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ABSTRACT 

 

Fracture behavior of high strength concretes containing silica fume and 

metakaolin 

 

ABDULLAH, Mudher Qays 

M.Sc. in Civil Engineering  

Supervisor: Assoc. Prof. Dr. Erhan GÜNEYİSİ 

June  2013, 58 pages     

 

The study presented in this thesis reports the findings of an experimental study 

conducted on fracture behavior of high strength concretes incorporating metakaolin 

(MK) and silica fume (SF). The concrete mixtures with water-to-binder (w/b) ratio of 

0.28 and 570 kg/m
3
 binder content were designed for the experimental study. MK or 

SF modification was achieved through replacing Portland cement (PC) with mineral 

admixture by 5% and 15% of the total binder content. Moreover, a plain concrete 

mixture was produced as control for comparison. The effectiveness of MK and SF 

incorporation on the compressive strength, splitting and flexural strengths, modulus 

of elasticity, fracture energy, and characteristic length of concrete were monitored at 

the end of 28 days of water curing. The results have revealed that the utilization of 

mineral admixtures provided improvement in fracture properties such as increased 

fracture energy. Moreover, the results obtained for SF concretes demonstrated a 

similar trend to the ones incorporating MK. Increasing the replacement level from 

5% to 15% resulted in relatively better performance for the concretes including 

mineral admixture. 

 

Keywords: Mechanical characterization, Fracture mechanic, High strength concrete, 

Metakaolin, Silica fume 

 

 



 
 

 

 

ÖZET 

Silis dumanı ve metakaolin içeren yüksek dayanımlı betonların  kırılma 

davranışlarının araştırılması 

 

ABDULLAH, Mudher Qays 

Yüksek lisans tezi, İnşaat Mühendisliği 

Danışman: Doç. Dr. Erhan GÜNEYİSİ 

Haziran 2013, 58 sayfa 

 

Bu tezde metakaolin (MK) ve silis dumanı (SD) içeren yüksek dayanımlı betonların 

kırılma davranışlarının deneysel olarak incelendiği bir çalışma sunulmuştur. 

Deneysel çalışma için su-bağlayıcı oranı (s/b) 0.28 ve toplam bağlayıcı miktarı 570 

kg/m
3
 alınarak beton karışımları tasarlanmıştır. MK ve SD'nin beton üzerindeki 

etkisini görmek amacıyla, bu mineral katkı malzemeleri %5 ve %15 oranlarında 

toplam bağlayıcı miktarına göre çimentoyla ağırlıkça yerdeğiştirilerek 

kullanılmışlardır. Ayrıca, karşılaştırma amaçlı olarak MK ve SD içermeyen yalın bir 

beton karışımı da kontrol beton olarak üretilmiştir. MK ve SD'nin etkilerini 

incelemek amacıyla 28 günlük kür süresi sonunda betonların basınç dayanımı, yarma 

ve eğilmede çekme dayanımları, elastisite modülleri, kırılma enerjileri ve 

karakteristik boylarındaki değişimler incelenmiştir. Sonuçlara göre mineral katkı 

malzemesi kullanılarak üretilen betonlarda daha yüksek kırılma enerjisi elde 

edilmistir. Bunun yanısıra MK içeren betonlar SD içerenlere göre benzer davranış 

göstermişlerdir. Mineral katkı içeren betonlarda değişim düzeyinin %5'ten %15'e 

çıkarılması beton performansının daha da iyileşmesine yol açmıştır.  

 

Anahtar kelimeler: Mekanik karakterizasyon, Yüksek dayanımlı beton, Kırılma 

mekaniği, Metakaolin, Silis dumanı 
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CHAPTER 1  

1. INTRODUCTION 

1.1. General 

As a result of progressive development in the technology, sustainable construction 

has become an indispensable part of civilization. Soaring demand for more durable 

and long lasting structures led the formulators to investigate the practical utilization 

of contemporary materials of construction in civil engineering applications. Hence, 

high performance concrete (HPC) with superior durability and mechanical 

characteristics may be taken into account as a considerable components of reinforced 

concrete applications. It is well defined that the utilization of supplementary 

cementitious mineral admixtures is indispensable requirement for production of HPC 

(Mehta and Monteiro, 2006). 

 

Since the middle of 1990s, the use of metakaolin (MK) as a supplementary 

cementitious material to provide an additional performance to concrete has attracted 

the interests of many researchers (Caldoarone et al., 1994; Kostuch et al., 1993; 

Zhang and Malhotra, 1995; Wild et al., 1996; Kakali et al., 2001; Babir et al., 2001; 

Barnes et al., 2003; Badogiannis et al., 2005; Poon et al., 2006; Hubertova and Hela, 

2007; Güneyisi and Mermerdaş, 2007; Kim et al., 2007; Güneyisi et al., 2008; 

Güneyisi et al., 2010; Shekarchi et al., 2010; Güneyisi et al., 2012a; Güneyisi et al., 

2012b; Mermerdaş et al., 2012; Güneyisi et al., 2013). MK is distinguished from 

other natural or artificial mineral admixtures in such a way that it needs a series of 
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processes to get pozzolanic property. Metakaolin is activated by thermal process 

called calcination within the temperature range 650–800 
o
C (Wild et al., 1996). 

Thermal activation process of the kaolin is basically dependent on the mineralogical 

structure (Sabir et al., 2001; Shvarzman et al., 2003; Badogiannis et al., 2005; 

Güneyisi et al., 2012b). Akin to silica fume (SF), MK has a tendency to react with 

portlandite (CH) formed in the hydration process, to create extra cementitious 

products that modify the micro-structure of concrete and accordingly enhance its 

overall mechanical and durability performance (Zhang and Malhotra, 1995; Barnes et 

al., 2003; Hubertova and Hela, 2007; Güneyisi et al., 2008). 

