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SUMMARY 

The work presented in this thesis deals with the development of a green version of self-

compacting high-performance concrete (SCHPC) and studies its life from cradle to cradle. The 

SCHPCs were produced by the incorporation of coarse recycled concrete aggregate (RCA) as 

a partial replacement of coarse natural aggregate (NA) and/or of three unprocessed waste 

powder materials as cement replacement materials (CRMs). The three CRMs were waste fly 

ash (WFA), waste perlite powder (WPP) and waste cellular concrete (WCC). The RCA was in 

the range of 0% to 50% of NA by mass, whereas the CRMs were in the range of 0% to 30% of 

cement by mass. At the early stage, the replacement range has been determined; for aggregate 

by investigating the literature, while for cement by studying a number of binder pastes, which 

prepared and tested for the activation index. SCHPCs were tested for their fresh, mechanical, 

and durability properties in addition to fire resistance. Slump flow table and V-funnel tests 

were conducted for characterising the fresh state. Compressive strength, flexural strength, 

splitting tensile strength and modulus of elasticity were the evaluated mechanical properties. 

In addition, durability properties were investigated through water absorption, water 

penetration, chloride migration and freeze/thaw testes. The residual mechanical strengths were 

evaluated after exposure to elevated temperatures reaching 800 ℃. The mechanical and 

durability properties have been tested at ages of 28, 90 and 270 days. The testing of long age 

properties giave represntitive performance of the CRMs where the effect of the CRMs could 

be increasingly significant and such problems as fire resistance could reflect real-world 

situations in existing buildings. However, SCHPC proved that is one of the favorable choices 

for utilizing waste materials, where the main findings of this Ph.D. thesis were as follows. The 

rubble of the produced SCHPC after testing was used for studying the multiple recycled 

concrete aggregate (MRCA) and multiple recycled aggregate concrete (MRAC). Replacement 

of NA by RCA or MRCA up to 50% enhanced the mechanical properties and microstructure 

of MRAC, but no general relationship was identified between the mechanical properties of 

SCHPC and its crushed aggregate, but a strong one was observed between the properties of 

MRCA and the percentage of replacement of NA by RCA in its parent concrete. The use of 

WPP up to 15% with or without RCA and the use of WFA up to 15% with RCA could enhance 

the mechanical properties, durability properties and fire resistance of SCHPC and allow for the 

production of a sustainable product that is based on locally produced waste materials and can 

bear exposure to intense conditions.  
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ÖSSZEFOGLALÓ – SUMMARY IN HUNGARIAN  

A disszertációmban az öntömörödő nagy teljesítőképességű beton (SCHPC) környezetbarát 

(zöld) változatának kidolgozásával foglalkoztam a bölcsőtől a bölcsőig elv alapján. Az SCHPC 

természetes adalékanyagának (NA) durva frakcióját részben (0-50 tömeg%) újrahasznosított 

betonzúzalékkal (RCA) helyettesítettem, illetve a cement egy részének (0-30 tömeg% közötti) 

helyettesítésére három, feldolgozás nélküli (nyers) hulladékanyagot vagy mellékterméket - 

pernyét (WFA), perlitet (WPP) és pórusbeton port (WCC) - használtam. A kutatás korai 

szakaszában meghatároztam a lehetséges helyettesítési tartományt és az aktivitási indexet a 

szakirodalom és a pépeken végzett saját kísérleteim alapján. A SCHPC keverékeken végeztem 

frissbeton vizsgálatokat, mechanikai és tartóssági vizsgálatokat kiegészítve tűzállóság 

vizsgálattal. A frissbeton jellemzőket terülés és kifolyási idő méréssel ellenőriztem, a 

megszilárdult betonon nyomó-, hajlító- és hasítószilárdságot és rugalmassági modulust 

mértem. A tartóssági jellemzőket vízfelvétel, vízbehatolás, klorid-migrációs és fagyállóság 

vizsgálattal határoztam meg. A tűzállóságot a maradó szilárdság vizsgálatával jellemeztem 

