC25-CSA50-SL25 mix, (c) CSA-

DHE1 mix 

(a) (b) 

(c) 
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5.3 Compressive strength 

 

The compressive strength results of different mixes at curing ages of 1, 7, 28, and 56 days are 

shown in Fig. 5.2 and Table 5.2. The relative compressive strength of different CSA-based 

concretes compared to that of the reference OPC mix is also shown in Fig. 5.3. As it can be seen, 

the compressive strength of concretes containing CSA cement is significantly lower at 1 days 

compared to that of the OPC mix. This reduction at the early age can be explained by the presence 

of retarder in the CSA concrete that postponed the formation of ettringite, and subsequently 

reduced the strength of concrete. The results indicate that the full replacement of OPC with CSA 

cement led to a reduction of 55% at 1 day compressive strength, while its strength at 7 days is 

slightly higher than that of the OPC concrete. It was also observed that the compressive strength 

of CSA mix was increased by 10% and 12% at 28 days and 56 days, respectively, compared to 

that of the OPC concrete. Fig. 5.2 shows that the compressive strength of the concrete containing 

50% OPC and 50% CSA cement was lower than that of the reference OPC concrete at all the 

curing ages considered in this study. For instance, the compressive strength of OPC50-CSA50 mix 

reduced by 42%, 32%, 21%, and 13% at 1, 7, 28, and 56 days of curing, respectively compared to 

those of the OPC concrete. Similar to CSA concrete mix, the significant amount of strength 

reduction at 1 day is attributed to the presence of retarder. However, the compressive strength has 

been increased at later ages as a result of ettringite formation (ye’elimite hydration) and also the 

hydration of alite and belite that are the main component of OPC. On the basis of results reported 

in Fig. 5.2, it was noticed that with respect to the reference OPC concrete, the lowest compressive 

strength at 1 day was attained by the CSA-blend mix containing three type of binders (i.e. OPC25-

CSA50-SL25 mix). However, the results indicate that the compressive strengths of this mix at 28, 

and 56 days are only slightly lower than those of the OPC concrete.  
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Table 5.2 Compressive strength of different blend-cement concretes 

 

Mix 

No. 
Mixture ID  

Compressive strength (MPa)  Strength gain over that of 7 days (%) 

1 Days 7 Days 28 Days 56 Days  1 Days 7 Days 28 Days 56 Days 

1 OPC  56.0 (-) 69.9 (-) 75.9 (-) 78.8 (-)  80 100 109 113 

2 OPC-DHE1  57.3 (+2%) 72.2 (+3%) 79.7 (+5%) 83.7 (+6%)  79 100 110 116 

3 CSA  25.4 (-55%) 70.9 (+1%) 83.7 (+10%) 88.2 (+12%)  36 100 118 124 

4 CSA-DHE1  28.3 (-49%) 74.1 (+6%) 87.8 (+16%) 91.5 (+16%)  38 100 118 123 

5 OPC50-CSA50  32.6 (-42%) 47.4 (-32%) 60.1 (-21%)  68.5 (-13%)  69 100 127 145 

6 OPC50-CSA50-DHE1  38.3 (-32%) 51.8 (-26%) 65.4 (-14%) 74.1 (-6%)  74 100 126 143 

7 OPC25-CSA50-SL25  11.1 (-80%) 50.4 (-28%) 64.8 (-15%) 72.1 (-9%)  22 100 129 143 

8 OPC25-CSA50-SL25-DHE1  13.2 (-76%) 55.7 (-20%) 66.1 (-13%) 73.3 (-7%)  24 100 119 132 

Note: The number in the () shows the percentage of strength increase or decrease over that of the plain OPC concrete. 

 

 

As it can be seen in Fig. 5.3, the compressive strength of OPC25-CSA50-SL25 mix reduced by 80%, 28%, 15%, and 9% at 1, 7, 28, and 

56 days of curing, respectively compared to those of the OPC concrete. Comparing to the results of OPC50-CSA50 mix, it can be noticed 

that the presence of slag in CSA-blend mix resulted in a reduction in the compressive strength at 1 day of curing. However, the 

compressive strengths of the mix containing slag were higher at later ages of curing compared to those of the OPC50-CSA50 mix. 

Introducing GGBS can result in an increase in the cohesiveness of the cementitious matrix, which reduces the induction of micro-cracks 

leading to an increased strength of concrete [312]. Moreover, GGBS fills the capillary pores of cement matrix and consequently improves 

the properties of the interfacial transition zone (ITZ) [313]. 
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                                        (a) (b) 

Fig. 5.2 Compressive strengths of different blend-mix concretes containing: (a) 0% fiber volume fraction, 

(b) 1% DHE steel fiber volume fraction 

 

Fig. 5.3 Relative compressive strengths of different blend-mix concretes 
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In a study conducted by Sharma and Pandey [314], the XRD pattern of 90-day hydrated sample of 

OPC mix blended with GGBS indicated higher reactivity of GGBS at this age compared to those 

of early ages.  Therefore, reduction in the early age (1 day) strength was observed in the present 

study can be attributed to the lower hydration rate of concretes incorporating GGBS, which has 

been well documented in the literature [314, 315]. The strength evolutions of different concrete 

mixes compared to their 7 days strength are presented in Table 5.2. As it can be observed, the 28 

and 56 days compressive strength of OPC concrete were 9% and 13% higher than its 7 days 

strength, while the compressive strength of CSA concrete were 18% and 24% higher than its 7 

days strength. The higher rate of strength improvement in CSA concrete compared to that of OPC 

concrete can be explained by the development of a significant amount of ettringite. The presence 

of ettringite leads to an enhancement in the microstructure of the concrete that consequently 

increased the compressive strength of concrete. The results further indicate that the highest rate of 

strength development was attained by the CSA-blend concretes. For instance, the 28 days 

compressive strengths of OPC50-CSA50, and OPC25-CSA50-SL25 mixes were 27%, and 29% 

higher than their 7 days strength, while their 56 days strengths were 45%, and 43% higher than 

their 7 days strength, respectively. The higher strength gain of these mixes at a prolonged curing 

time can be attributed to the continued ettringite formation due to the hydration of alite and belite, 

and higher hydration rate of slag at later ages that led to an increased strength. 

 

Fig. 5.2 shows that similar trend to concrete without fibers was occurred in concrete mixes 

reinforced with 1% DHE steel fibers. The best performing mix was the CSA mix with 1% steel 

fiber, which attained a 56-days compressive strength of 91.5 MPa. It was also observed that 

introducing 1% DHE steel fibers into concrete led to an enhancement in the compressive strength 
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of concrete mixes at all ages. For instance, the compressive strength of OPC, CSA, OPC50-

CSA50, and OPC25-CSA50-SL25 concretes containing 1% DHE steel fibers increased by 5%, 

5%, 9%, and 2% at 1, 7, 28, and 56 days of curing, respectively compared to those of the 

corresponding mixes without fibers. DHE steel fibers, owing to their high elastic modulus and 

particular shape that restricts the propagation of cracks, alters the tendency of cracks, and 

subsequently improves the compressive strength of concrete [304]. 

 

5.4 Splitting tensile strength 

 

The splitting tensile strength results of different concrete mixes at curing ages of 7, 28, and 56 

days are shown in Fig. 5.4 and listed in Table 5.3. The relative splitting tensile strength of different 

CSA-based concretes compared to that of the reference OPC mix is also shown in Fig. 5.5. The 

results show that the full replacement of OPC with CSA cement resulted in a slight reduction in 7 

days tensile strength, while its 28 and 56 days splitting tensile strength were increased compared 

to those of the OPC. As it can be seen in Table 5.3, the splitting tensile strength of CSA concrete 

was 11% higher at both curing ages of 28 and 56 days compared to those of OPC concrete. The 

strength reduction at 7 days can be attributed to the presence of retarder that delayed the ettringite 

formation. However, at later ages of curing, a rich amount of ettringite has been formed as a result 

of ye’elimite hydration, which consequently caused an improvement in the strength of concrete. 

The results further indicate that combination of OPC and CSA cements at equal percentage of 50% 

led to a reduction in the splitting tensile strength of concrete at all curing ages considered in this 

study. For instance, the splitting tensile strength of the OPC50-CSA50 concrete reduced by 18%, 

22%, and 19% at 7, 28, and 56 days, respectively, compared to those of the OPC.  
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Table 5.3 Splitting tensile strength of different blend-cement concretes 

 

Mix 

No. 
Mixture ID  

Compressive strength (MPa)  Strength gain over that of 7 days (%) 

7 Days 28 Days 56 Days  7 Days 28 Days 56 Days 

1 OPC  3.41 (-) 3.88 (-) 4.30 (-)  100 114 126 

2 OPC-DHE1  5.70 (+67%) 6.60 (+70%) 7.63 (+77%)  100 116 134 

3 CSA  3.35 (-2%) 4.29 (+11%) 4.77 (+11%)  100 128 142 

4 CSA-DHE1  5.31 (+56%) 7.55 (+95%) 8.48 (+97%)  100 142 160 

5 OPC50-CSA50  2.81 (-18%) 3.04 (-22%) 3.47 (-19%)  100 108 123 

6 OPC50-CSA50-DHE1  4.60 (+35%) 5.16 (+33%) 6.34 (+47%)  100 112 138 

7 OPC25-CSA50-SL25  2.92 (-14%) 3.45 (-11%) 3.79 (-12%)  100 118 130 

8 OPC25-CSA50-SL25-DHE1  5.06 (+48%) 5.80 (+49%) 6.62 (+54%)  100 115 131 

Note: The number in the () shows the percentage of strength increase or decrease over that of the plain OPC concrete. 

 

Fig. 5.4 shows that the incorporation of slag in OPC-CSA concrete led to an improvement in the splitting tensile strength, while its 

strength is lower compared to that of the reference OPC concrete. This increased strength can be attributed to the formation of additional 

C-S-H gel, particularly at later ages which is the main strength contributing compound.  Moreover, slag also fills in the capillary pores 

and improve the features of ITZ and microstructures of cement matrix [316, 317]. It was noticed that the best performing mix was the 

CSA concrete that was attained a 56-days splitting tensile strength of 4.77 MPa, while the lowest strength was gained by the OPC50-

CSA50 concrete with the strength of 3.47 MPa. 
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(a)                                                                          (b) 

Fig. 5.4 Splitting tensile strengths of different blend-mix concretes containing: (a) 0% fiber volume fraction, 

(b) 1% DHE steel fiber volume fraction 

 

Fig. 5.5 Relative splitting tensile strengths of different blend-mix concretes 
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The rate of splitting tensile strength development for different concrete mixes compared to their 7 

days strength are presented in Table 5.3. In general, the rate of strength evolution in concrete that 

OPC was fully or partially replaced with CSA cement was higher compared to that of the reference 

OPC concrete. For instance, the 56 days splitting tensile strength of OPC, CSA, OPC50-CSA50, 

and OPC25-CSA50-SL25 concretes mixes were 26%, 42%, 23%, and 30% higher than their 7 

days strength, respectively. This higher rate of strength development in CSA concrete can be 

explained by the appearance of higher amount of ettringite compared to OPC concrete that is a 

source of strength. As can be seen, the rate of strength evolution in concrete that contains slag is 

also slightly higher than OPC. This increase can be attributed to the improvement in the bond 

between the hydrated cement matrix and the aggregate. This improved bond is due to the alteration 

of calcium hydroxide, which tends to form on the surface of aggregate particles, into C-S-H in the 

presence of pozzolanic materials like slag [318]. 

 

The results of fiber-reinforced concretes indicate that the addition of 1% DHE steel fibers can 

significantly increase the splitting tensile strength of concrete. For instance, the splitting tensile 

strength of OPC-DHE1 concrete mix increased by 67%, 70%, and 77% at 7, 28, and 56 days of 

curing, respectively compared to those of the OPC concrete. This improvement is attributed to the 

high tensile strength, elastic modulus, and effective anchoring mechanism of DHE steel fibers, 

which restrained the extension of macro-cracks in concrete. Similarly, Yoo et al. [319] reported 

that the inclusion of hooked-end steel fibers at a volume fraction of 1% or higher leads to 

significant improvement in tensile strength of high-strength concrete. DHE steel fibers used in the 

present study exhibited significantly higher maximum pullout forces compared to those of hooked-

end steel fibers [320]. As a result, greater improvements in the splitting tensile strength of concrete 
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mixes were attained in this study compared to those reported in previous studies, in which 

conventional hooked-end steel fibers were used. It was also observed that the simultaneous using 

of CSA cement and steel fibers was very effective to enhance the splitting tensile strength of 

concrete, and the best performing mix was attained in CSA-DHE1 concrete mix. As it can be seen 

in Fig. 5.5, the splitting tensile strength of aforementioned mix was increased by 57%, 95%, and 

97% at 7, 28, and 56 days of curing, respectively compared to those of the OPC concrete. This 

improvement can be attributed to the better bond between the steel fibers and CSA cement matrix 

due to self-stressing that resulted from the expansive behavior of CSA cement. As it can be noticed 

in Fig. 5.4, the effect of curing age on the improvement of splitting tensile strength is relatively 

higher in FRC compared to the plain concrete. For instance, the splitting tensile strength of CSA-

DHE1 mix was increased by 42% and 60% at 28 and 56 days compared to its 7 days strength, 

respectively, while these increase were 28% and 42% for CSA concrete, respectively. 