 

It is well known that SF has important contribution on the improvement of interfacial 

transition zone between the paste and aggregate (Al-Khaja, 1994; Khatri et al., 1997; 

Alexander and Magee, 1999). Therefore, it has been used as a cement replacement 

material in the HPC production. Bhanja and Sengupta (2005) reported mechanical 

properties of concretes produced with the water–binder ratios ranged between 0.26 

and 0.42 with different silica fume to binder ratios. They determined compressive, 

flexural, and splitting tensile strengths at the end of 28 days. It was reported that the 

strength properties were improved with silica fume incorporation. Poon et al. (2006) 

performed an experimental study on pore structure of high performance concretes 

including MK and SF. Mercury intrusion porosimeter (MIP) was utilized to monitor 

the pore size distribution in the concrete. The addition of MK in the cement pastes 

resulted in a very dense microstructure of the paste, with a lower total porosity and 

finer pore size distribution compared with the plain Portland cement pastes and SF 

blended cement pastes. 

 



3 
 

Formation of crack is one of the basic properties of concrete structures. Even under 

regular service loads, concrete structures can be full of cracks. Obviously, crack 

formation and propagation mechanism have to be taken into account for anticipating 

the ultimate load carrying capacity. Therefore, it can be claimed that investigating 

the basics of fracture mechanics for concrete can be a handful tool for a designer due 

to the insight it provides on how the size of a structural element affects the load 

capacity under service. Besides, fracture mechanics may provide solid criteria for the 

estimation of crack propagation. Improving the structural performance and resistance 

as well as diminishing cracking and spalling phenomena can be possible by 

increasing the concrete’s toughness, ductility, tensile strength, and flexural strength 

under various kinds of loading (Babanajad et al., 2012). 

 

The strength and durability behavior of MK modified concretes is known to be 

improved (Kostuch et al., 1993; Poon et al., 2006; Güneyisi and Mermerdaş, 2007; 

Güneyisi et al, 2008; Mermerdaş et al., 2012). However, the detailed information on 

the fracture properties of the concretes incorporating MK can be barely found in the 

literature. In this study, a comparative experimental study was carried out on the 

mechanical and especially fracture properties of concretes incorporating MK or SF as 

well as plain ones. In order to observe the effectiveness of MK and SF on the 

characteristics of the concretes, two replacement levels of mineral admixture 

substitution levels, namely 5% and 15%, were assigned. The tests were carried out 

on different types of concretes at the end of 28 days of water curing. The investigated 

properties are compressive strength, splitting tensile strength, flexural strength, 

modulus of elasticity, load displacement relations and corresponding fracture 

parameters such as fracture energy and characteristic length. 
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1.2. Research Details  

In this thesis, the mechanical and fracture properties of concrete produced with 

mineral admixture were investigated. The compressive, splitting tensile, modulus of 

elasticity and flexural strengths are studied for mechanical properties of concrete. 

Fracture mechanic parameters such as fracture energy and characteristic length are 

also determined. To improve the mechanical behavior and fracture properties of 

mineral admixed concrete manufactured by using silica fume and metakaolin. The  

concrete mixtures with constant water-binder ratio of 0.28 were produced 

considering two replacement levels of 5% and 15% silica fume or metakaolin to 

investigate aforementioned properties at end of 28-day water curing period. 

 

1.3. Outline of the thesis 

Chapter 1-Introduction : Aim and objectives of the thesis are introduced.     

Chapter 2-Literature review and background  : A literature survey  is conducted on 

fracture properties. The previous studies on the use of silica fume and metakaolin     

in concrete are provided. 

Chapter 3-Experimental study : Material, mixture, casting, curing condition, and test 

methods are described. 

Chapter 4-Test results and discussions : Indication, evaluation, and discussion of the 

test results are presented. 

Chapter 5-Conclusion : Conclusion of the studies  are given. 
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 CHAPTER 2 

2.  LITRATURE REVIEW AND BACKGROUND 

2.1. Basics of fracture mechanics 

Fracture mechanics is a science that deals with  the mechanical properties of the 

material and structure which gives the leverage of the state of cracks or defects 

develop in the body system (Kumar and Barai, 2011). 

It is  significant to investigate how cracks occur an propagate since they may cause 

structures or materials to fail. For example, a large structure, such as a bridge or a 

building cracks and this may lead to a  catastrophic failure which might result in loss 

of lives. A scientist named Inglis, conducted a research on a thin plate of glass with 

an elliptical hole in the middle in a new and different way, in 1913. In the study, the 

plate was theoretically infinitely large and the hole was very small when compared to 

plate. Both ends of the plate was pulled at perpendicular to the ellipse (Figure 2.1). 

He found out that point A, at the end of the ellipse, was experiencing the highest 

pressure. It was also reported that as the ratio of a/b increases (the ellipse gets longer 

and thinner) that the stress at point A becomes greater and greater. Pulling the plate 

in a direction parallel to the ellipse does not cause a great stress at A. This leads to 

the fact that a load perpendicular, not parallel, to the crack will make it grow (Kumar 

and Barai, 2011). 
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Figure 2.1 Schematic plate of glass  (Kumar and Barai, 2011) 

 

The behavior of materials alters, once a crack starts to grow. The variations occur in 

the resistance of materials; the energy necessary to grow the crack might also 

fluctuate up or down. In order for the crack to have progressive increase each time, 

the energy change must be equal to the change of  resistance. Unless more force is 

applied the crack does not grow any more in case the change in energy is lower than 

the change in resistance. However, an unstable crack growth is observed when the 

change in energy is greater than the change in resistance. Hence, the crack keeps 

growing until the structure fails (Kumar and Barai, 2011). 

Linear elastic fracture mechanics (LEFM) approach has been developed since the 

end of the last century. LEFM is utilized especially in structural steel design for 

simulation of the quasibrittle materials. Such materials like fibrous concrete, rock 

and engineered cementitious materials need some factors and a new approach to 

understand the mechanical fracture (Kumar and Barai, 2011). 
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On the basis of the available analytical procedures, Irwin (1957) developed the linear 

elastic crack stress fields and demonstrated that the stress field near a sharp crack tip 

is depended on a different boundary condition of body, kind of cracking mode, 

loading, and geometry. Cracking modes are sorted in the modes given below in 

Figure 2.2. 