800 ℃-ig. A mechanikai és tartóssági jellemzőket 28, 90 és 270 napos korban vizsgáltam. A 

több hónapos korban végzett vizsgálatok jobban jellemzik a cementkiegészítő anyagokat, mert 

a hatásuk idővel nagyobb lehet és a tűzállóság problémáját is jobban tükrözik, mert közelebb 

állnapa valós esetekhez. A vizsgálatok során igazoltam, hogy ezek a betonok a 

hulladékanyagok hasznosításának egyik kedvező lehetőségét jelentik, és ezek alapján 

fogalmaztam meg a Ph.D. téziseimet. Az elkészült SCHPC-ket a vizsgálat után újra lezúztam 

és többszörösen újrahasznosított adalékanyagú betont (MRAC) készítettem és vizsgáltam. A 

legfeljebb 50%-ban alkalmazott betonzúzalékkal (RCA) vagy többszörösen újrahasznosított 

betonzúzalékkal (MRCA) való helyettesítés javította az SCHPC-k vizsgált mechanikai 

jellemzőit és mikrostruktúráját. Általános összefüggést nem találtam, viszont egyértelmű 

összefüggés volt az MRCA jellemzői és a felhasznált kiindulási betonok helyettesítési 

arányában. Legfeljebb 15% nyers perlit (WPP) alkalmazása betonzúzalékkal vagy anélkül és 

legfeljebb 15% nyers pernye (WFA) alkalmazása betonzúzalékkal együtt javíthatja a vizsgálat 

mechanikai jellemzőket, a tartósságot és a tűzállóságot, továbbá lehetővé teszi környezeti 

hatásoknak erősen kitett esetben is egy fenntartható termék helyi hulladékanyagokkal való 

gyártását. 
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CHAPTER 1: INTRODUCTION 

This chapter outlines the research problem by discussing the background of the 

subject area, aim and objectives of the study (through its specified scope and 

limitations). 

1.1 Challenges 

The introduction of the idea of sustainable development in the Rio Summit in 1992 (Agenda, 

June 1992) has not been in vain. It yielded a conscious recognition of the massive population 

growth witnessed in the last century and the forward-looking assessment of the advent of rapid 

urbanization of developing countries. Work on sustainable technologies has been the focus in 

the early 21st century. Meanwhile, concrete is the most widely used material in the construction 

industry because of its numerous benefits. This industry consumes large amounts of natural 

resources and emits tremendous CO2 quantities by cement production alone. Concrete, a 

composite material mainly composed of cement, aggregate and water, uses approximately 20 

billion tons of raw materials annually (Fredonia, 2011). Thus, aggregates that occupy around 

two-thirds of concrete volume have primarily been contributing to the increase in the world 

aggregate demand to over 48 billion tons annually after 2010 (Hong Kong Government, 2006), 

which can double in the next two to three decades if the present rate of consumption of 

aggregates and concrete continues (Oikonomou, 2005). Furthermore, aggregate processing, 

such as mining and transport operations used for buy and transfer, considerably increases 

carbon emission and energy consumption (Limbachiya et al., 2012).  

The form assumed by construction and demolition (C&D) waste generated by the construction 

sector cannot be eliminated easily by conventional means. This waste is dumped in landfill 

sites, where it negatively affects the environment, and space available for landfill is becoming 

increasingly scarce because of industrialization and urbanization. Means of using C&D 

structural concrete application waste are urgently needed because of the excessive availability 

of such waste and the reduction in the cost of acquiring aggregates (Kisku et al., 2017). This 

development can allow the concrete industry to sustain continuous growth while reducing its 

carbon footprint and the resulting harm to the environment. The concept of using coarse 

recycled concrete aggregate (RCA) instead of virgin coarse natural aggregate (NA), which 

emerged in England during World War II, was initially used in pavement construction. 

