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ABSTRACT 

PROPERTIES OF SELF-COMPACTING RECYCLED 

AGGREGATE CONCRETE AND ITS IMPACT ON 
STRUCTURAL BEHAVIOR OF COMPOSITE TUBE COLUMNS 

 

KADHIM, IHSAN TAHA  

Ph.D. in Civil Engineering  

Supervisor: Assoc. Prof. Dr. Esra METE GÜNEYİSİ 

April 2017  

176 Pages 
 

This thesis mainly consists of two parts. First part covers the material 

characterization of recycled aggregate self-compacting concrete in terms of fresh, 

mechanical and fracture responses; while the second part of the thesis presents the 

research results on the structural behavior of the axially loaded steel tube columns 

filled with such concretes. Study parameters included single and combined uses of 

recycled fine and coarse aggregates, substitution levels, compressive strength of 

concrete core, cross section slenderness (D/t ratio) and yield strength of steel tube. 

To this aim, the hardened concrete properties were evaluated in terms of compressive 

strength, splitting tensile strength, static modulus of elasticity and net flexural 

strength. Failure mechanism of the notched concrete beams was also monitored via 

three-point bending test to observe the ductility level with respect to the fracture 

parameters. The statistical analysis based on GLM-ANOVA was also performed to 

assess the significance of the test parameters. Furthermore, comparison and code 

assessment for the axial load carrying capacity of the recycled aggregate concrete 

filled steel tube composite columns were studied by using four different design code 

equations (American Concrete Institute (ACI), Eurocode 4 (EC 4), Architecture 

Institute of Japan (AIJ) and Chinese Design Code for Steel-Concrete Composite 

Structures (DL/T)). 

Keywords: Concrete filled steel tube column; Fracture characteristics; Load carrying 

capacity; Mechanical property; Recycled aggregate concrete.  
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ÖZET 

GERİ KAZANILMIŞ AGREGALI KENDİLİĞİNDEN YERLEŞEN 

BETONUN ÖZELLİKLERİ  VE KOMPOZİT TÜP 
KOLONLARIN YAPISAL DAVRANIŞLARINDAKİ ETKİSİ 

 

KADHIM, IHSAN TAHA 

Doktora Tezi, İnşaat Mühendisliği Bölümü 

Tez Yöneticisi: Doç. Dr. Esra METE GÜNEYİSİ 

Nisan 2017  

176 Sayfa 

 

Bu tez temel olarak iki kısımdan oluşmaktadır. İlk kısmı, geri kazanılmış agrega ile 

üretilen kendiliğinden yerleşen betonun taze, mekanik ve kırılma tepkileri açısından 

malzeme özellikleri, ikinci kısmı ise, bu tür beton dolgulu çelik boru kompozit 

kolonların eksenel yük altındaki yapısal davranışları üzerine araştırma sonuçlarını 

içermektedir. Çalışma parametreleri, geri kazanılmış ince ve iri agregaların yalnız ve 

beraber farklı oranlarda kullanımı, beton çekirdeğin basınç dayanımı, kesit narinliği 

(D/t( oranı ve çelik tüpün akma dayanımından oluşmaktadır. Bu amaçla, sertleşmiş 

beton özellikleri, basınç dayanımı, yarmada çekme dayanımı, elastisite modülü ve 

net eğilme dayanımı açısından değerlendirilmiştir. Kırılma parametrelerine göre 

süneklik seviyesini gözlemlemek için çentikli beton kirişlerde üç noktalı eğilme 

deneyi yapılmıştır. Test parametrelerinin önemi GLM-ANOVA'ya dayanan 

istatistiksel analiz kullanılarak değerlendirilmiştir. Ayrıca, geri kazanılmış agregalı 

beton dolgu çelik boru kompozit kolonların eksenel yük taşıma kapasitesi dört farklı 

tasarım kodu (Amerikan Beton Enstitüsü (ACI), Avrupa Yönetmeliği olan Eurocode 

4 (EC 4), Japonya Mimarlık Enstitüsü (AIJ) ve Çelik Beton Kompozit Yapılar için 

Çin Tasarım Kodu (DL/T)) denklemi kullanılarak incelenmiştir. 

Anahtar kelimeler: Beton dolgulu çelik boru kompozit kolon; Kırılma özellikleri; 

Yük taşıma kapasitesi; Mekanik özellik; Geri kazanılmış agregalı beton.  
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CHAPTER I 

INTRODUCTION 

1.1 General 

Aggregate, which is one of the most significant raw materials used in concrete sector, 

is produced annually by about 7 tons per person in Europe and by about 4 tons in 

Turkey. Aggregate in worldwide takes its place as first rank with 58% of the mine 

production (Öztürk et al., 2007). Hence, the global concrete industry consumes 

approximately 10 billion tons of aggregates annually. The global consumption after 

2010 for natural aggregates (NAs) has been in the range of 8-12 billion tons (Tsung 

et al., 2006). Moreover, every year over 1 billion ton of construction and demolition 

waste (CDW) is generated worldwide (Amnon, 2004; Mehta, 2002). Thereby, 

managing and controlling CDW are the biggest challenge in our country and 

worldwide. Hence, 13-29% of the CDW is obtained from the solid wastes in urban 

areas; this ratio may increase to 50% especially in the case of natural disasters such 

as an earthquake (Öztürk, 2005). Previously, almost all materials which are used in 

the construction industry were entirely virgin and natural; thus, all wastes from 

demolished buildings were disposed in landfills and partially in unauthorized places. 

Consequently, CDW caused environmental and visual pollution as well as large 

quantity of concrete wastes generated from construction works, modifications, 

repairs, retrofits and demolishing of structures (Gesoğlu et al., 2004; Safiuddin et al., 

2011).  

It is crucial to reuse and recycle CDW in order to reduce the environmental pollution 

and to restrict the consumption of limited natural sources. Therefore, the effective 

use of these wastes provides interesting economic and environmental aspects. In 

some parts of the world, the number of production facilities and pilot plants are 

constructed to produce RAs from concrete wastes. Moreover, standards, guidelines 

and a lot of researches are published in the literature relating with the use of recycled 
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CDW (Öztürk, 2005; Öztürk, 2009). The utilization of RAs (created from processing 

CDW) in new construction has become more significant over the last two decades.  

Indeed, the interest in using RAs has developed because there is depletion in the NAs 

resources; also, alternative aggregates for concrete are needed. In effect, the long 

distance between the sources of NAs and construction sites and scarceness of 

aggregate in metropolitan environments force the constructors to find out substituting 

materials via recycled ones. On the other hand, the removal and disposal of recycled 

materials such as old concrete often present an environmental problem and that 

usually occurs in urban environments (Grdic et al., 2010). Thereby, significant 

ecological problems in urban areas might be expected due to the removal and 

disposal of CDW. Moreover, it can diminish the environmental pollution and reduce 

the huge consumption of NAs in construction through recycling wastes materials as 

RAs (Safiuddin et al., 2011). Thus, recycling is deemed as the best method to 

improve the environment, not only through reducing the use of virgin aggregate but 

also by minimizing the landfills. Recycling of CDW can provide a cost-effective 

method for the construction industry (Kamal et al., 2013).  

In Turkey, CDW is mainly generated from developing and modernizing cities, urban 

renewal plans and risk of earthquake. Hence, about 6-7 million houses are planned to 

be destroyed and re-built in the forthcoming 20 years according to Ministry of 

Environment and Urbanization (MEU); thereby, about 500 million tons of CDW are 

estimated to be generated (MEU, 2013). Therefore, MEU supports the project that 

defining criteria of recycling and reusing CDW. Actually, the recycling of CDW is 

important in point of protecting environment, saving the cost of landfilling as well as 

the lack of land for waste disposal and preservation of NAs resources (Poon et al., 

2007).  

The lack of codified provision does not signify a prohibition on the use of RAs. 

Although the European standard for the specification of concrete did not include any 

provisions for the use of RAs in concrete, the British Standard (BS EN 206-1, 2000; 

BS 8500-2, 2002) permits the use of RAs. However, provide additional requirements 

to allow using RAs in concrete. These conditions includes maximum masonry 

content, level of fine materials, asphalt content, sulfate content, etc. In effect, RAs 

are mainly use in low utility applications such as non-structural or non-bearing 
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partitions. Nowadays, intermediate utility applications such as foundations for 

building and roads are conducted via utilizing these aggregates. However, with very 

limited extent, it used in high utility applications such as for elements of buildings or 

structural layers of roads. Actually, expand the use of RAs is strongly related with 

the improvement occurred in the quality of this aggregate, which is results from good 

demolition practice; also, it related with the recycling process itself like sieving and 

separation. Recently, improved the aggregates quality are available and noticeable at 

prices competitive to NAs. Nonetheless, utilizing RAs in concrete are still less than 

ambitious because the negative impression formed when low quality cement and 

aggregate were used; also, because the restrictions imposed by standards (Dhir, 

2001).   

Therefore, there is a need for reform the unfavorable impression, which is relatively 

prevalent for a long time, to increase the use of RAs in concretes. In Turkey, the 

production of NAs, for both grade of aggregate, is deemed to be high compare to 

other country referring to high exhaustion of natural sources. As depicted in Figure 

1.1, the marginal percentage of reused and/or recycled material can be observed not 

only in Turkey but also in other parts around the world (UEPG, 2013).  

 

Figure  01.1 Aggregates production (in millions of tons) in 2012 (UEPG, 2013) 

In effect, the most effective way to change the passive impression is to increase the 

performance characteristics of the RAs, which can be achieved via incorporation of 

other materials like mineral and chemical admixtures to substitute or supplement 
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those conventionally used materials in concrete mixes. Figure 1.2 shows the 

percentage of consumed RAs around the world (UEPG, 2008).   

 

Figure 1.2 Percentage of consumption of RAs according to various countries 
(UEPG, 2008) 

Recently, the world's attention to recycling seemed growing and a comprehensive 

tendency to maintain the environment by reducing the consumption of non-

renewable natural resources like concrete had been spread. In USA, 1800 

construction and demolition waste storing plants and 3500 recycling plants are exists; 

also, 25% of CDW in Europe recycled (Öztürk, 2005). Likewise, in Hong Kong, a 

pilot plant produced 240000 tons of high quality RAs in 2003 (Raoa et al., 2007). 

Similarly, about 30 million tons of CDW was recovered by the plants in Taiwan and 

it was used in the rehabilitation of damaged structures (Huang, 2002). In this regard, 

the total CDW production and quantities recovery are summarized in Table 1.1 

(Klee, 2009).   
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Table 1.1 Total CDW production and recovery of some countries (Klee, 2009) 

Country CDW 

(Million tone) 

Recovery CDW 

(Million tone) 

Recovery  

CDW (%) 
Australia 14 8 57 

Belgium 14 12 86 

Canada N/A 8 (recycled concrete) N/A 

Czech Republic 9 (Include 3 of concrete) 1 (recycled concrete) 45 

England 90 46 50-90 

France 309 195 63 

Germany 201 179 89 

Ireland 17 13 80 

Japan 77 62 80 

Netherlands 26 25 95 

Norway N/A N/A 50-70 

Portugal 4 Minimal Minimal 

Spain 39 4 10 

Switzerland 7 (Incl. 2 of concrete) 2 Near 100 

Taiwan 63 58 91 

Thailand 10 N/A N/A 

USA 317 (Incl. 155 of concrete) 127 (recycled concrete) 82 

1.2. Motivations for the Research: Recycling and Concreting Aspects  

Recycled aggregates are result from the processing of materials previously used in 

construction. Generally, it can be classified into two main categories (Wrap, 2007): 

 RAs come predominantly from crushed concrete waste 

 RAs resulted from the field of CDW materials such as brick-based and 

asphalt-based aggregate. 

The level of contamination in the second category, which is particularly derived from 

asphalt pavements, is usually medium to high; thereby, it significantly affects the 

performance of produced concrete. Hence, the second type of aggregates is often 

used for secondary applications and it has little interest for utilize in concrete. 

Moreover, the use of this category in concrete actually conflict with the limitation 

and provisions set in standards such as BS 8500-2 (2002). In this standard, the 

maximum contaminant material level hinders the use of this aggregate and might be 

face a rejection by the public and the concrete industry especially in places where 

there is an abundance of proven NAs. With these limitations, it is most unlikely that 

concrete suppliers would be able to accept this type of RAs for concrete mixes. For 

this, this study mainly focus on the utilization of RAs resulted from crushing old 

concrete masses, which is contains little or no contamination, and produced in a 
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recycling plant. In effect, the major concern leading to the limited use of RAs in 

concrete always related with the performance issues. Hence, identify the possible 

sources of weakness of RAs is the essential factor affecting in maximize the use and 

value of RA in concrete construction as well as structural applications; these are 

summarized in Figure 1.3.  

 

Figure 1.3 Sources of weakness of RAs (Wrap, 2007) 

1.3 Use of RAC in Composite Columns and Practical Application in Structures 

In general, recycle aggregate concrete (RAC) manufactured via replace NAs with 

aggregate comes by crushing, washing, grading and blending old concrete and/or 

CDW materials. For this, the mechanical properties as well as durability aspects of 

this concrete expect to be lower than in conventional concretes (CCs). Indeed, 

drawbacks such as low elastic modulus and load carrying capacity recorded for RAC 

(Wang et al., 2013). These shortcomings limit the usage of RAC in structural 

applications such as columns, slabs and beams (Topçu and Şengel, 2004; Wang et 

al., 2013; Chen et al., 2010; Tam et al., 2014). However, RAC seemed well 

appreciated in the term of low brittleness, low density as well as good thermal 

insulation (Katz, 2003; Topçu and Şengel, 2004). In this regard, plenty number of 

previous research emphasized that performance of RAC descends as high as the 

increase of RA replacement level. However, the axial capacity of RAC elements 
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record little decrease compare with corresponding CCs elements; moreover, RCA 

still behaves well enough to resist the earthquake attack even with high levels of RA.  

In structural construction, the consequences of RAC weakness need to be minimized 

as much as possible. For this, concrete filled steel tubes (CFST) seem to be suitable 

choice to enhance the inferior properties of RAC; in which it confine and protect 

concretes by outer steel tube. Thereby, inherent disadvantages of RAC will 

significantly decrease or eliminate leading to entire use of the merits of RAC 

simultaneously. In recent years, the uses of concrete filled steel tubular (CFST) 

columns are widely increasing for multiple construction members. The field of using 

RAC in CSFT structural elements seems promising in the future because of it׳s good 

features. However, the shortage of information related with the behavior of RAC in 

structures restricts the deployments of these concretes particularly in composite 

columns. In the composite columns, the combination between steel tube and concrete 

core provide combined advantages because the strengths of confined concrete 

considerably increase due to surrounding by steel as well as preventing or delaying 

the inward buckling of the steel tube via presence of concrete core (Jegadesh and 

Jayalekshmi, 2015). The utilizing of RAC as core concrete in a steel tube enhance its 

properties particularly mechanical aspects due to the confinement of surrounding 

steel tube. Moreover, the formwork of concrete eliminates due to border it by steel 

tube; thus, reduces the time of construction (Lu and Zhao, 2010). For this reasons, 

the field of CFST columns spread to cover new sectors such as bridges, subways and 

tall buildings (Tsuda et al., 1995; Chen and Chen, 1973; Zeghiche and Chaoui, 2005; 

Lin, 1998). In this regard, according to the shape of CFST column cross-section, 

there are several types of the column such as regular section, section with 

reinforcement, section with double skin tube and encased section as shown in Figure 

1.4 (Gore and Kumbhar, 2014). Furthermore, practical application of such column 

systems in structure is illustrated in Figure 1.5. As seen in Figure 1.5, circular CFST 

column were used in different types of building (Schnider et al., 2004). Another 

example for the use of CFST column in a steel-concrete composite column structure 

is given in Figure 1.6 (Han et al., 2014). 
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Figure 1.4 Types of CFST composite columns (Gore and Kumbhar, 2014) 

 

            (a) Field-fabricated CFT joint                           (b) Bent plate closure on girder web. 

 

             (c) Shop-fabricated CFT joint                     (d) Girder connection for shop joint 

Figure 1.5 Practical application of circular CFST column (Schnider et al., 2004) 

 

      (a) Regular CFST section                                 (b) CFST section with reinforcement 

 

    (c) Concrete filled double skin tube                    (d) Concrete encased CFST section 
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Figure 1.6 Steel-concrete composite column structure (Ruifeng building in 
Hangzhou - China) (Han et al., 2014) 

Several previous studies compared the performance of CFST columns filled by RAC 

and CCs to evaluate the meaning of usage this type of concretes (Yang and Ma, 

2013; Konno et al., 1997, Xiao et al., 2006; Yang and Han, 2006). The results of 

aforesaid studies revealed that there is similarity or only slight difference between 

the performance of RAC and CCs composite columns in bond performance and 

failure modes aspects. However, the fact that RAC have lower elastic modulus and 

compressive strength as well as high shrinkage and creep than normal concrete 

cannot overlook. For this, the structure member filled by RAC expected to exhibit 

slight low stiffness and bearing capacity as well as inferior performance of durability. 

In this regard, Konno et al. (1997) reported that the progress of fracture of CFST 

columns filled by RAC was faster than that of the confined CCs composite columns; 

in which fc' of RAC varied from 30 to 38 MPa and 35 MPa for normal concrete. 

However, the bearing capacity of RAC column was enough in quantity to be utilized 

though its stiffness. Beside foreside study, Konno et al. (1998) concluded that the 

deformational behavior of RAC column was similar to that of NAs columns. 

Moreover, the authors stated that it can be predict the stiffness of composite columns 

via consideration of the Young’s modulus of RAC, which it was lower than that of 

CCs.    
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1.4. Research Objectives  

The concept of sustainable development in the structural engineering and concrete 

community need to widely separate and reach fully conviction that these concepts 

should be go in harmony, particularly with new orientation of the concrete or 

composite element production. Hence, utilize of RAs in new construction, with an 

extreme possible limit, becoming a necessity more than a luxe. The concrete member 

production field is deemed as one of the most likely feasible ways to use RAs. For 

this and to be more specifically, the main objective of this research is to dispel the 

fears of using RAs in the production of concrete and concrete filled steel tube 

(CFST) columns for the purposes of structural applications. However, it can be listed 

the objectives of this research below:  

 Prepare a comprehensive study that deals with sourcing, production, 

impedimenta and use of RAs in concrete and concrete filled steel tube 

members.  

 Study the influence of RAs on the properties of produced SCCs and 

investigates it׳s fundamental properties such as fresh and mechanical aspects. 

 Investigate the fracture properties of SCCs produced with and without RAs 

and compare the differences to generate an overview about the fracture 

performance of RA concrete.  

 Theoretically investigate the possibilities of using recycle aggregate self-

compacting concrete (RASCC) as concrete core for the composite CFST 

columns as well as evaluated the axial load capacity (Pu) of CFST columns 

and applied it according to various design codes.  

Through mineral and chemical material assistance, the successful production of RA 

concrete could lead to large-scale use of these aggregates for various structural 

applications. Moreover, rather than limiting the use of RAs in low value uses, it 

could be investigate enlarge the utilizing of this aggregate in new fields and 

concretes. Indeed, the encouraging fresh, strength and fracture performance of RA 

concrete also could be strengthen the belief of producing good properties concrete 

from these aggregate. Furthermore, the application of RA concrete in composite 

columns was performed and the ultimate capacity of such composite columns 
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subjected to axial loading were computed based on different design codes such as 

ACI-318R, 2005, AIJ, 1997& 2001, DL/T, 1999 and Eurocode 4, 2004; then 

convenient comparisons are conducted between results in order to evaluate the most 

suitable code for the selected steel-concrete composite members. 

1.5. Significance of the Study  

Nowadays, due to increased amount of RAs around the world as a result of 

developing in crushing technologies, there is global trend to enlarge the use of RAs 

in new construction for economic and environmental reasons. Inasmuch the 

increased volumes of CDW and industrial by-products such as slag and SF, it is 

considered very useful to exploit these abundant materials in producing good quality 

concrete. Thereby, RA concrete can be competed the equivalent NAs concrete in 

many concrete applications. Recently, concrete techniques are widely improved, 

which can be allow to add a value to our knowledge and expand the use of these 

wastes. Moreover, in the recent days, considerable attentions have been observed 

about the performance and usability of structural members produced with RA 

concrete. For this, the effect of using concrete with RAs on the axial capacity of the 

composite columns is studied in details within the scope of this thesis.  

1.6. Structure of the Thesis  

The thesis consists of five chapters summarized as follows:  

 Chapter 1: presents an introduction to this study and briefly provides basic 

information about CDW, RAs and SP in concrete. The environmental benefits 

come from the disposal of these materials and the advantages of using these 

wastes in new concrete and in new structural member such as CFST columns 

were briefly discussed. The motivations of the study, and briefly reviews 

some important issues which were deemed essential prerequisites to everyone 

dealing with recycling and RAs in concrete and CFST columns. As well as, 

the objectives and the significance of the study were clearly stated.  

 Chapter 2: presents a literature review and overall background information 

regarding of use RAs in new concrete, particularly in SCCs. A brief 

background on recycling of old concrete and its contamination, which usually 
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exist in RAs, is given. Moreover, differences between RAs and NAs and 

classification of RAs were also extensively reviewed. The significance and 

economics of recycling CDW as well as it׳s processing and properties and use 

of RAs in structural members are briefly discussed in this chapter. Moreover, 

general review of recycle aggregate concrete filled steel tube (CFST) columns 

was presented as well as previous literatures studies related with this topic.    

 Chapter 3: in this chapter, the methodology followed in this study was 

demonstrated. The properties and characteristics of materials used in this 

study were also described as well as materials test results were presented and 

discussed. Thus, the procedure and the main hypotheses and equations of 

tests on fresh and hardened SCCs are described. It is worth mentioning that 

the formulation explicated from four different design codes (Eurocode 4, 

ACI, AIJ, DL/T) are used and presented to predict the ultimate axial capacity 

of CFST columns.   

 Chapter 4: presents results of tests conducted on the SCCs produced by 

utilizing NAs and/or RAs. The requirements and testing methods used to 

ensure production of this type of concrete were reviewed and reported. 

Moreover, the effect of incorporating SF and effect of water to binder ratio 

(w/b) ratio on the fresh, hardened and fracture properties of concretes were 

reported and evaluated. List of results and figures are presented and 

discussed; also, an analytical study via visual inspection of variance (GLM-

ANOVA) was performed to assess the statistical significance of the 

experimental test parameters on the characteristics of SCCs. The results of 

theoretical comparisons and code assessment for the predicted axial load 

carrying capacity (Pu) of the concrete filled steel tubular (CFST) short 

columns as well as proper relations and proposed formulas extracted from 

study were presented. 

 Chapter 5: The conclusions of experimental and theoretical study are 

reported in this chapter.  
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CHAPTER II 

LITERATURE REVIEW AND BACKGROUND 

2.1 Introduction 

Concrete, which is the most consumed material in the world after water, often uses a 

considerable amount of non-renewable resources (Arezoumandi et al., 2014). Hence, 

in volume terms, concrete is the most widely used and manufactured material with 

nearly 2-2.5 tons produced annually for each living person. In effect, concrete has 

been described as the fundamental construction material (Neville, 2003; Domone and 

Illston, 2010). Concrete is defined as a blend of cement, water, fine and coarse 

aggregate, which aggregate bind together via chemical reaction (hydration) occurred 

between the cement and water.  

In general, concrete wastes are delivered to the landfill sites for disposal; however, 

due to increase the charges of landfill as well as environmental reasons and because 

of the scarcity of NAs, aggregate derived from concrete wastes is growing interest in 

construction industry. In effect, while the construction industry grows, the effect of 

this growing on environment proportionally increased with time due to the large 

quantities of natural materials and energy used by the construction industry (Tam et 

al., 2006). Unfortunately, the construction industry consumes about 20-50% of all 

material resources from nature; hence, the effect of the construction industry on 

environment can be summarized as (Margarido, 2015):  

 Using huge quantities of construction and demolition waste (CDW) 

 Increase the emission of CO2, which result an increase in greenhouse gases.  

 Water, air, noise and visual pollution. 

 Consumption non-renewal and energy resources. 

 Exhausting non-compensable natural resources. 
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Recently, the environmental protection becomes very important issue around the 

world. Therefore, the regulation related with CDW, which affected seriously 

environment, was made by the countries (Tam et al., 2006). The developing 

countries pressed to find solutions about these growing wastes through economic, 

social and environmental methods. Thus, localized sources scarcity, landfill and 

aggregate taxes, long transportation distances and increase landfilling costs are the 

part of problems need to be solved (Topçu and Günçan, 1995; European Commission 

Report (ECR.), 1999; Frondistou, 1977). The construction industry tried to determine 

the strategies to reduce the effect of CDW on the environment. Therefore, the 

identified the life cycle of the natural sources shown in Figure 2.1 can help to get a 

better understanding for this problem.  

 

Figure 2.1 The life cycle block diagram of construction industry (Margarido, 2015) 

2.2 Recycled Aggregate (RAs) 

In the last two decades, the concept of recycling has gradually begun to get popular, 

particularly for concrete. Hence, there is a dramatically increased in the attention 

towards the environmental effect of construction and sustainable development. 

Moreover, concrete usually has much to offer on this regard because it has features 

of diminishing the depletion of natural resources, inert, durable and recyclable. In 

general, RAs are manufactured via re-processing of waste materials where CDW 
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represents the largest source of wastes. In Australia, concrete is representing about 

81% of the total volume of CDW. For this, recycling these wastes is the best way to 

minimize materials generated from construction activities.    

Japan, with 100 % recycling of the wastes, are leading the countries in the field of 

recycling waste materials used in new construction applications.  Similarly, in Hong 

Kong, about 14 million tons of CDW materials were generated from construction 

activities each year. Previously, these materials were dumped normally in the landfill 

sites and treated as waste debris. Nowadays, better ways to manage CDW were 

explored to drive better environmental sustainability (Nik, 2005). Created from 

CDW, RAs can be classified as hard inert materials ranging from broken concrete, 

rocks, bricks etc. from demolition sites. Moreover, RAs can originate from excavated 

materials which it comes from foundation work sites and material generated from the 

road maintenance works. 

2.2.1. Use of RAs in New Concrete  

In 1940s, the studies on recycling of concrete waste were initiated in Russia by 

Glushge; then; number of experimental investigations has been carried out in the 

following years (Xiao et al., 2006). Since, a large scale use of RAs in concrete has 

been reported after the Second World War in Germany (DeVenny, 1999). During the 

war, a large amount of destroyed and extremely damaged structures had to be 

demolished and the product reused in different applications. At the end of 1955, a 

total of 11.5 million m3 of recycled materials was produced in Germany (Khalaf and 

DeVenny, 2004). In other parts of Europe, RAs had been used for different 

rudimentary applications at that time.  