 

 

(a)  Mode I                       (b) Mode II                            (c) Mode III   

Figure  2.2 Crack modes: (a) Opening mode (Mode I), (b) In-plane shear mode , i.e. 

sliding (Mode II), (c) Anti-plane shear mode, i.e. tearing (Mode III) (Kumar and 

Barai, 2011) 

 

 

2.2. Fracture properties of concrete  

Applying fracture mechanics to concrete design can provide much insight on how the 

size of a structural element may affect the ultimate load capacity. It can also be a 

useful tool in predicting crack propagation. Consider a case where you are 

responsible for determining if a given crack in a large structure such as a concrete 

dam will propagate catastrophically under certain loading conditions. You can adopt 

a strength criterion that predicts that a crack will propagate when the stresses reach 

the ultimate tensile strength of the material. For sharp cracks, however, the theory of 
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linear elasticity predicts that the stresses at the tip of the crack go to infinity, thereby 

assuming that the crack will propagate no matter how small the applied stress, an 

unlikely scenario. Fracture mechanics, on the other hand, provides an energy 

criterion that does not have such drawbacks and allows for more precise predictions 

of the stability of the crack. The application of this energy criterion can be 

particularly useful when using traditional finite element methods to study cracks 

where mesh sensitivity becomes a problem. Figure 2.3 shows an example where the 

result is greatly affected by the size of the mesh when a strength criterion is used, 

however, little mesh sensitivity is observed when an energy criterion based on 

fracture mechanics is employed (Mehta and Monteiro, 2006). 

 

 

Figure 2.3 Example of mesh sensitivity (Bazant and Cedolin, 1991) 
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Considering the advantages of using fracture mechanics for concrete, it is surprising 

that this is a relatively new area of research. The development of fracture mechanics 

for concrete was slow as compared to other structural materials. Throughout the last 

two decades, intensive research has been performed and applications of fracture 

mechanics in the design of beams, anchorage, and large dams are becoming more 

common. That said, when compared to previous continuum theories covered in this 

chapter (elasticity, viscoelasticity, and thermal problems), fracture mechanics is not 

yet as mature a theory and this will be reflected in its presentation. Afair, but 

simplified, exposition of some of the existing fracture mechanics models for concrete 

are presented later at an introductory level (Mehta and Monteiro, 2006). 

Concrete contains many flaws, pores, and other non-homogeneities. It fails under 

compression and/or tension by a process of continuous  micro cracking with extreme 

complexity, which includes slow crack propagation and local damage of materials 

before the global failure (Bazant, 2002 ). 

Pores in hardened cement paste and restrained shrinkage induced cracking have 

important impact on the mechanical features of concrete. These cracks and defects 

are significant factors resulting in the failure of the material body, especially when 

repeated load on specimen, The growth of these cracks in a certain place called 

fracture process zone (Kumar and Barai, 2011). 

Many research and experiments have shown that the most familiar form of LEFM 

philosophy cannot be applied to concrete members with normal size. This is because 

of the fact that LEFM was discovered and reasoned as the availability of large and 

variable size of fracture process zone (Kumar and Barai, 2011). By beneficiation of 

nonlinear fracture mechanics principles, Hillerborg et al. (1976) offered an approach 
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through development of fictitious crack model based on cohesive crack model 

(Dugdale, I960; Barenblatt,1962) for the crack propagation study of unreinforced 

concrete beam.  

 

The first experimental research on fracture mechanics of concrete was performed by 

Kaplan in 1961 (Mehta and Monteiro, 2006). Subsequent research studied the effects 

of various parameters on KC and GC. Experimental studies indicated that the fracture 

toughness increases with increasing (a) aggregate volume (b) maximum-size 

aggregate, and (c) roughness of the aggregate. As expected, the toughness decreases 

with increasing water-cement ratio and increasing air content. One of the problems 

encountered in the early stages of the research was that, instead of being amaterial 

property, the value of the fracture toughness KC, was strongly influenced by the size 

of the specimen tested. It soon became apparent that fracture mechanics 

measurements should not be made on small concrete specimens. Cedolin (1986) 

analyzed what happens to the ultimate stress when the dimensions of a cracked plate 

was changes. His analytical study is summarized in Figure 2.4. 
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Figure 2.4 View of (a) Variation of  at the crack tip in an elastic body, (b) cracked 

plate under tension, (c) comparison between ultimate values of applied tension, 

calculated according to fracture mechanics and tensile strength, and (d) effect of 

plate width for geometrically similar plates (Cedolin, 1986) 

 

 

It is convenient to define a brittleness number, to characterize the nature of the 

collapse; the lower the brittleness number the more brittle the behavior of the 

specimen. Fracture occurs in specimens with a small brittleness number, that is, for 

materials with a comparatively low fracture toughness, a high tensile strength, and in 

large specimens. The brittleness number characterizes the nature of the collapse for 

one-dimensional problems; for beams or slabs in flexure, additional information on 
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the slenderness is necessary. This number helps to explain the experimental results 

where concretes made with high-strength silica fume cement paste usually have more 

fine microcracks than normal strength concrete (Figure 2.5). In the high-strength 

matrix, the tensile strength can be two to five times greater than the normal-strength 

matrix; however, the increase in fracture energy or elastic modulus is not as much. 

Consequently, a high-strength matrix has much lower brittleness number and is more 

susceptible to the development of cracks. A complete description of scaling flaws for 

brittle materials is given by Bazant. Structure of the crack front in plain cement paste 

and silica fume cement paste was graphically demonstrated by Bache (1986) as seen 

in Figure 2.5. 

 

 

   

Figure 2.5 Structure of crack front in ordinary cement paste and in silica fume 

cement paste (Bache, 1986) 
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2.3. Effect of mineral admixture on mechanical properties of concrete 

2.3.1. Effect  of mineral admixture on compressive strength 

Bhanja and Sengupta (2005) carried out an extensive experimental study on the 

concretes with various water–binder ratios between 0.26 and 0.42. Moreover, they 

utilized SF as mineral admixture with SF–binder ratios from 0.0 to 0.3. For all of the 

mixtures, they determined the compressive strengths at the end of 28 days of curing. 