 

5.5 Modulus of elasticity 

 

In homogeneous materials, a direct relationship exists between density and modulus of elasticity. 

In heterogeneous, multiphase materials such as concrete, the density, the modulus of elasticity of 

the principal constituents, and the characteristics of the transition zone determine the elastic 

modulus behavior of the composite [142]. The 28-days modulus of elasticity of different mixes is 

shown in Fig. 5.6, and the relative modulus of elasticity of different concretes compared to that of 

the reference OPC mix is also shown in Fig. 5.7. The results indicate that the cement type had a 

significant influence on the modulus of elasticity of the concrete. As it can be seen in Fig. 5.7, the 

full replacement of OPC with CSA cement caused an increase of 24% in the 28-days modulus of 

elasticity. This increase can be explained by the ability of CSA cement to densify the 



Chapter 5. Mechanical, durability, and microstructural properties of high performance CSA-based … 

 

98 
 

microstructure of cement matrix and improving the characteristics of ITZ, which those 

consequently lead to an enhancement in the modulus of elasticity of concrete. The results further 

demonstrate that combination of OPC and CSA cements at equal percentage of 50% led to a slight 

increase in the modulus of elasticity. Additionally, the substitution a portion of OPC with slag in 

CSA-blend concrete mix resulted in an increase of 7% compared to that of the OPC. Fig. 5.6 shows 

that the lowest modulus of elasticity was attained by the mix containing 100% of OPC, while the 

best performing mix was the CSA mix, which attained a modulus of elasticity of 38.8 GPa. 

Fig. 5.6 Modulus of elasticity of different blend-mix concretes at curing age of 28 days 

 

As it can be noticed in Figs. 5.6 and 5.7, the inclusion of 1% DHE steel fibers led to an increase in 

the modulus of elasticity of all concretes studied in this research. For instance, the modulus of 

elasticity of OPC, CSA, OPC50-CSA50, and OPC25-CSA50-SL25 concretes mixes containing 

1% DHE steel fibers were 4%, 3%, 10%, and 8% higher than those of the corresponding mixes 
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without fibers, respectively. This result suggest that the addition of steel fibers with higher elastic 

modulus compared to that of the cement matrix can improve the modulus of elasticity of concrete. 

Fig. 5.7 Relative modulus of elasticity of different blend-mix concretes at curing age of 28 days 

 

5.6 Flexural Load-CMOD curve and residual flexural tensile strength 
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mixes were 44% and 35% lower than that of the reference OPC mix. As can be seen, the 

substitution of OPC with 25% of slag caused an improvement in the flexural strength compared to 

that of the OPC50-CSA50 concrete. This improvement can be attributed to the formation of 

additional C-S-H gel which is the main strength contributing compound as a result of reaction 

between slag and calcium hydroxide. Moreover, slag may fill in the capillary pores and improve 

the features of transition zone and microstructures of cement matrix [316, 317].  

 

 

 

 

 

 

 

 

 

 

Fig. 5.8 Load-CMOD curves of different blend-mix concretes at curing age of 28 days 
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performance of these mixes can be attributed to the ability of DHE steel fibers to carry the load 

after matrix cracks until further creation of cracks. The flexural load would be reduced due to the 

failure of fiber anchorage or debonding of fibers and the matrix [189, 190]. Fig. 5.8 shows that the 

best performing was by the mix that OPC was fully replaced with CSA cement and reinforced with 

1% steel fiber (i.e. CSA-DHE1). The flexural strength of this mix increased by 87% and 55% as 

compared to that of the OPC and CSA concrete, respectively. The expansion behavior of CSA 

cement can lead to a better bond between the cement matrix and steel fibers, which subsequently 

led to an increase in the flexural strength of concrete. The results further show that the flexural 

strength of OPC, CSA, OPC50-CSA50, and OPC25-CSA50-SL25 mixes containing 1% DHE steel 

fibers was increased by 60%, 55%, 120%, and 113%, respectively as compared to that of their 

corresponding mixes without fibers. As it can be seen, the inclusion of steel fibers had the most 

influence on the flexural strength of concrete that CSA cement was used in blend mixes. As already 

mentioned, the expansion behavior of CSA-blend mixes may lead to a better bond between the 

cement matrix and steel fibers as a result of self-stressing, which subsequently led to an increase 

in the flexural strength of concrete.  

 

The residual flexural tensile strength for different concrete mixes is shown in Fig. 5.9. The residual 

flexural strengths corresponding to CMOD at 0.5 mm, 1.5 mm, 2.5 mm, and 3.5 mm are defined 

as Fr1, Fr2, Fr3, and Fr4, respectively. As the concrete mixes produced without fibers were split 

after maximum peak load, the result of residual flexural tensile strength was not presented for these 

mixes. The results show that an almost similar trend was observed in all mixes reinforced with 1% 

DHE steel fibers. As it can be noticed in Fig. 5.9, the maximum residual flexural tensile strength 

in all mixes was occurred at CMOD equal to 1.5 mm (i.e. Fr2). For instance, the Fr2 of OPC, CSA, 
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OPC50-CSA50, and OPC25-CSA50-SL25 mixes containing 1% DHE steel fibers was 12.5, 10.6, 

9.2, and 8.3 MPa, respectively that was increased by 12%, 16%, 10%, and 2%, respectively as 

compared to their Fr1. It was observed that residual flexural tensile strength gradually reduced after 

CMOD equal to 1.5 mm and the lowest strength was attained at CMOD equal to 3.5 mm. The 

results indicate that Fr4 of OPC, CSA, OPC50-CSA50, and OPC25-CSA50-SL25 mixes 

containing 1% DHE steel fibers was reduced by 18%, 8%, 5%, and 16%, respectively as compared 

to their Fr1. The research finding of this study demonstrate that all the FRC considered in this work 

show a deflection-hardening behavior and conventional steel bar can be partially replaced by 

randomly distributed fiber according to fib Model Code 2010 [307]. Therefore, FRC were 

developed in this study can be of high interest for design of structural member that subjected to 

bending load. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.9 Residual flexural tensile strength of different blend-mix concretes at curing age of 28 days 
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5.7 Shrinkage under drying condition 

 

The results of the shrinkage tests under drying condition for different concrete mixes are shown in 

Fig. 5.10. Additionally, the shrinkage deformations of different specimens at 1 and 56 days are 

shown in Fig. 5.11.  The drying shrinkage strain of concrete has a direct relationship with the 

amount of free water and the porosity of concrete. Generally, the drying shrinkage occurs when 

the free water stored in the capillary pores evaporates due to a low relative-humidity environment. 

This circumstance leads to a humidity gradient which induces the transport of water particles from 

the C-S-H to the capillary pores after which it evaporates [321]. The results indicate that the 

behavior of concretes were produced with OPC or CSA cement is significantly different with those 

concretes that binary or ternary systems were used.  As it can be seen in Fig. 5.10, the highest 

shrinkage strain was attained by the mix that OPC cement was added. It was observed that the full 

replacement of OPC with CSA cement led to an expansion in 1 day, and reduced the shrinkage 

strain of concrete at later ages. As it can be noticed in Fig. 5.11, the shrinkage strain of CSA mix 

was reduced by 38% over that of the reference OPC concrete at 56 days. The shrinkage of CSA 

mix at 56 days was 302 µm/m. This reduction in the shrinkage deformation can be attributed to 

the ettringite formation and its expansive nature that relatively compensate the shrinkage of 

concrete and resulted in a concrete with a volume stability properties. Moreover, ye’elimite that is 

the main source for ettringite formation in CSA cement requires much more molecule of water to 

be hydrated, which this subsequently reduces the amount of free water that can transport through 

the body of concrete. This reduction in the shrinkage strain of concretes were produced with CSA 

cement agrees with the finding of previous researchers [322]. Furthermore, the results illustrate 

that in OPC mix, the shrinkage occurred at a fast rate at early ages and continuously was increased 

over measuring time.  
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(b) 

Fig. 5.10 Dimensional stability of different blend-mix concretes containing: (a) 0% fiber volume fraction, 

(b) 1% DHE steel fiber volume fraction 
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Fig. 5.11 Shrinkage deformation of different blend-mix concretes at 1 and 56 days 
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react and leads to the formation of stable strätlingite. The aforementioned hydration products are 

significantly different with those produced by the hydration of OPC. Therefore, the appearance of 

such crystals in the microstructures of binary and ternary cement mixes are responsible for their 

different performance. 

 

Fig. 5.10 shows that a similar trend to concrete without fibers was occurred in concrete mixes 

reinforced with 1% DHE steel fibers. As expected the highest shrinkage strain was developed by 

the mix containing 100% of OPC. Similarly, the CSA-blend mixes manufacture with 1% DHE 

steel fibers show a stable expansion over measuring time. Generally, the results indicate that the 

addition of 1% DHE steel fibers resulted in a reduction in the shrinkage or expansion strain of all 

mixes considered in this study. For instance, the shrinkage or expansion strains of OPC, CSA, 

OPC50-CSA50, and OPC25-CSA50-SL25 concretes mixes containing 1% DHE steel fibers were 

16%, 9%, 32%, and 34% lower than those of the corresponding mixes without fibers, respectively. 

This result is in good agreement with the findings of the previous research reported that the fibers 

can arrest propagation of cracking produced as a result of drying shrinkage [135, 215]. As it can 

be observed, the effectiveness of DHE steel fibers in restraining the volume change of concrete 

specimens was higher in CSA-blend mixes. This can be explained by the fact that a better bond 

between the steel fibers and binders was developed as a result of expansive behavior of those 

concretes.  

 

5.8 Water absorption 

 

The ingress of destructive ions like chloride and sulfate into the concrete adversely affects the 

durability of concrete. The water absorption test is known as an indirect way to determine the 
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porosity of concrete, in which also provide information about the permeable pore volume and their 

connectivity inside the concrete. Fig. 5.12 shows initial (30 min) and ultimate (7 day) water 

absorption of different concrete mixes. The relative water absorptions of different concrete mixes 

over that of the reference OPC mix are shown in Fig. 5.13. As it can be observed in Fig. 5.13, the 

full replacement of OPC with CSA cement led to an increase in both initial and ultimate water 

absorptions of concrete. The initial and ultimate water absorptions of CSA mix were 146% and 

65% higher than those of the OPC mix, respectively. Obviously, the higher amount of ettringite 

has been generated in CSA concrete as compared to OPC concrete. This can affect the properties 

of concrete and particularly its water absorption in two different ways. The presence of rich amount 

of ettringite can fill the voids, lead to the discontinuity of pore network, and also improve the 

characteristics of cement matrix that subsequently resulted in a reduction in the permeability of 

concrete [309]. On the other hand, ettringite can adsorb the water and consequently increase the 

water absorption of concrete. These two phenomena counteract each other and the results of this 

study suggest that the adsorption of water by ettringite is the dominant factor that influencing the 

water absorption of concrete. The results further indicate that the water absorptions of CSA-blend 

mixes are also higher over that of the OPC concrete. For instance, the initial water absorption of 

OPC50-CSA50 and OPC25-CSA50-SL25 mixes were 191% and 59% higher than that of the OPC 

concrete, respectively, while their ultimate water absorptions were 76% and 56% higher. As it can 

be noticed, the presence of slag in ternary mix resulted in a reduction in the water absorption 

compared to that of the binary mix (i.e. OPC50-CSA50). This reduction can be attributed to the 

ability of slag to improve the microstructure of cement matrix, decreasing the pores size, and 

interrupting the connection of pores [324]. In addition to the pozzolanic activity of slag, its filler 
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effect might have also contributed to the reduction of water absorption owing to the small particle 

size of slag. 

 Fig. 5.12 Water absorption of different blend-mix concretes 

 

Fig. 5.13 Relative water absorption of different blend-mix concretes 
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The results of fiber-reinforced concretes show that irrespective to the type of binders, the addition 

of 1% DHE steel fibers in concrete led to a slight reduction in the water absorption of concretes. 