Researchers’ investigations on recycling demolition waste concluded that it can be used to 

replace NA, and it paved the way for present use by unlocking the reuse of C&D waste and 

promoting the use of RCA in new and different concrete types. Various materials have become 
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a necessity for a sustainable, green and innovative future. At the end of 2017, Kisku et al. 

(2017) investigated hundreds of research papers about RCA and concluded that the use of 

mineral admixtures could enhance the properties of recycled aggregate concrete (RAC). They 

recommended further research about the addition of unconventional waste materials as cement 

replacement materials (CRMs) and the long-term behaviour of RAC with respect to mechanical 

and durability properties. Meyer (2009) investigated several waste materials used as CRMs and 

concluded that the use of RCA, along with the addition of a suitable percentage of industrial 

wastes, could be highly beneficial.  

The use of RCA as a replacement of NA for producing RAC has been extensively explored, 

but only a few studies have applied the concept of RCA on self-compacting concrete (SCC) 

(Rajhans et al., 2018; Omrane et al., 2017). Industrial application, which will be beneficial 

from the perspective of technical, financial, direct environmental, indirect environmental, 

social and its properties, is also scarce (Aslani et al., 2018; Wijayasundara et al. 2018; 

Wijayasundara et al., 2017). For instance, in a past work, CO2 emission could be 24% lower 

than the control mix with the incorporation of RCA (Yap et al., 2018), but additional 

superplasticiser was needed for achieving SCC (Guo et al., 2018b). According to the literature, 

the contemporary orientation regarding recycling aligns with non-covenantal utilisation of 

RCA either by use of special types of waste materials, such as unprocessed waste powder 

materials, or/and by adopting these materials in special types of concrete, such as self-

compacting high-performance concrete (SCHPC). 

1.2 Research significance 

Economic activity must be performed such that it is in harmony with the earth’s ecosystem, 

where the sustainability of engineering products is not a choice anymore but a demand. SCHPC 

is a new generation of concretes that is based on the concepts of SCC and high-performance 

concrete (HPC). Therefore, it is a highly advanced type of concrete that possesses adequate 

self-compactibility, high strength and good durability. A green version of this concrete could 

be developed by the replacement of a specific amount of its ingredients by waste materials, 

where sustainable and economic value could be added.  Given the increasing daily amount of 

construction waste (in granulated or powder form), the necessity of eliminating these wastes 

without harming the environment has become urgent. The concept of utilising the waste 

materials in construction is a quantum leap for not merely removing the waste but also 

introducing them into construction, thereby further contributing to enhancing the properties of 

concrete. Moreover, modern materials, such as SCHPC, must be accompanied by the 

application of the principle of the 5-R perspective, which states that the key principles of a 
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sustainable construction material are ‘reduce, reuse and recycle for environment recovery and 

respect’ and end of life can be new materials for new constructions. 

1.2.1 Special issue  

Studying of RCA and Multiple recycled concrete aggregates (MRCA) is particularly important 

in the Middle East, what is happening in the frequent wars in the Middle East generally and in 

the Gaza Strip, in particular, which gave a special and urgent importance to be solved. The 

Ministry of Public Works and Housing in Palestine counted approximately two million tons of 

concrete rubble after the last war, which was in 2014, before controlling for the concrete rubble, 

which resulted from the war of 2011. 

1.3 Scope and limitations 

RCA and three unprocessed waste powder materials (raw materials without any processing or 

modification) were selected for replacing partially the NA and cement, respectively. The three 

unprocessed waste powder materials were the following: 

1. waste fly ash (WFA),  

2. waste perlite powder (WPP),  

3. waste cellular concrete (WCC).  

Several laboratory experiments were conducted on the produced concretes and nearly all 

properties that were directly interconnected with the concretes’ macro/microstructure were 

determined for introducing a comprehensive overview with regard to the challenges and 

possibilities of the new Green SCHPC. The proposed material was optimised for the use of the 

best possible CRMs and achieving the highest performance/cost ratio via specification of 

constraints and variable parameters.  