They concluded that compressive strength of concrete  is increased with silica fume 

inclusion. The results also demonstrated that although the optimum replacement level 

is not constant, it is dependent of the water to cementitious material (w/cm) ratio of 

the concrete. The highest compressive strength was measured as 95.7 MPa at 15% 

replacement level for the concrete with w/cm ratio of 0.26, while the lowest 

compressive strength of 48.3 MPa was measured for the control concrete at w/cm 

ratio of 0.42 as shown in Figure 2.6.  

 

The compressive strength results reported in the study of Yanjun and Cahyadi (2003) 

are depicted in Figure 2.7, indicating SF replacement levels ranging between 0-20% 

and by weight of cement and at w/b ratio of 0.4. As it was expected the compressive 

strength of five different types of mixes increased with  increase in curing age. 

However, the influence of SF on compressive strength at early ages appeared to be 

insignificant. At later ages, it was obvious that SF incorporation contributed well on 

56 and 90 days compressive strength of concrete. 
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Figure 2.6 The relationship between 28-day compressive strength and  

replacement level of SF (Bhanja and Sengupta, 2004) 

 

Figure 2.7 Effect of SF and curing age on compressive strength of pastes (Yanjun 

and Cahyadi, 2003) 
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In the study of Ghorpade and Rao (2011), high performance concrete with various 

w/b ratio and MK replacement level up to 30% were used for compressive strength 

testing. They determined that high strength concrete with 95.4 MPa can be achieved 

by adjusting w/b ratio and proper replacement level of MK (Figure 2.8).  

 

 

Figure 2.8 Effectiveness of metakaolin on compressive strength of concretes with 

different w/b ratios (Ghorpade and Rao, 2011) 

 

 

 



16 
 

2.3.2. Effect  of mineral admixture on splitting tensile strength 

The tensile strength of concrete can be considered as one of the basic and significant 

characteristics of the concrete. Besides, this parameter is used in some aspects of 

reinforced concrete design. Because of concrete's low tensile strength and its 

brittleness, concrete structures are generally designed in such a way that tensile 

forces acts indirectly to the structural member. Nevertheless, the concrete is not 

usually expected to resist the direct tension because of its low tensile strength 

capacity it is required to decide on the critical load at which the structural concrete 

member may undergo cracking. The corresponding crack formation is a type of 

tension failure. Different from the bending test, the other test methods used for 

determination of the tensile strength of concrete can be categorized in two sections, 

namely, direct testing methods, indirect methods. The famous method of indirect 

testing is splitting tensile strength test. This method of testing has been largely 

utilized for determination of tensile strength of concrete. It is frequently used by 

investigators and formulators to characterize and design reinforced concrete 

structural members (IS 5816-1999). 

 

An elaborate experimental study reported on splitting tensile strength of concrete was 

conducted by Bhanja and Sengupta (2004). The observation of the test results 

exhibits that very high rates of silica fume replacement does not importantly affect 

splitting tensile strength of concrete. Moreover, SF replacement levels higher than 

20% caused decrease in the splitting tensile strength. The optimum replacement 

levels seemed to vary between 5-15%. 
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Figure 2.9  The relation between 28-day splitting tensile strength and replacement 

level SF (Bhanja and Sengupta, 2004) 

 

2.3.3. Effect  of mineral admixture on modulus of elasticity strength 

Modulus of elasticity of concrete plays a key role for predicting the deformation 

behaviour of structural members and buildings. It is utilized for the design section 

size and shape of the members subjected to flexure. For normal strength concrete, 

modulus of elasticity is proportional to square root of compressive strength 

depending mainly on the features of the concrete (Noguchi and Nemati, 1990). 
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ASTM C 469 defines a standard test method for measuring the modulus of elasticity 

of 150 by 300 mm concrete cylinders loaded longitudinally in compression at a 

constant pace rate ranging between 0.24 ± 0.03 MPa/s. Normally, the deformations 

are measured by an LVDT. The elastic modulus values used in concrete design 

computations are usually estimated from empirical expressions that assume direct 

dependence of the elastic modulus on the strength and density of concrete. As a first 

approximation this makes sense because the stress-strain behavior of the three 

components of concrete, namely the aggregate, the cement paste matrix, and the 

interfacial transition zone, would indeed be determined by their individual strengths, 

which in turn are related to the ultimate strength of the concrete. Furthermore, it may 

be noted that the elastic modulus of the aggregate (which controls the aggregate’s 

ability to restrain volume changes in the matrix) is directly related to its porosity, and 

the measurement of the unit weight of concrete happens to be the easiest way of 

obtaining an estimate of the aggregate porosity (Mehta and Monteiro, 2006). 

Almusallam et al. (2004) reported that modulus of elasticity of concrete specimens 

change considerably with the change of aggregate type and incorporation of silica 

fume. Their experimental results are presented in Table 2.1. Based on the result 

reported in Table 2.1, it was determined that incorporation of SF contributed up to 

45% increase in modulus of elasticity mainly depending on aggregate type. They 

measured the lowest modulus of elasticity as 21.60 GPa for concrete without SF and 

incorporating calcerous limestone. However, the highest modulus of elasticity (40.40 

GPa) obtained for the concrete with 15% SF and produced with steel slag. 
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Table 2.1 Modulus of elasticity of concrete measured at the end of 28 days of curing 

(Almusallam et al., 2004) 

Aggregate                    Modulus of elasticity, (GPa) 

                                     ______________________________ 

                                     0% Silica fume        10% Silica fume         15% Silica fume  

 

Calcareous  limestone        21.60                       26.00                               29.30 

Dolomitic limestone           24.50                       25.90                              32.80 

Quartzitic limestone           28.80                       36.20                              38.00 

Steel slag                            29.60                       32.90                              40.40 

 