Worldwide, the use of RAs in new concrete is limited by standards and codes of 

practice. In UK, a protocol for RAs in new concrete permits the use of only up to 

20% by mass. Similarly, in Hong Kong, only in low grade (grade 20 or less) concrete 

it is legal to use 100% coarse RAs, while only 20% by mass in high grade concrete 

(Nik, 2005). Also in Holland, at 1994 it was permitted and admitted that the use of 

20% RAs by mass results in little difference in the properties of fresh or hardened 

concrete (DeVries, 1996). Hence, the increase in the use of RAs in construction 

become a desire and ambition a governments around the globe. In Germany, since 
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1991, the aim of recycling RAs created from CDW material in concrete has been set 

at 40% (Nik, 2005). Thus, a similar trend can be observed in Japan and USA where 

the RAs were used in concrete and asphalt pavements to build new roads and their 

associated concrete works. 

Presently, BS 8500-2 (2002) provides a basis for the use of RAs in concrete as well 

as BS EN 12620 (2002). It deals with the properties of NAs, fillers and manufactured 

or RAs for use in concrete. However, to date statistics showed that only a small 

amount of RAs are used in high utility applications; and that is probably due to 

existing provisions and restrictions. In many applications, which are listed below, 

good quality NAs were extensively used in variety and unnecessarily cement based 

products like (Wrap, 2007):  

 Building masonry bricks and blocks.  

 Paving blocks and road kerbs.  

 Concrete paving units and slabs (Cast in situ and pre-cast).  

 Non-structural concrete walls and partitions.  

 Pipe bedding material.  

 Capping, piling mats, and sub-base layers in housing development.  

 Road sub-base sidewalks and footpaths.  

 Soil improvement, gabions, erosion control, general and engineered 

backfilling.  

 Low grade concrete for different concrete structures.  

Indeed, significant amounts of NAs could be saved if suitable RAs were used for 

these applications instead.  

2.2.2. Contaminations in RAs  

Impurities of RAs are the major factors which restrict the expansion of using this 

aggregate in the concrete industry. Unless removed, contaminants present in the 

original material will be passed on to the new concrete; thus, it could cause a harmful 

effect on strength and durability performance. For this, contaminants should be 
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removed before crushing process of CDW. Indeed, materials such as glass and 

timber could be removed to obtain good quality materials from recycling sites (Buck, 

1973; Collins, 1993). Moreover, other impurities like ferrous origins can be removed 

off by use of a large magnet or by being hand-picked while it passes through a 

conveyor belt. The most common contaminants usually found in RAs are old cement 

paste, residue asphalt, gypsum, chlorides and sulphates, organic materials and glass. 

According to BS 8500-2 (2002), the limits imposed on RAs composition are listed in 

Table 2.1.  

Table  02.1 The recycled aggregates requirements according to BS 8500-2 (2002) 

Property  Maximum Percentage (by 
mass) 

Masonry content  10.0 

Fines content  3.0 

Lightweight materials content  
(density < 1000 kg/m3)  

1.0 

Asphalt content  10.0 

Other foreign materials  
(e.g. glass, wood plastics, metals etc.)  

1.0 

Acid-soluble sulphates SO3  1.0 

 

2.2.3. Classification of RAs  

Unlike the RAs derived from old roads, aggregate produced from CDW are usually 

irregular in shape and content because the rubble is collected from various sources; 

moreover, the properties of this aggregate are unlikely to be consistent. Thereby, it is 

difficult to utilize these aggregates in the production of new concrete (BRE, 1992). 

Nevertheless, more cleanly aggregates are lead to more strong concrete (Amnon, 

2004). Relevantly, BS 8500-2 (2002) classified RAs into two major classes: 

 Class I: for aggregate derived from crushed concrete. 

 Class II: for the aggregate produced from processed CDW, where the 

conditions are based on the composition of RAs. 
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According to Mulheron (1988), RAs can be classified into four main categories 

illustrated in Table 2.2. However, due to the lack of a well-defined and unified 

recycling process, there is a huge variation in materials produced from different 

recycling operations. Indeed, Operators cannot produce acceptable recycled products 

in conformity with standards; also, consumer confidence would remain low until 

changed this situation. Therefore, under these conditions, classification of recycled 

products seems unlikely to be possible. In the same regard, notable classification 

based on the maximum allowable values for impurities in RAs was introduced by 

RILEM (1994) and it displayed in Table 2.3. According to this classification RAs 

were classified into three groups:  

 Group I: for aggregates produced from concrete masonry debris.   

 Group II: for aggregates derived from concrete debris.  

 Group III: the aggregate consists of debris from above two groups and 

more than 80% of NAs.   

 

Table  0.2 The main categories of RAs (Mulheron, 1988) 

 Categories Descriptions 

1 Crushed demolition debris Sorted and screened crushed brick and/or concrete. 

2 Clean graded mixed debris 
 
Little or no impurities crushed brick and/or concrete. 
 

3 Clean graded brick 
Little or no impurities crushed brick containing stone 
or concrete (less than 5%). 

4 Clean graded concrete 
Little or no impurities crushed concrete containing 
stone or brick (less than 5%). 
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Table  0.3 Classification of RAs for concrete (RILEM, 1994) 

Mandatory requirements  Conditions and 

Units 

Type of aggregate 

1 2 3 

Dry density of particle Minimum/(kg/m
3
) 1500 2000 2400 

Water absorption  Maximum (%) 20 10 3 

The content of material with density < 2200 kg/m
3
  Maximum (%) - 10 10 

The content of material with density < 1800 kg/m
3
  Maximum (%) 10 1 1 

The content of material with density < 1000 kg/m
3
  Maximum (%) 1 0.5 0.5 

Foreign materials content (glass, bitumen, etc.) Maximum (%) 5 1 1 

Metals content  Maximum (%) 1 1 1 

Organic material content (%) Maximum (%) 1 0.5 0.5 

Filler content (< 0.063 mm) (%) Maximum (%) 3 2 2 

Sand content (< 4 mm) (%)  Maximum (%) 5 5 5 

Sulphate content (%) Maximum (%) 1 1 1 

 

In order to overcome current barriers and concerns, which are restrict the 

applications and use of RAs in concrete, the study undertaken by Wrap (2007) 

studied the adoption of alternative method for classification of RA concrete. Hence, 

three main classes were proposed from accomplished study (Wrap, 2007): 

 Class A: wide range utilizing of RA concrete including marine 

environments. 

 Class B: concrete produced through combined NAs and RAs to use it for 

moderate exposure conditions. 

 Class C: RA concrete subject to the mildest exposure conditions.  

In the same regard, Vivian and Tam (2007) classifies RAs into grades depending on 

some properties as shown in Table 2.4; in which the highest quality recorded for 

Grade A whilst grade G represent the lowermost rank.    
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Table  0.4 Classification of RAs (Vivian and Tam, 2007) 

Properties  Grades 

A B C D E F G 

Particle density(kg/m
3
)  > 2.5 2.49-2.4 2.39-2.3 2.29-2.2 2.2-2.1 2.1-2 < 2 

Water absorption (%)  < 1.0 1.1-3.0 3.0-5.0 5.1-7.0 7.1-9.0 9.1-10 > 10 

Flakiness index (%)  < 8.0 9.0-16 17-22 23-28 29-34 35-40 > 40 

10% fines value (kN)  > 150 149-120 119-110 109-100 99-80 79-50 <50 

Impact value (%)  < 20 21-23 24-26 27-28 29-31 32-35 > 35 

Chloride content (%)  < 0.01 0.02-0.03 0.03-0.05 0.05-0.1 0.1-0.5 0.5-1 > 1 

Sulphate content (%)  < 0.01 0.02-0.03 0.03-0.05 0.05-0.1 0.1-0.5 0.5-1 > 1 

 

2.2.4. Significance of Recycling  

When the buildings are demolished, the resulting material is either through down in 

landfill sites or reused in new applications. Hence, by-products and waste 

demolitions materials are created from several sources. In effect, always there is need 

for renovation, rehabilitation, demolition, and rebuilding; thereby, CDW will result 

inevitably. Furthermore, rejected concrete, concretes resulted from not satisfying 

code requirements, delayed casting and tested concrete are also creating CDW. As 

shown in Figure 2.2, CDW can be deemed as renewable material; this leads to 

interpret the lifecycle of materials used in construction by four-step closed-loop 

(Gilpin et al., 2004). In the last two decade, the environment has become a major 

concern worldwide putting more responsible for the need to increase the waste 

recycling and reduces the disposal in landfill sites. For instant, in UK about 85% of 

the total waste was going to landfill under the Kyoto protocol. Moreover, to avoid 

the dumping of CDW in landfills, there is an economic incentive which it support the 

reclamation of recycled aggregates in construction (Gilpin et al., 2004). 

The extraction process of NAs normally accompanied with many environmental 

impacts such as loss of usual countryside landscape, noisiness, blasting sound and 

vibration, visual disturbance and spread of dust. So, to decrease these problems and 

in the same time meet the demand of aggregate, more recycled materials should be 

recycle (Sherwood, 1995; Speare, 1995). In effect, high quality aggregates like 

granite, limestone, basalt and dolomite are used in for many low-value applications 

and/or utilize in unnecessarily and low-strength requirements applications. Instead of 
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these valuable materials, RAs can be used. In many places worldwide, NAs have 

already become exhausted and in short supply; therefore, new sources of aggregate 

for different construction employment were required. There is a need for further 

development and researches deals with incorporation of RAs and use it in high-value 

applications including structural concrete elements. Moreover, the properties of RA 

concrete must be enhanced to meet the performance requirements and criteria of 

modern concrete. 

             

Figure  0.2 Life cycle of construction materials (Gilpin et al., 2004) 

 

2.2.5. Economics of Recycling  

When RAs is considered, the decision of using natural or recycle materials must be 

taken according to the cost of each type of construction elements. In effect, 

conditions like client opinion, transportation costs, taxes, quality of materials and its 

performance, availability of landfill sites and the concrete producer experience 

significantly effect on this decision. In each construction site, there is a cost to transport 

CDW to the specific landfill site. Sometimes the transporting cost as well as landfill 

taxes is more expensive than recycle CDW and take it to recycling site. Thus, RAs 

cost׳s relatively less per tons than aggregate extracted from primary resources (Gilpin 

et al., 2004).   

Demolitions and Disposal 

Extraction 

Preocessing 

Construction and 
Maintanance 
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Moreover, the screening and sorting of materials at the demolition source is also an 

economic factor. Indeed, there are other economic costs, which need to be account 

when the comparison has done between natural and recycle aggregate. For both types 

of aggregates, the transportation costs are economic crucial factor. Likewise, there is 

a potential further cost emerge from using additives materials, particularly with RAs, 

which it also should be considered. Indeed, the most important factor is the 

environmental cost and exhaustion the NAs from their source which it can never be 

replaced. The visual disturbance comes from extraction process would also create 

noise, dust, and vibration. However, for the production of RAs, these factors could 

be relevant. In UK, legislatives force further tax for the use of virgin aggregates to 

encourage the usage of RAs and to meet the growing in the aggregate demand which 

it ranged by 421-490 million tons/year in 2011 (Webb, 1999). Whereas, only 10% of 

total used aggregate were derived from recycled sources in 1991. So, the landfill tax 

regulations were introduced at 1996 to decrease the amount of waste going to 

landfill.   

2.2.6. Construction and Demolition Waste (CDW)  

Due to the growth of population and the flourishing of construction activities, CDW 

is steadily increasing worldwide. Conversely with natural resources, demolished 

waste can be deemed as a renewable source of materials due to the need for 

innovation, rebuilding, demolition and refurbishment. Nowadays, the prevailing 

trend is to convert all kind of wastes into environmentally friendly materials; thus, 

every possible technique should be taken to put these materials in a useful uses. In 

this regard, in UK approximately 333 million tons of wastes annually generated; 

including 107 million tons of CDW (about 32% of total waste). Annually, when 

CDW combined with wastes comes from mining and quarrying, industrial and 

dredged material, it rises to 80% of total waste in UK. Hence, it is one of the major 

sources of waste materials. Indeed, the main sources of waste are the construction 

industry (Defra, 2008). Indeed, a quantity of this size is worrying and alarming 

(Figure 2.3).  
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Figure 2.3 Estimated annual waste quantities in UK (Defra, 2008) 

In the European Union , about 500 kg CDW for each capita was produced; moreover, 

the construction industry create about 50% of total waste and consumes about 50% 

of the produced natural materials (Nik, 2005). Hence, approximately half of the 

produced CDW is currently recycled and used as RAs; indicate that the sheer scale of 

CDW is equal to that of the aggregates used in construction (Wrap, 2007). In 

particular, 90% of the CDW was recycled to use it for inferior applications like filler 

materials. Whereas, each year only 10% of concrete waste was being crushed, sorted, 

sieved and added to manufacture new concrete. It is worth mentioning that the 

utilization of high-grade RA concrete has been discouraged due to the lack of 

suitable regulations (Collins, 1993). 

Although the NAs appeared to be economically viable and are easily available at 

acceptable prices, the environmental implications are unfortunately negative because 

it means more depletion of natural resources, increased disposal of CDW, damage to 

natural landscapes due to quarrying and more landfill and disposal sites creating. 

Hence and due to the increased demand on new-build, the amount of CDW is 

expected to considerably increase in quantities and in price during few next years. 

Therefore, encourage recycling of waste will be the most suitable choice to meet this 

increment (Crawford, 2007). It is estimated that the annual generation of CDW waste 

in European Union could be as much as 450 million tons per annum. Actually, in 

Germany, Holland and Denmark, recycled material is generally cheaper than natural 
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materials and less in cost than disposal (Akash et al., 2007). Therefore, most 

European Union countries aim to reach the range of 50% to 90% recycling materials 

since it was an average of 28% of all CDW in the late of 1990s (ECR., 1999). The 

situation is even more serious in other countries depending on it׳s technical 

development and in countries when the availability of natural construction materials 

is scarce. Since, recycling wastes in new concrete is likely to be the best option even 

though if the difficulties are presented.  

Generality, almost waste materials produced by demolished structures are disposed 

of by dumping in un-authorized places which is causing environmental problems. 

Moreover, all kinds of CDW derived from good quality aggregate, rocks and quartz 

fine aggregate can be safely dumped especially in large open unused spaces. In very 

limited situations, CDW were used in rural and countryside farms roads to improve 

it׳s poor quality. Furthermore, the high transportation cost of CDW lead to dump in 

landfill sites located inside urban areas and then it will create space problem in 

addition to the environmental concern. Therefore, to preserve environment and to 

save the energy and cost, it is crucial to start recycling and re-use of CDW. However, 

the recycling of CDW is not easy to accept by client and construction industry unless 

appropriate legislations enforced it. Every year, staggering figure of discard concrete 

has reached to landfills and it is estimated to double this number within 10-15 years. 

Thereby, there is a desperate need to maximize the usage of RAs come from CDW in 

constructions. The performance of RA concrete needs to be improved to satisfy the 

requirements of the concrete industry which in turn contribute reducing energy 

consumption, maintaining natural resources and make concrete a more “green” 

material. 

2.2.6.1. Processing of CDW  

In general, the crushing process equipment and their correspondent accessories used 

in CDW crushing are similar to those commonly used in the crushing process of 

natural rock aggregate. However, the production site incorporates various types of 

crushers, screens, conveying belts, and sorting devices for dry-wet removal of other 

materials. Over the last two decade, recycling equipment has considerably developed 

and its advances and features are ranging from simple to very sophisticated. 

Moreover, the portable and fixed facilities crushing equipment are available in the 
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market at accepted cost. For this, the number of recycling projects is readily 

increasing worldwide. As an example in Hong Kong illustrated in Figure 2.4, the 

major parts of modern steady recycling site are displayed (Fong and Jaime, 2002). 

Basically, CDW materials are crushed to produce granular materials of smaller 

particle size. Thus, the contamination content and the purposed application of RAs 

are the main factors controlling the degree of processing required.  

In general, recycling plant basically consist of (Fong and Jaime, 2002): 

 Primary sorting facility, crushers (i.e. primary and secondary). 

 Contamination removal facilities (i.e. magnetic tools to separate metals, air 

knives and manual sorting belts).  

 Removal services (heavy duty trucks and tractors). 

 Stockpiles and storage areas. 

 

Figure  0.4 The steady recycling facility (Fong and Jaime, 2002) 

2.2.7. Adhered Mortar of RAs  

In general, RAs contain not only the original aggregates, but also hydrated cement 

paste clinging to the surface of these aggregates; thus, make the paste of RAs more 

porous. For this, the density of the RAs is lower than NAs; also, the water absorption 

ability is higher than counterpart of NAs because the higher porosity of RA leads to 

higher water absorption capacity as well as increase the porosity of produced 

concrete (Grdic et al., 2010; Kou and Poon, 2009; Panda and Bal, 2013). Hence, the 

old mortar (adhered with aggregate) is often prone to entice more water than the 
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NAs. Therefore, compared with virgin aggregate, water absorption capacity of RAs 

usually observed high percentages; as well as, the size of RAs particles also effect on 

the absorption capacity. For example, the absorption capacity is about 3.7% for size 

4-8 mm RAs, and about 8.7% for the 16-32 mm sizes; while, it is only 0.8-3.7% 

respectively for NAs (Hansen, 1983). Accordingly, RAs are characterized as a type 

of concrete aggregates with higher porosity and water absorption, lower density and 

mechanical strength compared to concrete contain NAs. As a consequence, it is 

crucial to prepare a convenient mix design to ensure obtaining the desired qualities 

for RA concrete (Kou and Poon, 2009; Güneyisi et al., 2014; Tsung et al., 2006; 

Panda and Bal, 2013; Grdic et al., 2010).  

In effect, the adhered mortar at the surface of RAs exhibit lower specific gravity, 

bulk density and saturated surface dry (SSD) density. Conversely, it reveals high 

values of water absorption and abrasion resistance measured by Los Angeles test 

(Hansen and Narud, 1983; Ravindrajah and Tam, 1985; Buck, 1977; Modani and 

Mohitkar, 2014). Indeed, the most notable of these differences is the highly increase 

in water absorption. The amount of cement paste adhering to the aggregate particles 

surface cause an increase in the absorption capacity of RAs (Tavakoli and 

Soroushian, 1996-a). Further, the wide use of RAs in concrete restricted due to the 

high shrinkage and high water absorption of these aggregate (two to three times that 

of NAs). Hence, these drawbacks largely caused by the old mortar/cement paste 

adhered to the surface of RAs (Modani and Mohitkar, 2014; Hansen, 1986). 

As depicted in Figure 2.5, the additional ITZ is the old layer locating between the 

parent aggregate and old adherent cement mortar (Modani and Mohitkar, 2014). 

Thus, the amount of old mortar clinging to natural grains mainly depends on the 

particles size of crushed RAs. Indeed, the quantity of adhered mortar increases 

whenever the aggregate size is decrease. At smaller size of the aggregate, the volume 

of adhered mortar proportionally increases. Therefore, recycle fine aggregates 

(RFAs) would often contain more adhered mortar and have higher absorption 

capacity. However, the utilization of RFAs for new concrete is usually avoided due 

to its higher absorption capacity and due to high shrinkage value for produced 

concrete (Hansen, 1996).   
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Figure  02.5 Microstructure of recycle aggregate particle (Modani and Mohitkar, 

2014) 

2.2.8. Factors Contributing to Performance of Structural RA Concrete   

2.2.8.1. Water to Cement Ratio  

It is crucial to know that the major factor effecting on the strength of concrete is the 

water to cement (w/c) ratio, or more precisely water to binder (w/b) ratio. It is well 

known that whenever w/c ratio increases, the resulted concrete would be in inferior 

quality at all ages; also, it significantly effects on fresh properties as well as hardened 

of concrete. Hence, the effect of w/c ratio on the fresh properties of concrete limits 

the usage of low- strength concrete, but incorporating of SP could remedy for this 

situation. In effect, high water content will make the concrete more workable, but in 

the same time it will supplant a voids and/or small pores inside the concrete matrix; 

then, it produced weak cement as well as weak and cellular ITZ. In low grade mixes, 

the initiation and propagation of micro-cracks as well as voids spread inside the 

concrete matrix are commonly lead to decrease the concrete strength. Therefore, 

concrete with a low w/c ratio is stronger in strength because it is less permeable than 

high w/c mixes; moreover, the lack in cracks and voids results more durable 

concretes. In this regard, Kou and Poon (2009) emphasized that the compressive 

strength of RA concrete increased by 40% when the w/c ratio dropped from 0.55 to 

0.4. However, for high replacement levels of RAs, only minor difference in strength 

was recorded (Thomas et al., 2013). 



28 

 

2.2.8.2. Use of Admixtures  

Mineral admixtures are incorporated in order to enhance the concrete performance, 

particularly in the durability aspects via decrease the permeability of produced 

concrete. In effect, the mineral admixture are primarily characterized by high 

quantities of reactive silica like fly ash (FA), GGBFS, SF, rice hull ash and 

metakaolin (MK). Inside the concrete matrix, the hydration reactions began directly 

when water is added to cement. Later, a gel of calcium silicate hydrate (CSH) and 

hydrated lime (CH) are formed in hydrated Portland cement system and it called 

“Ettringite”. The ettringite formed as a product of the reaction between calcium 

sulfate and calcium aluminate. In effect, CSH is like glue binds the contents of 

concrete each other and gives the concrete it׳s strength and durability. In contrast, 

CH is brittle crystals which it gather up the surface of aggregate particles and rebar 

resulting a weakened in the matrix. When a source of additional reactive silica is 

added, it will react with CH to form more CSH and then supply more strength inside 

the matrix. However, several studies showed that concrete mixes incorporating 

pozzolans materials like SF were tend to require higher dosages of SP; thereby, 

enhance the workability of concrete (Mazloom et al., 2004; Hassan et al., 2000). It is 

worth mentioning that SF is an expensive admixture compared to other mineral 

admixtures; this could have an obstructive impact on the overall cost of concrete.  

The chemical admixtures like SP start to use in the beginning of 1960s and it became 

a milestone in concrete technology (Malhotra, 1997). Previous findings proved that 

the use of high quantities of reactive silica material, besides chemical admixtures, 

could be beneficial to concrete performance. Moreover, the whole range of concrete 

properties can be enhanced especially in the aspects of durability like heat of 

hydration and drying shrinkage (Dhir, 1998). The enhancement in the concrete 

properties attribute to the porosity reduction of mortar matrix. Hence, this reduction 

strengthen the pore structure of concrete which is enhances the interlocking with the 

aggregate (Hassan et al., 2000). However, the concrete suffered from a higher rate of 

slump loss related with the use of SP especially if “traditional sulfonated naphthalene 

formaldehyde base” admixtures are used (Dhir et al., 1998; Liu et al., 2000).  
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Water-reducers materials like SP are commonly used in modern concrete and it 

traditionally known in a different name such as superfluidizers, superfluidifiers, 

super water-reducers, superplasticizers and high range water-reducers. The most 

advantage of SP is the increase of workability for low w/c ratio concrete. In effect, it 

makes the mixtures more workable and more suitable to cast especially in congested 

reinforcement and inaccessible areas, complex shuttering and deep sections. From 

this point of view, the invitations of self-compacting concretes (SCCs) are started as 

well as other related concrete types. Indeed, when SP admixtures are used, cement 

grains get catch on all available water to complete the hydration process. It is well 

known that in SCCs mixes, the water is very limited due to the much denser cement 

matrix than in ordinary concrete. Thereby, there is no excess water to be entrapped in 

the concrete matrix to produce further voids and pores or to migrate into the surface 

causing a bleeding in the mixture and forming microscopic ruts. Thus, both high 

quality cement paste and chemical bond results a higher compressive strength 

(Malhotra, 1997). 

2.2.8.3. Blending of RAs and NAs  

Typically aggregate occupied about 60-70% by volume of concrete matrix, so it form 

a considerable volume of concrete. In effect, aggregate contributes in the strength of 

concrete when the strength of the paste matrix is relatively low as well as it 

considered as cheap filler. In concrete matrix, three phases of failure can be occurred. 

The aggregate phase is one of the failure types which are happened when the 

aggregate is weaker than other phases (the cement paste and ITZ) (Neville, 2006). 

Indeed, cracks start to form and propagate across the aggregate grains when the 

concrete section is overloaded. Moreover, cracks are significantly reduced or stopped 

whenever encountered by strong aggregate (Karihaloo, 1995). Hence, weak and crisp 

aggregate are not expected to produce good concrete. The previous experience 

showed that, if low quality of RAs blends with a proven quality NAs it will result a 

better resultant concrete and improved the quality of aggregate mixture. However, 

Niro et al. (1998) reported that the improvement in the cube strength was less than 

10% due to the blending of natural and recycled aggregates. Moreover, tensile 

strength and elasticity modulus were found to follow the same trend of strength 

improvement. In the study of Niro et al. (1998), the strength of RA concrete are far 

below similar NAs concrete. Therefore, it is necessary to blend RAs and NAs in 
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different proportions and use high strength cement type to attain a satisfactory 

strength of RA concrete.   

2.2.9 Physico-Mechanical Properties of RA concrete 

2.2.9.1 Compressive Strength 

In addition to other factors, the type of coarse aggregate, particularly it׳s mineralogy, 

has significant influence on physico-mechanical properties. With a similar mix 

proportions and under the same conditions, it was reported that different NAs have 

yielded different concrete properties. For instant, in limestone aggregate, the bond 

between cement paste and aggregate was stronger than gravel due to interfacial 

interlocking effects (Aïtcin and Mehta, 1990). The quality of RAs is more variable 

than NAs even for aggregates produced from the same source of CDW; therefore, the 

potential to develop different concrete properties is most likely high for RA concrete. 

The study presented by Tavakoli and Soroushian (1996-a) reported that RA concrete 

showed lower compressive strength than that of CCs for similar w/c ratio; while the 

strength is high for low w/c concrete. Likewise, at 100% RCAs concrete, about 20-

30% extra cement content need to be utilized in order to achieve similar NAs 

concrete compressive strength (Etxeberria et al., 2007). According to Hansen and 

Narud (1992), about 5- 15% extra cement was required to obtain the same 

compressive strength of NAs concretes for 100% RCAs and RFAs concrete, 

respectively. Hence, the reduction in the strength due to utilizing RAs is more 

significant in the weaker concrete mix than the strong mixtures (Tabsh and 

Abdelfalah, 2009). However, RA concrete could reveal 2/3 of the required 

mechanical properties compared with NAs concrete with acceptable level of 

workability and durability (Vivian and Tam, 2007). 

Aforementioned, the adhered mortar attached at the surface of the aggregate deemed 

as the main problem restricted the utilizing of RAs in concrete. Indeed, the old 

cement paste close fitting in parent aggregate grains plays an essential role to 

indicate the strength of produced concrete as well as the performance of concrete in 

the term of permeability and durability aspects (Hansen, 1985; Dae and Han, 2002; 

Etxeberria et al., 2007). It is well known that the amount of old mortar attached in the 

particles of RAs increases whenever the maximum size decreased; thereby, the 

compressive strength will be affected according to the size of RAs (Padmini et al., 
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2009). However, the un-hydrated cement adherent on the RAs may increase the long-

term strength or at least compensate the potential reduction in strength due to the 

weakness of RAs (Khatib, 2005; Bordelon et al., 2009; Dhir et al., 1999). It was 

reported that the stuck adhered mortar adversely effect in the RA concrete for low 

w/b ratio mixes; while it does not effect in high w/b ratio mixes (Otsuki et al., 2003). 