The laboratory tests were conducted at different ages (0, 28, 90 and 270 days) of the produced 

concrete to cover the short and long terms of the mechanical properties, durability performance 

and fire resistance, in addition to the fresh properties, of SCHPC. 

1.4 Aim and objectives 

The main aim of this Ph.D. thesis was to optimise a green version of SCHPC by analysing the 

effect of using RCA as a partial replacement of NA and unprocessed waste powder materials 

as CRMs on its fresh and hardened properties. The reasoning behind producing a green version 

of SCHPC was to minimise concrete’s impact on the environment while maximising its 

performance and service life, furthermore to turn a non-renewable resource into a renewable 

one at least partially. This aim was achieved via the following objectives: 

1. To optimise a SCHPC mixture’s proportioning and procedure with C50/60 target strength 

and SF2 slump flow class (EFNARC, 2005; EFNARC, 2002); 
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2. To determine the maximum replacement possibility of cement by the unprocessed waste 

powder materials (WFA, WPP and WCC) by testing the effective reactivity index of binder 

pastes; 

3. To specify the possible replacement amount limits of RCA and/or CRMs in the workability 

window of the SCHPC and define the minimum dosage of superplasticiser; 

4. To evaluate the efficiency of using different amounts of unprocessed waste powder 

materials as CRMs for producing SCHPC, that is, with/without incorporating RCA as a 

replacement of NA at short and long terms with respect to the mechanical properties, 

durability performance and fire resistance; 

5. To evaluate the possible effect parameters of concrete (replacement amounts and types of 

CRMs, replacement amounts of RCA and water absorption) on the properties of either RCA 

or MRCA; 

6. To study the possibility of multiple use of RAC as a second generation of recycling with 

respect to the mechanical properties and microstructural properties. 
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CHAPTER 2: LITERATURE REVIEW  

This chapter covers an overview of SCHPC, definition limitations, possibilities, 

properties and the ability to introduce waste materials in the production of 

SCHPC to produce a green version of SCHPC. It also covers challenges for 

producing MRAC from SCHPC. RCA is discussed in this chapter, with focus on 

the value of introducing it into construction as replacement for NA. 

2.1 Self-compacting concrete 

SCC is a special type of concrete which spreads through congested reinforcement, reaches 

every corner of frameworks and consolidates under its own weight, thus providing excellent 

filling capability and good segregation resistance (Khayat, 1999). Such difficulties, such as 

lack of skilled workers and durability damages caused by inadequate compaction, complex and 

difficult shapes of structural elements and congestion of steel reinforcement, were the main 

motivations for Japanese researchers to introduce SCC, which offers health and safety benefits 

(Okamura and Ouchi, 2003). However, normal SCC remains prone to poor durability and 

strength, which could be overcome by the use of CRMs and reduction of the water to binder 

ratio (w/b). 

2.2 High-performance concrete 

HPC was introduced by researchers as a result of their trials for overcoming the drawbacks of 

conventional normal concrete. They changed the concrete constituents, mixing procedure and 

carrying process to improve the particular zone of hydrated paste in the proximity of 

aggregates, which is called the interfacial transition zone (ITZ). The American Concrete 

Institute (ACI) defines HPC as “a concrete meeting special combinations of performance and 

uniformity requirements that cannot always be achieved routinely using conventional 

constituents and normal mixing” (ACI CT-13 2013). The major disadvantage of HPC is its low 

flow and filling capability caused by the low w/b, which could overcome by the use of 

superplasticiser and CRMs. 

An alternative in the advancement of concrete technology is the combination of the 

performance characteristics “high strength and durability” of HPC with the workability 

characteristics ‘high flow and filling capability’ of SCC to produce SCHPC. 

2.3 Self-compacting high-performance concrete  

SCHPC is a special type of concrete, which could perform optimally with respect to flow 

characteristics, strength, transport and durability properties while maintaining the required 

service life under a given set of material load exposure conditions. SCHPC’s performance at 
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fresh and hardened states differentiate it from ordinary concrete types. This feature is driven 

by the incorporation of special ingredients in certain proportions, such as superplasticiser and 

CRMs, in addition to standard materials used for all concretes, such as aggregates, sand, cement 

and water (Safiuddin, 2008b). 