In the study of Justice et al. (2005), the effectiveness of two types of metakaolin and 

silica fume on the modulus of elasticity of concretes with different w/cm ratios were 

reported. For all w/cm ratios, as shown in Figure 2.10, SF incorporated concretes 

revealed higher modulus of elasticity than control and MK incorporated concretes. It 

was also reported that the influence of MK and SF addition was mostly pronounced 

at w/cm ratio of 0.4. The highest modulus of elasticity values of 34 and 29 GPa were 

observed for MK and control concretes. 
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 Figure 2.10 Test results on modulus of elasticity of control, MK, and SF concretes at 

28 days of curing (Justice et al., 2005) 

 

2.3.4. Effect  of mineral admixture on flexural strength 

It has been known that incorporation of metakaolin generally increases the 

mechanical properties of concretes. In the study of Justice et al. (2005), different 

types of MK and SF incorporated concrete prisms were subjected to the flexural 

strength test. It was concluded that there was an increase of 1-2 MPa as a result of 

using metakaolins for the prisms subject to bending. Although they did not observe a 

clear tendency indicating that one of the MK used was better than the other type, 

they reported improvement in flexural strength capacity due to MK incorporation. 

Moreover, prisms produced with silica fume as a partial replacement of cement 

demonstrated somewhat higher flexural higher than the control at w/cm ratio of 0.40. 

However, concrete mixes having higher w/cm ratio were not different from control at 

all. It was also reported that at w/cm ratio of 0.40, MK349 and silica fume prisms 

had modulus of rupture values higher than 4 MPa at 24 hours after casting. Whereas, 

it took 3 days for control and MK235 concrete prisms to reach this value (Justice et 

al., 2005). 
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                                                                      a)

                                                                       b) 

       c) 

Figure 2.11 Variation of peak modulus of rupture versus age of concrete for a) w/cm 

ratio of 0.40, b) w/cm taio of 0.50, and c) w/cm ratio of 0.60 (Justice et al., 2005) 
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2.3.5. Effect  of mineral admixture on fracture energy 

It is known that a three-point flexural test applied to a notched beam yields a stable 

load-deflection curve. The amount of energy depleted due to the crack propagation 

through the notched beam specimen can be determined by calculating the area under 

this curve. By knowing the effective cross-sectional area the fracture energy (GF) can 

be calculated (Peterson, 1980). 

Change in the fracture energy due to variation of the maximum aggregate size is 

shown in Figure 2.12 (Rao and Prasad, 2002). The figure indicates the variation of 

fracture energy of concretes with and without SF. It was reported that there is an 

evident increase in the fracture energy as the maximum aggregate size increases. 

They also stated that addition of SF by 10% has considerably enhanced the strength 

of concrete. It was found that the fracture energy (GF) of concrete was measured as 

76.6 N/m for the concrete having maximum size of coarse aggregate equal to 4.75 

mm. However, the fracture energy raised up to 142 N/m for the concrete with 

maximum aggregate size of 20 mm in plain concrete. Incorporation of SF resulted in 

increase of GF from 122 to 165 N/m (Rao and Prasad, 2002). 
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Figure 2.12 Effect of maximum aggregate size on the variation of fracture energy in 

HPC and HSFC (Rao and Prasad, 2002) 

 

2.3.6. Effect  of mineral admixture on characteristic length  

The brittleness of concrete can be assessed by a factor named characteristic length, 

lch. Characteristic length can be calculated by the following relation. 

2
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Where E is the modulus of elasticity,  fs is the splitting tensile strength, and GF is the 

fracture energy. 

It has been reported that the higher the brittleness number (lower lch) of a given 

structure, the lower the ductility. Rao and Prasad (2002) conducted an experimental 

study on the fracture properties of high-strength concrete (HSC). Different coarse 

aggregate sizes were used to compare the fracture properties of HSC. For the plain 
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concrete without SF, the characteristic length was observed to increase as the 

maximum size of coarse aggregate increased, which indicates increase in the 

ductility.   

A similar study was also reported by Wu et al. (2001) on the effects of different types 

of aggregate on the fracture properties. They demonstrated that the effects of the 

strength of concrete and the types of the aggregates on the characteristic length are 

troubled, the results show that the characteristic length reduces, that is, the brittleness 

of concrete increases, with increasing strength, as illuastrated in Figure 2.13. 

 

 

Figure 2.13 The effect of compressive strength of concrete on characteristic length 

(Wu et al., 2001) 

 

The influences of both matrix strengths and steel fiber on fracture energy of high 

strength concrete was experimentally evaluated in the study of Şahin and Köksal 

(2011). They reported that the characteristic length increases by decreasing 
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water/cement ratio or increasing matrix strength for the fiber tensile strength of 1050 

MPa as depicted in Figure 2.14. Maximum characteristic length values are obtained 

at the water/cement ratio of 0.45 and for fibre having 2000 MPa tensile strength. The 

changes in characteristic lengths of concretes depends on the fibre volume fraction 

and water/cement ratio (Şahin and Köksal, 2011). 

 

(a) fsu = 1050 MPa 

 

(a) fsu = 2000 MPa 

(b) Figure 2.14 Characteristic lengths of SFRCs depending on water/cement ratio 

and fiber volume fraction (Şahin and Köksal, 2011) 
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CHAPTER 3 

3. EXPRRIMENTAL STUDY 

 

3.1. Materials 

CEM I 42.5 R type Portland cement having specific gravity of 3.14 and Blaine 

fineness of 327 m
2
/kg was utilized for preparing the concrete test specimens used in 

determination of mechanical properties. The chemical composition of the cement is 

shown in the Table 3.1. Metakaolin (MK) used in this study is a white powder with a 

Dr Lange whiteness value of 87. It has a specific gravity of about 2.60, and specific 

surface area (Nitrogen BET Surface Area) of 18000 m
2
/kg. Physical and chemical 

properties of MK used in this study are given in Table 3.1. MK used in this study is 

from Czech Republic. Silica fume (SF) obtained from Norway was used as a mineral 

admixture in concrete production for comparing the effectiveness of MK. SF has a 

specific surface are of 21080 m
2
/kg and specific gravity of 2.2. Chemical analysis 

and some physical properties of SF are also given in Table 3.1. Figure 3.1 indicates 

the photographic views of cement and mineral admixture used. 
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Table 3.1 Properties of Portland cement, silica fume, and metakaolin 