For instance, the initial water absorptions of OPC, CSA, OPC50-CSA50, and OPC25-CSA50-

SL25 concretes mixes containing 1% DHE steel fibers were 6%, 8%, 24%, and 7% lower than 

those of the corresponding mixes without fibers, respectively. These reductions for the ultimate 

water absorption were 3%, 8%, 6%, and 1%, respectively. These results suggest that the inclusion 

of fibers restrict the formation and propagation of cracks in the body of concrete, leading to a 

reduced permeability [245]. As it can be seen in Fig. 5.12, the best performing mix was the OPC 

concrete that was attained an ultimate water absorption of 3.37%, while the highest water 

absorption was gained by the OPC50-CSA50 concrete with the water absorption 5.93%. 

 

5.9 Electrical resistivity  

 

Electrical resistivity is one of the most important features of concrete durability, as it is a 

significant factor affecting corrosion in reinforced concrete. It was shown previously that an 

electrical resistivity of 120 Ω m is the limit for corrosion propagation in internal steel reinforcing 

bars, above which corrosion of concrete reinforcement would not be probable [318]. The results 

of the electrical resistivity tests for the different concrete mixes are shown in Fig. 5.14. In general, 

it was observed that the electrical resistivity of all concretes considered in this study was higher 

than 120 Ω m at 28 days, which secures the bars from the corrosion. The results indicate that the 

full replacement of OPC with CSA cement resulted in a significant increase in the electrical 

resistivity of concrete. For instance, the 28-days electrical resistivity of CSA concrete mix was 

20.69 times higher than that of the OPC concrete mix. This important improvement can be 

explained by the rich ettringite formation in the CSA mix that consequently improves the 
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microstructure of the cement matrix and hinders the movement of ions in the pore solution. It was 

also reported that the addition of CSA cement densifies the pore structures and its hydration 

developed pores with radius smaller than 25 nm [62], and formed an interconnected pore network 

[12, 62], which resulting in good performance in durability related properties. The results further 

show that even at 1 day of curing, the electrical resistivity of CSA mix was considerably higher 

with respect to that of the OPC mix. This result suggests that ettringite crystals were generated 

quickly at early age as a result of ye’elimite hydration.  

 

 

 

 

 

 

 

 

 

 

Fig. 5.14 Electrical resistivity of different concrete mixes 
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electrical resistivity of OPC25-CSA50-SL25 mix was increased by 210% with respect to that of 

the OPC mix. The presence of slag densifies the microstructure of concrete, while its pozzolanic 

reaction causes the formation of secondary C-S-H. The C-S-H gel, which is known as a source of 

strength in concrete, increases the volume of solid phases and reduces the formation of capillary 

pore systems in concrete. These phenomena result in improvements in durability properties of 

concrete, such as concrete resistivity [325]. Additionally, it is expected that the presence of lime 

increases the content of ettringite crystals [326], which grow in the pores and interrupt the travel 

of ions in the concrete [327].  

 

It is well documented that the compressive strength of concrete is significantly affected by the 

porosity and properties of cement matrix. Additionally, the porosity and the ions concentration in 

the pore solution have important impact on the electrical resistivity of concrete. Therefore, an 

attempt has been made to correlate the electrical resistivity results to the compressive strength of 

concretes. Fig. 5.15 shows the correlation for different concrete mixes were considered in this 

study. As it can be seen in Fig. 5.15, a strong linear relationship was obtained between the electrical 

resistivity and compressive strength for all mixes. Higher compressive strengths were attained by 

an increase in the magnitude of the electrical resistivity. The result of this research is in good 

agreement with the findings of Ramezanianpour et al. [328] that reported the existence of a linear 

correlation between the electrical resistivity and compressive strength of concrete. These results 

are highly promising and suggest that the electrical resistivity technique can be successfully used 

as a non-destructive test to predict the compressive strength of different concrete mixes in practice.  
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Fig. 5.15 Correlation between electrical resistivity and compressive strength of different concrete mixes 

 

5.10 Electrical half-cell potential of steel fibers 
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performance of CSA mix rather than OPC can be explained by the fact that the hydration of CSA 

cement generate a rich amount of ettringite crystals that grow in the pore solutions, densify the 

microstructure of cement matrix, and consequently improve the potential of fibers in concrete. 

According to the classification recommended by ASTM C876 [298], the potentials of both OPC 

and CSA concrete mixes are in the range that the probability of steel bars corrosion is uncertain.  

 

 

 

 

 

 

 

 

 

 

Fig. 5.16 Half-cell potential of fibers embedded in different concrete mixes 

 

The results of the existing studies about the corrosion resistance of concrete fabricated with CSA 

cement are contradictory [12, 82]. For instance, Glasser and Zhang [12] pointed out that there was 

no evidence of corrosion on the surface of steel bars embedded in CSA concrete after 14 years, 

and they remained passivated. They reported that the good performance of concrete with CSA 

cement against the corrosion can be attributed to the lower permeability as well as the self-

desiccation features that subsequently reduces the bleeding water in the vicinity of steel bars. On 

the contrary, Kalogridis et al. [82] observed that more negative potential was attained in concrete 
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with CSA cement compared to that of the OPC concrete in half-cell potential test. This can be 

explained by the less alkalinity of pore solution in concrete fabricated with CSA cement that 

subsequently increases the risk of bars corrosion.  

 

As it can be seen in Fig. 5.16, the potentials of CSA-blend mixes were more negative than OPC 

mix. For instance, the potentials of OPC50-CSA50 mix varied between -397 mV to -354 mV, 

while the potentials of OPC25-CSA50-SL25 varied between -513 mV to -304 mV. These results 

suggest that there is a high probability of steel bars corrosion in both mixes as potentials more 

negative than -270 mV were attained at all curing ages considered in this study. This can be 

attributed to the lower alkalinity of pore solutions as well as higher permeability of these mixes as 

compared to the OPC mix, which resulting in deterioration of passive film and increasing the 

possibility of the fibers corrosion. The findings of this study are in conflict with the results of 

Janotka et al. [329] who reported blending 15% OPC with 85% CSA cement resulted in a desirable 

environment for steel rebar that protect them from the corrosion. The results further indicate that 

in CSA-blend mixes, the 3-days potentials were more positive than those of 1 day, while the trend 

of the potentials have been changed and more negative potentials were attained at later ages when 

compared to the 3-days potentials of corresponding mixes. This result suggest that the hydration 

products of CSA-blend mixes may have been altered after 3 days in which adversely affected the 

corrosion resistance of concretes. It is worth noting that after 7 days of curing there were some 

evidence of micro-cracks and detachment of the cement paste on the surface of binary and ternary 

blended concrete specimens. Hence, an optical microscopy was used to observe the surface of all 

specimens and the images of different specimens are shown in Fig. 5.17.  
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Fig. 5.17 Appearance of the surface of different concrete specimens cured at 23°C and higher than 95% 

humidity for half-cell potential test 

 

As it can be seen, in OPC50-CSA50 mix some white crystals were also developed under the 

cement past layer. The XRD analysis of this powder is shown in Fig. 5.18. As it is shown in Fig. 

5.18, the powder consists of significant amount of calcite followed by the gibbsite crystals. These 
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results suggest that the presence of micro-cracks may facilitate the diffusion of available CO2 in 

the concrete that consequently resulted in the faster carbonation. The presence of white ‘bloom’ 

which has been formed on the surface of binary blended mix may be attributed to the carbonation 

of mobile alkalis from the pore solution due to the efflorescence phenomena. It is well documented 

that carbonation of concrete can lead to the decomposition of ettringite crystals as well as the 

reduction of the alkalinity in the pore solutions, which subsequently increases the risk of steel bars 

corrosion [330]. 

Fig. 5.18 XRD pattern of the powder grows on the surface of OPC50-CSA50 mix cured at 23°C and higher 

than 95% humidity (C: calcite, G: gibbsite, Q: quartz, M: magnesite) 

 

Since the features of cement microstructures and pore solutions have an impact on the results of 

potentials and electrical resistivity, an attempt has been made to correlate the potentials of fibers 

to the electrical resistivity results of concretes. Fig. 5.19 shows the correlation for different 

concrete mixes were considered in this study. The results indicate that there is a strong linear 

correlation between these results. Higher potentials were attained by an increase in the magnitude 
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of the electrical resistivity. These results are highly promising and can contribute toward 

expanding the use of electrical resistivity method to monitor the potentials of steel reinforcement 

and probability of steel bars corrosion. 

 

 

 

 

 

 

 

 

 

 

Fig. 5.19 Correlation between half-cell potential of fibers and electrical resistivity of different concrete 

mixes 

 

5.11 Corrosion susceptibility of steel fibers by potential-static test 

 

The current density of steel fibers embedded in different concrete mixes is depicted in Fig. 5.20. 

The results indicate that the current density of steel fibers in OPC mix ranged from 73.7 mA/m2 to 

0.74 mA/m2. As it can be seen in Fig. 5.20, there was a continuous reduction in the current density, 

and the lowest current density was attained at 24 hours. The full replacement of OPC with CSA 

cement resulted in an increase in the current density of fibers, and the current density remained 

almost unchanged after 30 minutes of polarization. This result suggest that the susceptibility of 

steel fibers corrosion is higher in CSA mix with respect to the OPC mix. This can be attributed to 
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the less alkalinity of pore solutions in CSA mix that tend to destroy the protective passive film 

around the steel fibers and resulted in a higher risk of corrosion. The results further indicate that 

the current density of fibers has been significantly increased in the binary and ternary mixes. For 

instance, the current density of steel fibers in OPC50-CSA50 mix ranged from 1279.9 mA/m2 

(immediately after polarization) to 171.6 mA/m2 (after 24 hours of polarization), while the current 

densities in OPC25-CSA50-SL25 mix immediately and after 24 hours of polarization were 1227.6 

mA/m2 and 852.1 mA/m2, respectively. As it can be seen in Fig. 5.20, the presence of slag in 

concrete changed the performance of concrete and higher current density was attained at later ages 

compared to those at early ages. These result show that the passive film in the concretes containing 

blended CSA cement has been destroyed and steel fibers corrosion was occurred. The results of 

this study are in good agreement with the finding of Huang et al. [331] who reported that the 

tendency of steel bars corrosion was increased in the mixes containing slag as a replacement of the 

OPC. 

 

 

 

 

 

 

 

 

 

 

Fig. 5.20 Current density of different concrete mixes subjected to the polarization 
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The potentials of steel fibers embedded in different concrete mixes after depolarization are shown 

in Fig. 5.21. The results indicate that a great reduction in the potentials of steel fibers was occurred 

in all mixes, while the rate of reduction was significantly higher in concretes containing CSA 

cement. For instance, the potentials of steel fibers in OPC, CSA, OPC50-CSA50, and OPC25-

CSA50-SL25 mixes were -13, -194, -399, and -432 mV, respectively 2 hours after depolarization. 

This result mean that the tendency of corrosion is significantly higher in concretes were fabricated 

with CSA cement compared to that of the OPC mix. The weak corrosion resistance of CSA cement 

blended mixes may also be attributed to the carbonation of those mixes that led to the 

decomposition of ettringite crystals as well as the reduction of the alkalinity in the pore solutions, 

which subsequently increased the risk of steel fibers corrosion [330]. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.21 Potential of fibers embedded in different concrete mixes after depolarization 
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To further study the corrosion performance of different concrete mixes, the concrete specimens 

were demolished after the test and an optical microscope was used to observe the surface of fibers 

as well as the concrete specimens. The images of steel fibers and concrete specimens are shown in 

Fig. 5.22.  As it can be seen, there was no evidence of corrosion products in the surface of steel 

fibers and concrete containing OPC. On the other hand, it was observed that the passive film was 

destroyed in the mix containing CSA cement and both polarized and not polarized fibers were 

corroded. Additionally, the corrosion products can be seen on the surface of concrete specimen. 

Fig. 5.22 shows that the rate of corrosion was significantly higher in the CSA cement blended 

mixes with respect to the concrete that pure CSA cement was used. It was observed that strong 

black corrosion products were generated at the tip of steel fibers that resulted in a reduction of the 

cross-section in some areas. These results suggest that the electrical resistivity method can lead to 

misleading results as higher resistivity were attained in mixes containing CSA cement compared 

to that of the OPC. However, the potential-static test clearly show that the passive film protected 

the steel fibers against corrosion in OPC mix in spite of their lower resistivity over that of the 

concretes produced with CSA cement. 
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Fig. 5.22 Corrosion damaged of steel fibers and the corroded product on the surface of corresponding concrete 

Polarized fiber Not polarized fiber Corresponding concrete 
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5.12 SEM observations  

 

There is a strong correlation between the microstructural properties and physical-mechanical 

characteristics of concrete. It is well documented that the features of interfacial transition zone 

(ITZ) between the aggregate and cement past can significantly affects the mechanical properties 

of concrete. It was pointed that the ITZ is the most important interface in concrete, although it only 

consists a little portion in concrete [332], and subsequently it is able to substantially influence the 

physical and mechanical properties of hardened concrete [333]. SEM micrographs of ITZ between 

aggregate and cement paste of different concretes with w/c ratio of 0.35 are shown in Fig. 5.23. 