The proportions of SCHPC mixtures also differ from those used in ordinary concrete; binder 

volume, fine aggregate (<4mm) and powders (cement and CRMs) and superplasticiser are 

higher in the SCHPC than in the ordinary concrete, whereas the w/b and coarse aggregate are 

lower. The w/b is recommended to be from 0.2 to 0.4 in case of SCHPC (Persson, 2001). 

Ghanbari (2011) proposed typical ratios of constituents for normal SCC and HPC and for 

SCHPC, as shown in Figure 2.1. 

 

 
Figure 2.1 Typical constituents’ ratios of SCC, HPC and SCHPC (Ghanbari, 2011) 

2.3.1 Advantages of SCHPC 

SCHPC offers more advantages than does ordinary concrete and includes the advantages of 

SCC and HPC; these advantages could be grouped into three (Cameron, 2003; Okamura and 

Ouchi, 2003; EFNARC, 2005; EFNARC, 2002; Safiuddin, 2008b), which are discussed in the 

following sub-sections.  

2.3.1.1 Constructional value 

SCHPC flows through and around reinforcing steel under self-weight without using any means 

of compaction, thereby enhancing compactness and reducing porosity and consequently 

providing improved strength. Its own compaction facilitates and simplifies the execution 

process of complex design elements and cast of complicated architectural forms, especially in 

case with large amounts of reinforcement in small sections. SCHPC is also a watertight 

18%

18%

26%

36%
SCC 10%

18%

18%

52%

HPC

14%

32%
28%

24%

SCHPC

Water + Superplasticiser Powder Sand Coarse aggregate



Mohammed A. Abed            Green Self-compacting High-performance Concrete              Ph.D. thesis   

7 
 

concrete; it reduces transport properties, enhances durability and eliminates surface pores, thus 

providing good finishing without the need for improvement.  

2.3.1.2 Environmental value 

The construction environment could be improved with reduction of construction noise and 

decrease of construction time, where a concrete vibrating equipment is not required.  SCHPC 

consumes large amounts of CRMs (waste materials), which saves the environment from 

excessive waste materials, cement production and disposal places. 

2.3.1.3 Economic value 

SCHPC helps in decreasing the number of required labourers for the transport and placement 

of concrete, thereby reducing the costs of construction and saving large quantities of concrete 

due to the reduced sections of structural components. This material allows for a quickened 

reuse of formwork, which can last longer due to the elimination of vibration equipment and 

thus enhances the production rate.  

2.3.2 Performance criteria of SCHPC 

The use of superplasticiser for producing high levels of workability and segregation-resistant 

concretes was introduced more than one decade before the development of SCHPC (the first 

prototype of SCHPC was developed in 1988) (Okamura, 1995, Safiuddin, 2008b, Collepardi, 

1976). The Japanese concrete industry commercialised SCHPC in the forms of “non-vibrated 

concrete”, “super-quality concrete”, and “biocrete”. SCHPC has to fulfil the performance 

criteria of SCC in the fresh state and hardened HPC to ensure adequate mechanical and 

durability properties. Safiuddin (2008b) summarised these performance criteria, which could 

be specified for SCHPC by an examination of several SCC and HPC works (Bui et al., 2002; 

Khayat, 2000; Kosmatka and Cement Association of Canada, 2002; EFNARC, 2005; 

EFNARC, 2002). These performance criteria are presented in Table 2.1. 

2.3.3 Material aspects of SCHPC 

Similar to ordinary concrete, SCHPC consists of cement, coarse aggregates, fine aggregates 

and water; however, chemical admixtures and CRMs are highly important in SCHPC. The 

characteristics of its ingredients highly affect its performance in fresh and hardened states. 

Therefore, the production of SCHPC involves more stringent control on the selection of 

constituent materials than do other types of concrete. The constituent materials are the defining 

factors in achieving the expected benefits from SCHPC. 