Chemical analysis (%) Portland cement Silica fume Metakaolin 

CaO 62.58 0.45 0.5 

SiO2 20.25 90.36 53 

Al2O3 5.31 0.71 43 

Fe2O3 4.04 1.31 1.2 

MgO 2.82 - 0.4 

SO3 2.73 0.41 - 

K2O 0.92 1.52 - 

Na2O 0.22 0.45 - 

Loss on ignition 1.02 3.11 0.4 

Specific gravity 3.14 2.2 2.60 

Fineness (m
2
/kg) 327* 21080** 18000** 

* Blaine specific surface area 

** BET specific surface area 

 

 

       Metakaolin                                 Cement                              Silica fume 

Figure 3.1  Photographic views of Portland cement (pc), metakaolin (MK), and silica 

fume (SF) 
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Fine aggregate was mix of river sand and crushed sand whereas the coarse aggregate 

was river gravel with a maximum particle size of 16 mm. Aggregates were obtained 

from local sources. Properties of the aggregates are presented in Table 3.2. Grading 

of the aggregate mixture was kept constant for all concretes figure 3.2 shows the 

grading of aggregates. A polycarboxylic-ether type superplasticizer (SP) with a 

specific gravity of 1.07 and pH of 5.7 was used in all mixtures.  

 

 

 

 

 

Figure 3.2 Grading of the  aggregates 
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Table 3.2 Sieve analysis and physical properties of aggregates 

Sieve size 

(mm) 

Passing (%) 

Fine aggregate  

Coarse aggregate River 

sand 

Crushed 

sand 

16.0 100 100 100 

8.0 99.7 100 31.5 

4.0 94.5 99.2 1.0 

2.0 58.7 63.3 0.5 

1.0 38.2 43.7 0.5 

0.5 24.9 28.4 0.5 

0.25 5.4 16.4 0.4 

Fineness 

modulus 

2.87 2.57 5.66 

Specific gravity 2.66 2.42 2.72 

 

 

3.2. Mix proportioning and casting of concrete 

Concretes were designed with water-to-binder ratio of 0.28 and total binder content 

of 570 kg/m
3
. In order to develop metakaolin and silica fume modified high strength 

concrete mixtures, Portland cement was partially replaced with 5% and 15% mineral 

admixture (by weight). Considering one control mixture, thus, totally five different 

mixtures were prepared in this study. Details of the mixtures are given in Table 3.3. 

The concretes were designated by the type and the replacement level of the mineral 

admixture. For example, 5SF stands for the concrete group including 5% SF. The 

mixtures given in Table 3.3 were designed to have slump values of 100 ± 20 mm for 

the ease of handling, placing, and consolidation. The superplasticizer was added at 

the time of mixing to achieve the specified slump. 
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Table 3.3 Mix proportions (kg/m
3
). 

Mix proportions 

Mix ID 

Control 5MK 15MK 5SF 15SF 

Cement 570.0 541.5 484.5 541.5 484.5 

Water 159.6 159.6 159.6 159.6 159.6 

MK 0 28.5 85.5 0 0 

SF 0 0 0 28.5 85.5 

Coarse aggregate 863.1 857.8 849.2 855.3 842.1 

River sand 675.3 669.7 660.3 671.8 666.7 

Crushed sand 155.5 154.2 152.0 154.7 153.5 

 Superplasticiser 5.13 6.84 8.55 7.125 9.12 

 

 

All concretes were mixed in accordance with ASTM C192 (ASTM C192/C192 M-

07, 2007) standard in a power-driven revolving pan mixer and the tests were 

performed after 28 days of water curing periods. For each mixture, 150x150x150-

mm cubes, Φ150x300-mm cylinders, and 100x100x500 prisms were used for 

determination of compressive strength, splitting tensile strength and flexural strength, 

and fracture energy, respectively. Transverse notches having 5 mm width and 40 mm 

height were opened in the middle of the beam specimens one day before the testing. 

Three specimens were utilized for each testing.   
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3.3 Test methods 

3.3.1 Compressive strength 

The compressive strength test conforming to ASTM C39 (ASTM C39/C39M-

12,2012) was carried out on cube specimens (150x150x150 mm) by a 3000 KN 

capacity testing machine. Figure 3.3 illustrates the compression test on concrete 

cube. 

 

 

Figure 3.3 Compressive strength test device  

 

 

3.3.2 Splitting tensile strength 

Splitting tensile strength was carried out on the specimens having Φ150x300 mm 

size according to the specification per ASTM C496 (ASTM C496,2011). Splitting 

tensile strength of a cylinder specimen is calculated using the following expression: 

DL

P
f s



2
                                                                         (3.1) 
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where P, L, and D are the ultimate load, length and diameter of the cylinder 

specimen, respectively. The schematic drawing of the test specimen and 

configuration is given in Figure 3.4. 

 

L 

Figure 3.4 Splitting tensile strength test configuration 

 

3.3.3 Modulus of elasticity                                                                                            

Cylinders with a dimension of Φ150x300 mm were tested for determining the static 

modulus of elasticity as per ASTM C469 (ASTM 469/C469M-10,2010). Each of the 

specimens was fitted with a compress meter containing a dial gage capable of 

measuring deformation to 0.002 mm and then loaded three times to 40% of the 

ultimate load. The ultimate load was determined based on the compressive strength 

test results for each mix. The first set of readings of each cylinder was discarded and 

the modulus was reported as the average of the second two sets of readings. For each 

parameter, three specimens were used. Figure 3.5 reveals the measurement of 

modulus of elasticity of concrete.  

D 
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Figure 3.5 Measuring of modulus of elasticity 

 

3.3.4 Flexural strength 

Three point flexural test was applied by 250 kN capacity universal testing device to 

obtain flexural strength and fracture parameters of the concretes (Figure 3.6). For this 

purpose, notched beam specimens were used (Figure 3.7). The beam length, width, 

and depth were 500, 100, and 100 mm, respectively. The notch opening was 

achieved through reducing the cross section to 60x100 mm by sawing in order to 

accommodate large aggregates. The flexural strength of a notched beam tested under 

three-point flexural test can be assessed using the following equation on the 

assumption that there is no notch sensitivity: 
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                                                       (3.2) 

Where Pmax is the ultimate load (N), and S, B, D, and a are span length (400 mm), 
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width of the beam (100 mm), depth of the beam (100 mm), and notch depth (40 mm), 

respectively. 