As it can be seen, in the OPC concrete, the aggregate was properly embedded in the cement matrix 

and a uniform C-S-H was developed around the aggregate. Fig. 5.23a shows the presence of a 

micro-crack at the interface of aggregate and cement matrix, which can result in a lower 

mechanical properties in this concrete. Cwirzen and Penttala [334] also reported that the weakest 

interface in the conventional concrete would be the ITZ between the cement matrix and aggregates.  
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Fig. 5.23 SEM images of ITZ between aggregate and cement paste of different concretes with water-cement 

ratio of 0.35: (a) OPC concrete, (b) CSA concrete, (c) OPC25-CSA50-SL25 concrete 

 

As it can be noticed in Fig. 5.23b, the full replacement of OPC with CSA cement resulted in a very 

dense microstructure around the interface of aggregate and matrix. The higher mechanical 

properties of CSA mix compared to the OPC mix can be attributed to the rich amount of ettringite 

as well as improved properties of ITZ. The results further indicate that in the ternary blended mix, 

the aggregate was surrounded by cement matrix consists of several micro-cracks. However, as can 

be seen in Fig. 5.23c, there is no evidence of any gap between the aggregate and cement matrix. 

 

To study the microstructural properties of concretes produced with different cements as well as 

blended systems, several images were collected and the ones that are most representative are 

presented in Fig. 5.24. As it can be observed, the hydration products of OPC concrete consists of 

featureless gel of C-S-H, ettringite crystals with needle-like shape, and calcium hydroxide (CH) 
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crystals with plate shape. The results indicate that the content of calcium hydroxide is relatively 

higher over that of the ettringite. Additionally, it can be seen that the length of ettringite crystals 

developed in OPC concrete varied from 1 to 3 µm. The results also show the presence of pores 

with different sizes in the surface of hydrated cement, which can consequently influence the 

durability properties of concrete. Fig. 5.24b shows the morphology of hardened concrete 

containing CSA cement. As it can be seen, by hydration of ye’elimite that is the main component 

of CSA cement, a significant amount of ettringite crystals were generated. It is well documented 

by other researchers that ye’elimite can be hydrated in three different ways [335]. First, the 

hydration of ye’elimite with only water that can result in monosulfate and aluminum hydroxide. 

Second type of hydration is in the presence of calcium sulfate in addition to water to generate 

ettringite and aluminum hydroxide. The third type of hydration can be developed by the presence 

of lime, calcium sulfate and water, which subsequently resulted in the ettringite crystal alone.  
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Fig. 5.24 SEM images of different concretes with water-cement ratio of 0.35: (a) OPC concrete, (b) CSA 

concrete, (c) OPC50-CSA50 concrete, (d) close-up of a section in fig. 5.24c, (e) OPC-25-CSA50-SL25 

concrete, (f) close-up of a section in fig. 5.24e (E: ettringite, CH: portlandite, CSH: calcium silicate hydrate, 

CF: carbonated phase) 



Chapter 5. Mechanical, durability, and microstructural properties of high performance CSA-based … 

 

126 
 

The results of this study show that the second hydration type was occurred. It was also observed 

that the size of prismatic ettringite crystals ranged from 0.29-0.7 µm wide, and 2-6 µm length. This 

type of ettringite crystals cause an improvement in the mechanical properties of concrete and also 

lead to the dimension stability of cement [336, 337]. The finding of this research in previous 

sections are in good agreement with the aforementioned explanation. 

 

Fig. 5.24c shows the morphology of the binary blended system at low magnification, while Fig. 

5.24d shows a close-up of a section with higher magnification. As it can be observed from those 

figures, the microstructure of hydrated cement was significantly changed by the combination of 

OPC with CSA cement at equal percentages of 50. As already mentioned, the presence of lime can 

notably influence the hydration products and result in three moles of ettringite instead of one, and 

subsequently increase the possibility of expansion [322]. It was also reported that this type of 

ettringite is characterized by high specific surface that accompanying with its negative charge are 

able to attract a great amount of water molecules. The expansion of the system can be attributed 

to the repulsion of those charged particles from each other [11]. The available lime in this system 

could be calcium hydroxide generated from the hydration of alite and belite coming from OPC, or 

the belite incorporated in the CSA clinker. Fig. 5.24c shows that some cluster crystal were formed 

in different areas of hydrated cement that may assign to the carbonated phase. It was noticed that 

these type of crystals had quite large size and their length were up to 30 µm. This may be related 

to the carbonation of mobile alkalis from the pore solution as a result of efflorescence phenomena. 

It is also well documented that carbonation of concrete can lead to the decomposition of ettringite 

crystals, which subsequently reduced the mechanical properties of concrete [330]. In addition to 

those crystals, some plate-like crystals with high specific surface were also generated as is shown 
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in Fig. 5.24d. The plate-like crystals that were generated in this study were about 5-7 µm wide and 

3 µm long that most of them tend to be AFm phase.  

 

The morphology of ternary mix containing OPC, CSA, and slag is shown in Figs. 5.24e, while a 

close-up of a section with higher magnification is shown in Fig. 5.24f. As it can be seen, differently 

from the binary mix, the inclusion of slag resulted in a disappearance of long cluster crystals. The 

ternary system consists of different type of crystals including needle-like ettringite, AFm phases 

and C-S-H gel. The appearance of C-S-H in this system can be explained by the fact that slag was 

reacted with the calcium hydroxide produced by OPC, and consequently led to the formation of 

secondary C-S-H gel. The higher mechanical properties and lower expansion of ternary system 

compared to those of the binary system can be attributed to the disappearance of cluster crystals 

with long size and also formation of additional C-S-H. 
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Chapter 6 

The influences of different types of fibers and fiber hybridization on the 

engineering properties of concretes containing CSA cement  

 

6.1 Introduction 

 

This chapter studies the influence of different types of fibers and combination of fibers on the 

engineering properties of CSA-based concretes at different w/c ratios of 0.35 and 0.28. Double 

hooked-end (DHE) steel fibers, hooked-end (HE) steel fibers, and polyvinyl alcohol (PVA) fibers 

were used at fiber content of 1%. Some mixes were produced with the combination of metallic and 

synthetic fibers at a total fiber content of 1.0% to study the effect of fiber hybridization. All the 

fiber-reinforced concretes (FRC) were produced by using CSA cement. The mix proportions of 

fourteen different concrete mixes were developed in this study are shown in Table 3.6. The 

compressive strength, splitting tensile strength, modulus of elasticity, flexural behavior, and drying 

shrinkage of the concrete mixes were examined. Moreover, the morphology of the fractured 

specimens was studied by using SEM method. 

 

6.2 Compressive strength 

 

The compressive strength of different concrete mixes were studied at both water and air curing 

conditions to observe the effect of curing. The compressive strength results of different mixes with 

w/c ratio of 0.35 under water curing are shown in Fig. 6.1 and Table 6.1. The relative compressive 

strength of different FRC compared to that of the reference CSA mix is also shown in Fig. 6.2. 

The results indicate that the inclusion of CSA cement led to a reduction in the 1 day compressive 

strength of concrete, while its strength is higher compared to that of the OPC at later ages of curing. 
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This reduction at the early age can be explained by the fact that the addition of retarder delayed 

the ettringite formation in CSA cement. On the other hand, the increase in the strength of concrete 

at later ages can be attributed to the rich amount of ettringite in that mix that consequently 

improved the features of cement matrix and led to an increased strength.  

 

As it can be noticed in Fig. 6.1, the use of fibers in any form and fiber hybridization resulted in an 

increase in the compressive strength compared to that of the reference CSA concrete. This increase 

in the compressive strength can be explained by the fibers ability to restrain the extension of cracks, 

reduce the extent of stress concentration at the tip of cracks, change the direction of cracks, and 

delay the growth rate of cracks [98]. The results shown in Table 6.1 indicate that compressive 

strength of concrete increases from 1% to 13% as a result of the addition of fibers to the CSA mix, 

depending on the fiber type and testing age. It can also be observed in the same table that the effect 

of steel fibers was more significant than that of the PVA fibers in the improvement of the 

compressive strength. This can be attributed to the higher strength and elastic modulus of steel 

fibers compared to those of PVA fibers, which resulting in their higher efficiency in bridging 

macro-cracks and consequently increasing the compressive strength. As it can be seen in Fig. 6.1, 

the best performing mix was the one with 1.0% HE steel fiber, which attained a 56-day 

compressive strength of 92.9 MPa. The failure mode of high performance concrete under 

compression load is shown in Fig. 6.3. As it can be seen, the plain CSA specimen was damaged 

significantly and its behavior was almost explosive. However, the addition of fibers significantly 

changed the failure pattern of concrete. It was noticed that the PVA fibers act better than DHE 

steel fibers to restrain the propagation of micro-cracks in the body of concrete due to their higher 

number of fibers per volume of concrete at a similar fiber content. 

 



Chapter 6. The influences of different types of fibers and fiber hybridization on the engineering … 

 

130 
 

Table 6.1 Compressive strength of different fiber-reinforced concretes (water curing) 

 

Mix 

No. 
Mixture ID W/B 

Compressive strength (MPa)  Strength gain over that of 7 days (%) 

1 Days 7 Days 28 Days 56 Days  1 Days 7 Days 28 Days 56 Days 

1 OPC 

0.35 

56.0 (+120%) 69.9 (-1%) 75.9 (-9%) 78.8 (-11%)  80 100 109 113 

2 CSA 25.4 (-) 70.9 (-) 83.7 (-) 88.2 (-)  36 100 118 124 

3 CSA-DHE1 28.3 (+11%) 74.1 (+5%) 87.8 (+5%) 91.5 (+4%)  38 100 118 123 

4 CSA-HE1 28.8 (+13%) 73.2 (+3%) 86.9 (+4%) 92.9 (+5%)  39 100 119 127 

5 CSA-PVA1 25.7 (+1%) 71.6 (+1%) 85.0 (+2%) 89.6 (+2%)  36 100 119 125 

6 CSA-DHE0.5-HE0.5 29.5 (+16%) 74.6 (+5%) 89.3 (+7%) 93.1 (+6%)  40 100 120 125 

7 CSA-DHE0.5-PVA0.5 26.4 (+4%) 74.2 (+5%) 87.1 (+4%) 91.8 (+4%)  36 100 117 124 

            

8 OPC 

0.28 

62.3 (+50%) 70.1 (-3%) 79.8 (-7%) 81.5 (-10%)  89 100 114 116 

9 CSA 41.5 (-) 72.3 (-) 85.4 (-) 90.1 (-)  57 100 118 125 

10 CSA-DHE1 47.6 (+15%) 82.2 (+14%) 91.7 (+7%) 95.6 (+6%)  58 100 112 116 

11 CSA-HE1 49.8 (+20%) 84.7 (+17%) 92.0 (+8%) 97.7 (+8%)  59 100 109 115 

12 CSA-PVA1 45.9 (+11%) 77.8 (+8%) 89.1 (+4%) 91.8 (+2%)  59 100 115 118 

13 CSA-DHE0.5-HE0.5 48.7 (+17%) 84.4 (+17%) 94.0 (+10%) 96.5 (+7%)  58 100 111 114 

14 CSA-DHE0.5-PVA0.5 47.5 (+14%) 80.2 (+11%) 91.5 (+7%) 92.9 (+3%)  59 100 114 116 

Note: The number in the () shows the percentage of strength increase or decrease over that of the plain CSA concrete. 
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Fig. 6.2 shows that the compressive strength of concretes manufactured with fibers hybridization 

were up to 16% higher than that of the plain CSA concrete, depending on the fibers combination, 

and testing age. The results of hybrid fiber-reinforced concretes (HyFRC) illustrate that the 

substitution of a portion of DHE steel fibers with HE steel fibers led to a slight increase in the 

compressive strength, while the combination of DHE steel fibers and PVA fibers caused a 

compressive strength similar to that of the CSA-DHE1 mix. Among the different fiber 

combinations considered in this study, the highest compressive strength was developed by the mix 

containing 0.5% DHE and 0.5% HE steel fibers that attained a 56-day compressive strength of 

93.1 MPa. 

 

 (a) (b) 

Fig. 6.1 Compressive strengths of different concretes with water-cement ratio of 0.35 under water curing: 

(a) fiber-reinforced concretes, (b) hybrid fiber-reinforced concretes 
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Fig. 6.2 Relative compressive strengths of different fiber-reinforced concretes with water-cement ratio of 

0.35 under water curing 

 

Fig. 6.3 Failure mode of high performance concrete under compression load: (a) 0% fiber, (b) 1% DHE 

steel fiber, (c) 1% PVA fiber 
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The compressive strength results of different mixes with w/c ratio of 0.35 under air curing are 

shown in Fig. 6.4, and the relative compressive strength is also shown in Fig. 6.5. As it can be seen 

in those figures, a similar trend to specimens that wet cured was occurred in the strength of 

concretes. The results indicate that the effectiveness of steel fibers was higher compared to that of 

the PVA fibers in improvement of the compressive strength. The results further indicate that the 

compressive strength improvement of FRC ranged from 1% to 16%, depending on the fiber type, 

fiber hybridization, and testing age. 