However, RAs produced no significant adverse effect (about 8.5-12.2% decrease) on 

the compressive strength of SCCs (Alam et al., 2013; Safiuddin et al., 2011-a; Grdic 

et al., 2010; Bairagi and Kishore, 1993). Results of Khaldoun (2007) followed the 

aforesaid studies, which is the compressive strength of RA concrete was about 90% 

of that of NAs concrete; also, the rate of strength development and workability for 

both concretes was too close. Similarly, number of researchers’ results can be 

summarized below for the percentage of decreasing in compressive strength.  

 45% for 100% replacement RAs (Yamato et al., 2000) 

 40% for 100% replacement RAs (Bairagi and Kishore, 1993) 

 25% for 100% replacement RAs (Amnon, 2003; Etxeberria et al., 2007) 

 24% for 100% replacement RAs (Ishiguro and Stanzl-Tschegg, 1995) 

 8- 24% for 100% replacement RAs (Ravindrarajah and Tam, 1985) 

 5-40 % for 100% replacement RAs (Hansen and Narud, 1992) 

 14-32% for 100% replacement RAs (B.C.S.J, 1978) 

 12.3% for 100% replacement RAs (Wang et al., 2013) 

 9% for 100% replacement RAs (Ravindrarjah et al., 2000) 

 13% for 100% replacement of RCAs (Gomez-Soberon, 2002)  

 23.5% for 100% replacement of RCAs (Topçu and Şengel, 2004) 

 22% for 100% replacement of RCAs (Kou et al., 2011-b) 

 20% for 100% replacement of RFAs (Kou and Poon, 2009) 

 36% for 100% replacement of RFAs (Khatib, 2005) 

 8% for 100% replacement of RFAs (Evangelista and DeBrito, 2010)  

 5% for 30% replacement of RFAs (Zega and DiMaio,2011) 
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Moreover, Salmon and Paulo (2004) replaced 20% of NAs by RAs derived from old 

concrete or masonry. The authors concluded that the RA concrete revealed most 

likely similar or sometimes better performance than CCs. However, this conclusion 

is agreed with the recommendations stated by RILEM, TC 121 DRG (1994). Also, 

Etxeberria et al. (2007) emphasized this assumption that RA concrete made with 

25% of RCAs revealed similar mechanical properties of NAs concrete. Recently, the 

results of Dhir (1998) referred that there was limited effect on the properties of RA 

concrete due to using 20% by mass of aggregate. Moreover, the incorporation of SF 

in RA concrete produced similar strength properties of equivalent NAs concrete 

(Gonzalez and Martinez, 2008).   

2.2.9.2 Tensile Strength 

Mainly, due to the inferior properties of RAs, which it make the aggregate and/or the 

produced concrete cellular and more porous; the splitting tensile strength of RA 

concrete is lower than CCs (Ravindrarajah and Tam, 1985; Evangelista and DeBrito, 

2010; Kou and Poon, 2009). Several previous studies investigate the effect of RAs in 

the concrete compare to equivalent NAs; thus, literatures reported that the splitting 

tensile strength of RA concrete lower than that of CCs by:    

 20% for 100% replacement RAs (Ravindrarajah and Tam,1985) 

 10% for 100% replacement RAs (Ajdukiewicz and Kilszczewicz, 2002) 

 18.8% for 70% replacement RAs (Solyman, 2005) 

 5-40 % for 100% replacement RAs (Hansen and Narud, 1992) 

 9-12% for 100% replacement of RCAs (Kou and Poon, 2009) 

 20% for 100% replacement of RCAs (Thomas et al., 2013) 

 23% for 100% replacement of 100% RFAs (Evangelista and DeBrito, 2010),   

 30% for 100% replacement of RFAs (Evangelista and DeBrito, 2007), 

 7% for 30% replacement of RFAs (Zega and DiMaio, 2011) 
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In contrast to other mechanical properties, several researchers claimed that tensile 

strength of RA concrete might be similar or better than that of CCs (Tavakoli and 

Soroushian, 1996-a; Sagoe et al., 2001; Etxeberria et al. 2007). Moreover, Kou et al. 

(2011-b) emphasized that the presence of SF in the concrete enhance the tensile 

strength results of RAs due to strengthen the bonding between the new cement paste 

and aggregate; thus, improve ITZ region. However, Gonzalez and Martinez (2008) 

showed that addition of SF did not improve the tensile strength or modulus of 

elasticity. 

2.2.9.3 Modulus of Elasticity 

The properties of aggregates, particularly RAs, significantly affected on the elasticity 

of concretes which is often lower than that of CCs (Neville, 2006). In general, due to 

large amount of old mortar adheres on the surface of RAs the modulus of elasticity of 

RA concrete is always lower than that of corresponding CCs, especially when the 

fine grade of RAs are used (Hansen and Narud, 1992; Etxeberria et al., 2007). The 

modulus of elasticity for RA concrete represent about 50-70% of the total elasticity 

of normal concrete (Akash et al., 2007). Moreover, whenever the RAs replacement 

level increase, concretes revealed lower value of elasticity (Khatib, 2005). Indeed, 

the modulus of elasticity is somewhat negatively affected by RAs (Hansen and 

Narud, 1992; Corinaldesi and Moriconi, 2009). Research indicates that the elastic 

modulus of RA concrete is less than NAs concrete by about 30%; attaining equal 

compressive strength (Katharina, 1997). In similar way, the reduction percentage was 

12% (Andreas and Rühl, 1989), 15% (Gerardu and Hendriks, 1985), 45% 

(Jianzhuang et al., 2005) and 16% (Etxeberria et al., 2007) dependent on the level of 

RAs replacement. Other researcher’s results can be listed below: 

 10-40 % for 100% replacement RAs (Hansen and Narud, 1992) 

 20 % for 100% replacement RAs (Topçu and Günçan, 1995)  

 13% for 100% replacement RAs (Ishiguro and Stanzl-Tschegg, 1995) 

 45% for 100% replacement of  RCAs (Xiao et al., 2005) 

 19% for 100%replacement of RFAs (Khatib, 2005) 

 18.5% for 100% replacement RFAs (Evangelista and De Brito, 2010) 

 7% for 30% replacement of RFAs (Zega and DiMaio, 2011) 
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It is worth mentioning, the given examples shown notable variation of strengths and 

stiffness of RA concrete; this behavior could be attributed to the inconsistency of 

properties of the RAs used by various investigators. However, the magnitude of 

elastic modulus comparatively high for RA concrete produced with coarse recycled 

aggregate and natural sand (RILEM, 1992). In the study of Bairagi and Kishore 

(1993), the reduction in modulus of elasticity for RA concrete was about 10-40%; 

while the creep and shrinkage were increased by 30-50% and 20-70%, respectively. 

However, Khaldoun (2007) reported that only slight difference (3%) can be noted in 

the modulus of elasticity results of RA concrete compare to reference concrete.   

The modulus of elasticity was significantly affected by the w/c ratio used to produce 

concrete. It was reported that, for 100% replacement of RCAs, the decrease in w/b 

ratio from 0.55 to 0.40 results an increase in the modulus value by approximately 

12% (Kou and Poon, 2009). Also, Frondistou (1977) reported that for 100% RA 

concrete, up to 40% decrease in the modulus of elasticity recorded at relatively 

higher w/c ratio (0.75) concretes; moreover, insignificant decrease registered at low 

w/c ratio (0.55) concretes. Nevertheless, the decrease in the concrete performance 

can be mitigated through different approaches like the processing of RAs, which is 

play a decisive role in determining the strength and durability of concrete (Reddy et 

al., 2013; Pereira et al., 2012; Kou and Poon, 2011-b). Also, the treated RAs can be a 

reliable alternative of NAs in construction, particularly for non-structural or lower 

level application (Safiuddin et al., 2011-b; Tsung et al., 2006).   

2.2.9.4 Stress-Strain Relationship  

It is well known that the area under the ascending and descending portion of the 

stress-strain curve provide measurement of the ductility as well as toughness of 

concrete, respectively. While, the peak of the curve could be represent the value of 

compressive strength of concrete. Naturally, when the concrete structures subjected 

to dynamic loading such as earthquakes, fatigue and impact loading the descending 

part become essential and influential (Jianzhuang et al., 2005). In effect, several 

previous study revealed that the replacing of RAs have a significant effect on the 

stress-strain relations through the rate of strain increasing is faster than applied stress, 

particularly at higher ratios (Bairagi and Kishore, 1993). Hence, Jianzhuang et al. 

(2005) produced typical set of stress-strain curves for the RA concrete at the same 
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above mentioned replacements level. The authors claimed that the stress–strain 

relationship for RA concrete was quite similar to equivalent of NAs. As revealed in 

Figure 2.7, the substitution of RAs leads to a marked change in the response of 

stress–strain, which is summarized by following points:  

 The ductility of the concrete, which is described by the descending portion 

of the stress-strain curve, was significant decrease whenever RA content 

increase. Moreover, the slope of descending branch of the curves is also 

decreasing.  

 The peak strain (strain at peak stress) of RA concrete was lower than that of 

NAs concrete; then it increased whenever the percentage of RAs were 

increase. It was reported that for a 100% RAs replacement level, the peak 

strain was increased by 20%. 

 RAs used in this study were slightly more deformable than NAs. Indeed, 

the strain at peak stress can be estimated as 0.0019 for NAs concrete while 

it is only 0.0022 for equivalent RAs. 

 

Figure 2.6 Stress–strain relationship of RA concrete at various replacement levels 

(Jianzhuang et al., 2005) 

(Note: as example, RC30 refer to the concrete with 30% RAs and so on) 
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According to Khaldoun (2007), the peak strain in RA concrete was 5.5% greater than 

in NAs concrete. However, several previous studies reviewed that the shape of the 

stress-strain relationship of RA concrete is very similar to counterpart of NAs 

concrete. For this, RA concrete structures can be theoretically designed in similar 

way of NAs concrete structures. However, in particular case when strain at peak 

stress is shown to be excessive, an extra partial safety factor might need to be 

incorporated into the design process when RA concrete is going to be used in 

structural concrete. 

In general, the shear strength of concrete indicated via the resistance of coarse 

aggregate for shearing stresses (Wang et al., 2013). Hence in most cases, RAs are 

relatively weaker than NAs and yielded low shear strength. For NAs concrete, shear 

cracks initiate in the cement matrix and around the coarse aggregate particles 

(Angelakos et al., 2001). In this regard, Wang et al. (2013) stated that in high 

strength concrete (HSC), the matrix is stronger than equivalent CCs and then the 

formed crack surface becomes smoother because shear cracks pass through the 

matrix as well as aggregate. Although limited data are available on commercial RAs, 

it is believed that the behavior and properties of RA concrete in which aggregates 

were derived from CDW could be different for fresh and hardened properties. Fong 

and Jaime (2002) estimated that the performance of RAs derived from recycling 

facility was more consistent than aggregates produced from CDW. However, the 

strength of the source concrete has small influence on the properties of RA concrete 

(Khaldoun 2007; Wrap, 2007).      

2.3. Fracture Mechanics  

2.3.1. General 

Fracture mechanics deals with the field of cracks propagation in materials. The solid 

mechanics analytical methods are employed to compute the driving force on a crack. 

The resistance of material to crack is evaluating via experimental solid mechanics 

(Griffith, 1921). Hence, this science investigates the strain and stress around the 

cracks. In homogeneous materials, cracks propagate as perpendicular direction to 

maximum tensile stress counter to heterogeneous materials; when it prone to follow 

the path of the weakest material. In general, the shape of crack potentially will be 

high irregular when the stress intensity factor (SIF) is almost uniform. The 

https://en.wikipedia.org/wiki/Solid_mechanics
https://en.wikipedia.org/wiki/Solid_mechanics
https://en.wikipedia.org/wiki/Fracture
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irregularities will stimulate the cracks to slowly growing to a simple shape as well as 

smoothed out. Hence, due to the relation between SIF and critical energy release rate 

of the material, the field of fracture mechanics is promising with a great possibility to 

apply it in the concrete structural design (Bažant, 1998; Shah et al., 1995; Karihaloo, 

1995; Van Mier, 1997; Bažant, 2002). In effect, to improve the mechanical 

performance of materials, fracture mechanics deemed as an important technique in 

the modern materials science. The physics of stress and strain of materials 

particularly applies to find the defects of microscopic crystallographic inside the 

materials and to predict the microscopic mechanical failure of bodies.    

Recently, fracture mechanics has reached to the stage which it can be used in the 

engineering design to avoid the sudden brittle failure of materials such as concrete. 

Indeed, the properties of materials significantly affected on the mechanical behavior 

of all materials used in structures. The compressive strength theory is considered in 

the designing of concrete in application; whilst, the brittleness of materials is 

neglected. Hence, the brittleness of concrete indicates the determination of the 

fracture parameters (Akçay, 2007). Generally, fracture mechanics deals with the 

propagation of a crack and it׳s interaction with other interfacial cracks. Moreover, it 

deals with places, formation and state of affairs of failure.  

Mainly, there are two theory developed to describe the failure mechanisms, nonlinear 

fracture mechanics (NFM) and linear elastic fracture mechanics (LEFM). It is well 

known that the theory of LEFM can be applied in brittle and homogenous materials 

such as glass but it not efficient for heterogeneous or quasi-brittle materials like 

concrete; so, NFM deemed as modified state of LEFM (Taşdemir et al., 1999). The 

introduction of LEFM by Griffith, for homogeneous and brittle materials consider as 

a turning point for the fracture mechanics theory. Whilst the fundamental initiation of 

fracture mechanics science conducted by (Kaplan, 1964). In effect, the study of 

Kaplan, (1964) deemed as the first successful application of fracture mechanics 

theories accomplished in concrete. The author also pointed out that a LEFM theory is 

no longer valid to describe the fracture mechanisms for heterogeneous materials like 

concrete because of the existence of fracture process zone (FPZ). In effect, FPZ is 

based on assumption that the stress approach infinity at the crack tip (Kaplan, 1961; 

Mindess and Diamond, 1982; Karihaloo, 1995; Tasdemir and Karihaloo, 2001). 

https://en.wikipedia.org/wiki/Materials_science
https://en.wikipedia.org/wiki/Crystallographic_defect
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Also, the essential contributions of Orowan and Irwin were based on developing 

LEFM theory for the case of non-brittle materials (Irwin, 1957).   

Until it reaches to the maximum stress, stress–strain curve for a brittle materials are 

linearly elastic. At maximum stress point, the crack catastrophically initial and 

propagates leading to failure (Figure 2.9-a). For concrete which is considered as 

quasi-brittle material, non-linearity essentially exists before the maximum stress is 

reached (fy-ft). However, the mechanisms of deformation are not fully understood 

after the region of proportional limit (fy). Firstly, micro-cracks are initiated and 

distributed randomly leading to localize it into a macro-crack at specific point before 

the peak stress (Figure 2.9-b). After the attainment of the maximum load, macro-

crack critically propagates; also, strain or tension softening could monitored via 

steady-state propagation of this crack. Under a closed-loop displacement-controlled 

testing condition, the displacement during the post-peak stage occurred through 

opening of major cracks. Thus, the tail region of strain softening (CD) is induced by 

the aggregate interlock and other frictional effects. Thereby, the deformation 

increases whenever tensile capacity decreased (area of BCD); then, it leads to an 

increase in the fracture surface area. The practical application of LEFM in concrete is 

limited and all cement-based materials different behave from these theories (Alaee, 

2002). It is worth mentioning that only quasi-brittle material exhibits this kind of 

behavior (Khalaf and DeVenny, 2004; Murthy et al., 2009).   

 

Figure  0.7 The relationship of stress-displacement in tensile state for (a) brittle and 

homogenous materials (b) non-linear elastic material (Karihaloo, 1995; Murthy et al., 

2009) 
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In effect, FPZ can be defining as the zone where the material undergoes softening 

damage (tearing). The FPZ significantly influence the fracture behavior of concrete. 

The plastic flow fracture in concrete and rock occurred next to non-existent and non-

linear zone; also, it is quite small and entirely rolled by FPZ. Actually, when the 

variation along the structure thickness or width is neglected, commonly such 

materials become quasi-brittle. The inelastic fracture response may be taken into 

account because the cohesive pressure acting on the crack faces. Indeed, the cohesive 

pressure occurred due to the presence of FPZ.  

In this regard, Figure 2.10 represents the FPZ in linear, non-linear elastic and non-

linear quasi-brittle material (concrete) as well as the modeling of materials with LEFM 

(Karihaloo, 1995; Dugdale, 1959; Bažant, 2002). Actually, Figure 2.10 (b) and (c) 

represent this model with non-linear plastic and non-linear quasi-brittle fracture 

mechanics, respectively. Since, (L) letter shown in figure denote to linear elastic 

material; while, (N) and (F) denote to non-linear material and fracture behavior, 

respectively (Karihaloo, 1995). Hence, over years, several literatures have been 

conducted to modify the theory of LEFM and make it applicable for concrete; also, 

to introduce the theories of NFM. The main differences between the above-

mentioned concepts are briefly depicted in Figure 2.10. 

 

Figure 2.8 Main FPZ modeling with (a) linear elastic fracture mechanics (b) Ductile-

brittle (metals) (c) Quasi-brittle (concrete) (Karihaloo 1995) 
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In order to evaluate the fracture aspects of concrete, the proposed predominant 

fracture mechanics models based approaches are: 

 Model of fictitious crack (Hillerborg, et al., 1976) 

 Model  of crack band (Bažant and Oh, 1983) 

 Size effect law (Bažant, 1984) 

 Model  of two parameter fracture (Jenq and Shah, 1985) 

 Model  of effective crack (Nallathambi and Karihaloo, 1990) 

 Concepts of boundary effect and local fracture energy distribution (Hu and 

Wittmann, 2000; Duan et al., 2003) 

 Size effect law, two parameter and fictitious crack model (RILEM, 1985)  

2.3.2 Fracture Mechanics of RA Concretes  

Predominantly, the strength of concrete indicates the quality of concrete and its 

potential performance and use as an acceptance criterion. However, the measuring of 

conventional strength parameters such as compressive or tensile strength will not 

ensure the performance of the concrete structure owing to interaction of pre-existing 

cracks, the material behavior and geometry of the structure. Hence, the fracture 

parameters of concrete can present more description of the potential load-carrying 

capacity of the material in a given structural system (Shah et al., 1995; Bažant and 

Planas, 1998). Unfortunately, the fracture performance of RAs has not been fully 

explained in the literature yet; thus; this field can provide further knowledge about 

the material performance when it use for concrete systems (Bordelon et al., 2008). In 

RA concrete, almost all fracture parameters recorded lower values than equivalent of 

NAs concrete. Indeed, the reasons for this probably inasmuch to:  

i. The crack needs not to bypass the abundant stiff and hard NAs and select flat 

path through the material. Moreover, the fracture surfaces of RA concrete 

specimens are flatter in shape and less tortured than those of CCs specimens. 

Hence, less grain boundary fractures along aggregates may be observed on RA 

concrete fracture surfaces. The energy consumption owing to "aggregate 

bridging" behind the crack tip is reduced as well as the energy needed to create 

new fracture surface; so that, the resulting fracture energy is reduced. 
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ii. Aggregates in RA concrete do not have as high fracture resistances as NAs. 

Therefore the FPZ in front of the crack tip is small; which in addition leads to 

less energy consumption during crack propagation (Ishiguro and Stanzl-

Tschegg, 1995). Furthermore, in the literature of Topçu and Günçan (1995), 

stress–strain diagram of RA concrete with different replacement level (0%, 30%, 

50%, 70% and 100%) was prepared. The result revealed that whenever RAs 

amount increased, the strength, toughness, elastic modulus, elastic and plastic 

energy were decreased. 

The application of fracture mechanics to RA concrete is still in early stage, 

particularly for SCCs and other modern concretes. However, plenty of literature 

investigates the effect of RAs on the fracture and failure characteristics of concrete. 

Bordelon et al. (2008) examined the fracture behavior of paving concrete made with 

RCAs, natural coarse aggregates (NCAs) and a blend of both aforementioned 

aggregates. Moreover, discrete structural fibers were added to each concrete mixture 

to compare it in accordance with fracture behavior of the CCs mixtures. Thus, 

several previous researches concluded that RCAs concrete mixtures must be 

modified by blending them with NAs or adding discrete structural fibers in order to 

attain similar tensile strength and fracture properties of NAs concrete. The total 

fracture energy of a RCAs concrete mixture was also improved by 53% by blending 

it with NCAs. Finally, the fracture behavior of RCA concrete with 0.2% volume 

fraction of synthetic macro-fibers was similar to NAs concrete for the same fiber 

dosage; also, for blended of NAs and RCAs concrete. In this regard, Reis and 

Jurumenha (2011) investigate the fracture behavior of polymer concrete and effect of 

RAs on the results. In that study, the concrete manufactured via recycled foundry 

waste in substitution of virgin aggregate. RAs were contaminated with polymer resin 

from the mold. The results revealed that the use of recycled foundry sand 

significantly effect on the fracture properties of produced concrete. Moreover, it was 

reported that utilizing recycled sand might increase the fracture toughness of 

concrete; whilst, fracture energy was keep unchanged. The authors reached a 

conclusion that recycled sand might be a good alternative as traditional aggregate. 

Likewise, the study conducted by Arezoumandi et al. (2014) investigates the effect 

of different replacement level of RCAs (0, 30, 50, 70, and 100%) on the fracture 

properties of produced concrete. Results of this study revealed that high replacement 
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level of RCAs mixtures yielded low values of fracture energy. Moreover, aforesaid 

study plotted the relationship between fracture energy and compressive strength 

results based on the fracture energy data available in the study of Bažant et al. 

(2002). Hence, general trend can be notice that fracture energy increase whenever 

compressive strength increase.  

In order to enable the propagation of crack, there are three modes of applying a force 

(Figure 2.9):  

I. Opening crack mode (mode I); tensile stress normally subjected on the crack 

plane. 

II. Sliding crack mode (mode II); shear stress parallel subjected to the crack 

plane as well as perpendicular to the crack forehead.  

III: Tearing crack mode (mode III); shear stress parallel subjected to the crack 

plane as well as parallel to the crack forehead. 

Ishiguro and Stanzl-Tschegg (1995) studied Mode- I fracture behavior of RA 

concrete. In this study, the authors derived the fracture parameters as well as 

plotted the softening diagram from the load-displacement curves. The results 

referred that fracture energy (GF) and compressive strength of RA concrete was 

only represented 60 and 76% of equivalent NAs concrete.  

 

Figure  0.9 Fundamental modes of failure (Karihaloo, 1995) 

 

https://en.wikipedia.org/wiki/Tensile_stress
https://en.wikipedia.org/wiki/Shear_stress
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2.4. Self-Compacting Concretes for Structural Application 

2.4.1. General 

In construction industry, self-compacting concretes (SCCs) are an innovative 

concrete which is able to flow under its own weight and completely fill the formwork 

while it preserving homogeneity even in the presence of packed steel reinforcement. 

SCCs can flow through and fill the gaps between the reinforcements and corners of 

molds without need of compaction or vibration (Okamura and Ouchi, 2003). 

Originally developed to compensate a growing shortage of skilled labor, SCCs has 

proved beneficial environmentally and economically as well as designing aspects due 

to a number of factors, such as (EFNARC, 2005):  

 Reduced the levels of noise via no need to vibration  

 More Safe for environment 

 More fast in construction 

 Reduce the workers and manpower of the construction site. 

 Good surface finishes 

 More easy for placing of concrete  

 Enhance the durability aspects for concrete 

 More free in design and difficult architecture shapes. 

 More Thin concrete sections 

In CCs, skilled workers need to reach sufficient compaction to make high durable 

concrete structures. Hence, the lack of skilled construction workers leads to decrease 

in the quality of construction work. So, the employment of SCCs deemed as a best 

solution to produce high quality concrete regardless of the quality of construction 

work. This type of innovative concrete can penetrate into each formwork corner 

simply with no need to vibration and totally via its own weight (Figure 2.10).   
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Figure 2.10 Requirements for SCCs (Okamura and Ouchi, 2003) 

In Japan 1988, SCCs prototype was completed and performed satisfactorily tests 

concerning with heat of hydration, shrinkage and durability aspects, densities and 

other properties (Ozawa et al., 1989). Thus, Aitcin named this concrete as HPC and 

referred the high durability of concrete due to low water-cement ratio (Gagne et al., 

1989). Since then the term HPC has been used to describe high durability concrete. 

Later, it changed into “self-compacting high performance concrete” (Okamura and 

Ouchi, 2003). In order to achieve self-compatibility in concrete, sufficient 

segregation resistance between mortar and aggregate are necessary as well as good 

deformability for paste and/or mortar (Figure 2.11 and 2.12). For this, Okamura and 

Ozawa utilize SP in order to decrease water-powder ratio and aggregate content 

(Okamura and Ouchi, 2003). 

 

Figure  0.11 Mix-proportioning for CCs and SCCs (Okamura and Ouchi, 2003) 

(Note: W,C,S,G denote to water, cement, sand and gravel, respectively ) 
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Figure 2.12 Methods to achieve SCCs (Okamura and Ouchi, 2003) 

To avoid the blockage occurred in normal concrete, the intense energy consumption 

induced by coarse aggregate content must be restricted to depressed levels. In this 

regard, mix-proportioning of SCCs are depicted in Figure 2.13 compared with CCs 

and roller compacted concrete for dam (RCD) concrete. Obviously, the aggregate 

content, which requires vibrating compaction, is smaller than CCs.  

 

Figure 2.13 Mix proportioning of SCCs compared with other types of concrete 

(Okamura and Ouchi, 2003) 

It is crucial to mention that concrete mix can be classified as SCCs if it fulfilled three 

requirements, which is recommended by ERNARC (2005) and RILEM technical 

committee (2006):   

 Filling ability: the ability of concrete to complete the filling of formwork 

as well as encapsulate and penetrate into the steel reinforcement network.  
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 Passing ability: the ability of concrete to passing through narrow openings 

and enclosed spaced of formwork (such as the areas of packed 

reinforcement and other obstacles) without the concrete blockage caused by 

interlock aggregate particles.   

 Resistance to segregation: the ability of concrete to reserve the 

homogeneity throughout mixing, casting and transportation; moreover, 

preserver high fluidity without aggregate blockage.  

In the other hand, previous literatures such as Grdic et al. (2010) define the filling 

ability and stability of SCCs by four key characteristics. In effect, the passing ability 

of concrete, flowability, segregation resistance and viscosity are the most 

characteristics should be presence in concrete to consider it as SCCs. Hence, the 

desired properties are reached via adding the chemical additives to the concrete such 

as SP. In most frequently, SP combined with other types of admixtures such as 

minerals in order to modify the viscosity; the viscosity of concrete could be enhanced 

through adding mineral additive-powder (ERNARC, 2005; Okamura and Ouchi, 

2003). In this regard, several test methods have been employed in order to 

characterize the properties of SCCs. According to ERNARC (2005), there is no 

single or multiple (combination) of methods has achieved to the universal approval. 

Therefore, more than one test should be conducted for each mix design to evaluate 

the parameters of workability. Test methods for different parameters are tabulated in 

Tables 2.5. 