2.3.3.1 Coarse aggregate  

Coarse aggregate is that retained in a 4.75 mm (No. 4) sieve. It is a main ingredient and 

constituent of concrete and distinguishes concrete from mortar. The physical characteristics, 
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porosity and grading of coarse aggregate significantly influence the performance of SCHPC by 

affecting its fresh and hardened properties (Okamura, 1995; Xie et al., 2002). The use of small 

coarse aggregates measuring 20–25 mm at most is preferred in SCHPC for enhanced strength 

and reduced segregation (Kwan, 2000). Round and angular aggregates are advantageous for 

SCHPC either in fresh or hardened state; however, round aggregates are better than angular 

aggregates for improved flowing ability, whereas rough and angular aggregates lead to high 

strength and strong interfacial bond (Geiker et al., 2002; Taylor et al., 1996). 

Table 2.1 Performance criteria of SCHPC (Safiuddin, 2008) 

Methods Properties Performance criteria 

SCC properties 

Slump Filling ability 250–280 mm 

Slump flow Filling ability, segregation resistance 550–850 mm 

V-funnel flow Filling ability, segregation resistance 5–14 s 

Orimet flow with 80 mm orifice Filling ability, segregation resistance 2.5–9 s 

Filling percentage in fill-box Filling ability, passing ability 90%–100% 

Blocking ratio in L-box 
Filling ability, passing ability, segregation 

resistance 
>0.8 

Filling height in U-box Filling ability, passing ability 30 mm 

Slump cone – J-ring flow 
Reduction in slump flow as measure of 

passing ability 
50 mm 

Penetration depth Segregation resistance 8 mm 

Sieve segregation Segregation resistance 18% 

HPC properties 

Air content by pressure method Fresh air content 4%–8% 

Axial compression on cylinders 28- and 91-day compressive strength >40 MPa 

Ultrasonic pulse velocity by PUNDIT 
Physical quality or condition (packing, 

uniformity, etc.) 
≥4575 m/s 

Porosity by fluid displacement 

method 
Porosity by fluid displacement method 7%–15% 

Absorption by water saturation 

technique 
Water absorption as indicator of durability 3%–6% 

True electrical resistivity by Wenner 

probe 
Electrical resistance to corrosion >5–10 kΩ-cm 

Rapid chloride ion migration 
Electrical charge passed as indicator of 

corrosion resistance 
<2000 C 

Normal chloride ion migration at 6 

months 

Penetrated chloride value as indicator of 

corrosion resistance 
<0.07% 

Durability factor after 300 cycles of 

freeze-thaw 
Resistance to freezing and thawing >0.8 

 

The porosity and reactivity of coarse aggregates play an important role in the durability of 

SCHPC; porous aggregates negatively affect strength and frost resistance. The gradation of 

coarse aggregates is likewise important for the fresh and hardened properties of SCHPC; well-

graded coarse aggregates enhance the flowing ability and segregation resistance in fresh 

concrete (Neville, 2009). It also produces dense particle packing, which improves hardened 
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properties (Tasi et al., 2006). The question is whether RCA could be used partially for 

producing SCHPC, which is a porous crushed aggregate.  

2.3.3.2 Cement replacement materials 

CRMs or supplementary cementing materials are powder materials that contribute to the 

properties of hardened concrete through hydraulic and/or pozzolanic activity. High strength 

and good durability are the prime goals of SCHPC. Thus, CRMs are highly important to 

achieving these objectives and an essential material that must be used for promoting SCHPC. 

CRMs are considerably helpful in enhancing concrete’s properties through their physical and 

chemical effects on material packing and microstructure (Hassan et al., 2000; Hooton, 2000; 

Khatri et al., 1995). Such standards specify the physical and chemical requirements for natural 

and artificial CRM, which provide the limits for fineness, expansion or contraction, pozzolanic 

activity, uniformity, reactivity, limits for several chemical components and igneous loss. A 

question is whether unprocessed waste powder materials could be used as CRMs for producing 

SCHPC without any processing preceding the use or consumption of any energy for this 

purpose. WFA is considered the raw material for pulverised fly ash. However, chemical 

requirements are lacking for WPP and WCC in European (EN) standards or American society 

for testing and materials (ASTM) standards, and they have not been discussed in the literature 

from many aspects. 