(a)   (b) 

Fig. 6.4 Compressive strengths of different concretes with water-cement ratio of 0.35 under air curing: (a) 

fiber-reinforced concretes, (b) hybrid fiber-reinforced concretes 

 

The compressive strength ratio of water to air cured specimens of different fiber-reinforced 

concretes with w/c ratio of 0.35 is shown in Fig. 6.6. As it can be observed, the compressive 

strength of water cured specimens were slightly higher than that of the specimens subjected to air 
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curing. For instance, the increase in the compressive strength of water cured FRC over that of the 

air cured specimens varied from 3% to 9%, depending on the fiber type, fiber hybridization, and 

testing age. Obviously, the specimens that water cured can absorb water from surrounding 

environment to further generate the ettringite, which subsequently increased the strength of 

concrete. 

 

Fig. 6.5 Relative compressive strengths of different fiber-reinforced concretes with water-cement ratio of 

0.35 under air curing 
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Fig. 6.6 Compressive strength ratios of water to air cured specimens of different fiber-reinforced concretes 

with water-cement ratio of 0.35  

 

The compressive strength results of different mixes with w/c ratio of 0.28 under water curing are 

shown in Fig. 6.7 and Table 6.1. The relative compressive strength of different FRC compared to 

that of the reference CSA mix is also shown in Fig. 6.8. Similar to the concretes with w/c ratio of 

0.35, the full replacement of OPC with CSA cement led to reduction of 33% at 1 day compressive 

strength, while the compressive strengths of CSA mix were 3%, 7%, and 10% higher over those 

of the OPC mix at 7, 28, and 56 days, respectively. The results indicate that the addition of fibers 

caused an increase in the compressive strength of concrete irrespective to the fiber types and fiber 

hybridization. As it can be seen in the Fig. 6.8, the compressive strength improvement of FRC 

ranged from 2% to 20%, depending on the fiber type, fiber hybridization, and testing age.  
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 (a)  (b) 

Fig. 6.7 Compressive strengths of different concretes with water-cement ratio of 0.28 under water curing: 

(a) fiber-reinforced concretes, (b) hybrid fiber-reinforced concretes 

Fig. 6.8 Relative compressive strengths of different fiber-reinforced concretes with water-cement ratio of 

0.28 under water curing 

62.3

41.5
47.6 49.8 45.9

70.1 72.3
82.2 84.7 77.879.8 85.4
91.7 92.0 89.181.5

90.1
95.6 97.7

91.8

0

20

40

60

80

100

120

140
C

o
m

p
re

ss
iv

e 
st

re
n

gt
h

 [
M

P
a]

Mixture

1   Days 7   Days

28 Days 56 Days

62.3

41.5
47.6 48.7

47.5

70.1
72.3

82.2 84.4 80.279.8 85.4
91.7 94.0 91.581.5

90.1
95.6 96.5

92.9

0

20

40

60

80

100

120

140

C
o

m
p

re
ss

iv
e 

st
re

n
gt

h
 [

M
P

a]

Mixture

1   Days 7   Days

28 Days 56 Days

150

115 120
111 114

97
114 117 108 117 111

93 100 107 108 104 110 107

90
106 102 107 103

0

50

100

150

200

250

R
e

la
ti

ve
 c

o
m

p
re

ss
iv

e
 s

tr
e

n
gt

h
 [

%
]

Mixture

1   Days 7   Days

28 Days 56 Days



6.2 Compressive strength 

 

137 
 

Fig. 6.7 shows that the best performing mix was the CSA-HE1 mix that attained a 56-day 

compressive strength of 97.7 MPa. The results of HyFRC indicate that the substitution of a portion 

of DHE steel fibers with HE steel fibers led to a slight increase in the compressive strength, while 

the combination of DHE steel fibers and PVA fibers caused a compressive strength similar to that 

of the CSA-DHE1 mix. 

 

The compressive strength results of different mixes with water-cement ratio of 0.28 under air 

curing are shown in Fig. 6.9, and the relative compressive strength is also shown in Fig. 6.10.  As 

it can be seen in those figures, the effectiveness of steel fibers in improvement of compressive 

strength was higher over that of the PVA fibers. The results demonstrate that an increase up to 

27% was attained in the compressive strength of concrete through the addition of 1% HE steel 

fibers in the CSA concrete. 

 

The compressive strength ratio of water to air cured specimens of different fiber-reinforced 

concretes with w/c ratio of 0.28 is shown in Fig. 6.11. The results show that the effect of water 

curing on the compressive strength of specimens were developed by w/c ratio of 0.28 was 

insignificant. For instance, the water cured compressive strengths of CSA mix at 7, 28, and 56 

days were 9%, 3%, and 4% higher than those of the specimens subjected to air curing condition, 

respectively. This increase for FRC specimens was up to 4%. This result suggest that air curing 

can be used for CSA-based concretes to attain compressive strength matching those of concretes 

under water curing.  
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 (a) (b) 

Fig. 6.9 Compressive strengths of different concretes with water-cement ratio of 0.28 under air curing: (a) 

fiber-reinforced concretes, (b) hybrid fiber-reinforced concretes 

Fig. 6.10 Relative compressive strengths of different fiber-reinforced concretes with water-cement ratio of 

0.28 under air curing 
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Fig. 6.11 Compressive strength ratios of water to air cured specimens of different fiber-reinforced concretes 

with water-cement ratio of 0.28  

 

The strength evolutions of different FRC compared to their 7 days strength are presented in Table 

6.1. It was observed that the strength development in concretes were produced at higher w/c ratio 

(i.e. 0.35) was higher compared to that of the concretes were manufactured at w/c ratio of 0.28. 

For instance, the average 28 and 56 days compressive strengths of FRC with w/c ratio of 0.35 were 

19% and 25% higher than their 7 days strength, while these increase were 12% and 16% in FRC 

produced at w/c ratio of 0.28. This can be explained by the fact that the free water that was available 

in concretes with w/c ratio of 0.28 was consumed very fast by ye’elimite to generate ettringite, and 

less amount of water was available for its further hydration and strength gain. On the other hand, 

in concretes that were manufactured at w/c ratio of 0.35, further reaction was occurred at later ages 

that consequently developed higher strength growth.  
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The comparison between the compressive strength results of concrete were produced at different 

water-cement ratios shows that the reduction in the water-cement ratio of CSA-based concretes 

has a significant effect on the 1 day strength, while it has negligible influence on their strength at 

later ages of curing. Ac it can be seen in Table 6.1, the compressive strength of CSA concrete at 

water cement ratio of 0.28 increased by 63%, 2%, 2%, and 2% at 1, 7, 28, and 56 days, respectively 

compared to those of the CSA concrete with water-cement ratio of 0.35. This may be due to the 

fact that at very low water-cement ratios like 0.28, the ye’elimite hydration was occurred very fast 

and as a consequence notably increased the 1 day strength.   

 

6.3 Splitting tensile strength 

 

The splitting tensile strength results of different FRC mixes with w/c ratio of 0.35 are shown in 

Fig. 6.12 and listed in Table 6.2. The relative splitting tensile strength of different FRC mixes with 

w/c ratio of 0.35 compared to that of the reference CSA mix is also shown in Fig. 6.13. The results 

indicate that the replacement of OPC with CSA cement led to a slight reduction in the 7 day 

splitting tensile strength, while increased the 28 and 56 days strengths of concrete. This increase 

can be due to the fact that the addition of CSA cement caused an improvement in the properties of 

cement matrix as a result of higher ettringite formation. 

 

The results of fiber-reinforced concretes show that incorporation of fibers, especially DHE steel 

fibers, had a significant influence on the splitting tensile strength of the concrete. For example, the 

splitting tensile strength of the mixes containing 1% DHE steel fibers increased by 59%, 76%, and 

78% at 7, 28, and 56 days, respectively compared to those of the reference CSA concrete. As it 

can be seen in Table 6.2, the increase in the splitting tensile strength of CSA-HE1 mix ranged from 
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28% to 52%, while this increase for CSA-PVA1 mix varied from 25% to 28% as compared to 

those of the CSA mix, depending on the testing age. Since, PVA fibers are short and have lower 

tensile strength and elastic modulus compared to those of steel fibers, they bridged mainly micro-

cracks and have lower effect on the splitting tensile strength as compared to steel fibers. On the 

other hand, owing to their higher tensile strength and modulus of elasticity, steel fibers had a 

remarkable influence on the splitting tensile strength of concrete. Furthermore, DHE steel fibers 

used in the present study, due to the anchoring mechanism created by their hooked ends were able 

to develop considerably higher maximum pullout forces compared to those developed by HE steel 

and straight PVA fibers. The results of HyFRC point to the higher efficiency of DHE steel fibers 

compared to HE and PVA fibers in enhancing the concrete strength. However, it was observed 

that specimens containing any combination of fibers additives exhibited a better performance 

compared to that of CSA mix without fibers. As it can be seen in Table 6.2, the splitting tensile 

strength improvement of HyFRC ranged from 41% to 76%, depending on the fiber combination, 

and testing age. 

 

The failure mode of high performance concrete under splitting tensile load is shown in Fig. 6.14. 

As can be seen, the plain CSA concrete was split into two parts, whereas this was prevented in the 

sample containing 1% DHE steel fibers, in which the fibers restrained the propagation of macro-

cracks, and a longitudinal crack occurred only on the surface of concrete. It was also observed that 

the addition of 1% PVA fibers although increased the splitting tensile strength of concrete, it was 

not able to significantly restrain the extension of macro-cracks. As a result of that, the CSA-PVA1 

mix was also split into two parts. 
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Table 6.2 Splitting tensile strength of different fiber-reinforced concretes  

 

Mix 

No. 
Mixture ID W/B 

 Compressive strength (MPa)  Strength gain over that of 7 days (%) 

 7 Days 28 Days 56 Days  7 Days 28 Days 56 Days 

1 OPC 

0.35 

 3.41 (+2%) 3.88 (-10%) 4.30 (-10%)  100 114 126 

2 CSA  3.35 (-) 4.29 (-) 4.77 (-)  100 128 142 

3 CSA-DHE1  5.31 (+59%) 7.55 (+76%) 8.48 (+78%)  100 142 160 

4 CSA-HE1  4.29 (+28%) 6.53 (+52%) 7.07 (+48%)  100 152 165 

5 CSA-PVA1  4.20 (+25%) 5.46 (+27%) 6.12 (+28%)  100 130 146 

6 CSA-DHE0.5-HE0.5  4.92 (+47%) 6.94 (+62%) 8.38 (+76%)  100 141 170 

7 CSA-DHE0.5-PVA0.5  4.71 (+41%) 6.75 (+57%) 7.62 (+60%)  100 143 162 

             

8 OPC 

0.28 

 3.77 (-1%) 4.43 (-5%) 4.87 (-6%)  100 118 129 

9 CSA  3.82 (-) 4.64 (-) 5.18 (-)  100 121 136 

10 CSA-DHE1  6.32 (+65%) 8.72 (+88%) 9.37 (+81%)  100 138 148 

11 CSA-HE1  5.75 (+51%) 7.48 (+61%) 8.43 (+63%)  100 130 147 

12 CSA-PVA1  4.72 (+24%) 5.70 (+23%) 6.17 (+19%)  100 121 131 

13 CSA-DHE0.5-HE0.5  6.08 (+59%) 8.14 (+75%) 8.71 (+68%)  100 134 143 

14 CSA-DHE0.5-PVA0.5  5.98 (+57%) 7.83 (+69%) 8.52 (+64%)  100 131 142 

Note: The number in the () shows the percentage of strength increase or decrease over that of the plain CSA concrete. 
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                                      (a) (b)  

Fig. 6.12 Splitting tensile strengths of different concretes with water-cement ratio of 0.35: (a) fiber-

reinforced concretes, (b) hybrid fiber-reinforced concretes 

Fig. 6.13 Relative splitting tensile strengths of different fiber-reinforced concretes with water-cement ratio 

of 0.35  
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Fig. 6.14 Failure mode of high performance concrete under splitting tensile load: (a) 0% fiber, (b) 1% DHE 

steel fiber, (c) 1% PVA fiber 

 

The splitting tensile strength results of different FRC mixes with w/c ratio of 0.28 are shown in 

Fig. 6.15 and listed in Table 6.2. The relative splitting tensile strength of different FRC mixes with 

w/c ratio of 0.28 compared to that of the reference CSA mix is also shown in Fig. 6.16. The results 

indicate that by substitution of OPC with CSA cement, the splitting tensile strength increased by 

1%, 5%, and 6% at 7, 28, and 56 days, respectively. This slight increase can be attributed to the 

enhancement of cement matrix properties due to the higher content of ettringite. 