Table  0.5 List of test methods for workability properties of SCCs (ERNARC, 2005) 

Property Test 

Filling ability 

Abrams cone Slump flow 

V- funnel 

T50cm slump flow 

L- box 

U- box 

Fill- box 

Orimet 

Passing ability J- ring 

Segregation resistance V- funnel at T5minutes 

GTM screen stability test 
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2.4.2. Self-Compacting Recycle Aggregate Concretes (SCRACs) 

In modern day, high workable and as durable as possible versatile concrete demands 

are rose significantly, particularly for infrastructural needs. Since, the development 

of SCCs meets these requirements and has proven the significance of this concrete 

ever since its inception. Hence, the practice of disposing CDW as landfills has 

changed because of the environmental and economic implications of it. The 

aggregate used in preparation of old concrete was deemed as inert materials and it is 

possibly an exploitable resource. For example, in North America and European 

Union, the concrete waste represents about 50% of total CDW (Reddy et al., 2014). 

Therefore, exploiting the concrete waste seems a correct selection; where the search 

for sustainable concrete can be initiated without problem. In general, the basic 

components of SCCs are similar to those of CCs, in which traditional aggregates 

such as gravel or crushed stone and river or mining sand used in this concrete. The 

aggregates as coarse and fine grade are occupy 55–60% of the SCCs volume as well 

as play an essential role in evaluating the workability, strengths and durability of 

concrete (Okamura and Ouchi, 2003). Further, the aggregate has a considerable 

effect on the cost of SCCs. Therefore, less expensive aggregates with satisfactory 

properties are generally desirable to use in SCCs. Beside the multiple benefits of 

RAs previously mentioned before, these aggregate can be represent a perfect 

alternative to meet the environmental requirements as well as to face the scarcity of 

natural sources particularly in the recent decade. Hence, the use of RAs in SCCs will 

contribute not only finding a solution for the disposal problem caused by the concrete 

wastes but also reduce the demand for natural sources; in addition, reduce the 

environmental impact due to the harvesting and processing of virgin aggregates. 

Recently, several researchers had produced SCCs using RAs as partial and full 

replacements of NAs. These aggregate was used with and without treatment, 

particularly the aggregate surface treatment. Pioneer work in the field of using RA 

concrete as structural material was in normal concrete not in SCCs (Limbachiya, 

2004). Moreover, several prospects of using RAs in certain different requirements of 

concrete were also investigated (Tavakoli and Soroushian, 1996-a; Topçu and 

Guncan, 1995). In these literatures, a decrease in the mechanical properties was 

revealed in all produced concretes due to using RAs; likewise, the percentage of 

reduction directly proportional with the amount of these aggregate (Topçu and 
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Guncan, 1995). Aforementioned, the extent and method of recycling as well as using 

industrial by products like FA and SF influenced the properties of consequent 

concrete (Montgomery, 1998; Kou et al., 2011-a). For this, the improvement and 

enhance the quality of RAs were the major goal for researchers (Ravindrarajah and 

Collins, 1998). In this regard, Nishio et al. (1998) tested a reinforced concrete 

column and wall structure produced by SCCs and RFAs derived from dry crushed 

rock. Afterward, fresh and mechanical properties have been measured at 28 and 91 

days; then the following conclusions were revealed that the segregation increased 

whenever flow distance with increased. Also, compare with CCs, lower values of 

modulus and higher shrinkage recorded for SCRACs and special care in placing is 

required to achieve the homogeneity in concrete. Moreover, the drying shrinkage did 

not lead a deleterious cracking of this concrete. Grdic et al. (2010) studied the 

properties of SCCs when RCAs obtained from crushed concrete are used. For this, 

0%, 50% and 100% substitution percentage of RCAs was used to produce SCRACs. 

The results revealed that there was slight difference between the properties of CCs 

and RCAs concrete; also, RCAs can successfully be employed to produce SCCs. In 

the same regard, Panda and Bal (2013) presented a study of the influence of different 

amounts of RCAs obtained from CDW (about 25 years old) on the properties of 

SCCs and compared the results with CCs containing 100% NAs. In that study, NCAs 

is partially replaced with RCAs by a percentage 10%, 20%, 30% and 40%. Then, the 

strength properties of produced concrete are investigated. The experimental results 

indicate that the strength of SCCs decreased whenever RAs replacement ratios were 

increased. Also, the study recommends SCCs marginally achieves required 

compressive strength up to 30% replacement of RCAs.  

Kou and Poon (2009) used both grade of RAs to produce SCCs and tested it for fresh 

and hardened properties. The researchers produced three different SCCs mixtures 

with 100% RCAs as well as different levels of RFAs as a substantial of NAs; while 

cement content keep constant for concrete. Also, Fonseca et al. (2011) investigate the 

effect of curing conditions on the performance of RCAs concrete. In addition to 

strength properties, the analyzing of study include abrasion resistance of SCRACs. In 

the same context, Salkhordeh et al. (2011) prepared two series of SCCs with 100% 

RCAs and different percentages of RFAs (0%, 20%, 40%, 60%, 80% and 100%). In 

this study, the cement content was kept constant at 350 kg/m3, while w/b ratio were 
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0.50 and 0.45 for series I and II, respectively. Moreover, Nano-Silica was added by 

10% of cement weight to enhance the compressive strength of produced concrete. 

The results revealed that it can be easily produced proper SCCs from RAs; also the 

adding of Nano-silica to the concrete enhanced the strength properties of it. 

Safiuddin et al. (2011-a) used RAs as partial and full replacements of NAs to 

produce SCCs and investigate the fresh properties of the produced concrete. The 

replacement level of RAs was 0%, 30%, 50%, 70%, and 100% by weight of NAs. 

Likewise, w/b ratio and high range water reducer agents (HRWRA) dosage were 

kept the same dosage for all concretes. The results indicated that SCCs with 30% and 

50% RAs were possessed adequate segregation resistance, filling ability and passing 

ability. Thus, it can be utilize RCAs (more than 50% NCAs) to produce SCCs with 

no effect on the fresh properties of concrete. 

2.5 Composite Columns 

2.5.1 General 

Eurocode 4, 2004 design code classified composite columns into encased sections 

(partially or fully) and concrete filled tubes (rectangular and circular), see Figure 

2.14. The design code formulas apply for composite columns and composite 

compression members.  

 

Figure 2.14 The typical cross-sections of composite columns (Eurocode 4, 2004) 
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The concrete encasement columns either full or partial encased to enhance the 

performance of the structural core via increase the stiffening; thus, increase the 

resistance of columns against local and overall buckling (Ketema, 2005). Indeed, 

columns encased by concrete have one or more rolled steel sections inside the steel 

structural (Figure 2.15). In this regard, concrete filled steel tube columns also 

available in multiple steel hollow tube shapes (square, rectangular, circular, etc). As 

shown in Figure 2.16, the transverse and longitudinal steel reinforcement could 

reinforce the columns.   

 

Figure 2.15 Fully and partially concrete encased columns (Ketema, 2005) 

 

Figure  0.16 The types of concrete-filled steel tube columns (Lu and Zhao, 2010) 

In general, Concrete Filled Steel Tube (CFST) structural element consists of concrete 

(plain or reinforced) in the core restricted by steel tube forming a kind of steel-

concrete structures. The wide spread of CFST structure, particularly in columns, 

attributes to the combined advantages of steel and concrete together. Indeed, the 

strengths of confined concrete considerably increase due to surrounding it by steel 

tube; also, the inward buckling of the steel tube is delayed or prevented via presence 

of concrete core (Jegadesh and Jayalekshmi, 2015). Steel tube not only contributes to 

the strength of element but also borders the concrete, which eliminates the formwork 

of concrete; thus, reduces the time of construction (Lu and Zhao, 2010). Hence, the 
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term “composite column” or CFST includes any compression member in which steel 

and concrete contribute to the strength of structure; where the element of steel acts 

compositely with concrete (Darshika et al., 2014). One of the first uses of CFST 

columns in the construction of skyscraper SEG Plaza can be seen in Figure 2.17. In 

this construction circular CFST column having steel grade of Q345 and infill 

concrete grade C60 were utilized (Han et al., 2014). 

 

Figure 2.17 SEG Plaza skyscrapers in Shenzhen (Han et al., 2014) 

The remarkable increase in the axial load capacity (Pu) of CFST columns leads to 

reducing the cross-section area of elements as well as the distinct performance of 

earthquake-resistant  characteristics (static and dynamic) (Güneyisi et al., 2016). 

Therefore, the usage of CFST columns expands to include various structure types 

such as tall buildings, bridges and subway platforms, etc. (Tsuda et al., 1995; Chen 

and Chen, 1973; Zeghiche and Chaoui, 2005; Lin, 1998). In CFST columns, concrete 

core represents 75-98 % of total cross-section area. For this, concrete is a pivotal 
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factor controlling the strength of the output columns. Hence, the determination of 

concrete type must take into account multiple design considerations as well as the 

availability of concrete materials. In this regard, recycle aggregate concrete (RAC) 

could offer a reasonable choice to using it in the field of CFST columns particularly 

in countries where the natural materials are exhausted (Kou and Poon, 2009).  Beside 

the economic aspects, RAC represents a perfect way to improve the environment via 

minimizing the concrete waste generated from construction activities (Poon et al., 

2007; Safiuddin et al., 2011-b). Indeed, waste recycling is important because it 

decreases the pollution of nature and it also helps to reuse energy production 

procedure (Safiuddin et al., 2011-a)]. In effect, the scarcity of natural materials in 

metropolitan environments as well as the long distance between the source of 

materials and construction sites compels constructors to substitute the natural 

aggregate (NA) by the recycled materials (Grdic et al., 2010). In the case of natural 

disasters such as earthquakes, about 50% of the construction and demolition waste is 

obtained from solid wastes in urban areas compared with 13-29% in normal 

situations (Mehta and Monteiro, 2006). Hence, recycling of old concrete and 

demolition waste can provide a cost-effective method for the construction industry 

and engineering practice. 

2.5.2 Ultimate Load Capacity of CFST Columns under Axial Compression 

In effect, theoretical analysis and experimental investigation of maximum load 

capacity of CFST columns have a significant role in the research and engineering 

practices. For this, several numbers of studies (theoretical and/or experimental) 

related with the field of circular CFST columns were conducted in the last few years 

(Lu and Zhao, 2010; O’Shea and Bridge, 1994; Goode, 1997; Saisho et al., 1999; 

Giakoumelis and Lam, 2004; Sakino and Hayashi, 1991; Han et al., 2005). Previous 

literatures investigated the strength aspects as well as D/t ratios of circular CFST 

columns and/or stub columns. For short CFST columns, the failure occurred either in 

compressive yielding of steel or crushing of concrete core; while the local buckling 

occurred in high (D/t) ratio columns (Zeghiche and Chaoui, 2005). Hence, the 

engineering properties such as diameter-to-thickness (D/t) ratio, length, confining 

coefficient and slenderness of columns are deemed as crucial and critical (O’Shea 

and Bridge, 1994; Ghasemian and Schmidt, 1999). For this, literatures with different 

D/t ratios and combinations of various material properties were conducted and 
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investigated. In effect, Goode (2007) documented a series of databases and compiled 

1819 concrete-filled steel (CFT) tests in order to conduct comparison of these 

databases of circular CFT stub columns. The author also compared the results with 

Eurocode 4 and concluded that it can be use the results of this code design with 

confidence and good agreement with test results. Further, the average ratio of 

Test/EC4 results recorded 1.11. The author suggest that EC4 limitation on concrete 

strength could be safely extended to fc' = 75 MPa (Figure 2-18).  

 

Figure  0.18 The average ratio of Test/EC4 results vs. the strength of concrete of 

Circular section columns (Goode, 2007) 

In similar way, Güneyisi et al. (2016) compared 314 comprehensive experimental 

data samples extracted from previous studies and prepared a data set for testing the 

proposed model. The authors predict model by means of gene expression 

programming (GEP) and compare it with the available models presented in multiple 

design codes as well as some existing empirical models proposed by several previous 

researchers. As shown in Figure 2-19, the results of the study revealed that the GEP 

model was much better than the available formulae (design codes and previous 

study), yielding higher correlation coefficient and lower error. Moreover, the 

proposed model exhibit fully satisfactory accuracy to be used for estimation of 

predicted Pu value; hence, correlation coefficients (R) recorded 0.999 and 0.989, for 

training and testing databases, respectively.   
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Lu and Zhao (2010) summarized a total of 250 experimental data of axial load 

capacity (Pu) for tube CFT stub columns published in previous studies. The authors 

applied the design codes (ACI, AISC, AIJ, Eurocode 4, DL/T) as well as existing 

empirical models proposed by previous researchers to calculate Pu value of circular 

CFT stub columns. The empirical models proposed by authors provided an efficient 

representation of the ultimate axial strength of circular CFST stub columns; even for 

high yield strength of steel tube. Moreover, the study suggested limiting values of 

essential engineering properties such as yield strength of steel tubes, the compressive 

strength of concrete (fc'), effective length and diameter-to-thickness ratio (D/t) of 

stub columns. The author believed that the proposed empirical models can easily use 

by engineers to predict Pu values of CFST stub columns for multiple engineering 

designs.     

 

Figure 2.19 The proposed GEP model compared with existing models presented in 
(a) design codes and (b) previous studies (Güneyisi et al., 2016) 
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2.5.3 Properties of Recycled Aggregate CFST Structural Members 

The aforesaid literatures were undertaken to investigate the structural behavior of 

steel tube columns filled with CCs. Limited research has been conducted to 

investigate the effect of RASCC on the predicted axial capacity of CFST columns.  

Moreover, the studies dealing with full RAs replacement level are also limited.  In 

this regard, Dong et al. (2013) prepared an experimental study to investigate the 

structural behavior of normal and recycled aggregate CFST columns. The authors 

employed 22 specimens to investigate the effect of several engineering parameters 

such as tube condition (square or circular, hollow or solid), concrete type (CCs or 

RAC) and full wrapping or partial wrapping strengthening arrangements. The study 

concluding revealed an interesting results that the Pu of for steel tubes filled with 

RAC showed slightly higher values than corresponding columns filled with CC. The 

results also indicated that both reinforcing arrangements enhance Pu strength 

compared with control column, and that the full wrapping arrangement is much more 

effective than the partial wrapping one. As shown in Figure 2.20, the theoretical 

study provided and compared the bearing capacity of the composite columns with the 

experimental results.  

 

Figure 2.20 The results of Pu vs. experimental results for all CFST columns (Dong 

et al., 2013) 
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In the study of Wang et al. (2015), 39 CFST stub columns filled by RAC were 

prepared and investigated for compressive performance under axial loading. The 

authors yielded several engineering variables to conducted study; variables such as 

RAs replacing level, origin of RAs, As/Ac ratio as well as the strength of RAC. The 

mechanical properties of stub columns filled by RAC showed less scatter results due 

to the presence of steel tubes. Moreover, about 10% reduction percentage observed 

for compressive strength of CFST columns filled by RAC. As depicted in Figure 

2.21, the RAC source slightly affected the ultimate axial load of CFST columns 

(Nu). The CFST columns with RAs extracted from two different sources 

approximately the same axial capacity; about 0.9% variation in Pu was seen. In 

addition, it was found that the ultimate capacity of the specimens which it filled by 

concrete strength of 50 MPa was 29% higher than those specimens filled by 35 MPa 

concrete strength.     

 

Figure 2.21 The ultimate load performance according to (a) replacement level of 

RAC (b) sources of RCA (Wang et al., 2015) 

Yang and Han (2006) reported that the typical failure modes of RAC columns were 

similar to those of CFST columns filled with CC; however, RAC columns revealed 

slightly low results in term of Pu and ductility. The authors experimentally tested 

total of 40 specimens (30 stub columns and 10 beams) with several parameters like 

RAs replacement level, circular or square columns section. The main objectives of 

the study are to investigate the effect of RAs on the compressive and flexural 

behavior of CFST members filled by RAC. The study emphasized that RAs 

replacement ratios (0-50%) had no effect on the failure process of the specimens. 

However, when the applied load reaches 60 ~70% of the ultimate strength, lines 

became visible at the end of the tube. Moreover, the behavior of CFST filled by RAC 
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is similar to the corresponding columns filled by NAs concrete in the term of 

compressive and flexural strengths. The values of ultimate strength increase by the 

range of 1-5% and 2.4-9.4% for the CFST specimens with RAC containing 25% and 

50% RAs, respectively. Further, the ranges are 2.2- 5.4%, and 4.8- 9.1% for elastic 

modulus property (Figure 2.22).  

 

(a) 

 

(b) 

Figure 2.22 The effect of RAs replacement level on the (a) ultimate strengths (b) 

elastic modulus of stub columns (Yang and Han, 2006) 
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Konno et al. (1997) concluded that the ultimate strength of composite column filled 

by RAC was smaller than those of the confined CC columns; further, the fractures 

progressed faster. However, Chen et al. (2010) stated that the failure process of RAC 

was similar to CC filled-circle steel tube columns. In this study, 22 specimens 

employed to test the mechanical behavior of circular RAC composite columns with 

multiple parameters such as RAs replacement levels as well as steel confine 

coefficient. The authors conclude that CFST columns filled by RAC are similar in 

failure patterns to ordinary concrete-filled steel tube column; in which shear failure 

occurred in tested columns and the failure patterns like “waist drum-shaped” (Figure 

2.23). Moreover, the peak stress slightly increased whenever RAs replacement level 

increase. The study results revealed that the bearing capacity and the peak strain of 

CFST columns filled by RAC increased at high steel confined coefficient.  

In effect, Yang and Ma (2013) tested 28 specimens of RAC filled stainless steel tube 

(FSST) stub columns and beams (14 stub columns and 14 beams). The specimens 

were circular and square cross section area; while the RAs replacement levels were 

0, 25%, 50% and 75% for both fine and coarse aggregate grade. The authors 

observed the failure patterns of CFST specimens and concluded that the replacing 

level of RAs had little influence on the failure pattern up to and beyond the bearing 

capacity of the specimens (Figure 2.24). Furthermore, FSST of square specimens had 

more buckling positions compared with circular section; this behavior was due to the 

worse confinement of square tube to core concrete. The study revealed that FSST 

filled by RAC stub columns have stable load-deformation responses and good 

deformation-resistant ability; further, the performance of RAC as concrete core 

generally enhanced due to the confinement of the outer stainless steel tube. 

 

Figure  0.23 The failure patterns of CFST specimen columns (Chen et al., 2010) 
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Figure 2.24 The failure patterns of CFST specimen columns (a) Circular section. (b) 

Square section. (Yang and Ma, 2013) 
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CHAPTER III 

RESEARCH METHODOLOGY 

3.1 Introduction  

In this thesis, the experimental and computational studies were considered. In the 

first part of the study, the experimental program includes an investigation the 

mechanical and fracture properties of SCCs made with RAs as fine and coarse grade. 

For this, the program conducted in two stages; firstly, manufacturing RAs via casting 

CCs and then crushed and sieve it. Secondly, the production of the self-compacting 

recycled aggregate concretes (SCRACs) was first tested for fresh properties (slump 

flow, T500 mm time, V-funnel time, L-box). Thereafter, SCRACs were tested for 

mechanical aspects such as compressive and splitting tensile strengths as well as 

modulus of elasticity. The fracture parameters test was also employed to observe the 

ductility as well as the brittleness level of concrete. 

The second part of the study encompasses the possible use of RA concrete in the 

composite columns and it׳s effect on the axial capacity of such columns. For this, 

four widely used design codes, namely American Concrete Institute (ACI), Eurocode 

4 (EC 4), Architecture Institute of Japan (AIJ) and Chinese Design Code for Steel-

Concrete Composite Structures (DL/T) were taken into account.    

3.2 Materials 

In this study, ordinary Portland cement (CEM I 42.5 R), corresponding to TS EN 

197-1 (2002) was utilized to prepare all SCRACs specimens produced in this study. 

The used cement had specific gravity and Blaine fineness of 3.15 g/cm3 and 394 

m2/kg, respectively. The chemical components of cement are shown in Figure 3.1. 

While, the physical properties illustrated in Table 3.1.  
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Ground granulated blast furnace slag (GGBFS) used in the present study was 

supplied from Iskenderun cement production factory. The utilized slag had a specific 

gravity and Blaine fineness of 2.79 g/cm3 and 418 m2/kg, respectively. The chemical 

components of GGBFS are also shown in Figure 3.1. While, physical properties 

given in Table 3.1. Furthermore, silica fume (SF) utilized in the present study was 

supplied from Norway; it had a specific gravity and specific surface area 2.35 g/cm3 

and 324 m2/kg. In Figure 3.1 and Table 3.1, the chemical composition as well as 

physical characteristics of SF is provided. 

 

Figure  0.1 Chemical compositions of cement, slag and SF 

 

Table 3.1 Physical characteristics of cement, slag and SF 

Physical properties Cement Slag SF 

Loss of ignition 0.87 1.64 1.21 

Specific gravity (g/cm3) 3.15 2.79 2.35 

Blaine Fineness (m2/kg) 394 418 324 
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High range water reducing agents (HRWRA) used in the present study had a specific 

gravity of 1.07 kg/l; the properties of HRWRA are presented in Table 3.2. Natural 

aggregates (NFAs and NCAs) were used together with recycled aggregate (RFAs and 

RCAs) for producing SCCs. Hence, NFAs and NCAs were replaced by RFAs and/or 

RCAs, respectively to produce 16 SCCs mixtures. In this regard, crushed sand NFAs 

had specific gravity and fineness modulus of 2.42 g/cm3 and 2.38, respectively; 

while, maximum size of 16 mm NCAs had a specific gravity and fineness modulus 

of 2.73 g/cm3 and 5.61, respectively. Sieve analysis and physical characteristics of 

NAs are tabulated in Table 3.3; moreover, aggregate grading in accordance with TS 

706 (2009) curve are shown in Figure 3.2.  

Table 3.2 Characteristics of High Range Water Reducing Agents (HRWRA) 

Properties HRWRA 

Name Glenium 51 

Color tone Dark brown 

Condition Liquid 

Specific gravity (kg/l) 1.07 

Chemical description Modified polymer 

Recommended dosage 1-2% (% binder content) 

 

Recycle aggregates (RAs) were manufactured through two stages; the first stage was 

conducted by producing CCs with strength approximately equal to 20 MPa. The 

second stage contained crush concrete and sieved to separate it into a fine and coarse 

aggregate. The physical characteristics of RAs as well as sieve analysis are 

summarized in Table 3.3. Similar to NAs, the grading of RAs compatible with TS 

706 EN 12620 (2009) grading curves are graphically illustrated in Figure 3.2. 

Moreover, the physical characteristics of the RAs and NAs were determined 

according to ASTM C127 (2007). Thus, RFAs used in study with size between 

(0.25-4) mm, specific gravity and 24-hour absorption was 2.11 g/cm3 and 17.94%, 

respectively. While, RCAs was with size between (4-16) mm, specific gravity and 

24-hour absorption were 2.37 g/cm3 7.39%, respectively. As shown in Figure 3.3, 

both RFA and RCA were used in SSD condition to prevent early slump loss of 

SCCs.     
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Table 3.3 Physical characteristics of NAs and RAs 

 Sieve size (mm) 
Natural aggregate Recycled aggregate 

NFA NCA RFA RCA 

16 100 100 100 100 

8 100 41.4 100 38.2 

4 100 0 97.7 0 

2 56.8 0 65.9 0 

1 35.0 0 42.3 0 

0.5 22.7 0 26.3 0 

0.25 16.4 0 17.4 0 

Fineness modulus 2.7 5.6 2.5 5.62 

Absorption (%) 2.1 0.5 10.9 7.4 

Specific gravity  2.42 2.72 2.11 2.37 

 

 

 

Figure  0.2 Aggregate grading for Series I, II, III and VI mixes 
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Figure 3.3 RCAs and RFAs in SSD condition 

3.3 Mixture Proportioning and Casting  

In order to produce SCRACs mixtures, 16 different mixes were prepared via 

replacing NCAs and/or NFAs by RCAs and/or RFAs, respectively. The mixes were 

scheduled as four series. Series I mix included 100% NAs, while Series II mixes 

included RCA and NFA. Series III was made with NCAs and RFAs. Finally, Series 

IV was produced with 100% RAs (RFAs+RCAs). Each series mentioned above 

consisted of four mixes. The first and second mixes had a binder content of 570 

kg/m3 and a w/b ratio of 0.30, while, the third and fourth mixes were designed with 

binder content and w/b ratio of 480 kg/m3 and 0.43, respectively. In all mixes the 

GGBFS was used as a replacement for 25% of the total binder content. The volume 

fractions as well as mix proportion concretes are listed in Table 3.4 In this study, mix 

codes were determined according to the mixture composition. For example, 

0.3RCA100RFA0SF10 indicates that the concrete is design with w/b of 0.30, the 

RCAs content of 100%, RFAs content of 0% and SF content of 10%. 

In effect, RAs previously immersed in water for at least 30 minutes to conduct the 

SSD condition and to overcome the extreme absorption ability of this aggregate  

(Gesoğlu, 2004; Gesoğlu, 2007; Gesoğlu, 2012; Güneyisi, 2012). Meanwhile, 

concretes were mixed in a 20 L capacity pan mixer; further, the mix process follow 

the procedure of ASTM C192 (2007). Concrete casting sequence started with mixing 

the saturated surface dry RAs with the binder for one minute and was followed by 

incorporating NCAs and/or NFAs in the mixer. After homogenizing of the 
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aggregates and the binder for 30 s, HRWRA was added to the mix via dissolving it in 

the mixing water; moreover, the adding process conducted in two parts to avoid 

segregation of the contents. Later, concretes were mixed for 3 minutes and further 2 

minutes to rest. Finally, concretes were mixed again for 2 minutes in order to 

complete the sequence of mixing process. In this regard, all concretes produced in 

this study were designed to correspond a slump flow diameter of 680±30 mm 

proposed by EFNARC (2005).  For this, trial batches were prepared for each mix 

using different amounts of HRWRA until reach out the desired slump diameter.  
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Table 3.4 Mix proportions in kg/m3 

Mix series Mix Code 

Volume fraction (%) 

w/b Binder 
Coarse aggregate Fine aggregate HRWRA 

(%) 
Coarse aggregate Fine aggregate 

NCAs RCAs NFAs RFAs NCAs
 

RCAs
 

NFAs RFAs
 

Series I 

0.3RCA0RFA0SF0
 

100 0 100 0 0.30 570 859.8 0.0 765.0 0.0 7.1 

0.3RCA0RFA0SF10 100 0 100 0 0.30 570 851.4 0.0 757.5 0.0 5.9 

0.43RCA0RFA0SF0 100 0 100 0 0.43 480 869.3 0.0 773.4 0.0 5.4 

0.43RCA0RFA0SF10 100 0 100 0 0.43 480 862.3 0.0 767.2 0.0 4.4 

Series II 

0.3RCA100RFA0SF0 0 100 100 0 0.30 570 0.0 749.2 765.0 0.0 4 

0.3RCA100RFA0SF10 0 100 100 0 0.30 570 0.0 741.9 757.5 0.0 4 

0.43RCA100RFA0SF0 0 100 100 0 0.43 480 0.0 757.5 773.4 0.0 6.1 

0.43RCA100RFA0SF10 0 100 100 0 0.43 480 0.0 751.3 767.2 0.0 5.3 

Series III 

0.3RCA0RFA100SF0 100 0 0 100 0.30 570 859.8 0.0 0.0 667.0 4 

0.3RCA0RFA100SF10 100 0 0 100 0.30 570 851.4 0.0 0.0 660.5 3.3 

0.43RCA0RFA100SF0 100 0 0 100 0.43 480 869.3 0.0 0.0 674.4 3.1 

0.43RCA0RFA100SF10 100 0 0 100 0.43 480 862.3 0.0 0.0 668.9 5.9 

Series IV 

0.3RCA100RFA100SF0 0 100 0 100 0.30 570 0.0 749.2 0.0 667.0 4.7 

0.3RCA100RFA100SF10 0 100 0 100 0.30 570 0.0 741.9 0.0 660.5 4.5 

0.43RCA100RFA100SF0 0 100 0 100 0.43 480 0.0 757.5 0.0 674.4 4.1 

0.43RCA100RFA100SF10 0 100 0 100 0.43 480 0.0 751.3 0.0 668.9 3.9 

 



67 

 

3.4 Test Specimens and Curing 

The fresh property tests of produced concretes conducted directly after complete the 

procedure of mixing.  Tests such as slump flow diameter, T500 time, V-funnel, L-Box 

and ICAR rheology were conducted to recognize the key of fresh properties of SCCs. 