 

Figure 3.6 Photographic view of universal testing device and three point flexural 

testing fixture 

 

 

   

 

Figure 3.7 Notched beam specimen  
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The details of the specimen as well as placing linear variable displacement 

transducers (LVDTs) were shown in Figure 3.8 The test for the determination of the 

fracture energy (GF) was realized based on the recommendation of RILEM 50-FMC 

Technical Committee (RILEM 50-FMC,1985). Deformation controlled loading was 

applied during the testing of the beam specimens. The constant loading rate of 0.02 

mm/min up to a deflection of 1.5 mm was adopted. As seen in the photographic view 

of the test set up in figure 3.9, the deflection was measured by means of LVDT. The 

fracture energy GF of the concrete can be calculated by the following equation: 

                             
lig
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max0 )( 

                                                               (3.3)   

 Where W0 is the area under the load-deflection curve (Nm), m is the mass of the 

specimen (kg), g is the gravitational acceleration (m/s
2
), L is the total length of 

specimen, δmax is the maximum displacement (m), and Alig is the area of the initial 

ligament [B(D-a)] (m
2
); B and D  are the width and depth of the beam, respectively; 

a is the depth of the notch. 

 

 

Figure 3.8  Photographic views of  notched beam specimen  
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Figure 3.9  Photographic views of LVDT 

 

The fracture energy GF alone does not provide adequate information to characterize 

the ductility or brittleness of concrete and its dependence on the size of the structure. 

Instead, the brittleness number proposed by Hillerborg (Hillerborg et al.,1976) 

captures both the influence of the material and that of the size of the structure by 

means of the ratio (Eqn 3.4): 

chl

l
                                                                              (3.4) 

Where l is any structural dimension and lch is a material parameter known as the 

characteristic length, defined by the following ratio (Eqn 3.5): 

2

s

F
ch

f

EG
l                                                                             (3.5) 

Where E is the modulus of elasticity and fs is the splitting tensile strength (In this 

study, splitting tensile strength was used instead of direct tensile strength). 
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CHAPTER 4 

4. TEST RESULTS AND DISCUSSIONS 

 

4.1. Compressive Strength   

The compressive strength of the concretes measured at 28 days were presented in 

Figure 4.1. The compressive strength values ranged from 68.6 to 86.8 MPa, 

depending mainly on inclusion and replacement level of the mineral admixture. The 

control group had the lowest compressive strength of all, while the highest was 

measured for 15SF concrete. The relative compressive strengths to control were 

122.3%, 126.5%, 115.9%, and 122.0% for the concretes 5SF, 15SF, 5MK, and 

15MK, respectively. MK incorporated concretes revealed similar trend as SF 

concretes did. However, the percentage of increase was slightly different. For 

example, utilizing mineral admixture by 15% provided 3.5% and 5.2% more 

compressive strength than 5% level of replacement for SF and MK incorporation, 

respectively. It was reported that, the essential factors that affect the contribution of 

metakaolin are i) the filling effect, ii) the dilution effect, and iii) the pozzolanic 

reaction of metakaolin with CH (Wild et al., 1996). Although having comparable 

results to SF incorporated ones, MK concretes seemed to have lower compressive 

strength development at the end of 28 days. This may be attributed to the better pore 

refinement of SF due to higher specific surface area (see Table 3.1). 
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Figure 4.1 Variation in compressive strength of concretes containing SF and MK at 

28 days 

 

4.2. Splitting Tensile Strength  

The indirect tensile strength of the concrete monitored by splitting test at 28 days and 

is graphically shown in Figure 4.2. Similar to compressive strength results, the 

incorporation of MK or SF provided enhancement in splitting tensile strength results. 

 

Figure 4.2 Variation in splitting tensile strength of concretes containing SF and MK 

at 28 days 
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However, the concretes having same replacement level had very close splitting 

tensile strength values to each other. For example, splitting tensile strength values of 

5.32 MPa and 5.25 MPa was measured for 15SF and 15MK, respectively. Neville 

(1996) points out that there was a direct proportionality between splitting tensile and 

compressive strengths of concrete at different rates. In other words, while the 

compressive strength increased, the tensile strength also increased at a lower rate. 

4.3. Flexural Strength 

Figure 4.3 shows the net flexural strengths of notched beams subjected to three-point 

bending tests. The results varied between 6.02 MPa and 6.49 MPa. Nevertheless, the 

effectiveness of utilizing MK or SF can be observed. The higher the amount of MK 

and SF the higher the flexural strength was observed. The tendency of the influence 

of MK and SF appeared to be almost similar to the results of compressive strength 

and splitting tensile strength. Moreover, the results obtained for this test has revealed 

that evaluating the mechanical properties by only flexural test may be misleading due 

to the narrow range of the variation of the results. 

 

 

Figure 4.3 Variation in net flexural tensile strength of concretes containing SF and 

MK at 28 days 
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4.4. Modulus of elasticity 

The elastic properties of concrete are surely affected by elastic properties of the 

ingredients and the characteristics of the interfacial zone between hardened cement 

paste and aggregates (Alexander and Milne, 1995). As a result of inherent stiffness 

and larger volume occupation in concrete, the aggregate type and strength exerts a 

significant influence on the elastic modulus of concrete. However, not only aggregate 

properties, but also the quality of the paste is another important factor characterizing 

the elastic behavior. Therefore, it can be inferred that, the higher the quality of 

cement paste and interfacial transition zone, the higher the elastic properties can be 

observed. The test results regarding the effect of MK and SF on modulus of elasticity 

of concrete were given in Figure 4.4. The lowest modulus of elasticity was observed 

for control concrete as 41.7 GPa, while mineral admixed concretes revealed 11% to 

28% increase mainly depending on type and replacement level of the mineral 

admixture used. 