 

For FRC were developed at w/c ratio of 0.28, a similar trend to higher w/c ratio was observed. The 

addition of fibers in concrete led to an increase in the splitting tensile strength irrespective to the 

type of the fibers. As it can be seen in Fig. 6.15, the best performing was by the mix containing 

1% DHE steel fibers. For instance, the splitting tensile strength of this mix increased by 65%, 88%, 
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and 81% at 7, 28, and 56 days, respectively over that of the reference CSA concrete. As it can be 

seen in Fig. 6.16, the increase in the splitting tensile strength of CSA-HE1 mix ranged from 51% 

to 63%, while this increase for CSA-PVA1 mix varied from 19% to 24% as compared to those of 

the CSA mix, depending on the testing age. The results of HyFRC show that the substitution a 

portion of DHE steel fibers with HE steel or PVA fibers led to a reduction in the splitting tensile 

strength compared to that of the CSA-DHE1, while their strengths were significantly higher than 

the reference CSA concrete. It was noticed that the combination of DHE steel fibers with HE steel 

or PVA fibers resulted in an almost similar performance in the splitting tensile strength test. For 

instance, the splitting tensile strength improvement of CSA-DHE0.5-HE0.5 mix ranged from 59% 

to 75%, while this improvement for CSA-DHE0.5-PVA0.5 mix varied from 57% to 69% as 

compared to that of the CSA mix, depending on the testing age. 

 (a) (b) 

Fig. 6.15 Splitting tensile strengths of different concretes with water-cement ratio of 0.28: (a) fiber-

reinforced concretes, (b) hybrid fiber-reinforced concretes 
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Fig. 6.16 Relative splitting tensile strengths of different fiber-reinforced concretes with water-cement ratio 

of 0.28 

 

The splitting tensile strength evolution of different concretes compared to their 7 days strength are 

presented in Table 6.2. As it can be noticed, the improvement in the concrete strength was higher 

at later ages of curing in all mixes considered in this study. For instance, the 28 and 56 days 

splitting tensile strengths of OPC mix with w/c ratio of 0.35 were 14% and 26% higher than its 7 

days strength, while these increase were 28% and 42% in CSA mix, respectively. The results show 

that the rate of strength gain in CSA-based concrete was higher over that of the OPC-based 

concrete. It can be explained by the fact that the CSA cement was hydrated over time and 

developed a rich amount of ettringite in concrete. As a consequence of that, the properties of 

cement matrix was improved at later ages and led to an enhancement in the splitting tensile 

strength. As it can be seen in Table 6.2, the curing age had higher impact on the improvement of 

FRC strength as compared to that of the concretes without fibers. For example, the average 28 and 

56 days splitting tensile strengths of FRC with w/c ratio of 0.35 were 42% and 61% higher than 
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their 7 days strength. This result suggest that the bond between fibers and cement matrix has been 

increased over time as a result of cement expansion, and consequently increased the splitting 

tensile strength of concrete. As it can be noticed in the same table, the effect of curing age on the 

improvement of splitting tensile strength of concrete was reduced by decreasing the w/c ratio. For 

example, the average 28 and 56 days splitting tensile strengths of FRC with w/c ratio of 0.28 were 

31% and 42% higher than their 7 days strength. This can be explained by the fact that in concretes 

with low w/c ratio (i.e. 0.28), the free water was consumed significantly at early ages and 

developed higher strength at 7 days. Therefore, there is a lack of free water inside the concrete for 

further cement hydration at later ages (i.e. 28 and 56 days).  

 

6.4 Modulus of elasticity 

 

The 28-days modulus of elasticity of different FRC mixes with w/c ratio of 0.35 and 0.28 are 

shown in Figs. 6.17 and 6.18, and their relative modulus of elasticity compared to that of the 

reference CSA mix are also shown in Figs. 6.19 and 6.20. The results indicate that the full 

replacement of OPC with CSA cement at both w/c ratios led to an increase in the modulus of 

elasticity of concrete. These increase were 24% and 19% at w/c ratios of 0.35 and 0.28, 

respectively as compared to that of the corresponding OPC mixes. This improvement can be 

attributed to the enhanced properties of the cement matrix by formation of high content of 

ettringite. As it can be seen in Figs. 6.17 and 6.18, the addition of metallic fibers resulted in 

negligible increase in the elastic modulus of concrete, while introducing PVA fibers in concrete 

slightly reduced its modulus of elasticity.  
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Fig. 6.17 Modulus of elasticity of different fiber-reinforced concretes with water-cement ratio of 0.35 

 

Fig. 6.18 Modulus of elasticity of different fiber-reinforced concretes with water-cement ratio of 0.28 
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Fig. 6.19 Relative modulus of elasticity of different fiber-reinforced concretes with water-cement ratio of 

0.35  

 

Fig. 6.20 Relative modulus of elasticity of different fiber-reinforced concretes with water-cement ratio of 

0.28 
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The performance of steel fibers was better than that of the PVA fibers due to their higher strength 

and modulus of elasticity, which subsequently improved the static modulus of the concrete. The 

results of HyFRC indicate that the substitution a portion of DHE steel fibers with other types of 

fibers had insignificant influence on the modulus of elasticity of concrete. As it can be noticed in 

Figs. 6.19 and 6.20, the maximum increases in the elastic modulus of concrete as a result of fiber 

reinforcement were 2 % and 5% at w/c ratios of 0.35 and 0.28, respectively. 

 

6.5 Flexural performance  

 

6.5.1 Load-CMOD curve 

The diagram of Load-CMOD for different fiber-reinforced concretes with w/c ratio of 0.35 at the 

ages of 7, 28, and 56 days are shown in Figs. 6.21-6.23. The results indicate that the addition of 

fibers resulted in an increase in the maximum flexural load of concrete at all curing ages 

irrespective to the fiber type. For instance, the flexural strength improvement of CSA-DHE1, CSA-

HE1, and CSA-PVA1 mixes ranged from 55% to 73%, 37% to 42%, and 7% to 15%, respectively, 

depending on the testing age. As it can be noticed, the concretes containing 1% DHE steel fibers 

exhibited the best performance compared to other FRC considered in this study. The significant 

influence of DHE steel fibers on the flexural strength of concrete is attributed to its high tensile 

strength, elastic modulus, and effective anchoring mechanism, which restrained the extension of 

macro-cracks in concrete. The results further indicate that the Load-CMOD behavior of concretes 

is significantly different, depending on the fiber type was used. As can be observed in Figs. 6.21-

6.23, introducing 1% DHE steel fibers in CSA concrete resulted in a deflection-hardening behavior 

in concrete, while concretes reinforced with 1% HE steel fibers exhibited a deflection-softening 

performance.  
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          (b) 

Fig. 6.21 Load-CMOD curves of different concretes with water-cement ratio of 0.35 at curing age of 7 

days: (a) fiber-reinforced concretes, (b) hybrid fiber-reinforced concretes 
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           (b) 

Fig. 6.22 Load-CMOD curves of different concretes with water-cement ratio of 0.35 at curing age of 28 

days: (a) fiber-reinforced concretes, (b) hybrid fiber-reinforced concretes 
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Fig. 6.23 Load-CMOD curves of different concretes with water-cement ratio of 0.35 at curing age of 56 

days: (a) fiber-reinforced concretes, (b) hybrid fiber-reinforced concretes 
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The results also indicate that the CMOD corresponding to the maximum flexural load varied from 

1.26 to 2.11 mm for CSA-DHE1 mix, while this varied from 0.39 to 0.72 mm for CSA-HE1 mix, 

depending on the testing age. This can be explained by the ability of DHE steel fibers to restrain 

the propagation of macro-cracks in concrete as a result of its higher length, tensile strength, and 

anchoring mechanism. On the other hand, HE steel fibers due to their lower tensile strength and 

length improved the flexural load carrying capacity of concrete beyond the appearance of first 

crack up to the CMOD equal to 0.72, and caused a deflection-softening behavior due to the 

extensive cracks creation. Moreover, the results indicate that the addition of PVA fibers in concrete 

slightly increased the flexural load and after the appearance of first crack, PVA fibers are not able 

to bridge the macro-cracks and prevent further cracks propagation. As a consequence of that, the 

flexural load significantly reduced and an almost flat behavior in load carrying capacity of CSA-

PVA1 mix was seen. 

 

The results of HyFRC indicate that the substitution a portion of DHE steel fibers with HE steel or 

PVA fibers led to a reduction in the flexural strength of concrete, while their strength was 

significantly better over that of the reference CSA concrete. It was observed that the flexural 

strength improvement of CSA-DHE0.5-HE0.5 and CSA-DHE0.5-PVA0.5 mixes over that of the 

CSA mix ranged from 48% to 66% and 28% to 37%, respectively, depending on the testing age. 

When the flexural stress at the fiber-matrix interface has surpassed the bond developed by the 

matrix, the fibers are either slipping or being unbounded. As a result, the only mechanism that 

contribute to improve the strength of cracked section is through mechanical anchorage. Therefore, 

DHE steel fibers used in the present study were able to develop considerably higher maximum 

pull-out forces compared to those pullout forces that could be developed by HE steel fibers or 
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straight PVA fibers. As it can be seen in Figs. 6.21-6.23, in general, the load-CMOD curves of all 

HyFRC developed in this study exhibited a deflection-hardening behavior. The flexural load was 

reduced after the appearance of first crack, and then the combination of fibers with different sizes 

or types prevent the formation of macro-cracks in the concrete and the load was increased 

gradually. This result suggest that the presence of 0.5% DHE steel fibers in HyFRC is very 

effective to develop concretes with deflection-hardening behavior. 

 

The diagram of Load-CMOD for different fiber-reinforced concretes with w/c ratio of 0.28 at the 

ages of 7, 28, and 56 days are shown in Figs. 6.24-6.26. In general, a similar trend to the flexural 

behavior of concretes were developed at w/c ratio of 0.35 was occurred for these mixes. The 

addition of fibers resulted in an increase in the flexural strength of concrete irrespective to the fiber 

type. For instance, the flexural strength improvement of CSA-DHE1, CSA-HE1, and CSA-PVA1 

mixes ranged from 86% to 92%, 47% to 56%, and 10% to 20%, respectively, depending on the 

testing age. Similarly, it was observed that introducing 1% DHE steel fibers significantly affect 

the flexural performance of concrete and resulted in a deflection-hardening behavior, while the 

addition of other type of fibers caused a deflection-softening behavior. The results indicate that the 

highest flexural strength was attained by the CSA-DHE1 mix that its flexural strength at 56 days 

was 16.9 MPa. The results of HyFRC show that the replacement of DHE steel fibers with HE steel 

or PVA fibers led to a reduction in the flexural strength of concrete. It was observed that the 

flexural strength improvement of CSA-DHE0.5-HE0.5 and CSA-DHE0.5-PVA0.5 mixes over that 

of the CSA mix ranged from 61% to 78% and 36% to 56%, respectively, depending on the testing 

age. However, all the HyFRC were developed in this study show a deflection-hardening behavior 

due to the prevention of macro-cracks in concrete.  
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           (b) 

Fig. 6.24 Load-CMOD curves of different concretes with water-cement ratio of 0.28 at curing age of 7 

days: (a) fiber-reinforced concretes, (b) hybrid fiber-reinforced concretes 
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            (b) 

Fig. 6.25 Load-CMOD curves of different concretes with water-cement ratio of 0.28 at curing age of 28 

days: (a) fiber-reinforced concretes, (b) hybrid fiber-reinforced concretes 
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          (b) 

Fig. 6.26 Load-CMOD curves of different concretes with water-cement ratio of 0.28 at curing age of 56 

days: (a) fiber-reinforced concretes, (b) hybrid fiber-reinforced concretes 
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The comparison of the flexural behavior of CSA-DHE0.5-HE0.5 with CSA-HE1 mixes indicate 

the better performance of hybrid mix. Since cracks occur at different stages and sizes in concrete, 

the use of carefully selected fibers with different lengths is a good way to address this problem. 