The segregation and bleeding of concrete were checked visually during the test of 

slump flow conducted. The mechanical aspects such as strengths of compressive and 

tensile as well as modulus of elasticity of SCCs were also determined in the hardened 

state. Furthermore, fracture parameters tests had been conducted to provide more 

descriptions for the potential load-carrying capacity and post-peak behavior of the 

material in a given structural system.   

For typical mixture casting, specimens mainly consisted of: 

 Three 150 mm cubes for compressive strength test.  

 Three 150 mm cubes for static modulus of elasticity test. 

 Three 100x200 mm cylinders for splitting tensile strength test. 

 Three 100x100x500 mm notched prisms for fracture parameters test.  

It is worth mentioning that all concrete specimens were casted with no need to 

vibrate and/or compacted. Moreover, the specimens were covered with a plastic sheet 

to prevent the surface evaporation and it saved inside the casting room for 24 hr. 

Then, they were demolded and fully saturated cured in water till the testing age of 56 

days.  

3.5 Tests for Fresh Properties 

In general, slump flow defines the filling ability of fresh concrete in unconfined 

conditions. In the absence of obstructions, slump flow test assess the horizontal flow 

of concrete. In effect, the diameter of the concrete circle is measure to evaluate the 

filling ability of the concrete. However, slump test can’t give an indication to the 

ability of the concrete to pass through reinforcement bars without blocking; but it 

may refer to the level of segregation resistance. Thus, to measure the slump flow, an 

ordinary slump flow cone is filled with SCRACs without any consolidating and 

leveled. The cone is lifted and average diameter of the resulting concrete spread is 

measured as shown in Figure 3.4.  
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In this study, slump flow value ranging from 650 mm to 800 mm refers to compacted 

concrete. In the present study, the diameter of slump flow for all mixtures was kept 

constant at 680±3 mm; T500 time was also measured. Indeed, T500 test represent the 

time taken by concrete to reach 500 mm spread circle; where the lower time indicates 

greater flowability. EFNARC (2005) specification suggests 2 to 5 sec as T500 for 

SCCs. 

 

                 (a) 0.3RCA100RFA100SF0                  (b) 0.43RCA100RFA100SF0 

Figure  0.4 Typical slump flow of SCCs (a) 100% RCAs (b) 100% RCAs 

In this regard, Figure 3.5 depicted the schematic representation of the test where the 

flow time calculated using a simple procedure. Firstly, 12 liter in volume V-shape 

funnel had been filled by fresh concrete; then the time of flowing is measured as the 

time between the opening of orifice plate and complete passing of fresh concrete 

from the funnel. In effect, the concrete can be classified as stable and good flowable 

concrete when it flows out in short time. In this regard, EFNARC (2005) ranging this 

time between 6-12 sec for adequate for SCCs. Further, Khayat et al. (1997) 

recommended flow time less than 6 sec for good qualify of SCCs. 
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                                             (a)                                                    (b) 

Figure  0.5 Photographic view of V-funnel test a) Measurement of V-funnel flow 

time and b) V-funnel tool after it filled by concrete 

The test of L-box is employed to assess the flowability of fresh concrete; hence 

evaluate the filling and passing ability of SCCs. In this test, the lack of stability or 

segregation can be visually detected as well as the blockage occurred due to presence 

of reinforcement. In effect, segregation can be observed via subsequently examining 

fresh concrete in the horizontal section. The test apparatus mainly consists of ‘L’ 

shape rectangular-section box. Likewise, movable gate are installed in front of rebars 

of the test tool (Figure 3.6). Moreover, the horizontal part of test box is marked at the 

distance of 200mm and 400mm from the gate; so, the times that concrete need to 

reach these points is measured (T200 and T400). Indeed, these times indicate the 

filling ability of fresh concrete. In this regard, EFNARC (2005) specify the ratio of 

(H2/H1) as “blocking ratio” and proposed a typical acceptance values in the range of 

0.8 to 1.0. In effect, any value closer to 1.0 refers that the concrete can more easily 

flow than low values.  
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                                     (a)                                                                 (b) 

Figure  0.6 Photographic view of the L-box test a) Measurement of the L-box flow 

time and b) Schematic representation of the L-box 

To perform the rheology test and to calculate its parameters, ICAR rheometer device, 

of which the schematic details are depicted in Figure 3.7, is employed. Firstly, 30 cm 

of height and diameter container is filled by fresh concrete. The container includes a 

series of vertical ribs along the circumference to prevent slippage between the 

container wall and the fresh concrete during the test (Saak et al., 2001). Due to the 

ribs presented on the wall, the fresh concrete has the same speed at the surface of 

cylinder and all other parts of container. Thereby, laminar flow occurs and no slip 

condition takes place on the walls (Koehler and Fowler, 2004; Wallevik, 2003). 

Firstly, fresh concrete is placed inside the container and then four-bladed vane of 127 

mm height and diameter is positioned in the center of containers. It is assumed that 

concrete will flow as Bingham fluid where the lateral effects are ignored. Indeed, 

Bingham model, which is the simplest form of a non-Newtonian model, is satisfying 

for describing the behavior of fresh concrete. 
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Figure 3.7 ICAR rheometer device including vane and principal dimensions (All 

dimensions are in mm) 

3.6 Tests for Mechanical Properties 

In this study, compressive strength of SCCs was tested in accordance with BS 1881-

116 (1983) via 2000 kN capacity testing machine. For this, three 150x150x150 mm 

cubes specimens were employed for each mix. The value of compressive strength 

was adopted by averaging three tested samples at the ages of 56 days. The test of 

splitting tensile strength of SCCs conducted in the present study follow the 

procedures of ASTM C496 (2012); thus, the tensile strength value adopted via 

averaging three 100x200 mm cylindrical samples of at 56 days.  

Static modulus of elasticity was determined in accordance with BSI 1881-121 

(1983); in which the specimens was loaded three times to about 30% - 40% of the 

ultimate load. In effect, the peak load value specified based on the compressive 

strength results for each mixtures. Further, the modulus was computed as the average 

of the second two sets of readings to reach more accurate reading. For this, three 

samples were used for each of the mentioned tests. It is worth mentioning that the 

load rate used in this test was 1 kN/sec.  

In general, the term “fracture parameters” refer to; crack initiation and propagation of 

small cracks, pattern of load-displacement graphs or crack mouth opening 

displacement (CMOD), critical stress intensity factor (kic), fracture toughness, 

fracture energy (GF) and characteristics length (lch). In this study, work-of-fracture 

method (WFM) is employed to evaluate the fracture parameters of produced concrete 
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which is agree with Hillerborg׳s method in conformity with RILEM 

recommendations. Hence, fracture energy termed as work of fracture is an indirect 

surface energy measure of cementitious materials (Hillerborg, 1983). The 

recommendation of RILEM Technical Committee 50-FMC (1985) had been 

followed to determine fracture energy. At mid-span of specimens, displacement 

simultaneously measured via linear variable displacement transducer (LVDT). As 

shown in Figure 3.18(a), Instron 5500R testing machine with capacity of 250 kN 

were used to applied the load. Moreover, Figure 3.18(b) shows the prepared beam for 

the fracture energy tests. The opening notch was achieved through reducing the 

effective cross section to 60x100 mm via a diamond saw. The notch to depth (a/W) 

ratio for all specimens was 0.4. Hence, in a single edge notched beams when three 

points bending tests are performed, fracture energy of specimens can be calculated as 

(RILEM, 1985):   

𝐺𝐹 =
𝑊𝑜+𝑚𝑔𝛿𝑠

𝑆

𝑈

𝐵(𝑊−𝑎)
                                           (3.1) 

Where :W0 is the area under load-deflection curve, m is the mass of the beam, g is the 

acceleration due to gravity, δs is the specified deflection of the beam, while, S, U, B, 

W and a are span, length, width, depth, and notch depth of the beam, respectively. 

For each mix at least five specimens were tested at the age of 56 days; in which the 

load applies at 0.02 mm/minute rate.  

Assuming no notch sensitivity, the net flexural strength, fflex, was calculated by the 

following formulation (Pmax is the ultimate load): 

𝑓𝑓𝑙𝑒𝑥 =
3𝑃𝑚𝑎𝑥𝑆

2𝐵(𝑊−𝑎)2 
                     (3.2) 

The brittleness of materials in terms of characteristic length, lch, was determined 

according to the following expression (Hillerborg, 1983): 

𝑙𝑐ℎ =
𝐸𝐺𝐹

𝑓𝑠𝑡
2                      (3.3) 

In which, E and fst are representing static modulus of elasticity and splitting tensile 

strength, respectively.  
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(a)                                                                (b) 

Figure  0.8 Photographic views of universal testing devices and three point flexural 

testing machine (a) Schematic for flexural strength and fracture tests, (b) Beam 

testing 

3.7. Computational Study on CFST Columns                      

In this part, the structural behavior of the composite columns, namely concrete filled 

steel tube (CFST) columns were studied under the effect of axial compression. 

Benefiting from a set of experimental data, a total of 400 axial load carring capacity 

(Pu) test results of the composite columns were calculated via 5 different yield 

strengths of steel tube (185, 235, 275, 355, 450 MPa) and five different D/t ratios 

(20, 40, 60, 80, 100). Basically, the test of ultimate axial load considered several 

important geometric and material properties taken as predictive parameters such as 

D/t ratio, length of columns (L), the nominal strengths of the concrete (fck) and steel 

tube (fy). The compression test of CFST columns is schematically depicted in Figure 

3.9 in which the steel tube was loaded simultaneously with the concrete core. For 

each investigated code, the test specimens had 3 mm in thickness of circular steel 

tube and length to diameter ratio (L/D) of 3. The parameters of CFST columns 

applied in design codes are listed in Table 3.5 below.  
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Table 3.5 Parameters of CFST columns applied in design codes 

Diameter 

of steel 

tube 

Diameter 

of 

concrete 

Length 

of 

CFST 

D/t 

Area of 

concrete 

(Ac) (mm
2
) 

Area of 

steel (As) 

(mm
2
) 

Concrete 

moment of 

inertia 

(Ic)(mm
4
) 

Steel 

moment of 

inertia     

(Is) (mm
4
) 

60 54 180 20 2290 537.2 417393 218780 

120 114 360 40 10207 1102.7 8290664 1888096 

180 174 540 60 23778 1668.2 44995273 6534700 

240 234 720 80 43005 2233.6 147174757 15685406 

300 294 900 100 121922 2799.2 1182918397 30867027 

 

The details of mix proportion as well as compressive strength of concrete were 

imported from Table 3.4; in which totally 16 self-compacting concrete (SCC) 

mixtures were manufactured and the concrete specimens were 150 mm cubic. The 

concretes were produced by utilizing NA and/or RA at specific proportions. 

Moreover, the concrete properties were enhanced by adding silica fume (SF) as 

mineral admixture for half of mixtures to clarify the effect of this material in 

concretes. In this regard, the concretes were mixed via two different water/binder 

ratios (w/b); 0.30 and 0.43. The effect of abovementioned parameters on the Pu 

results would be observed, compared and discussed in detail.   

 

Figure 3.9 Test clarification of load applied to cross section of circular CFST 

columns 
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In order to achieve good comparison of the database of circular CFST columns with 

various codes, the compressive strength of tested concrete (fc') used in codes was 

generally measured for 150*200 mm cylindrical specimens. However, the results of 

compressive strength of RASCC were obtained through 150 mm cube test; thus, 

significant effects on the predicted results would occur. For this, conversion factors 

proposed by BS EN 206-1 (2000) and DL/T (1999) were yielded to convert these 

results. It is worth mentioning that BS EN 206 specifies the conversion factors 

according to classes and weight of concrete; while, DL/T, (1999) specifies 0.67 as a 

conversion factor regardless of other considerations. The details as well as the 

conversion factor applied in design codes are listed in Table 3.6 below.   

Table 3.6 Characteristics and standard compressive strength of concrete applied in 

design codes 

Mix Code 

Strength 

of 150 

mm cubes 

(fc') 

(MPa) 

Conversion 

factor 
Characteristic 

strength (fck) (MPa) 

Modulus 

of 

elasticity 

(Ecm) 

(GPa) 

BS EN 

206 
DL/T 

BS EN 

206 
DL/T 

0.3RCA0RFA0SF0 77.96 0.82 0.67 64.20 52.23 39.81 

0.3RCA0RFA0SF10 81.4 0.82 0.67 67.03 54.54 40.27 

0.3RCA100RFA0SF0 68.67 0.80 0.67 54.94 46.01 38.20 

0.3RCA100RFA0SF10 70.39 0.80 0.67 56.31 47.16 38.45 

0.3RCA0RFA100SF0 61.97 0.82 0.67 50.87 41.52 37.44 

0.3RCA0RFA100SF10 64.61 0.82 0.67 53.04 43.29 37.85 

0.3RCA100RFA100SF0 55.76 0.83 0.67 46.47 37.36 36.58 

0.3RCA100RFA100SF10 57.41 0.83 0.67 47.85 38.46 36.86 

0.43RCA0RFA0SF0 66.63 0.82 0.67 54.70 44.64 38.16 

0.43RCA0RFA0SF10 72.47 0.80 0.67 57.98 48.55 38.75 

0.43RCA100RFA0SF0 55.38 0.83 0.67 46.15 37.10 36.52 

0.43RCA100RFA0SF10 63.89 0.82 0.67 52.45 42.81 37.74 

0.43RCA0RFA100SF0 48.69 0.80 0.67 38.95 32.62 34.99 

0.43RCA0RFA100SF10 61.04 0.82 0.67 50.11 40.90 37.30 

0.43RCA100RFA100SF0 46.04 0.80 0.67 36.83 30.85 34.51 

0.43RCA100RFA100SF10 52.92 0.82 0.67 43.29 35.46 35.93 
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3.7.1. Calculation of Axial Capacity of Circular CFST Columns Recommended 

by Design Codes   

In order to evaluate the axial load carrying capacity (Pu) results and make a good 

comparison, a brief review of related standards would be given. The details of 

relations would also be presented for each design codes. In different codes, several 

limitation such as yield strength of steel tube (fy), fc', D/t, steel ratio and confining 

coefficient (ξ) are prescribed. Moreover, multiple approaches and design 

philosophies have been adopted in these design codes.  

3.7.1.1. Eurocode 4 (EC 4) 

In all design codes, there are circular, square, rectangular and circular hollow CFST 

structure design regulations. In these regulations, the design methods are different. 

Moreover, the code must be combining the design approach of both reinforced 

concrete columns and structural steelwork in order to dedicate the composite 

construction. In the present study, the formula was designated as EC 4. In 

Eurocode4, (2004) code, the strength capacity of circular CFST column was 

calculated through taking in account the contribution of the concrete core and steel 

tube as well as the confinement effect of steel tube.  Indeed, the strength of concrete 

core increases for circular cross-section CFST columns due to concrete confinement 

coefficients (ηc) and to the occurrence of a tri-axial state of stress condition. 

Conversely, the yield strength of steel decreases by the confinement coefficients of 

steel (ηa) since the hoop stresses cause a reduction in the effective yield stress of the 

steel. Hence, the axial load capacity of circular CFST columns can be calculated by: 

 

Pu = (1+ ƞc 
𝑡

𝐷
 

𝑓𝑦

𝑓𝑐′ 
 ) fc' Ac+ ƞa  fy  As                      (3.4) 

                       

Because the eccentricity of loading (e) is equal to zero,  

 ƞa = ƞao        and        ƞc= ƞco (3.4-a) 
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For this,   

ƞao = 0.25 (3+ 2 �̅�)                 ≤ 1 (3.4-b)   

ƞco = 4.9- 18.5 �̅� + 17 �̅�2        ≥ 0 (3.4-c) 

𝜆 ̅ = √
𝑁

𝑃𝐼𝑅

𝑁𝑐𝑟
                                                              (3.4-d) 

𝑁𝑃𝐼𝑅   = fy As + fc' Ac                                                (3.4-e)   

 𝑁𝑐𝑟 =  
𝜋 (𝐸𝐼)𝑒𝑓𝑓2

𝐿2                                                        (3.4-f) 

(EI)eff2 = Es Is + Ke Ecm Ic                                       (3.4-g) 

Where: 

            fc' is the compressive strength of 150×300 mm cylinder specimens in MPa 

            fy  is the yield strength of steel tube   

          Ac , As is cross section area of concrete and steel tube, respectively.  

            �̅�  is the relative slenderness  

            𝑁𝑃𝐼𝑅   is characteristic value of the plastic resistance 

            𝑁𝑐𝑟  is the elastic critical force for the relevant buckling mode 

           Ke  is correction factor equal to 0.6 

           Is , Ic is the second moment of inertia of steel and concrete, respectively. 

            L  is the length of CFT column 

     Es is the modulus of elasticity of steel ≈ 200 MPa 

It is worth mentioning that the elastic modulus of steel was assumed as 200 GPa, 

while the modulus for concrete was used as secant modulus of elasticity (Ecm) 

calculated via Eq. (3.7) proposed by Eurocode 2 and 4, (2004) 

Ecm = 22000 ([fc'+8)/10]0.3)   (3.5) 
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3.7.1.2. ACI-318R 

Unlike similar codes, American Concrete Institute (ACI-318R, 2005) underestimated 

the effectiveness of concrete confinement and the interaction between the concrete 

core and steel tube. For this, the predictive results of axial load capacity are expected 

to be smaller than comparative codes. The ultimate axial capacity of circular CFST 

columns can be calculated by 

Pu = 0.85 fc' Ac +  fy As                                     (3.6) 

3.7.1.3. AIJ (1997; 2001) 

In the equation proposed by Architectural Institute of Japan (AIJ, 1997; 2001), the 

design code adopted a simple method of superposition assumption; where it used the 

allowable stresses of the materials or working stress method. In effect, the standard 

classified the composite columns according to the effective length (lk) to diameter 

(D) ratio of CFT column (lk/D); if it was less or more than 4.  Moreover, the code 

took into consideration the confinement factor (η) for the columns, which was 

independent of the strength of the materials and the dimensions of the columns. For 

this, the ultimate compressive strength of an axially loaded circular CFST column 

could be expressed via Eq. (4) for  
𝑙𝑘

𝐷
 ≤ 4 

Pu = 0.85 fc' Ac + (1+ ƞ ) fy As   (3.7) 

In which  

               ƞ  is equal to 0.27 for a circular CFST column  

               lk  is the effective length of a CFST column 

3.7.1.4. DL/T (1999) 

The Chinese code (DL/T, 1999) also used either the allowable stresses of the 

concrete and steel or the working stress method. In effect, DL/T (1999) code assumes 

that the composite column is made of one material with a total area of composite 

columns (Asc) and nominal yielding strength (fscy). Moreover, the confinement factor 

(ξ) is employed in the standard to describe the superposition composition between 
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steel tube and concrete core. The code introduced the ultimate compressive strength 

of concrete-filled steel circular hollow-section columns by Eq. (5) as shown below   

Pu = fscy  Asc                                                                (3.8) 

In which  

Asc = (As + Ac) (3.8-a) 

fscy = (1.212 + B 𝜉 + C 𝜉2) fck (3.8-b) 

B = 0.1759  
𝑓𝑦

235
 + 0.974 (3.8-c) 

C = -0.1038  
𝑓𝑐𝑘

20
 + 0.0309 (3.8-d) 

𝜉 =  
𝐴𝑠 𝑓𝑦

𝐴𝑐  𝑓𝑐𝑘

 
(3.8-e) 

 

fck = 0.67 fcu (3.8-f) 

Where: 

           fck is the characteristic concrete strength. 

            fcu  is the compressive strength of 150 mm cubic specimens 

          𝜉 is the confinement factor 

            fscy is the nominal yielding strength of the composite section 

          Asc is the area of composite section 
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CHAPTER IV 

RESULT AND DISCUSSIONS 

4.1. Fresh Properties  

It is crucial to maintain high flowability and good segregation resistance of concretes 

to ensure readily flowability around obstacles as well as to achieve good filling 

capacity (Khayat and Mitchell, 2008). For a given application, the fresh requirements 

of SCCs can be chosen from one or more of the aforesaid characteristics and then 

specified by class or target value. In the same regard, it was observed that almost all 

mixes showed no bleeding and segregation even for the 0.3RCA100RFA100SF0 and 

0.43RCA100RFA100SF0 mixture containing 100% RAs for w/b of 0.3 and 0.43, 

respectively (Figure 3.4). In this study, all SCCs mixes designed to target slump 

equal to 680±30mm, which agree with EFNARC standard specification for SCCs. In 

EFNARC (2005), at least 650 mm slump flow diameter is required to consider the 

concrete as SCCs. In effect, high value of slump flow indicates that concrete have a 

good ability to fill formwork with no need to vibration and compaction. As shown in 

Figure 4.1, all SCCs produced in this study were in SF2 region, which refers to the 

moderate slump flow value.   

In general, SCCs with RAs needed less HRWRA than control mixes (when NAs 

were used) for a given target slump flow diameter. For example, 8.02% of HRWRA 

was used in a control mix (0.3RCA0RFA0SF0) to get a slump flow diameter of 670 

mm whereas the mix 0.3RCA100RFA100SF0 (when both RFAs and RCAs were 

used) gave approximately the same slump with 4.39% of HRWRA (Table 3.4). T500 

slump flow time and V-funnel time of produced SCCs were presented in Figure 4.2. 

These parameters can be used to evaluate the filling ability of SCCs (Koehler and 

Fowler, 2004). Slump flow time of all produced concretes was less than 4 sec. It was 

obvious that the increase in w/b ratio lead to less viscose concretes; thus, these 

concretes had low flow times. For instance, T500 slump flow time and V-funnel flow 
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time for the control mix (RCA0RFA0SF0) for w/b of 0.3 were 3.05 and 14.34 sec. 

respectively, compared with 2.45 and 9.74 sec. for the same mix with w/b of 0.43. 

These results are in agreement with those that many researchers have observed 

(Safiuddin et al., 2011-b; Khayat, 1999; Alam et al., 2013; Kou and Poon, 2009; 

Özbay, 2007).  

 

Figure 4.1 Slump flow diameter as well as slump flow classes for structural SCCs 

In order to compensate high absorption ability of RAs, concerts need to add more 

mixing water than NAs mixes; therefore, initial slump flow time decreased (Kou and 

Poon, 2009). In the present study, the use of RCAs had a little effect on the 

decreasing of T500 slump flow and V-funnel flow times which conformity with 

several researchers result (Grdic et al., 2010; Kamal et al., 2013; Safiuddin et al., 

2011-b). The previous literatures reported that there is significant reduction in the 

filling ability for 100% RCAs mixes because of the increase in the amount of post-

mixing fine aggregate.  
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Figure 4.2 Variation of T500 flow time and V-funnel flow time 

In this study, 10% SF incorporated with the mixture had effected on the filling ability 

of SCCs. For example, as compared with the control mix (RCA0RFA0SF0), SF 

causes an increase in T500 time and V-funnel time by 9.86% and 13.4%, respectively. 

This result was approved by Khayat (1999) which was indicated that the internal 

resistance to flow increased due to solid-to-solid friction; thereby the deformability 

and speed of flow of the fresh concrete might be limited. As obviously seen in Figure 

4.3, series I and II were classified as VS2/VF2 while the other series (III and IV) 

were in the category of VS1/VF1. The lack in cohesion resulted from higher water 

content normally occurred in RA concrete, particularly when RFAs aggregate are 

used. In effect, EFNARC (2005) consider class VS2/VF2 concretes proper to use for 

walls/columns and ramps; in which it faced SF2 class in slump flow. Moreover, class 

VS1/VF1 concretes deemed as suitable for wide span slabs construction.   
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Figure 4.3 Variation of T500 flow vs V-funnel flow times 

Passing ability of the SCCs was measured by means of the L-box test. The test 

provided the parameter of the ratio (H2/H1) as flowability measurement of concrete 

between reinforcing bars. The results of L-box height ratio (H2/H1) are presented in 

Figure 4.4. The H2/H1 ratio value mainly varies according to the properties of 

aggregate used in concrete as well as incorporating of SF and w/b ratio. The ratio of 

H2/H1 was in the range of 0.846 to 0.995 for concretes made with 0.3 w/b ratio, 

compared with 0.820 to 0.911 for 0.43 w/b ratio. Thus, all SCCs produced in this 

study were generally satisfying with EFNARC (2005) recommendation for the 

passing ability in terms of L-box test.  

In the present study, the highest value for each series was 0.881, 0.935, 0.995, and 

0.990 for series I, II, III and IV, respectively. Indeed, the rising in H2/H1 ratio refers 

to decreasing of viscosity and cohesiveness of concretes (Khayat, 1999; Grdic et al., 

2010; Kamal et al., 2013; Safiuddin et al., 2011-b; Özbay, 2007). However, RFAs 

concrete mixtures were more effective on L-box high ratio than other SCCs.   
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Figure 4.4 Variation of passing ability classes with L-box height ratio 

The results of L-box test revealed that whenever SF presented in mixtures, the ratio 

of H2/H1 would be decreased. In this context and for 0.3 w/b mixes, the mixes 

containing SF recorded constant decrease for all concretes produced in this study. 

This behavior is due to the fact that utilizing continuously graded cementitious 

materials fillers like SF make the concrete more cohesive (Wang and Li, 2012). 

Figure 4.5 (a, b, c and d) represented the rheology behavior for SCC Mixes for series 

I, II, III and IV, respectively. It was observed that series I mixes showed the highest 

amount of torque at a constant speed equal to 0.6 (rev/s) compared with other series. 