 

 

Figure 4.4 Variation in modulus of elasticity of concretes containing SF and MK at 

28 days 
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 Unlike the test results presented above, MK modified concretes, at this time, 

demonstrated slightly higher elasticity modulus than SF including ones. However, it 

should be noted that, the results yet, very close to each other. For example, 5MK 

concrete had only 1.4 GPa higher modulus of elasticity than 5SF concrete. Increasing 

the replacement level for MK and SF resulted in only small increases; such that 2.9% 

and 2.3% increases were observed between 5% and 15% replacement levels for the 

concretes including MK and SF, respectively. Qian and Li (2001) studied the 

relationships between stress and strain for high-performance concrete incorporating 

0%, 5%, 10%, and 15% with metakaolin. They reported that the elasticity modulus of 

the concretes exhibited only small increases with increase in metakaolin content. 

 

4.2. Fracture Parameters 

4.2.1. Fracture energy (GF)   

Fracture energy (GF) can be defined as the energy required for developing one crack 

completely. The load–deflection curves were utilized for computing GF. The area 

under the load versus deflection at mid span curve is a measure of the fracture energy 

of any material. GF results calculated for concrete, in this study, are based on the area 

under the full load–deflection curve. The cut-off deflection value was selected as 1.5 

mm. The load-deflection curves, the areas under these curves, the maximum midspan 

deflections, and fracture energies of the concretes are depicted in Figures 4.5-4.8. 

Considering the ranking from the highest to the lowest peak values, the concretes 

were sequenced as 15SF, 15MK, 5SF, 5MK, and control. Before reaching the peak 

load, the slopes of the concretes can clearly be distinguished, while post-peak 

behavior was somehow more sophisticated. Guinea et al.(2002) claims that it can be 

assumed that the initial steeper portion of the softening curve is controlled by the 
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cracking in the matrix. Nevertheless, no direct and quantitative evidence has been 

available to support these statements (Guinea et al., 2002). 

 

 

Figure 4.5 Effect of MK or SF incorporation on the load-deflection behavior of the 

concretes 

 

Figure 4.6 Variation in area under load-displacement curves of concretes containing 

SF and MK at 28 days  
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Figure 4.7 Variation in final displacement of beam specimens  

 

 

Figure 4.8 Variation in fracture energies (GF) of the concretes containing SF and MK 

at 28 days 

 

To clarify the load-deflection behavior, other parameters such as area under the curve 

and the maximum mid span deflection can be observed. Figure 4.6 shows that the 

highest area was calculated for 15SF concrete as 739 N.mm. However, the area 

measured for 5 MK concrete was almost same as that of control concrete. But, when 

observing the final displacement of the mid points (Figure 4.7), it was found out that 
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5MK concrete revealed 43% higher deflection than control concrete. Besides, the 

concretes including 15% MK or SF did not failed when the specified maximum 

deflection was reached. The most important contribution of MK and SF inclusion in 

the concrete is provision of an increase in the energy required for fracture by the 

resultant refinement interfacial transition zone between aggregate and cement paste. 

 

 

4.2.2. Characteristic Length (lch) 

Being one of the most important parameter revealing ductile behavior of materials 

characteristic length (lch) ought to be taken into account during the design of concrete 

mixtures, as it provides a control on the failure mode, nominal strength, and crack 

formation (Lange-Kornbak and Karihaloo, 1998). The characteristics length values 

calculated on the basis of Eqn 3.5  are also shown in Figure 4.9. The maximum lch 

value of 303 mm was calculated for control concrete. In general, both SF and MK 

concretes yielded lower lch value, irrespective of replacement level. The divergence 

of lch values of the control and mineral admixed concretes were in the range of 12% 

to 20%. Furthermore, Although aforementioned test results indicated slightly 

different behavior in mechanical and fracture properties of MK and SF modified 

concretes, being an important parameter indicating the interaction of modulus of 

elasticity, fracture energy, and splitting tensile strength, the characteristic length 

values were almost same for the same replacement level of MK and SF.   

 



45 
 

 

Figure 4.9 Variation in characteristic lengths of the concretes containing SF and MK 

at 28 days 
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CHAPTER 5 

5. CONCLUSIONS 

 

Based on the findings presented above the following conclusions can be drawn: 

 SF and MK concretes had systematically higher compressive strength than 

the control concrete at 28 days. There was a consistent increase in 

compressive strength with the increase in MK and SF. The maximum 

compressive strength value of 86.8 MPa which was far higher than that of 

control was observed for 15SF concrete. However, based on the indirect 

measurement of tensile strength by splitting, it was observed that even though 

there is a similar tendency in tensile strength variation of the concretes to 

compressive strength, the differences between control and MK or SF 

incorporated concretes were not as high as compressive strength.  

 Net flexural strength results indicated that the concretes incorporating SF 

reached to higher values for the same replacement levels of MK. However, 

both types of concrete had relatively higher flexural strength values than that 

of control. 

 Regardless the replacement level, modulus of elasticity values of SF and MK 

modified concretes were close to each other. However, the modulus of 

elasticity measured for control concrete was up to 28% less than mineral 

admixed concretes at varying magnitudes. 

 Load-deflection behaviors of the concretes have revealed that 15% 

incorporation of MK or SF provided more ductile behavior. Specimens 
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belonging to 15SF and 15MK concretes did not failed even at the maximum 

specified midspan deflection (1.5 mm). Hence, fracture energies calculated 

for these concretes were relatively higher than the ones incorporating 5% or 

no mineral admixtures. 

 Being one of the most critical ductility/brittleness behaviors, the 

characteristic length values were observed to be almost same for the mineral 

admixed concretes having same replacement levels. For the control concrete, 

on the other hand, the maximum characteristic length was calculated. This 

parameter is crucial since it combines the critical mechanical parameters, 

such as modulus of elasticity, fracture energy, and splitting tensile strength. 

Therefore, it can be inferred that effectiveness MK and SF on the fracture 

behavior of concretes mostly similar to each other. 
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