The results exhibit that there is a beneficial interaction between the steel fibers with different 

lengths and shapes, which in turn results in a better performance of the hybrid system than that of 

the mono type HE steel fiber composite. In other words, it should be taken into account that 

increasing the maximum flexural load of concretes through the addition of fibers is not enough, 

and developing FRC that exhibit ductile behavior is of interest to structural engineers. 

 

6.5.2 Residual flexural tensile strength 

The residual flexural tensile strength for different FRC with w/c ratio of 0.35 at the ages of 7, 28, 

and 56 days are shown in Figs. 6.27-6.29. The residual flexural strengths corresponding to CMOD 

at 0.5 mm, 1.5 mm, 2.5 mm, and 3.5 mm are defined as Fr1, Fr2, Fr3, and Fr4, respectively. These 

values were used to describe the post-cracking behavior of the fiber-reinforced concretes. 

Generally, it can be seen that the residual flexural tensile strengths reduce by increasing 

displacement (CMOD) of the specimens and minimum strengths were attained at the CMOD equal 

to 3.5 mm.  However, the mix containing 1% DHE steel fibers shows a distinctive deflection-

hardening behavior and its residual flexural strength increases until CMOD of 1.5 mm and 

gradually reduces at CMOD equal to 2.5 mm. For instance, the Fr2 and Fr3 of CSA-DHE1 mix 

cured for 28 days increased by 12% and 5% as compared to its Fr1, while the Fr4 reduced by 18% 

as compared to its Fr1. The results of CSA-HE1 mix at 28 days indicate that the Fr2, Fr3, and Fr4 

reduced by 15%, 33%, and 49%, respectively as compared to its Fr1. These results confirm the 

significant influence of DHE steel fibers in improving the flexural response of concrete and it can 
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certainly have a major positive contribution in designing concrete structure in resisting bending 

load. 

(a)                                                                                   (b)     

Fig. 6.27 Residual flexural tensile strength of different concretes with water-cement ratio of 0.35 at curing 

age of 7 days: (a) fiber-reinforced concretes, (b) hybrid fiber-reinforced concretes 

(a)                                                                              (b) 

Fig. 6.28 Residual flexural tensile strength of different concretes with water-cement ratio of 0.35 at curing 

age of 28 days: (a) fiber-reinforced concretes, (b) hybrid fiber-reinforced concretes 
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(a)    (b) 

Fig. 6.29 Residual flexural tensile strength of different concretes with water-cement ratio of 0.35 at curing 

age of 56 days: (a) fiber-reinforced concretes, (b) hybrid fiber-reinforced concretes 
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and increase the load carrying capacity. The results of HyFRC show that the hybridization of fibers 

is an effective way to produce concretes with deflection-hardening properties. It was observed that 

the residual flexural strength of HyFRC reduced by replacement a portion of DHE steel fibers with 

other type of fibers. However, the presence of 0.5% DHE steel fibers in hybrid mixes were enough 

to develop concretes that can successfully carry the flexural load after the appearance of first crack 

and prevent the extension of macro-cracks. For example, the Fr4 of CSA-DHE0.5-HE0.5, and 

CSA-DHE0.5-PVA0.5 mixes at 28 days reduced by 20%, and 4%, respectively as compared to 

their Fr4. 

 (a) (b) 

Fig. 6.30 Residual flexural tensile strength of different concretes with water-cement ratio of 0.28 at curing 

age of 7 days: (a) fiber-reinforced concretes, (b) hybrid fiber-reinforced concretes 
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(a)                                                                             (b) 

Fig. 6.31 Residual flexural tensile strength of different concretes with water-cement ratio of 0.28 at curing 

age of 28 days: (a) fiber-reinforced concretes, (b) hybrid fiber-reinforced concretes 

 (a) (b) 

Fig. 6.32 Residual flexural tensile strength of different concretes with water-cement ratio of 0.28 at curing 

age of 56 days: (a) fiber-reinforced concretes, (b) hybrid fiber-reinforced concretes 
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Cracks propagation on the surface of concrete beams reinforced with different type and 

hybridization of fibers are shown in Fig. 6.33. Also, close-up of cracks propagation are shown in 

right side of each beams in the same figure. As it can be observed, the plain concrete without any 

kind of fibers was split into two parts as a result of exceeding the flexural load over the flexural 

strength of concrete. The results of fiber-reinforced concretes illustrate that the addition of metallic 

fibers and particularly DHE steel fibers led to the appearance of multiple micro-cracks around a 

single big crack along the notch. Fig. 6.33 shows that the addition of 1% PVA fibers although 

improved the flexural strength of concrete by restraining micro-cracks, it was not able to further 

prevent the extension of macro-cracks and a single big crack was occurred in this mix. It was also 

observed that the hybridization of fibers with different lengths and types was an effective way to 

restrain the propagation of cracks with different sizes, and consequently multiple micro-cracks 

were happened around the main big crack. 
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Fig. 6.33 Cracks propagation on the surface of concrete beams reinforced with different type and 

hybridization of fibers (close-up of cracks propagation are shown in right side of each beams) 
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It should be noted that the orientation of fibers and their distribution in the concrete beams has a 

significant influence on the flexural performance of concrete. The cross section of fracture 

concrete beams reinforced with different type and hybridization of fibers and the distribution of 

fibers on their surface are shown in Fig. 6.34. As it can be seen, DHE steel fibers were dispersed 

evenly in the cross section of concrete and majority of fibers were aligned perpendicular to the 

fracture surface. This can result in a good flexural performance as it is already shown in Load-

CMOD curves. The Fig. 6.34 further shows that the HE steel fibers were not dispersed uniformly 

at the cross section of the concrete beams, and some area remained uncovered with the fibers. This 

may result in the variation of flexural behavior and adversely affect the post-cracking behavior of 

the specimens. The fractured surface of CSA-PVA1 mix shows that the PVA fibers were ruptured 

or debonded from the cement matrix. As PVA fibers are straight and have lower length and tensile 

strength compared to those of the metallic fibers, they are not able to significantly increase the 

flexural strength of concrete and caused an improvement in the flexural toughness of concrete. It 

was also observed that steel fibers were distributed uniformly in the cross section of CSA-DHE0.5-

HE0.5 mix that consequently resulted in an increase in the maximum flexural load and post-

cracking performance of concrete. 
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Fig. 6.34 Cross section of fracture concrete beams reinforced with different type and hybridization of fibers 

and the distribution of fibers on their surface 
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6.6 Dimensional stability under drying condition 

 

The results of the dimensional stability test under drying condition for different fiber-reinforced 

concretes with w/c ratio of 0.35 are shown in Fig. 6.35. Additionally, the shrinkage deformations 

of different specimens at 1 and 56 days are shown in Fig. 6.36. Drying shrinkage has a serious 

impact on the structural and durability performance of the concrete. Shrinkage cracking in concrete 

structures may accelerate other forms of damage in concrete such as corrosion, freeze/thaw 

damage, and subsequently shorten the service life of structures [195, 196]. Shrinkage of concrete 

due to loss of water is closely linked to the properties of cement paste, in which pore structure, 

specifically pore size is principal factor. The shrinkage of concrete is also affected by many 

different parameters such as composition of the concrete, method of curing, ambient temperature, 

and humidity condition [197]. The results indicate that the concrete was produced by using OPC 

exhibited the highest shrinkage strain among all mixes considered in this study. As it can be seen 

in Fig. 6.35, the full replacement of OPC with CSA cement resulted in an expansion in the 1 day, 

and caused lower shrinkage strain at later ages as compared to that of the OPC mix. It was observed 

that the shrinkage strain of CSA mix was reduced by 38% over that of the OPC mix at 56 days. 

The lower shrinkage of CSA concrete can be attributed to the ettringite formation as a result of 

ye’elimite hydration, which reduces the shrinkage of concrete and results in volume stability. The 

results further indicate that the shrinkage of OPC mix was not tended to stabilize even after 56 

days, while the CSA mix was dimensionally stabilized after 14 days. 
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          (b) 

Fig. 6.35 Dimensional stability of different concretes with water-cement ratio of 0.35: (a) fiber-reinforced 

concretes, (b) hybrid fiber-reinforced concretes 
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Fig. 6.36 Shrinkage or expansion deformation of different concretes with water-cement ratio of 0.35 at 1 

and 56 days 

 

The results also indicate that the addition of fibers in CSA concrete caused a reduction in the 

shrinkage stain irrespective to the fiber type. It was observed that the HE steel and PVA fibers also 

fully canceled the expansion of concrete at 1 day, while an expansion equal to 50 µm/m was 

occurred in the mix containing 1% DHE steel fibers. As it can be noticed in Fig. 6.36, the shrinkage 

strains of CSA-DHE1, CSA-HE1, and CSA-PVA1 mixes at 56 days were 276, 220, and 227 µm/m, 

respectively that reduced by 9%, 27%, and 25% as compared to that of the CSA mix. The higher 

efficiency of HE steel and PVA fibers in restraining the shrinkage of concrete can be explained by 

the fact the higher number of fibers were available in cement composites, which resulted in volume 

stability of those concretes. The results of HyFRC show that concretes were manufactured by 

hybridization of fibers exhibited lower shrinkage strain as compared to mono type use of DHE 

steel fibers. The drying shrinkage strains of CSA-DHE0.5-HE0.5 and CSA-DHE0.5-PVA0.5 
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mixes at 56 days were 246 and 250 µm/m, respectively that reduced by 19%, and 17% as compared 

to that of the CSA mix.  The significant effect of the combined use of steel fibers and PVA fibers 

on the inhibiting shrinkage of concrete has been also reported by Sun et al. [217]. 

 

The results of the dimensional stability test under drying condition for different fiber-reinforced 

concretes with w/c ratio of 0.28 are shown in Fig. 6.37. Additionally, the shrinkage deformations 

of different specimens at 1 and 56 days are shown in Fig. 6.38. The results indicate that similar to 

the concretes with w/c ratio of 0.35, the highest shrinkage strain was attained by the OPC mix. It 

was observed that the full replacement of OPC with CSA cement led to a reduction of 43% on the 

shrinkage strain of concrete at 56 days. This is in agreement with the finding of other researchers 

that show the inclusion of CSA cement in concrete causes lower shrinkage over that of the OPC 

mix [330]. The results further indicate that on the contrary of concretes were manufactured at 

higher w/c ratio (i.e. 0.35), no evidence of expansion was occurred in CSA-based mixes at w/c 

ratio of 0.28. In other words, the expansion of concrete at 1 day has been fully canceled and a 

greater amount of shrinkage was happened at early ages as compared to concretes with w/c ratio 

of 0.35. This can be explained by the appearance of autogenous shrinkage that was occurred at 

these concretes as a result of higher cement content and lower w/c ratio were used. However, the 

shrinkage strain of concretes at later ages (i.e. 56 days) was lower as compared to concrete with 

higher w/c ratio. Cheung and Leung [198] have also studied the autogenous and drying shrinkage 

of concrete were produced at different water-binder ratios of 0.19, 0.3, and 0.4. They reported that 

the autogenous shrinkage represented a significant proportion of the total shrinkage in the concrete 

with a water-binder ratio of 0.19, whereas this was much reduced in concretes with higher water-

binder ratios of 0.3 and 0.4.  
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Fig. 6.37 Dimensional stability of different concretes with water-cement ratio of 0.28: (a) fiber-reinforced 

concretes, (b) hybrid fiber-reinforced concretes 

-600

-500

-400

-300

-200

-100

0

0 10 20 30 40 50 60

Sh
ri

n
ka

ge
 [

1
0

-6
] 

   
   

   
   

  

Time [Days]

OPC CSA CSA-DHE1

CSA-HE1 CSA-PVA1

-600

-500

-400

-300

-200

-100

0

0 10 20 30 40 50 60

Sh
ri

n
ka

ge
 [

1
0

-6
]

Time [Days]

OPC CSA
CSA-DHE1 CSA-DHE0.5-HE0.5
CSA-DHE0.5-PVA0.5



6.6 Dimensional stability under drying condition 

 

173 
 

Fig. 6.38 Shrinkage deformation of different concretes with water-cement ratio of 0.28 at 1 and 56 days 

 

The results of fiber-reinforced concretes show that the addition of fibers in concrete resulted in a 

reduction in the shrinkage strain irrespective to the type of fibers. As it can be seen in Figs. 6.37 
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reduced by 27% as compared to that of the reference CSA mix. It was followed by the CSA-DHE1 
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research that showed that the fibers can arrest propagation of cracking produced as a result of 

drying shrinkage [135, 215]. The results of HyFRC indicate that the hybridization of fibers had an 

insignificant influence on the shrinkage strain of concretes, while these mixes exhibited lower 
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lower final shrinkage, while the shrinkage of concrete was increased at early ages as a result of 

higher autogenous shrinkage.  