Indeed, the torque decreases whenever water content increases. Mix 

0.3RCA0RFA0SF0 demonstrated the highest torque value by 1.8 N.m while the 

minimum torque value was 0.62 N.m for mix 0.43RCA100RFA10SF0 when w/b 

used was 0.43. Additionally, the presence of SF in the mixture causes an increase in 

torque (Banfill, 2006; Nielsson and Wallevik, 2003; Koehler and Fowler, 2007; 

Wang and Li, 2012). A conspicuous example for this case is the increase in torque 

recorded for mix 0.3RCA0RFA0SF0 and 0.43RCA0RFA0SF0 due to incorporating 

SF. It was 14.74% and 8.3%, respectively. Aforementioned, the density of the RAs is 

lower than equivalent of NAs, and the water absorption value also high. If the paste 

viscosity is so low, the aggregate become more pronounced to migrate towards the 
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surface due to the low density leading to troubles in workability (Tattersall and 

Banfill, 1983). In the present work, and inasmuch of using an adjusted amount of 

HRWRA, the slump flow of the SCCs mixtures has been controlled.   

It was observed that series I and II behaved as a shear thickening concrete as well as 

constant reduction in viscosity; while, incorporating RFAs in series III concretes 

minimize the effect of shear thickening (Figure 4.5-c). Indeed, RAs cause a reduction 

in plastic viscosity and increase the possibility of concretes to exhibit shear 

thickening behavior. However, the most significant effect of using RAs in SCCs was 

observed in Figure 4.5-d for series IV concretes; in which almost all this series 

concretes showed a Bingham׳s behavior particularly at high shear rates. In fact, 

100% RA concrete behaved as Bingham׳s material at low and high shear rates. The 

importance of shear thickening emerge in operations happened at high shear rates 

like mixing and pumping of concrete.  

In the present study, series I concretes showed very low values of yield stress (0.1 

Pa) indicating that there is no discernable trend for this parameter. This behavior may 

be attributing to the constant slump flow diameter which it kept for all concretes. In 

this regard, Feys et al. (2008) and Nielsson and Wallevik (2003) also approved this 

conclusion that lower than 10 Pa yield values could be negligible. In this study, all 

mixes showed yield stress near to zero for series I and II, while yield stress of series 

III and IV were changed between 6.9-26.3 and 28.3-29.8 Pa, respectively. However, 

Figure 4.6 displays the plastic viscosity of concretes produced in this study. 
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(a)                                                                                                           (b) 

  
                                                      (c)                                                                                                             (d) 

Figure 4.5 Rheology results for SCCs (a) 100% NAs (b) NFAs and RCAs (c) NCAs and RCAs (d) 100% RAs 
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Figure 4.6 Plastic viscosity for all SCCs 

4.2 Mechanical Properties  

The strengths results of all SCCs are summarized in Table 4.1; also, the effects of 

aggregate type, increase water content and SF on the 56-day compressive strength of 

SCCs are demonstrated in Figure 4.7. The incorporation of RAs as a full or partial 

replacement for NAs adversely affected the compressive strength of SCRACs. The 

compressive strength of reference series concrete (series I) varied from 66.63 to 

81.40 MPa. In addition, compressive strength values of SCRACs recorded 55.38-

70.39, 48.69-64.61, and 46.04-57.41 MPa for Series II, III, and IV respectively. In 

other words, the use of RCAs, RFAs and RCAs+RFAs inversely affected the 

compressive strength of the corresponding reference concretes by 11.8-16.9, 15.8-

26.9, and 27.0-30.9%, respectively.  

In series IV concrete, the lowest compressive strength values obvious in this 

concretes. The reduction in compressive strength due to incorporation of RAs may be 

attributing to the strength and volume of the aggregate used in production of old 

concrete. Moreover, the poor quality of the adhered mortar to RAs, which had 

experienced the crushing process and consequently, were created weak areas in the 
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concrete as well as the weak ITZ (Safiuddin et al., 2011-b; Corinaldesi and Moriconi, 

2009; Sagoe-Crentsil et al., 2001). For a given w/b ratio, the strength of RAs deemed 

as the main factor affecting the SCRACs (Safiuddin et al., 2011-a; Sagoe-Crentsil et 

al., 2001). Obviously it can be noted that the failure occurred through the hardened 

cement paste in Series I; whereas in Series IV (as an example) this path passed 

through the aggregate phase, which was the weakest component of the composite 

(Figure 4.8 a and b).  

 

Figure  0.7 Compressive strength results for all structural SCCs 
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 Table 4.1 Strengths properties and fracture characteristics 

Series 

Code 
Mix Code 

Compressive 

Strength 

(MPa) 

Splitting

Tensile 

Strength 

(MPa) 

Modulus 

of Elasticiy 

(GPa) 

Net 

Flexural 

Strength 

(MPa) 

Area under 

load-disp. 

curve (Wo) 

(N.mm) 

Final 

disp. at 

midspan 

(δs) 

(mm) 

Fracture 

Energy 

(N/m) 

Characteristic 

Length 

(mm) 

Series I 

0.3RCA0RFA0SF0 77.96 4.25 26.06 5.41 711.25 1.45 141.56 204.59 

0.3RCA0RFA0SF10 81.40 4.46 27.81 6.53 689.10 0.78 127.02 177.69 

0.43RCA0RFA0SF0 66.63 3.50 23.62 4.79 613.13 1.26 121.79 234.98 

0.43RCA0RFA0SF10 72.47 3.75 24.99 6.25 590.78 0.87 111.92 198.78 

Series II 

0.3RCA100RFA0SF0 68.67 3.50 21.26 4.27 504.24 1.13 101.04 175.12 

0.3RCA100RFA0SF10 70.39 4.13 23.33 5.43 473.25 0.78 90.45 123.68 

0.43RCA100RFA0SF0 55.38 2.89 20.52 4.01 417.87 0.89 82.70 203.10 

0.43RCA100RFA0SF10 63.89 3.24 21.43 4.77 385.45 0.79 75.78 154.54 

Series III 

0.3RCA0RFA100SF0 61.97 3.15 19.84 4.19 469.97 1.02 93.54 187.26 

0.3RCA0RFA100SF10 64.61 3.59 21.14 4.85 449.55 0.81 86.80 142.21 

0.43RCA0RFA100SF0 48.69 2.53 18.30 3.82 367.29 0.70 71.56 204.90 

0.43RCA0RFA100SF10 61.04 2.81 18.85 4.52 331.87 0.78 66.55 158.76 

Series IV 

0.3RCA100RFA100SF0 55.76 2.72 17.44 3.58 322.18 0.55 61.56 145.15 

0.3RCA100RFA100SF10 57.41 3.16 18.66 4.25 291.37 0.56 56.35 105.33 

0.43RCA100RFA100SF0 46.04 2.20 15.60 3.26 264.08 0.45 50.20 162.27 

0.43RCA100RFA100SF10 52.92 2.59 16.92 3.77 249.21 0.50 48.28 122.24 
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Hence, the failure line of control mixes (where NAs were used) located in the ITZ 

around the aggregate particles and almost NAs did not fracture under the 

compressive load. Moreover, Series II concrete, which was made with a blend of 

RCAs and NFAs, performed better than the other two series of SCRACs. This 

behavior is attributed to a better interfacial bond between cement paste and aggregate 

in the presence of rough as well as the angular RCAs which can lead to a better 

interlocking of aggregates. These two factors may contribute to counterbalance the 

reduction of compressive strength due to the presence of less strong aggregate 

(Sagoe-Crentsil et al., 2001).  

The compressive strength was higher as the w/b ratio decreased irrespective of 

matrix type and aggregate type. This is due to that the volume of capillary pores and 

their connectivity significantly declined for mixes with a lower w/b ratio (Safiuddin 

et al., 2011-a). The incorporation of SF also enhanced the compressive strength 

despite that the effect of SF was more pronounced with a higher w/b ratio mixes as 

agreed with the study of (Lam et al., 1998) and others (Wang and Li, 2012; Xie et al., 

1995; Elahi et al., 2010). In this study; it was found that incorporating 10% SF 

results increase in compressive strength values by 2.5-4.4% and 8.8-25.4% for 0.30, 

0.43 w/b ratio mixes, respectively (Figure 4.9). Indeed, for a given w/b ratio, the 

compressive strength values of SCRACs with SF was still lower than that of SCC 

incorporating NAs with no SF despite that the strength difference became higher as 

increasing the RAs replacement level. In other words, the further improvement of the 

matrix caused by the incorporation of SF did not compensate for the reduction in the 

strength due to the earlier failure of the RAs particles.  
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Figure 4.8 Failure shape of test specimens made with (a) 100%NAs, (b) 100%RAs 

Intact and un-broken 

NAs 

(a) 

Shear failure occurred in 

RAs particles 

(b) 
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Figure 4.9 Relationship between compressive strength and aggregate type for 

structural SCCs 

The splitting tensile strength and net flexural strength of SCCs at 56 days are 

depicted in Figure 4.10 and 4.11, respectively. As with the compressive strength, 

both splitting tensile and flexural strengths decreased due to the presence of RCAs 

and/or RFAs. Considering the three series of SCRACs, it was found that the best 

strengths were observed for mixes in Series II where the NCAs were replaced by 

RCAs. However, small differences in flexural strength were recorded between Series 

II and III concretes. The mixes containing 100% RAs exhibited the lowest strength 

among all the concrete mixtures. The SCRACs in Series II, III, and IV showed a 

reduction in splitting tensile strength of 7.4-17.6%, 19.5-27.7%, and 29.1-37.1%, 

respectively as compared to the corresponding control mixes in Series I.  

As depicted in Figure 4.11, the equivalent reduction in the net flexural strength was 

16.3-23.7%, 20.3-27.7%, and 31.9-39.7%, respectively. This is because of the same 

reasons as discussed in the cases of compressive strength that the strength and 

volume of the RAs have an important impact on the reduction in the mechanical 

properties (Tavakoliand Soroushian, 1996-b; Suvash and Gideon, 2013; Safiuddin et 

al., 2011-a). An equivalent or better splitting tensile or flexure strength can be 

obtained in the presence of RAs owing to good interfacial bond between aggregate 
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and mortar matrix. As a result, the usage of RAs rather than NAs reduces the 

splitting tensile or flexural strength of SCCs (Güneyisi et al., 2014; Sagoe-Crentsil et 

al., 2001). According to (Tavakoliand Soroushian, 1996-b), the splitting tensile 

strength of RACs can be higher than that of CCs provided that the RAs were derived 

from a concrete with a higher compressive strength compared to the control concrete. 

In the present study, the parent concrete for RAs had a compressive strength of 

almost 20 MPa, which was much lower than that of reference SCCs. 

 

Figure  0.10 Splitting tensile strength results 

As expected, for a given series, the concretes with SF and a w/b ratio of 0.30, 

performed better in terms of both splitting tensile and flexural strengths as compared 

to those with no SF and a 0.43 w/b (Figures 4.12 and 4.13). Other researchers also 

found that the splitting tensile strengths increased with the addition of SF though the 

optimum content of SF was varied depending on the w/b ratio of the mixture (Alam 

et al., 2013; Wang and Li, 2012; Neville, 2006).   
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Figure 4.11 Net flexural strength results 

 

Figure 4.12 Relationship between splitting tensile strength and aggregate type for 

structural SCCs 
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Figure 4.13 Relationship between net flexural strength and aggregate type for 

structural SCCs 

The results of modulus of elasticity of SCCs are graphically represented in Figure 

4.14. Obviously, the mixes containing RCAs and/or RFAs gave lower modulus of 

elasticity as compared to the reference mixes (Series I). Among the three SCRACs 

series, the highest and lowest values were observed for concretes in Series II and IV, 

respectively. The earlier studies (Pereira et al., 2012; Safiuddin et al., 2011-a) 

showed that more porous and less strong RAs adversely affected the modulus 

elasticity of SCRACs. However, the paste parameters investigated in the present 

study such as w/b ratio and the presence of SF also had a certain effect on the 

modulus of elasticity of SCCs. As shown in Figure 4.15, decreasing the w/b ratio to 

0.30 enhanced the modulus of elasticity of Series I, II, III, and IV by up to 10.1, 8.1, 

10.8, and 10.5%, respectively. Similarly, replacing 10% of the binder by SF resulted 

in an improvement in the modulus of elasticity of up to 6.3, 8.9, 6.1, and 7.8% for 

Series I, II, III, and IV, respectively. 

In effect, Figure 4.16 shows the variation of splitting tensile strength and net flexural 

strength with compressive strength. The high value of the coefficient of correlation, 

R2, indicated that the compressive strength and the other two phenomena were well 

correlated despite the use of RFAs and/or RCAs. Moreover, the modulus of elasticity 
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also exhibited a good linear correlation with compressive strength (R2=0.89). This 

finding is compatible with that of many other investigators (Grdic et al., 2010; 

Bordelon et al., 2009; Pereira et al., 2012; Suvash and Gideon, 2013; Safiuddin et al., 

2011-a).  However, Neville (2006) stated that the incorporation of SF in concrete 

does not alter significantly the usual relations between compressive strength and 

flexural strength as well as modulus of elasticity.   

 

Figure 4.14 Static modulus of elasticity results 
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Figure 4.15 Relationship between elastic modulus and aggregate type for structural 

SCCs 

 

Figure  0.16 Correlation between mechanical properties 
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4.3 Fracture Properties 

In the present study, Figure 4.17 (a), (b), (c) and (d) shows the load-displacement 

plots for the four series of test beams under three point bending test. However, the 

test results related to the fracture parameters are summarized in Table 4.1 The 

inferior specification of RAs for both fine and coarse gradation strongly affected the 

pre-peak stiffness of the load-displacement curve for the produced SCRACs. For an 

instant, 0.3RCA100RFA100SF0 and 0.3RCA100RFA100SF10 mixes had peak 

values of 2147 and 2551 N, respectively; while the peak values of corresponding 

control mixes, 0.3RCA0RFA0SF0and 0.3RCA0RFA0SF10, were 3244 and 3915 N, 

respectively.  

As depicted in Figure 4.17, it can be noted that the peak load noticeably depends on 

w/b ratio and incorporating of SF. Furthermore, the slope of the pre-peak region of 

the curve and early post-peak region, to some extent, related to the presence of SF. 

Utilizing 10% SF also results in a steeper slope in the declining part of the curve 

indicating a more brittle behavior in SCC. In the same way, reduction of the w/b 

ratio, results in a higher ultimate load and less ductility behavior in concrete. Also it 

was previously, reported that using a small amount of SF and low w/b ratio enhanced 

the brittleness of concrete (Beygi et al., 2013; Karihaloo et al., 2003). The final 

displacement for SCRACs was lower than that for SCCs with NAs. In the present 

study, increasing w/b ratio to 0.43 and utilizing SF in the concrete resulted in a 

decrease in the value of final displacement. However, as shown in Table 4, except 

control mixes (Series I), the differences in final displacement values were small 

between SCCs mixes; especially for SCRACs (Figure 4.17d). Moreover, the 

variation detected in the tail of the softening branch was small or negligible. Thus, 

Beygi et al. (2013) reported the same trend for SCCs and CCs. Further, Taşdemir et 

al. (1999) stated that the incorporation of SF in concrete result steeper gradient of the 

softening branch as well as greater peak load corresponding lower final displacement 

values. This performance might be because pre-peak and the early post-peak regions 

in load–displacement curve are mainly is due to micro-cracks and their expansion. 

However, the declining slope at the end of the softening branch is highly related with 

the aggregate interlocking and other frictional effects.    
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Figure 4.17 Load-displacement behavior of the test beam (a) NAs, (b) RCAs, (c) RFAs and (d) RCAs+RFAs 
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The area under the load-displacement curve is demonstrated in Table 4.1. It can be 

observed that the utilization of RAs in SCCs significantly decreased the area under 

the load-displacement curve. Figure 4.18 illustrates the fracture energy (GF) values 

of investigated concretes where the effects of aggregate type, w/b ratio and SF 

content are given. The effect of RAs on GF is important because the crack surface 

roughness induces aggregate interlock (Taşdemir et al., 1999). It was observed that 

GF was lower for SCRAC with RAs replacement. The GF of control concretes 

(Series I) was in the range of 111.9-141.5 N/m and gradually decreased by the range 

of 28.6-32.3%, 31.6-41.2%, 55.6-58.8% for the mixes with RCA (Series II), RFA 

(Series III) and RFA+RCA (Series IV), respectively. The inferior properties of RAs 

make the cracks easily penetrate into the aggregate grains and concrete matrix phases 

due to the lack of stiffer RAs. Thus, as RAs were utilized, the value of GF decreased 

(Bordelon et al., 2009; Arezoumandi et al., 2014). Also, as mentioned above, the 

crushing strength and volume fraction of the aggregate used in production of RAs 

has an important impact on the reduction of fracture parameters of SCCs especially 

with 100% replacement level (Sagoe-Crentsil et al., 2001; Tavakoli and Soroushian, 

1996).   

As in the strength properties, SCCs mixes with less w/b (0.30) recorded the best 

fracture energy. When all the mixes were considered, the enhancement in the GF due 

to the decrease of a w/b ratio was in the range of 11.9-23.3%, respectively. For 

example, in control mixes GF for 0.3RCA0RFA0SF0 was 141.5 N/m, compared with 

121.8 N/m for 0.43RCA0RFA0SF0 (Figure 4.19).  



101 

 

 

Figure  0.18 Fracture energy calculated on the beam subjected to flexural test 

 

Figure 4.19 Relationship between fracture energy and aggregate type 
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In the present study, GF increases from 111.9 to 141.6 N/m as compressive strength 

changes from 72.5 to 78.0 MPa for control mixes (series I). While, for SCRACs 

(series II), GF was changed from 48.3 to 61.6 N/m corresponding to a compressive 

strength range from 52.9 to 55.8 MPa. As depicted in Figure 4.20, fracture energy 

was directly proportional with compressive strength and the variation of fracture 

energy with compressive strength was presented by regression analysis with the 

correlation coefficients of 0.73: 

                                                  𝐺𝐹 = 0.059 𝑓𝑐
 1.75                                                  (4-1)    

Where GF represent the fracture energy (N/m) and fc is the average compressive 

strength at 56 days (MPa). 

 

Figure  0.20 Variation of fracture energy with strength 
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compared with control mixes. Indeed, the result significantly depends on w/b ratio 
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present study, for the same aggregate type mixes, the increment of compressive 

strength due to lowering w/b ratio and utilizing SF lead to make the concrete more 

brittle.  

 

Figure 4.21 Characteristic length results 

In the present study, the results calculated could be comparable with the trend 

proposed by previous researchers (Karihaloo et al., 2003; Arezoumandi et al., 2014; 

Bordelon et al., 2009). Accordingly, (Beygi et al., 2013) reported that enhancing the 

compressive strength from 26.0 to 75.5 MPa caused a decrease in the lch from 427.0 

to 251.1 mm, respectively. In fact, due to the strength enhancement of cement paste 

and ITZ due to decreasing w/b ratio, cracks developed through aggregates which led 

to contraction of the FPZ at the tip of the crack. In effect, high rupture ability in 

aggregate phase made the concrete more brittle behavior (Beygi et al., 2013). As a 

result, lch increased with a higher w/b ratio, and the brittleness of concrete decreased. 

Indeed, this trend can be observed in the present study to explain the effect of the w/b 

ratio. For control mixes, series I, increasing w/b from 0.30 to 0.43 enhanced lch by 

the range of 10.6-12.9 %. Moreover, all SCCs series showed the same performance 

of brittleness when the w/b ratio changed. For an instant, lch for Series IV enhanced 

from 10.5 to 13.9% as the w/b ratio increased from 0.30 to 0.43.  

0

50

100

150

200

250

C
h

a
ra

ct
e
ri

st
ic

 L
e
n

g
th

  
(m

m
) 

Mix Code 

w/b=0.3

w/b=0.43



104 

 

As shown in Figure 4.22, for control mixes (series I), the decrease in lch due to the 

incorporation of SF was in the range of 13.1 to 15.4%. Moreover, the trend of 

brittleness was valid for the other series. For an example, in series IV, mix 

0.3RCA100RFA100SF0 was more brittle than mix 0.3RCA100RFA100SF10 by 

27.4%.  

 

Figure  0.22 Relationship between characteristic length and aggregate type 
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significance less than 0.05. This analysis result revealed that the variability of 

hardened properties must be explained in terms of RAs replacement and adding of 

SF. Moreover, the use of higher w/b appeared to be effective on the mechanical 

properties of SCCs. Likewise, all independent variables used in the production of 

SCCs are statistically significant at 95% confidence level. Hence, the use of RAs 

appeared to be the most effective independent variables on the mechanical properties 

of SCRACs. The analysis of results also revealed that the contribution of utilizing 

RAs was the highest factor affected the variation of properties compare to other 

factors. Examples include 67.41, 60.83, 86.98 and 67.45% for compressive, splitting 

tensile, modulus of elasticity and net flexural strength respectively, referred that the 

RAs factor have a high degree of effectiveness on the hardened properties. In 

addition, the effect of these factors on that particular response is high. Actually, the 

other independent variable was effect on the properties results but not in the same 

quantitative of the factor of RAs replacing.  As revealed from the results, the increase 

of w/b ratio from 0.30 to 0.43 has less contribute on the effectiveness of hardened 

properties than RAs. However, the percentages had been higher than factor of SF 

utilization.  For instant, when the test results of compressive strength were examined 

in more detail, it was observed that the most effective factor on the compressive 

strength of the produced SCCs was the use of RAs with a contribution of 67%, while 

the increase in the w/b ratio contribute by 21%.   

From Table 4.3, the percentages revealed that the use of RAs rather than NAs cause 

the plurality contributions on the fracture parameters compare with other factors. For 

example, the contribution percentage induced by the use of RAs was 88% for GF 

variable, compare with 2% and 9% for factors of utilize SF and increase w/b ratio, 

respectively. The other fracture properties revealed similar performance in this 

regard. Hence, the ANOVA analysis proved that the factor of RAs was the most 

significant variable on the properties of the SCRACs. Indeed, the difference between 

the properties of NAs and RAs might cause this effect on the property of any type of 

concrete.    
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Table  0.2 The variance of linear model analysis for mechanical properties 

 

Dependent 

Variable 

  

Independent 

Variable 

Statistical Parameters 

Significance Contribution (% ) Degree of 

freedom 

Sequential 

Sum of 

Squares 

Adjusted 

Mean 

Square 

F P- value 

Compressive 

Strength 

Replacing RAs Effect 3 1008.12 336.040 60.37 0.000 Yes 67.41 

Incorporating of SF 1 115.72 115.724 20.79 0.001 Yes 7.74 

Increasing w/b 1 316.04 316.040 56.78 0.000 Yes 21.13 

Error 10 55.66 5.566 - - - 3.72 

Splitting Tensile 

Strength 

Replacing RAs Effect 3 3.88982 1.29661 145.50 0.000 Yes 60.83 

Incorporating of SF 1 0.55876 0.55876 62.70 0.000 Yes 8.74 

Increasing w/b 1 1.85641 1.85641 208.32 0.000 Yes 29.03 

Error 10 0.08911 0.00891 - - - 1.39 

Modulus of Elasticity
 

Replacing RAs Effect 3 154.738 51.5792 314.27 0.000 Yes 86.98 

Incorporating of SF 1 6.878 6.8775 41.91 0.000 Yes 3.87 

Increasing w/b 1 14.650 14.6498 89.26 0.000 Yes 8.23 

Error 10 1.641 0.1641 - - - 0.92 

Net Flexural Strength 

Replacing RAs Effect 3 8.6381 2.87936 75.38 0.000 Yes 67.45 

Incorporating of SF 1 3.0976 3.09760 81.09 0.000 Yes 24.19 

Increasing w/b 1 0.6889 0.68890 18.03 0.002 Yes 5.38 

Error 10 0.3820 0.03820 - - - 2.98 

 



107 
 

             

Table 4.3 The variance of linear model analysis for fracture properties 

 

Dependent 

Variable 

  

Independent 

Variable 

Statistical Parameters 

Significance 
Contribution 

(% ) Degree of 

freedom 

Sequential 

Sum of 

Squares 

Adjusted 

Mean 

Square 

F P- value 

Area under load-

disp. 

Replacing RAs Effect 3 283005 94334.9 428.48 0.000 Yes 89.05 

Incorporating of SF 1 2741 2741.3 12.45 0.005 Yes 0.86 

Increasing w/b 1 29862 29862.4 135.64 0.000 Yes 9.40 

Error 10 2202 220.2 - - - 0.69 

Maximum load 
(Pmax.) 

Replacing RAs Effect 3 3103653 1034551 77.31 0.000 Yes 67.47 

Incorporating of SF 1 1117249 1117249 83.49 0.000 Yes 24.29 

Increasing w/b 1 245520 245520 18.35 0.002 Yes 5.34 

Error 10 133816 13382 - - - 2.91 

Fracture Energy 

Replacing RAs Effect 3 10499.4 10499.81 287.10 0.000 Yes 88.22 

Incorporating of SF 1 231.0 231.04 18.95 0.001 Yes 1.94 

Increasing w/b 1 1048.8 1048.79 86.04 0.000 Yes 8.81 

Error 10 121.9 12.19 - - - 1.02 

Characteristic 

Length 

 

Replacing RAs Effect 3 10042.0 3347.35 100.89 0.000 Yes 51.91 

Incorporating of SF 1 6978.1 6978.10 210.33 0.000 Yes 36.07 

Increasing w/b 1 1992.3 1992.28 60.05 0.000 Yes 10.30 

Error 10 331.8 33.18 - - - 1.72 
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4.8 Axial Capacity of CFST Columns According to Design Codes 

In order to prepare a logic comparison between the axial load capacity of CFST 

columns for the tested mixtures themselves and/or between the codes followed to 

calculate the strengths, the predicted ultimate axial strength of circular CFST was 

depicted for each code. Actually, Figures 4.23–4.26 represents the variation of 

ultimate load for various D/t ratios calculated via formulas produced by Eurocode 4 

(2004), ACI-318R (2005), AIJ (1997; 2001) and DL/T (1999) design codes, 

respectively. In each figure, the predicted strengths were classified into w/b ratio of 

concrete mixtures as well as the yield strength of steel tube. Indeed, the concrete 

mixtures were also scheduled depending on the type of utilized aggregate. The 

mixtures started with NA and then followed by recycle coarse aggregate (RCA), 

recycle fine aggregate (RFA) and finally for both grade of recycle aggregate 

(RCA+RFA). Moreover, the nomenclature (SF) denoted to silica fume, which was 

incorporated into half of mixtures at 10% of total binder content. For instant, the 

nomenclature (RCA100RFA100SF10) means that the mixtures are manufactured by 

using 100% RCA and 100% RFA as well as utilizing 10% SF; or it can be simply 

named as RASCC.  

The predicted Pu results calculated via EC 4 ranged from 259 to 6946 kN 

(Figure4.23). Indeed, the ultimate strength increased whenever the diameter of 

columns and/or the yield strength of steel increased. The trend of load capacity 

increment was similar and comparable for the four codes tested in this study, which 

will be discussed later in detail. When all design codes considered, the lowest values 

of Pu were recorded by using the formulas of ACI code depending on D/t ratio and 

the hardening of steel tube. In this code, the predicted Pu ranged from 171 to 5127 

kN compared with 259-6946 kN recorded for equivalent EC 4 code. In effect, the 

conserved results of Pu calculated by ACI code were attributed to the 

underestimation of concrete confinement factor as well as steel, unlike EC 4 code. As 

shown in Figures 4.24–4.26 and compared with EC 4 code results, the reduction 

percentages in the predicted Pu were 26-34%, 21-23% and 9.6-15% for ACI, AIJ and 

DL/T codes, respectively. Indeed, AIJ and DL/T code took into account the 

composite action between steel tube and filled concrete. For this, Pu results 

calculated via these codes were the closest to EC 4 results unlike ACI code. The 

trend of findings agreed with plenty of previous literatures stressing the trend of 
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CFST columns (Lu and Zhao, 2010; Lin, 1998; Saisho et al., 1999; Giakoumelis and 

Lam, 2004; Sakino and Hayashi, 1991; Lin and Guo, 2004; Luksha and Nesterovich, 

1991; Kato, 1995; Yamamoto et al., 2002; Yu et al., 2002). In this regard, O’Shea 

and Bridge (1994) reported that the Pu recorded between 1350–3360 kN when the 

diameter of columns and yield strength of steel increased from 165-190 mm and 186-

363 kN, respectively. Further, Han et al. (2005) presented similar trend of Pu results 

in which it ranged from 312 to 4800 kN for columns with 60-250 mm in diameter 

and 282-404 kN steel yield strength.       

The utilization of SF slightly enhanced the strength performance of mixtures; thus 

increased the ultimate strength of composite columns. Actually, the known effect of 

SF is the improvement of bond between the paste and aggregate as well as 

strengthening the transition zone (the thin layer between aggregate and cement past) 

(Safiuddin et al., 2011-a; Suvash and Gideon, 2013). Hence, the compressive 

strength of SF mixtures was higher than others by 2.5-4.4% and 8.8-25.4% for mixes 

with a w/b ratio of 0.30 and 0.43, respectively. The effect of SF was more 

pronounced with a 0.43 w/b ratio mixes as agreed with the study of Wang and Li 

(2012) and others (Lam et al., 1998; Xie et al., 1995; Elahi et al., 2010). The Figures 

4.23–4.26 also indicated that Pu was higher as the w/b ratio decreased irrespective of 

matrix and aggregate type. This behavior was attributed to the highest strength 

revealed by 0.30 w/b ratio mixes. Indeed, the volume of capillary pores and their 

connectivity significantly declined for low w/b ratio mixes (Safiuddin et al., 2011-a).  

Beside steel strength and dimensions effect of columns, the type and strength of 

concrete core play a significant role in the Pu results. In this paper, the highest value 

was recorded for NA mixtures prepared by using 0.30 w/b ratio; while, the lowest 

value was obtained from RACs prepared by using 0.43 w/b ratio. Indeed, the 

incorporation of RA causes a decrease in the strengths of produced concrete due to 

the inferior quality of these aggregates (Kou and Poon, 2009; Gesoglu et al., 2015; 

Khatib, 2005). The incorporation of RAs (as a full or partial replacement for NAs) 

adversely affects the mechanical properties of tested concretes. The reduction in 

strength might be attributed to the low strength and volume of RA. Moreover, there 

is an adhered mortar attached to RA which creates weak areas inside the concrete as 

well as weak transition zone (Safiuddin et al., 2011-b; Lin and Guo, 2004; Sagoe-

Crentsil et al., 2011; Corinaldesi and Moriconi, 2009). The reduction in the strength 
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of concrete reflects on the results of axial capacity of CFST columns causing 

equivalent decrease in predicted Pu. Similar trend of results can be observed for 

other tested codes but at lower values of Pu (Figures 4.23–4.26).  Further, the details 

of the databases for prediction axial capacities were presented in "Appendix A" for 

all design codes tested in this study. 
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Figure 4.23 The variation of ultimate load vs. D/t ratio of the composite columns 

according to Eurocode 4 (2004) 
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Figure 4.24 The variation of ultimate load vs. D/t ratio of the composite columns 
calculated according to ACI (2005) 
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Figure 4.25 The variation of ultimate load vs. D/t ratio of the composite columns 
calculated according to AIJ (1997; 2001) 
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Figure 4.26 The variation of ultimate load vs. D/t ratio of the composite columns 
calculated according to DL/T (1999) 
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The effect of utilizing RA on the Pu results is also depicted in Figure 4.27 where the 

effect of using RA instead of NA on the axial capacity of the composite columns 

calculated via EC 4 is presented. In similar way, Figures 4.28, 4.29 and 4.30 

represent the ratio of axial load for RA mixes to axial load for NA for ACI, AIJ and 

DL/T codes, respectively. In aforesaid figures, the mixtures were divided according 

to type of aggregate into three main groups, RCA, RFA and (RCA+RFA) group. The 

mixes classification was conducted in order to compare each group with NA group. 

In spite of the difference in amount, the same trend could be observed in all figures; 

where the difference in the predicted Pu value between NA and RA mixes was minor 

at low D/t ratio. However, the difference was more pronounced whenever D/t ratio 

and yield strength of steel had increased. Indeed, Figures 4.28-4.30 revealed that 

there was a significant effect of aggregate type on the predicted ultimate axial 

strength of circular CFST columns using EC 4 provisions as well as other design 

codes. When the comparison with NA mixes was considered, RCA, RFA and 

(RCA+RFA) groups showed the highest ratio respectively. Indeed, these findings 

agreed with the aforesaid explanation that the compressive strength constantly 

decreased by this sequence due to the nature and properties of RA which in-turn 

decreased the strength of produced concrete.  The use of RCA, RFA, and (RCA + 

RFA) decreased the compressive strength of the corresponding NA concretes by 

11.8-16.9%, 15.8-26.9%, and 27.0-30.9%, respectively. For a given w/b ratio, the 

strength of RAs is the primary factor affecting the strength of the RASCC (Kou and 

Poon, 2009; Safiuddin et al., 2011-a; Safiuddin et al., 2011-b; Grdic et al., 2010; 

Sagoe-Crentsil et al., 2001). It is worth mentioning that the predicted Pu ratios were 

closer to 1.0 in high w/b ratio mixtures (0.43). Moreover, this trend repeated for 

other tested design codes. For instant, the (Pu, RA/Pu, NA) ratio recorded 0.978 for 

(fy=450 RCA) at 0.43 w/b ratio mixture compared with 0.963 for the same group at 

0.30 w/b ratio mixture (Figure 4.27). 
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(a) 

 

(b) 

Figure  0.27 Effect of using RA instead of NA on the axial capacity of the composite 

columns calculated via Eurocode 4 (2004) 
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(a) 

 

(b) 

Figure  0.28 Effect of using RA instead of NA on the axial capacity of the composite 

columns calculated via ACI (2005) 
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(a)  

 

(b) 

Figure  0.29 Effect of using RA instead of NA on the axial capacity of the composite 

columns calculated via AIJ (1997; 2001) 
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(a) 

 

(b) 

Figure  0.30 Effect of using RA instead of NA on the axial capacity of the composite 

columns calculated via DL/T (1999) 
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In order to estimate the performance of each design codes, the predicted Pu 

calculated via EC 4 was compared with ACI, AIJ and DL/T codes respectively. The 

comparison is conducted and depicted in Figure 4.31 a-f. In effect, the comparisons 

were divided according to w/b ratio of concretes, type of aggregate and yield strength 

of steel tube. In the term of D/t ratio, the design codes preserved the same trend of 

decreasing at high D/t ratios with respect to predicted EC 4 axial capacity. In other 

word, the difference between Pu calculated via EC 4 and other codes were 

approaching whenever D/t ratios of columns increased. This performance means that 

the main factors controlling the predicted Pu results are the type and hardening of 

steel tube; whereas the strength and properties of concrete control the results at low 

ratios of D/t.  

The ratios of Pu results calculated via EC 4 and other codes recorded high values 

whenever ACI code was considered as compared with other codes (Figure 4.31-a and 

b). Depending on D/t ratio, the ratios of (EC4/ACI) ranged from 1.26 to 1.62; whilst 

in the comparisons of AIJ and DL/T codes, ratios decreased to 1.22-1.37 and 1.04-

1.39, respectively. Indeed, these results indicated shortage results recorded for axial 

capacity calculated via ACI code and better performance for AIJ and DL/T codes 

when the amount of axial load was considered.  
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(e) 

  

(f) 

Figure  0.31 Comparison of prediction capability of different codes with respect to 

Eurocode 4 in the terms of D/t ratio, steel yield strength and aggregate type 
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In all tested codes, the prediction capability ratio constantly increased at high-

strength steel tube; this trend can be observed even for 0.43 w/b ratio mixtures. 

However, slightly high ratios were recorded for 0.43 w/b ratio mixtures compared to 

the corresponding 0.30 mixes. In addition, steel tube controlled the performance of 

CFST columns rather than concrete core strength whenever steel strength increased; 

thus, the difference in ratios became more pronounced at high fy value. However, the 

difference in ratios was relatively small, which means that the effects of steel yield 

strength in this case were less significant. Moreover, when considering the type of 

aggregate, the ratios were in the following sequence, (RCA+RFA), RFA, RCA and 

NA concretes respectively. This trend indicated that the differences between codes 

were going to enlarge at low concrete strengths, for instant (RCA+RFA) concrete. 

However, the aforesaid differences were modest in general and unnoticeable (Figure 

4.32 a-c).   

In the DL/T code, the conversion factor used to convert the strength of 150 mm cubic 

specimens into 150*200 mm cylinder (0.67) leads to a decrease in the produced 

results of Pu. However, only for D/t=20 the ratio of (Pu EC4/ Pu DL/T) revealed the 

highest values unlike other ratios, which seems to be a shortcoming in the DL/T 

equations (Figure 4.31-e and f). This behavior may be attributed to the large 

randomness occurred in high yield strength steel; also, the effects of steel hardening 

may exist in low D/t ratio (Lu and Zhao, 2010). Similar behavior is clearly observed 

in Figure 4.32-c, in which the ratios extremely scatter at high yield strength of D/t 

=20 ratio causing large variance in the predicted results where the ratios are larger 

than 1.25. The difference between the lower limit and upper limit of ratios recorded 

0.35 for DL/T codes; however, it decreased to 0.21 by eliminating high yield strength 

(fy=450) of D/t =20. In the comparison of Pu calculated via EC 4 and ACI, the 

highest randomness in the predicted Pu can be noticed (Figure 4.32-a). The 

difference between the lower limit and upper limit of ratios recorded 0.36 for ACI; 

compared with 0.15 for AIJ code.  In effect, the ratios slightly increased through the 

following sequence: NA, RCA, RFA and (RCA+RFA) respectively; similar trend 

was also observed in other codes. However, these results indicate that CFST columns 

filled by RASCC give comparable compressive and flexural behavior to the ones 

filled with NA concrete; which agree with previous studies (Dong et al., 2013; Yang 
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and Han, 2006; Chen et al., 2010; Yang and Ma, 2013). Thus, the difference between 

these concretes in term of Pu values is minor, particularly at low D/t ratios.   

When the EC4 was considered, AIJ code showed the lowest scatter in the predicted 

Pu values in comparison with other codes. This trend is clearly observed in Figure 

4.32-b, where the ratios range from 1.23 to 1.37 depending on the type of aggregate. 

In effect, the uniformity and non-randomness of results may be due to the lock-

buckling effect considered in AIJ code, where the limits mentioned in code are 

convenient (Lu and Zhao, 2010; AIJ, 1997; AIJ 2001). Although the confining effect 

had been taken into account in the AIJ code design, the results were more 

conservative (about 21.6% lower than Pu mean results of EC4 code). However, the 

highest conservative results were recorded for predicted Pu calculated via ACI code 

(about 27.1% lower than mean results of EC4 code).   

The aforementioned results denoted defects in ACI and DL/T equations compared to 

other tested codes. In effect, Lu and Zhao (2010) also indicated a shortcoming in the 

DL/T equations and conservative results in ACI code due to disregarding the effect 

of the composite action between the concrete core and steel tube of columns. The 

randomness in Pu results calculated via ACI and DL/T codes could also be noticed 

through the statistical parameters listed in Table 4.4, where the highest coefficient of 

variations (COV) was recorded for these codes; 0.732 and 0.728 respectively. 

Table 4.4 Statistical evaluation of predicted axial load capacity of circular CFST 

columns 

Design codes 
Pu (kN) 

Min Max Difference Mean SD COV 

Eurocode 4 259.73 6946.25 6686.52 2450.12 1732.09 0.707 

ACI (2005) 171.08 5127.63 4956.55 1784.46 1306.85 0.732 

AIJ (1997; 2001) 197.92 5467.71 5269.79 1919.58 1375.85 0.717 

DL/T (1999) 219.90 6279.00 6059.10 2183.51 1589.63 0.728 
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Figure 4.32 Illustration of the influence of aggregate type on the calculated axial 

load capacity by various codes 

1.00

1.25

1.50

1.75

0 100 200 300 400

P
u

, 
E

C
 
/ 

P
u

, 
D

L
/T

 

Number of Specemens 

NA

RCA

RFA

RCA+RFA

NA RCA RFA RCA+RFA 

(a) 

1.00

1.25

1.50

1.75

0 100 200 300 400

P
u

, 
E

C
 /

 P
u

, 
A

IJ
 

Number of Specimens 

NA

RCA

RFA

RCA+RFA

(b) 

1.00

1.25

1.50

1.75

0 100 200 300 400

P
u

, 
E

C
 /

 P
u

, 
D

L
/T

 

Number of Specimens 

NA

RCA

RFA

RCA+RFA

(c) 

NA RCA RFA RCA+RFA 

NA RCA RFA RCA+RFA 



136 
 

Indeed, COV is deemed as a measure of the dispersion or scattering probability 

distribution as well as frequency distribution. Therefore, the efficiency of code 

results can be evaluated in term of data scattering. In spite of high difference between 

maximum and minimum Pu value recorded in EC 4, this code showed the best 

performance relating to scatter and COV results. Actually, EC 4 can be used with 

confidence for the design of CFST columns (Goode, 2007). For this, EC4 was 

selected to compare the predicted sectional capacity calculated by other codes with it. 

This comparison is obviously depicted in Figure 4.33 a-c; where the relationship can 

be linearly expressed. The term “Line of equality” represents the evenness between 

EC4 and other codes results. In effect, the tested codes revealed high correlation 

coefficient (R), describing the fit of codes results as well as indicating better 

approximation capability of results. The highest correlation factor was recorded for 

the relationship between EC 4 and AIJ code results (Figure 4.33- b); compatible with 

aforesaid approaches. However, other codes relations also showed good correlations 

with EC4. Moreover, the predicted Pu results calculated via DL/T codes were 

deemed as the closest results to EC 4 as depicted in Figure 4.33- c.    

When considering the overall tendency of the design codes, the highest values of 

predicted axial capacity were recorded in the sequence of EC 4, DL/T, AIJ and ACI 

respectively. The tendency is clearly depicted in Figure 4.34; where the results of Pu 

are represented with respect to D/t ratios. The randomness of results increased at 

high D/t ratios indicating that the hardening of steel tube was not important at low 

D/t ratio; where the difference in Pu results was the closest for all calculated codes. 

Thus, the difference was gradually bigger at higher D/t ratios. For instant, the 

variance between results recorded about 406 kN at D/t=20 compared with 4360 kN at 

D/t=100. For this, the estimation of steel tube strength is much more important at 

high diameter CFST columns; thus a proper design is required. 
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Figure 4.33 Relationship between Eurocode 4 and the other codes 
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(d) 

 

(e) 

Figure  0.34 Overall tendency of the design codes in accordance with D/t ratio to 

predict the axial capacity of the composite columns 
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CHAPTER V 

CONCLUSIONS 

The following conclusions were drawn from the results of presented study: 

 Usage of recycled aggregate in SCCs needs less HRWRA than those with 

natural aggregate. This may be attributed to using RAs in SSD condition and 

the characteristics of RAs that mixes reached to the desired slump with lower 

viscosity.  

 The slump flow time and V-funnel flow time decreased when the RAs were 

used. This behavior attributed to the high water absorption capacity of RAs 

compared to NAs; as well as using this aggregate in SSD condition. 

 It was obvious that the increases of w/b lead to descend the viscosity of 

concretes via decrease the slump flow times. Moreover, incorporate SF in the 

concrete matrix generally make concretes more cohesive, so that these 

concretes had higher flow times. 

 All SCCs produced in this study were satisfying the EFNARC 

recommendation for the passing ability in terms of L-box test. The values 

were ranged from 0.811 to 0.995 depending mainly on the type of aggregate 

used in SCCs, incorporating of SF and w/b ratio. 

 The compressive strength of the SCRACs was adversely affected by the 

incorporation of RCAs and/or RFAs and caused a strength reduction up to 

30.9%. However, it is possible to produce the structural SCRACs with a 

compressive strength varying from 46 to 70 MPa. Other strength 

characteristics such as splitting tensile strength, net flexural strength and 

modulus of elasticity revealed similar trend of compressive strength 

performance.  
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 Due to the inferior properties of RAs, the post-peak stiffness, final 

displacement, area under the load- displacement curve, fracture energy and 

characteristic length for the test beam with SCRACs were less than those for 

the beams with SCCs having NAs. This indicated that the SCRACs became 

more brittle behavior.  

 Almost all strength properties and fracture parameters of RCAs concrete were 

higher than RFAs concrete except the brittleness was lower. At all events, the 

maximum values of these parameters were recorded for NAs concrete; 

moreover, the minimums were for mixes contained both graded RAs. 

 The predicted axial load (Pu) of the composite columns having NA and RA 

concrete calculated via EC4 revealed the highest values compared with other 

tested codes followed by the values calculated via DL/T, AIJ and ACI codes, 

respectively. Indeed, the lowest Pu values were recorded in ACI code formula 

due to underestimating. Since, this design code does not consider the 

composite action between confined concrete and steel tube.  

 When the standards were considered, the incorporation of RA (as partial or 

full replacement aggregate) caused a reduction in the strength of concrete; 

thus, significantly affected the predicted axial load capacity of CFST 

columns. This behavior was attributed to the inferior properties of this 

aggregate. 

 In high w/b ratio mixtures, the reduction in concrete strength significantly 

affected the results of axial capacity of CFST columns; decreasing the 

predicted Pu values. In similar way, excluding SF from the mixes also 

produced lack in Pu results.   

 Compared with NA, the predicted Pu constantly decreased via RCA, RFA 

and (RCA+RFA) sequence, respectively. Indeed, the reductions occurred due 

to the nature and properties of RA which in-turn decreased the strength of 

concrete core; thereby, decreasing composite column strength. 
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 At high D/t ratios, the main factor that controlled the predicted Pu results was 

the strength of steel tube rather than the strength and properties of concrete. 

For this, the difference between Pu calculated via EC 4 and other codes 

approached at these ratios. Moreover, at high yield strength of steel, the 

differences between codes results became more pronounced denoting that the 

type of steel dominated the performance of CFST columns.   

 In DL/T code, the effects of steel hardening were clearly observed at low D/t 

ratios denoting larger randomness of Pu results and shortcoming of the DL/T 

equations; hence large scatter occurred in the predicted results of Pu. The 

predicted results also revealed defects in ACI formulas, where the data 

showed the highest randomness as well as highest conservative results (about 

37%) compared with the mean value of EC4 code.    

 Due to the lock-buckling effect considered in AIJ code, the best performance 

in the term of scatter and randomness of results was observed in this code. 

However, the mean value of Pu results was 28 % lower than that of EC4 

code; in spite of taking the confining effect into account.  

 In the evenness measurement between EC4 and other codes, the closest 

results to EC 4 were recorded for DL/t code; however, other codes revealed 

good correlation between Pu results.  

 The best performance relating to scatter and COV values was recorded for the 

results calculated via EC 4.  

 The overall tendency of results revealed that the capacity of steel tube 

columns became more significant at high D/t ratios than low ratios because 

the randomness of results was more pronounced at high ratios. 
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APPENDIX A. Ultimate capacities of CFST columns for different design codes 

Design 

Code 

Sample 

No. 

 

Name of mixture 

 

(D/t) 

Ultimate Load, Pu (kN) 

Yield stress of steel tube, fy (MPa)  

185 235 275 355 450 

EC 4 1 0.3RCA0RFA0SF0 20 321.9 369.0 406.6 481.6 570.4 

 2 0.3RCA0RFA0SF10 20 328.4 375.4 413.0 488.0 576.8 

 3 0.3RCA100RFA0SF0 20 300.9 348.0 385.6 460.6 549.5 

 4 0.3RCA100RFA0SF10 20 304.0 351.1 388.7 463.7 552.6 

 5 0.3RCA0RFA100SF0 20 291.6 338.7 376.3 451.4 540.3 

 6 0.3RCA0RFA100SF10 20 296.6 343.6 381.2 456.3 545.2 

 7 0.3RCA100RFA100SF0 20 281.6 328.7 366.4 441.4 530.3 

 8 0.3RCA100RFA100SF10 20 284.8 331.9 369.5 444.5 533.4 

 9 0.43RCA0RFA0SF0 20 300.3 347.4 385.0 460.0 548.9 

 10 0.43RCA0RFA0SF10 20 307.8 354.9 392.4 467.5 556.3 

 11 0.43RCA100RFA0SF0 20 280.9 328.0 365.6 440.7 529.6 

 12 0.43RCA100RFA0SF10 20 295.2 342.3 379.9 455.0 543.8 

 13 0.43RCA0RFA100SF0 20 264.5 311.7 349.3 424.4 513.4 

 14 0.43RCA0RFA100SF10 20 289.9 337.0 374.6 449.7 538.5 

 15 0.43RCA100RFA100SF0 20 259.7 306.9 344.5 419.6 508.6 

 16 0.43RCA100RFA100SF10 20 274.4 321.5 359.2 434.2 523.2 

 17 0.3RCA0RFA0SF0 40 1032.6 1134.4 1215.7 1378.0 1570.5 

 18 0.3RCA0RFA0SF10 40 1061.4 1163.1 1244.4 1406.8 1599.2 

 19 0.3RCA100RFA0SF0 40 938.5 1040.3 1121.6 1284.2 1476.8 

 20 0.3RCA100RFA0SF10 40 952.5 1054.3 1135.6 1298.1 1490.7 

 21 0.3RCA0RFA100SF0 40 897.2 999.0 1080.4 1243.0 1435.7 

 22 0.3RCA0RFA100SF10 40 919.2 1021.0 1102.4 1264.9 1457.6 

 23 0.3RCA100RFA100SF0 40 852.5 954.3 1035.8 1198.4 1391.2 

 24 0.3RCA100RFA100SF10 40 866.4 968.3 1049.7 1212.3 1405.1 

 25 0.43RCA0RFA0SF0 40 936.0 1037.8 1119.2 1281.7 1474.4 

 26 0.43RCA0RFA0SF10 40 969.4 1071.2 1152.5 1315.0 1507.6 

 27 0.43RCA100RFA0SF0 40 849.2 951.1 1032.5 1195.2 1388.0 

 28 0.43RCA100RFA0SF10 40 913.2 1015.0 1096.4 1258.9 1451.6 

 29 0.43RCA0RFA100SF0 40 776.1 878.0 959.5 1122.3 1315.1 

 30 0.43RCA0RFA100SF10 40 889.4 991.3 1072.7 1235.2 1428.0 
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 31 0.43RCA100RFA100SF0 40 754.5 856.5 938.0 1100.8 1293.7 

 32 0.43RCA100RFA100SF10 40 820.2 922.1 1003.5 1166.2 1359.0 

 33 0.3RCA0RFA0SF0 60 2106.9 2263.4 2388.6 2638.6 2935.2 

 34 0.3RCA0RFA0SF10 60 2174.0 2330.5 2455.6 2705.6 3002.2 

 35 0.3RCA100RFA0SF0 60 1887.2 2043.9 2169.2 2419.5 2716.3 

 36 0.3RCA100RFA0SF10 60 1919.8 2076.5 2201.8 2452.0 2748.8 

 37 0.3RCA0RFA100SF0 60 1790.9 1947.6 2072.9 2323.3 2620.3 

 38 0.3RCA0RFA100SF10 60 1842.2 1999.0 2124.2 2374.6 2671.5 

 39 0.3RCA100RFA100SF0 60 1686.6 1843.4 1968.8 2219.3 2516.3 

 40 0.3RCA100RFA100SF10       60 1719.1 1876.0 2001.3 2251.8 2548.8 

 41 0.43RCA0RFA0SF0 60 1881.5 2038.2 2163.5 2413.8 2710.7 

 42 0.43RCA0RFA0SF10 60 1959.3 2115.9 2241.2 2491.4 2788.1 

 43 0.43RCA100RFA0SF0 60 1679.0 1835.9 1961.3 2211.8 2508.9 

 44 0.43RCA100RFA0SF10 60 1828.2 1985.0 2110.3 2360.6 2657.5 

 45 0.43RCA0RFA100SF0 60 1508.4 1665.3 1790.8 2041.5 2338.8 

 46 0.43RCA0RFA100SF10 60 1772.8 1929.5 2054.9 2305.3 2602.3 

 47 0.43RCA100RFA100SF0 60 1458.1 1615.1 1740.7 1991.4 2288.8 

 48 0.43RCA100RFA100SF10 60 1611.3 1768.2 1893.6 2144.2 2441.3 

 49 0.3RCA0RFA0SF0 80 3544.3 3755.7 3924.7 4262.5 4663.3 

 50 0.3RCA0RFA0SF10 80 3658.2 3867.3 4034.4 4368.4 4764.3 

 51 0.3RCA100RFA0SF0 80 3139.7 3349.2 3516.7 3851.3 4248.0 

 52 0.3RCA100RFA0SF10 80 3198.7 3408.2 3575.6 3910.1 4306.8 

 53 0.3RCA0RFA100SF0 80 2965.5 3175.2 3342.8 3677.7 4074.6 

 54 0.3RCA0RFA100SF10 80 3058.4 3268.0 3435.5 3770.2 4167.1 

 55 0.3RCA100RFA100SF0 80 2777.0 2986.8 3154.6 3489.7 3886.9 

 56 0.3RCA100RFA100SF10 80 2835.9 3045.7 3213.4 3548.4 3945.6 

 57 0.43RCA0RFA0SF0 80 3129.4 3339.0 3506.5 3841.1 4237.8 

 58 0.43RCA0RFA0SF10 80 3270.0 3479.4 3646.8 3981.2 4377.8 

 59 0.43RCA100RFA0SF0 80 2763.4 2973.3 3141.0 3476.1 3873.4 

 60 0.43RCA100RFA0SF10 80 3033.1 3242.7 3410.3 3745.0 4141.9 

 61 0.43RCA0RFA100SF0 80 2454.9 2665.1 2833.1 3168.6 3566.4 

 62 0.43RCA0RFA100SF10 80 2932.8 3142.5 3310.2 3645.0 4042.1 

 63 0.43RCA100RFA100SF0 80 2364.1 2574.4 2742.4 3078.1 3476.0 

 64 0.43RCA100RFA100SF10 80 2640.9 2850.9 3018.7 3354.0 3751.5 

 65 0.3RCA0RFA0SF0 100 5344.8 5611.1 5824.0 6249.6 6754.7 

 66 0.3RCA0RFA0SF10 100 5536.7 5803.0 6015.8 6441.3 6946.3 

 67 0.3RCA100RFA0SF0 100 4717.0 4983.6 5196.8 5622.8 6128.4 
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 68 0.3RCA100RFA0SF10 100 4810.2 5076.8 5289.9 5715.9 6221.4 