 

6.7 SEM observations 

 

To provide microscale morphology for the tested samples, SEM were conducted on the flexural-

test samples at secondary electron (SE) modes. To have a reliable knowledge about the 

microstructure, large numbers of images were collected and analyzed. Here, representative images 

are shown in Fig. 6.39. As it can be seen in Fig. 6.39, the hydrated matrix of OPC concrete covered 

by its main hydration product that is C-S-H, followed by some crystals of ettringite and portlandite. 

The featureless paste is the anhydrous cement and the hydration product C-S-H gel. Obviously, 

needles crystal with hexagonal cross section are assigned to ettringite crystal. Fig. 6.39 shows that 

the ettringite needles formed in the OPC concrete have small size; 0.05-0.3 µm wide, and up to 3 

µm length. Additionally, the plate crystals are assigned to calcium hydroxide (portlandite) crystals. 

It was also observed that some micro-cracks and pores were generated in the surface of hydrated 

cement matrix. In general, hardened type I cement paste resembles the microstructure of a typical 

hydrated matrix of OPC. Fig. 6.39b shows the formation a rich amount of ettringite in the CSA 

cement based concrete as a result of ye’elimite hydration. It can be seen that the size of prismatic 

ettringite crystals varied between 0.1-0.5 µm wide, and 2-6 µm length. The presence of high 

amount prismatic ettringite crystals in CSA concrete can be responsible for its higher mechanical 

properties strength compared to those of the OPC concrete. As expected, the lower shrinkage strain 

was occurred in CSA concrete can also be attributed to the ettringite formation with expansive 
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features. The SEM observation shows that there is a good correlation between the mechanical, 

physical, and microstructural properties of concretes developed in this study. 

Fig. 6.39 SEM images of different concretes with water-cement ratio of 0.28: (a) OPC concrete, (b) CSA 

concrete (E: ettringite, CH: portlandite, CSA: calcium silicate hydrate) 

 

Fig. 6.40 shows the SEM observation performed on the fiber-reinforced concretes to investigate 

the bond between the fibers and cement matrix. As it can be seen in Fig. 6.40a, there is a good 

bond between the metallic fiber and cement matrix, and a significant amount of hydrated cement 

adhered on the surface of steel fiber. Similarly, Fig. 6.40b shows that a great amount of cement 

past covered the surface of PVA fibers. This result confirm that the inclusion of CSA cement in 

concrete improves the chemical bond between fibers and cement matrix due to the expansion 

nature of this cement.  
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Fig. 6.40 SEM images of different fibers in cement paste: (a) steel fibers, (b) PVA fibers 
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Chapter 7 

Conclusions and recommendation for future research 

 

7.1 Thesis summary 

 

The research summarized in this dissertation was aimed at understanding the engineering 

properties of high performance fiber-reinforced concretes made with innovative binders. This 

study focused on three different main subjects including the effect of Type K cement, calcium 

sulfoaluminate (CSA) cement, and different types of fibers on the mechanical, durability, and 

microstructural properties of HPC. In total, twenty four different concrete mixes were developed. 

The results show that the Type K cement has insignificant influence on the mechanical properties 

of HPC, while it is able to significantly compensate the shrinkage of concrete. Moreover, the 

presence of Type K cement in concrete leads to an enhancement in the bond between fibers and 

cement matrix that subsequently resulting in improved mechanical properties. This is the first 

study comprehensively investigating the effect of a commercial CSA cement on the properties of 

HPC. It was observed that the mechanical properties of CSA cement-based concretes were reduced 

at early ages, while higher strengths were attained at later ages compared to the OPC concrete. 

Additionally, the shrinkage of concretes made with CSA cement was significantly reduced. The 

properties of CSA cement-based concretes in the binary and ternary systems were found to be 

changed with respect to the concrete that pure CSA cement was used due to the variation in the 

hydration products of binders. For the first time, the effect of different fibers on the properties 

CSA cement-based concretes was studied. It was observed that the addition of fibers irrespective 

to the type of fibers resulted in an increase in the mechanical properties of concrete. The best 

performance was attained by introducing 1% DHE steel fibers. The findings of this research are 
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highly promising and have the potential to significantly contribute toward expanding the use of 

HPFRC made with CSA cement to different structural applications. 

 

7.2 General conclusions 

 

This study was aimed at understanding the properties of HPFRC made with innovative binders 

such as CSA cement and Type K cement. Different concrete mixes were developed in this research 

and their mechanical, durability, and microstructural properties were assessed. From the extensive 

experimental program conducted in this study, the following conclusions were obtained: 

 

1- The replacement of OPC with Type K cement has insignificant influence on the mechanical 

strength of concrete and it leads to almost similar compressive, splitting tensile and flexural 

strength. 

2- Using Type K cement in concrete leads to an expansion at early age, while it results in a 

dimensional stability after 56 days. This can be attributed to the formation of rich content 

of ettringite crystals with expansive behavior in the concrete, which subsequently 

compensates the shrinkage of concrete. 

3- Using Type K cement in mortars led to an increase of 26% in the pullout resistance of steel 

fibers. This can be explained by the fact that the presence of expansive Type K cement 

leads to a better chemical adhesion between the fibers and cement matrix as a result of 

cement expansion and formation of self-prestress effect. 

4- The microstructural analysis by means of XRD method show that the main hydration 

product of cement paste made with OPC and Type K cement is portlandite and ettringite, 

respectively. The SEM observation also demonstrate that the addition of Type K cement 
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improves the properties of cement matrix and leads to the appearance of ettringite needles 

with larger size compared to that of OPC. 

5- The full replacement of OPC with CSA cement results in a reduction in the strengths of 

concretes at early ages, while higher strengths are obtained at later ages of curing (i.e. 28 

and 56 days). The reduction of the strength can be attributed to the presence of retarder that 

was used to adjust the setting time of concrete and causes a delay in the formation of 

ettringite crystals. The increased strength of concrete at later ages can be explained by the 

fact the presence of ye’elimite phase in the CSA cement results in the generation of 

prismatic ettringite crystals, which interlocking and bonding between ettringite crystals 

consequently cause enhanced strengths. 

6- Using CSA cement in concrete significantly reduces the shrinkage of concrete. The results 

indicate that the shrinkage deformation of concrete made with CSA cement was reduced 

by 38% over that of the OPC mix at 56 days. 

7- Replacing OPC with CSA cement results in a significant increase in the electrical resistivity 

of concrete, which means lower risk of steel bars corrosion. However, the electrochemical 

test results indicate that electrical resistivity technique is not a reliable method to predict 

the probability of steel bars corrosion in the CSA-based concretes. The optical microscopy 

observation of fibers after the potential-static test show that the steel fibers embedded in 

CSA-based mixes are corroded as a result of lower pH in these mixes that destroys the 

passive layer around the fibers. 

8- A strong correlation between the electrical resistivity and compressive strength test results 

is established. Higher compressive strengths are attained by an increase in the magnitude 

of the electrical resistivity.  
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9- The results of the binary and ternary CSA cement-based mixes show that their properties 

have been altered with respect to the mix that pure CSA cement was used. The mechanical 

strengths are reduced in the mixes that OPC is mixed with CSA cement with or without 

slag. Additionally, the results show that blending of CSA cement with OPC adversely 

affects the durability properties of concrete, such as water absorption, electrical resistivity 

and resistance against the steel rebar corrosion. The reduction in the mechanical and 

durability properties of concrete can be explained by the variation in the hydration products 

of the binder compared to that of the CSA mix. Carbonated phase and AFm are the main 

hydration products in the binary mix, while AFm, needle-like ettringite and C-S-H gel are 

developed in the ternary mix. The main hydration products of pure CSA cement are 

prismatic ettringite crystals that cause an increase in the strengths of concrete. 

10- The electrochemical test results demonstrate that the probability of steel bars corrosion has 

been increased in the OPC50-CSA50 and OPC25-CSA50-SL25 concrete mixes. The weak 

corrosion resistance of CSA-blend mixes may be attributed to the carbonation of mobile 

alkalis from the pore solution due to the efflorescence phenomena that leads to the 

decomposition of ettringite crystals as well as the reduction of the alkalinity in the pore 

solutions, which subsequently increases the risk of steel fibers corrosion. 

11- The inclusion of 1% DHE steel fibers in all the CSA cement-based mixes results in an 

increase in the mechanical properties, particularly the flexural strength of HPFRC. As 

evidenced by the splitting and flexural test results, the efficiency of DHE steel fibers in 

improvement of the flexural strength is higher in CSA-blend mixes. The expansion 

behavior of CSA-blend mixes leads to a better bond between the cement matrix and steel 
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fibers as a result of self-stressing, which subsequently causes an increase in the flexural 

strength of concrete.  

12- The full hydration of CSA cement requires higher content of water with respect to the OPC. 

The findings of this study demonstrate that reducing the w/c ratio of CSA cement-based 

concretes from 0.35 to 0.28 results in a slight increase in the strengths of concrete due to 

the lack of enough water for the complete hydration of CSA cement. 

13- Introducing of fibers irrespective to the type of fibers results in an increase in the 

mechanical properties of CSA cement-based concretes. The addition of 1% DHE steel 

fibers significantly affects the flexural performance of concrete and results in a deflection-

hardening behavior, while HE steel fibers and PVA fibers are not able to restrict the 

propagation of macro-cracks and cause a deflection-softening behavior. DHE steel fibers 

used in the present study, due to their higher tensile strength, modulus of elasticity, and the 

anchoring mechanism created by their hooked ends are able to develop considerably higher 

maximum pullout forces compared to those develop by HE steel and straight PVA fibers. 

14- The results of HyFRC show that the substitution a portion of DHE steel fibers with HE 

steel or PVA fibers leads to a reduction in the splitting tensile and flexural strength of 

concretes compared to those of the CSA-DHE1, while their strengths are significantly 

higher than the plain CSA concrete. The results show that a deflection-hardening behavior 

is achieved in all the HyFRC considered in this study. Since cracks occur at different stages 

and sizes in concrete, the use of various fibers with different lengths and types is a good 

way to address this problem, and produce concretes with enhanced properties. 

15- The shrinkage test results show that the addition of any types of fibers results in a reduction 

in the shrinkage deformation of CSA cement-based concretes. For instance, the shrinkage 
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strains of CSA-DHE1, CSA-HE1, and CSA-PVA1 mixes at 56 days were 276, 220, and 

227 µm/m, respectively that reduced by 9%, 27%, and 25% as compared to that of the CSA 

mix at w/c ratio of 0.35. The higher efficiency of HE steel and PVA fibers in restraining 

the shrinkage of concrete can be explained by the fact the higher number of fibers 

uniformly dispersed in the cement composites can restrict the initiation of cracks, which 

resulting in a reduced shrinkage deformation. The results of HyFRC show that concretes 

were manufactured by hybridization of fibers exhibit lower shrinkage strain as compared 

to mono type use of DHE steel fibers. 

16- The SEM observation verifies the good bond between the fibers and cement matrix due to 

the expansion of CSA cement. 

 

7.3 Recommendations for future work 

 

1- In this study, the effect of the replacing of OPC with slag in the ternary system including 

CSA cement was assessed. It is recommended that the effect of supplementary 

cementitious materials such as fly ash, silica fume, and slag at a wide range of replacement 

in the binary and ternary systems to be investigated.  

2- The finding of this study show that the risk of steel bars corrosion is increased in CSA 

cement-based mixes due to the lower pH of the pore solutions as well as the possibility of 

ettringite decomposition. Since the corrosion of steel bars in concrete can seriously damage 

the concrete structures, which resulting in a lower serviceability, it is recommended that 

further research to be conducted to study the long term durability properties of concrete, 

particularly its corrosion resistance. Additionally, the fire resistance, freeze/thaw 
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resistance, and resistance against the sulfate attack of CSA cement-based concretes needed 

to be explored.  

3- Replacing natural aggregates with recycled concrete aggregates derived from the 

demolished concretes can result in the development of concretes with reduced 

environmental impact. Additionally, these aggregates with higher porosity and 

consequently higher water absorption compared to the natural aggregates may act better at 

the prolonged time to improve the properties of CSA cement-based concrete as a result of 

internal curing. Therefore, it is worth considering the influence of fine and course recycled 

concrete aggregates at different replacement ratios on the engineering properties of HPC.   

4- The influence of different fibers on the properties of CSA cement-based concretes was 

studied in this research. The results show that HPFRC with enhanced flexural performance 

can be developed through the addition of DHE steel fibers in concrete. It is recommended 

that to explore the effect of partial replacement of steel bars with discrete DHE steel fibers 

in large scale concrete structures. The results of aforementioned study may have the 

potential to significantly contribute toward expanding the use of HPFRC to different 

structural applications. 
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