 69 0.3RCA0RFA100SF0 100 4441.6 4708.3 4921.6 5347.8 5853.6 

 70 0.3RCA0RFA100SF10 100 4588.4 4855.1 5068.3 5494.5 6000.1 

 71 0.3RCA100RFA100SF0 100 4143.4 4410.3 4623.7 5050.2 5556.2 

 72 0.3RCA100RFA100SF10 100 4236.6 4503.4 4716.8 5143.2 5649.1 

 73 0.43RCA0RFA0SF0 100 4700.8 4967.4 5180.5 5606.6 6112.2 

 74 0.43RCA0RFA0SF10 100 4923.0 5189.5 5402.6 5828.5 6333.9 

 75 0.43RCA100RFA0SF0 100 4122.0 4388.8 4602.2 5028.7 5534.8 

 76 0.43RCA100RFA0SF10 100 4548.4 4815.0 5028.3 5454.5 5960.1 

 77 0.43RCA0RFA100SF0 100 3634.1 3901.2 4114.8 4541.7 5048.2 

 78 0.43RCA0RFA100SF10 100 4389.9 4656.6 4869.9 5296.2 5802.0 

 79 0.43RCA100RFA100SF0 100 3490.5 3757.7 3971.4 4398.4 4904.9 

 80 0.43RCA100RFA100SF10 100 3928.2 4195.2 4408.7 4835.3 5341.5 

ACI-

318 
81 0.3RCA0RFA0SF0 20 224.4 251.2 272.7 315.7 366.7 

 82 0.3RCA0RFA0SF10 20 229.9 256.7 278.2 321.2 372.2 

 83 0.3RCA100RFA0SF0 20 206.3 233.2 254.7 297.7 348.7 

 84 0.3RCA100RFA0SF10 20 209.0 235.9 257.4 300.3 351.4 

 85 0.3RCA0RFA100SF0 20 198.4 225.3 246.8 289.7 340.8 

 86 0.3RCA0RFA100SF10 20 202.6 229.5 251.0 294.0 345.0 

 87 0.3RCA100RFA100SF0 20 189.8 216.7 238.2 281.2 332.2 

 88 0.3RCA100RFA100SF10 20 192.5 219.4 240.9 283.8 334.9 

 89 0.43RCA0RFA0SF0 20 205.9 232.7 254.2 297.2 348.2 

 90 0.43RCA0RFA0SF10 20 212.2 239.1 260.6 303.6 354.6 

 91 0.43RCA100RFA0SF0 20 189.2 216.1 237.6 280.6 331.6 

 92 0.43RCA100RFA0SF10 20 201.5 228.3 249.8 292.8 343.8 

 93 0.43RCA0RFA100SF0 20 175.2 202.1 223.6 266.5 317.6 

 94 0.43RCA0RFA100SF10 20 196.9 223.8 245.3 288.3 339.3 

 95 0.43RCA100RFA100SF0 20 171.1 197.9 219.4 262.4 313.4 

 96 0.43RCA100RFA100SF10 20 183.7 210.5 232.0 275.0 326.0 

 97 0.3RCA0RFA0SF0 40 761.0 816.1 860.2 948.4 1053.2 

 98 0.3RCA0RFA0SF10 40 785.6 840.7 884.8 973.0 1077.8 

 99 0.3RCA100RFA0SF0 40 680.6 735.8 779.9 868.1 972.8 

 100 0.3RCA100RFA0SF10 40 692.6 747.7 791.8 880.0 984.8 

 101 0.3RCA0RFA100SF0 40 645.4 700.5 744.6 832.8 937.6 

 102 0.3RCA0RFA100SF10 40 664.2 719.3 763.4 851.6 956.4 

 103 0.3RCA100RFA100SF0 40 607.2 662.3 706.4 794.6 899.4 

 104 0.3RCA100RFA100SF10 40 619.1 674.2 718.3 806.6 911.3 
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 105 0.43RCA0RFA0SF0 40 678.5 733.7 777.8 866.0 970.8 

 106 0.43RCA0RFA0SF10 40 707.0 762.1 806.2 894.4 999.2 

 107 0.43RCA100RFA0SF0 40 604.4 659.6 703.7 791.9 896.6 

 108 0.43RCA100RFA0SF10 40 659.0 714.2 758.3 846.5 951.2 

 109 0.43RCA0RFA100SF0 40 541.9 597.1 641.2 729.4 834.2 

 110 0.43RCA0RFA100SF10 40 638.7 693.9 738.0 826.2 930.9 

 111 0.43RCA100RFA100SF0 40 523.6 578.7 622.8 711.0 815.8 

 112 0.43RCA100RFA100SF10 40 579.6 634.7 678.9 767.1 871.8 

 113 0.3RCA0RFA0SF0 60 1606.2 1689.6 1756.3 1889.8 2048.3 

 114 0.3RCA0RFA0SF10 60 1663.5 1746.9 1813.6 1947.1 2105.5 

 115 0.3RCA100RFA0SF0 60 1419.0 1502.4 1569.1 1702.6 1861.0 

 116 0.3RCA100RFA0SF10 60 1446.8 1530.2 1596.9 1730.4 1888.8 

 117 0.3RCA0RFA100SF0 60 1336.8 1420.2 1486.9 1620.4 1778.9 

 118 0.3RCA0RFA100SF10 60 1380.6 1464.0 1530.7 1664.2 1822.7 

 119 0.3RCA100RFA100SF0 60 1247.9 1331.3 1398.0 1531.4 1689.9 

 120 0.3RCA100RFA100SF10 60 1275.7 1359.1 1425.8 1559.2 1717.7 

 121 0.43RCA0RFA0SF0 60 1414.1 1497.5 1564.3 1697.7 1856.2 

 122 0.43RCA0RFA0SF10 60 1480.4 1563.8 1630.5 1764.0 1922.5 

 123 0.43RCA100RFA0SF0 60 1241.5 1324.9 1391.6 1525.0 1683.5 

 124 0.43RCA100RFA0SF10 60 1368.7 1452.1 1518.8 1652.3 1810.7 

 125 0.43RCA0RFA100SF0 60 1095.9 1179.3 1246.0 1379.5 1538.0 

 126 0.43RCA0RFA100SF10 60 1321.4 1404.8 1471.5 1605.0 1763.4 

 127 0.43RCA100RFA100SF0 60 1053.1 1136.5 1203.2 1336.6 1495.1 

 128 0.43RCA100RFA100SF10 60 1183.7 1267.1 1333.8 1467.2 1625.7 

 129 0.3RCA0RFA0SF0 80 2760.0 2871.7 2961.0 3139.7 3351.9 

 130 0.3RCA0RFA0SF10 80 2863.6 2975.3 3064.6 3243.3 3455.5 

 131 0.3RCA100RFA0SF0 80 2421.4 2533.1 2622.4 2801.1 3013.3 

 132 0.3RCA100RFA0SF10 80 2471.7 2583.4 2672.7 2851.4 3063.6 

 133 0.3RCA0RFA100SF0 80 2272.8 2384.5 2473.8 2652.5 2864.7 

 134 0.3RCA0RFA100SF10 80 2352.0 2463.7 2553.0 2731.7 2943.9 

 135 0.3RCA100RFA100SF0 80 2111.9 2223.6 2312.9 2491.6 2703.8 

 136 0.3RCA100RFA100SF10 80 2162.2 2273.9 2363.2 2541.9 2754.1 

 137 0.43RCA0RFA0SF0 80 2412.6 2524.3 2613.6 2792.3 3004.5 

 138 0.43RCA0RFA0SF10 80 2532.5 2644.2 2733.5 2912.2 3124.4 

 139 0.43RCA100RFA0SF0 80 2100.3 2212.0 2301.4 2480.1 2692.3 

 140 0.43RCA100RFA0SF10 80 2330.4 2442.1 2531.4 2710.1 2922.3 

 141 0.43RCA0RFA100SF0 80 1837.1 1948.8 2038.1 2216.8 2429.0 
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 142 0.43RCA0RFA100SF10 80 2244.9 2356.6 2445.9 2624.6 2836.8 

 143 0.43RCA100RFA100SF0 80 1759.6 1871.3 1960.6 2139.3 2351.5 

 144 0.43RCA100RFA100SF10 80 1995.8 2107.5 2196.8 2375.5 2587.7 

 145 0.3RCA0RFA0SF0 100 4222.4 4362.4 4474.3 4698.3 4964.2 

 146 0.3RCA0RFA0SF10 100 4385.9 4525.8 4637.8 4861.7 5127.6 

 147 0.3RCA100RFA0SF0 100 3687.8 3827.8 3939.8 4163.7 4429.6 

 148 0.3RCA100RFA0SF10 100 3767.2 3907.2 4019.2 4243.1 4509.0 

 149 0.3RCA0RFA100SF0 100 3453.3 3593.2 3705.2 3929.1 4195.0 

 150 0.3RCA0RFA100SF10 100 3578.3 3718.3 3830.3 4054.2 4320.1 

 151 0.3RCA100RFA100SF0 100 3199.3 3339.3 3451.3 3675.2 3941.1 

 152 0.3RCA100RFA100SF10 100 3278.7 3418.6 3530.6 3754.5 4020.4 

 153 0.43RCA0RFA0SF0 100 3674.0 3814.0 3925.9 4149.9 4415.8 

 154 0.43RCA0RFA0SF10 100 3863.3 4003.2 4115.2 4339.1 4605.0 

 155 0.43RCA100RFA0SF0 100 3181.1 3321.0 3433.0 3656.9 3922.8 

 156 0.43RCA100RFA0SF10 100 3544.2 3684.2 3796.2 4020.1 4286.0 

 157 0.43RCA0RFA100SF0 100 2765.5 2905.5 3017.4 3241.3 3507.3 

 158 0.43RCA0RFA100SF10 100 3409.2 3549.2 3661.1 3885.1 4151.0 

 159 0.43RCA100RFA100SF0 100 2643.2 2783.1 2895.1 3119.0 3384.9 

 160 0.43RCA100RFA100SF10 100 3016.0 3156.0 3268.0 3491.9 3757.8 

AIJ, 

1999 
161 0.3RCA0RFA0SF0 20 251.2 285.3 312.6 367.2 432.0 

 162 0.3RCA0RFA0SF10 20 256.7 290.8 318.1 372.7 437.5 

 163 0.3RCA100RFA0SF0 20 233.2 267.3 294.6 349.1 414.0 

 164 0.3RCA100RFA0SF10 20 235.8 270.0 297.2 351.8 416.6 

 165 0.3RCA0RFA100SF0 20 225.2 259.4 286.7 341.2 406.0 

 166 0.3RCA0RFA100SF10 20 229.5 263.6 290.9 345.4 410.3 

 167 0.3RCA100RFA100SF0 20 216.7 250.8 278.1 332.7 397.5 

 168 0.3RCA100RFA100SF10 20 219.4 253.5 280.8 335.3 400.2 

 169 0.43RCA0RFA0SF0 20 232.7 266.8 294.1 348.7 413.5 

 170 0.43RCA0RFA0SF10 20 239.1 273.2 300.5 355.1 419.9 

 171 0.43RCA100RFA0SF0 20 216.1 250.2 277.5 332.0 396.9 

 172 0.43RCA100RFA0SF10 20 228.3 262.4 289.7 344.3 409.1 

 173 0.43RCA0RFA100SF0 20 202.0 236.2 263.4 318.0 382.8 

 174 0.43RCA0RFA100SF10 20 223.8 257.9 285.2 339.7 404.6 

 175 0.43RCA100RFA100SF0 20 197.9 232.0 259.3 313.9 378.7 

 176 0.43RCA100RFA100SF10 20 210.5 244.6 271.9 326.5 391.3 

 177 0.3RCA0RFA0SF0 40 816.1 886.1 942.1 1054.1 1187.2 

 178 0.3RCA0RFA0SF10 40 840.7 910.7 966.7 1078.7 1211.8 
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 179 0.3RCA100RFA0SF0 40 735.7 805.7 861.7 973.8 1106.8 

 180 0.3RCA100RFA0SF10 40 747.6 817.7 873.7 985.7 1118.7 

 181 0.3RCA0RFA100SF0 40 700.4 770.5 826.5 938.5 1071.5 

 182 0.3RCA0RFA100SF10 40 719.2 789.3 845.3 957.3 1090.3 

 183 0.3RCA100RFA100SF0 40 662.3 732.3 788.3 900.3 1033.4 

 184 0.3RCA100RFA100SF10 40 674.2 744.2 800.2 912.2 1045.3 

 185 0.43RCA0RFA0SF0 40 733.6 803.6 859.7 971.7 1104.7 

 186 0.43RCA0RFA0SF10 40 762.1 832.1 888.1 1000.1 1133.2 

 187 0.43RCA100RFA0SF0 40 659.5 729.5 785.5 897.6 1030.6 

 188 0.43RCA100RFA0SF10 40 714.1 784.1 840.1 952.2 1085.2 

 189 0.43RCA0RFA100SF0 40 597.0 667.0 723.1 835.1 968.1 

 190 0.43RCA0RFA100SF10 40 693.8 763.8 819.8 931.9 1064.9 

 191 0.43RCA100RFA100SF0 40 578.6 648.6 704.7 816.7 949.7 

 192 0.43RCA100RFA100SF10 40 634.7 704.7 760.7 872.8 1005.8 

 193 0.3RCA0RFA0SF0 60 1689.5 1795.5 1880.2 2049.7 2250.9 

 194 0.3RCA0RFA0SF10 60 1746.8 1852.7 1937.5 2106.9 2308.2 

 195 0.3RCA100RFA0SF0 60 1502.3 1608.2 1693.0 1862.4 2063.7 

 196 0.3RCA100RFA0SF10 60 1530.1 1636.0 1720.8 1890.3 2091.5 

 197 0.3RCA0RFA100SF0 60 1420.1 1526.1 1610.8 1780.3 1981.5 

 198 0.3RCA0RFA100SF10 60 1463.9 1569.9 1654.6 1824.1 2025.4 

 199 0.3RCA100RFA100SF0 60 1331.2 1437.1 1521.9 1691.3 1892.6 

 200 0.3RCA100RFA100SF10 60 1359.0 1464.9 1549.6 1719.1 1920.4 

 201 0.43RCA0RFA0SF0 60 1497.5 1603.4 1688.1 1857.6 2058.9 

 202 0.43RCA0RFA0SF10 60 1563.7 1669.7 1754.4 1923.9 2125.1 

 203 0.43RCA100RFA0SF0 60 1324.8 1430.7 1515.5 1684.9 1886.2 

 204 0.43RCA100RFA0SF10 60 1452.0 1557.9 1642.7 1812.1 2013.4 

 205 0.43RCA0RFA100SF0 60 1179.2 1285.2 1369.9 1539.4 1740.6 

 206 0.43RCA0RFA100SF10 60 1404.7 1510.6 1595.4 1764.9 1966.1 

 207 0.43RCA100RFA100SF0 60 1136.4 1242.3 1327.0 1496.5 1697.8 

 208 0.43RCA100RFA100SF10 60 1267.0 1372.9 1457.7 1627.1 1828.4 

 209 0.3RCA0RFA0SF0 80 2871.6 3013.4 3126.9 3353.8 3623.3 

 210 0.3RCA0RFA0SF10 80 2975.1 3117.0 3230.4 3457.4 3726.9 

 211 0.3RCA100RFA0SF0 80 2532.9 2674.8 2788.2 3015.2 3284.7 

 212 0.3RCA100RFA0SF10 80 2583.2 2725.1 2838.5 3065.5 3335.0 

 213 0.3RCA0RFA100SF0 80 2384.4 2526.2 2639.7 2866.6 3136.1 

 214 0.3RCA0RFA100SF10 80 2463.6 2605.4 2718.9 2945.8 3215.3 

 215 0.3RCA100RFA100SF0 80 2223.5 2365.3 2478.8 2705.7 2975.2 
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 216 0.3RCA100RFA100SF10 80 2273.8 2415.6 2529.1 2756.0 3025.5 

 217 0.43RCA0RFA0SF0 80 2524.2 2666.0 2779.5 3006.4 3275.9 

 218 0.43RCA0RFA0SF10 80 2644.1 2785.9 2899.4 3126.3 3395.8 

 219 0.43RCA100RFA0SF0 80 2211.9 2353.7 2467.2 2694.1 2963.6 

 220 0.43RCA100RFA0SF10 80 2442.0 2583.8 2697.3 2924.2 3193.7 

 221 0.43RCA0RFA100SF0 80 1948.7 2090.5 2204.0 2430.9 2700.4 

 222 0.43RCA0RFA100SF10 80 2356.5 2498.3 2611.8 2838.7 3108.2 

 223 0.43RCA100RFA100SF0 80 1871.2 2013.0 2126.5 2353.4 2622.9 

 224 0.43RCA100RFA100SF10 80 2107.4 2249.2 2362.7 2589.6 2859.1 

 225 0.3RCA0RFA0SF0 100 4362.2 4540.0 4682.2 4966.5 5304.3 

 226 0.3RCA0RFA0SF10 100 4525.7 4703.4 4845.6 5130.0 5467.7 

 227 0.3RCA100RFA0SF0 100 3827.7 4005.4 4147.6 4432.0 4769.7 

 228 0.3RCA100RFA0SF10 100 3907.1 4084.8 4227.0 4511.4 4849.1 

 229 0.3RCA0RFA100SF0 100 3593.1 3770.8 3913.0 4197.4 4535.1 

 230 0.3RCA0RFA100SF10 100 3718.2 3895.9 4038.1 4322.5 4660.2 

 231 0.3RCA100RFA100SF0 100 3339.2 3516.9 3659.1 3943.5 4281.2 

 232 0.3RCA100RFA100SF10 100 3418.5 3596.2 3738.4 4022.8 4360.5 

 233 0.43RCA0RFA0SF0 100 3813.8 3991.6 4133.8 4418.2 4755.9 

 234 0.43RCA0RFA0SF10 100 4003.1 4180.8 4323.0 4607.4 4945.1 

 235 0.43RCA100RFA0SF0 100 3320.9 3498.6 3640.8 3925.2 4262.9 

 236 0.43RCA100RFA0SF10 100 3684.0 3861.8 4004.0 4288.4 4626.1 

 237 0.43RCA0RFA100SF0 100 2905.3 3083.1 3225.3 3509.6 3847.3 

 238 0.43RCA0RFA100SF10 100 3549.0 3726.8 3869.0 4153.4 4491.1 

 239 0.43RCA100RFA100SF0 100 2783.0 2960.7 3102.9 3387.3 3725.0 

 240 0.43RCA100RFA100SF10 100 3155.9 3333.6 3475.8 3760.2 4097.9 

DL/T 241 0.3RCA0RFA0SF0 20 291.0 318.7 340.1 380.7 425.3 

 242 0.3RCA0RFA0SF10 20 298.8 326.4 347.7 388.1 432.5 

 243 0.3RCA100RFA0SF0 20 270.1 298.1 319.7 361.0 406.5 

 244 0.3RCA100RFA0SF10 20 274.0 301.9 323.4 364.6 410.0 

 245 0.3RCA0RFA100SF0 20 255.1 283.3 305.2 347.0 393.4 

 246 0.3RCA0RFA100SF10 20 261.0 289.1 310.9 352.5 398.5 

 247 0.3RCA100RFA100SF0 20 241.3 269.8 291.9 334.4 381.8 

 248 0.3RCA100RFA100SF10 20 245.0 273.3 295.4 337.7 384.8 

 249 0.43RCA0RFA0SF0 20 265.5 293.6 315.3 356.7 402.5 

 250 0.43RCA0RFA0SF10 20 278.6 306.5 328.0 369.0 414.2 

 251 0.43RCA100RFA0SF0 20 240.4 268.9 291.1 333.6 381.1 

 252 0.43RCA100RFA0SF10 20 259.4 287.5 309.3 351.0 397.1 
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 253 0.43RCA0RFA100SF0 20 225.7 254.6 277.1 320.5 369.3 

 254 0.43RCA0RFA100SF10 20 253.0 281.3 303.2 345.1 391.7 

 255 0.43RCA100RFA100SF0 20 219.9 248.9 271.6 315.5 365.0 

 256 0.43RCA100RFA100SF10 20 235.0 263.6 285.9 328.7 376.7 

 257 0.3RCA0RFA0SF0 40 946.7 1012.6 1066.5 1177.2 1313.8 

 258 0.3RCA0RFA0SF10 40 978.1 1044.0 1097.8 1208.4 1344.7 

 259 0.3RCA100RFA0SF0 40 861.7 927.9 982.0 1093.2 1230.6 

 260 0.3RCA100RFA0SF10 40 877.4 943.6 997.6 1108.7 1246.0 

 261 0.3RCA0RFA100SF0 40 800.5 866.9 921.2 1032.9 1171.0 

 262 0.3RCA0RFA100SF10 40 824.6 890.9 945.1 1056.6 1194.4 

 263 0.3RCA100RFA100SF0 40 743.8 810.5 865.0 977.2 1116.2 

 264 0.3RCA100RFA100SF10 40 758.9 825.4 879.9 992.0 1130.7 

 265 0.43RCA0RFA0SF0 40 843.1 909.3 963.5 1074.8 1212.4 

 266 0.43RCA0RFA0SF10 40 896.4 962.5 1016.5 1127.5 1264.6 

 267 0.43RCA100RFA0SF0 40 740.4 807.0 861.5 973.8 1112.9 

 268 0.43RCA100RFA0SF10 40 818.0 884.4 938.6 1050.2 1188.0 

 269 0.43RCA0RFA100SF0 40 679.5 746.4 801.2 914.3 1054.5 

 270 0.43RCA0RFA100SF10 40 792.0 858.4 912.7 1024.5 1162.8 

 271 0.43RCA100RFA100SF0 40 655.4 722.5 777.4 890.9 1031.6 

 272 0.43RCA100RFA100SF10 40 718.0 784.7 839.3 951.9 1091.3 

 273 0.3RCA0RFA0SF0 60 1958.6 2061.6 2146.6 2324.0 2547.4 

 274 0.3RCA0RFA0SF10 60 2029.6 2132.5 2217.5 2394.7 2617.8 

 275 0.3RCA100RFA0SF0 60 1767.0 1870.1 1955.4 2133.3 2357.4 

 276 0.3RCA100RFA0SF10 60 1802.5 1905.6 1990.8 2168.6 2392.6 

 277 0.3RCA0RFA100SF0 60 1628.9 1732.2 1817.6 1996.0 2220.8 

 278 0.3RCA0RFA100SF10 60 1683.3 1786.5 1871.9 2050.1 2274.6 

 279 0.3RCA100RFA100SF0 60 1500.9 1604.4 1690.1 1869.0 2094.6 

 280 0.3RCA100RFA100SF10 60 1534.9 1638.4 1724.0 1902.7 2128.1 

 281 0.43RCA0RFA0SF0 60 1725.0 1828.1 1913.4 2091.5 2315.8 

 282 0.43RCA0RFA0SF10 60 1845.4 1948.4 2033.6 2211.3 2435.1 

 283 0.43RCA100RFA0SF0 60 1493.1 1596.6 1682.3 1861.3 2086.9 

 284 0.43RCA100RFA0SF10 60 1668.5 1771.7 1857.1 2035.4 2259.9 

 285 0.43RCA0RFA100SF0 60 1355.3 1459.2 1545.2 1724.8 1951.5 

 286 0.43RCA0RFA100SF10 60 1609.7 1713.1 1798.5 1977.0 2201.9 

 287 0.43RCA100RFA100SF0 60 1300.8 1404.8 1490.9 1670.9 1898.2 

 288 0.43RCA100RFA100SF10 60 1442.4 1546.1 1631.8 1811.0 2037.0 

 289 0.3RCA0RFA0SF0 80 3328.3 3467.9 3583.8 3827.3 4136.3 
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 290 0.3RCA0RFA0SF10 80 3454.6 3594.1 3710.0 3953.3 4262.0 

 291 0.3RCA100RFA0SF0 80 2987.3 3127.1 3243.3 3487.2 3797.0 

 292 0.3RCA100RFA0SF10 80 3050.5 3190.2 3306.3 3550.2 3859.7 

 293 0.3RCA0RFA100SF0 80 2741.5 2881.5 2997.8 3242.2 3552.6 

 294 0.3RCA0RFA100SF10 80 2838.4 2978.3 3094.5 3338.7 3648.9 

 295 0.3RCA100RFA100SF0 80 2513.7 2653.9 2770.5 3015.4 3326.5 

 296 0.3RCA100RFA100SF10 80 2574.3 2714.4 2830.9 3075.6 3386.6 

 297 0.43RCA0RFA0SF0 80 2912.5 3052.3 3168.5 3412.6 3722.5 

 298 0.43RCA0RFA0SF10 80 3126.8 3266.5 3382.6 3626.3 3935.7 

 299 0.43RCA100RFA0SF0 80 2499.8 2640.0 2756.6 3001.5 3312.7 

 300 0.43RCA100RFA0SF10 80 2812.0 2951.9 3068.2 3312.4 3622.6 

 301 0.43RCA0RFA100SF0 80 2254.5 2395.0 2511.9 2757.5 3069.8 

 302 0.43RCA0RFA100SF10 80 2707.4 2847.4 2963.8 3208.2 3518.7 

 303 0.43RCA100RFA100SF0 80 2157.4 2298.0 2415.0 2661.0 2973.8 

 304 0.43RCA100RFA100SF10 80 2409.6 2549.9 2666.6 2911.7 3223.3 

 305 0.3RCA0RFA0SF0 100 5055.8 5231.9 5378.7 5687.9 6082.2 

 306 0.3RCA0RFA0SF10 100 5253.1 5429.2 5575.9 5885.0 6279.0 

 307 0.3RCA100RFA0SF0 100 4522.9 4699.2 4846.2 5155.9 5550.9 

 308 0.3RCA100RFA0SF10 100 4621.5 4797.8 4944.8 5254.4 5649.2 

 309 0.3RCA0RFA100SF0 100 4138.6 4315.1 4462.3 4772.4 5168.1 

 310 0.3RCA0RFA100SF10 100 4290.0 4466.5 4613.5 4923.5 5318.8 

 311 0.3RCA100RFA100SF0 100 3782.5 3959.2 4106.6 4417.2 4813.6 

 312 0.3RCA100RFA100SF10 100 3877.1 4053.8 4201.1 4511.6 4907.7 

 313 0.43RCA0RFA0SF0 100 4405.9 4582.3 4729.3 5039.1 5434.3 

 314 0.43RCA0RFA0SF10 100 4740.9 4917.1 5064.0 5373.5 5768.1 

 315 0.43RCA100RFA0SF0 100 3760.7 3937.5 4084.8 4395.5 4791.9 

 316 0.43RCA100RFA0SF10 100 4248.7 4425.2 4572.3 4882.3 5277.7 

 317 0.43RCA0RFA100SF0 100 3377.2 3554.2 3701.9 4013.2 4410.7 

 318 0.43RCA0RFA100SF10 100 4085.3 4261.8 4409.0 4719.2 5114.9 

 319 0.43RCA100RFA100SF0 100 3225.3 3402.5 3550.2 3861.9 4259.9 

 320 0.43RCA100RFA100SF10 100 3619.7 3796.5 3944.0 4254.9 4651.7 
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