2.3.3.3 High-range water reducer admixture  

The SCHPC cannot be achieved without the use of high-range water reducer admixture, which 

is also known as superplasticiser. It improves the flowing ability and reduces the yield stress 

and plastic viscosity of concrete by its liquefying action (Yen et al., 1999). Superplasticiser 

helps in enhancing the strength and durability of concrete by improving hydration through 

increased dispersion of cement particles and decreased quantity of mixing water for a given 

flowing ability (Hover, 1998). Superplasticiser comes in four types, among which 

polycarboxylate superplasticiser, a second-generation superplasticiser, is generally preferred 

for producing SCHPC. The required amount of superplasticiser changes significantly with the 

concrete’s constituents, especially with the substantial difference between the CRMs in their 

structures and physical properties and with the roughness and absorption of the used aggregate. 

Another important question is whether an optimised minimum dosage of superplasticiser could 

be used for producing SCHPC using CRMs and RCA.  

2.4 Sustainability of concrete 

The construction industry is among the fields most affected by the ongoing sustainability 

debate primarily due to the substantial environmental impact resulting from the production of 
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building materials, construction of buildings and structures and the subsequent use thereof 

(Mueller et al., 2017). Concrete can become green or environmental friendly when one or more 

of the following properties is achieved (Suhendro, 2014). 

1. It uses waste materials as at least one of its components. 

2. Its production process does not lead to environmental destruction. 

3. It enhances the durability of concrete, thereby extending the latter’s service life and 

reducing long-term resource consumption. 

4. It exhibits superior performance and life cycle sustainability without destroying natural 

resources.  

For developing clean concrete production technologies that reduce CO2 emission and 

consumed energy or fuel derived from fossil in the cement manufacturing process, the use of 

CRMs and alternative aggregates is being explored. 

Approximately 10% of the total man made CO2 emitted into the atmosphere is produced during 

cement manufacturing; concrete is the second material (after freshwater) used by people with 

a global annual consumption rate approaching 25 gigatons (Long et al., 2015). Researchers 

have attempted to produce sustainable concrete mainly through utilising waste materials 

(construction or industrial waste) and evaluating the sustainability of these new types of 

concrete not only by their ecological impact but also by their technical performance, i.e. their 

mechanical, physical and chemical properties (Mueller et al., 2017). As Ajdukiewicz and 

Kliszczewicz (2002) stated in their research, green high-performance concrete is the future of 

concrete development. 

2.4.1 Recycled concrete aggregate 

The reuse of crushed aggregate from demolished concrete structures was introduced into 

practice many years ago, during which two main environmental aspects were considered: a) 

solving the increasing waste storage problem and b) protecting the limited natural resources of 

aggregates (Malešev et al., 2010a). Many studies have applied the concept of utilising concrete 

waste as RCA with use of different replacement ratios (up to 100%) for producing RAC, 

especially in the case of ordinary concrete, however, only a few studies have applied the 

concept to SCC (Omrane et al., 2017; Rajhans et al., 2018). Researchers have comparatively 

analysed many experimental results to show the effect of using RCA on the 

macro/microstructure properties of fresh and hardened concrete. The basic properties of RAC 

are mainly affected by the properties of RCA because a certain amount of mortar from the 

original concrete remains attached to stone particles in RCA when the concrete waste is 

crushed. This is the main reason for the low quality of some properties of RAC (Malešev et al., 
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2010a). Table 2.2 shows the most important properties of RCA and concrete made with 

recycled aggregate on the basis of available experimental evidence from studies which used 

different percentages of RCA and investigated their effects on the properties of ordinary 

concrete. According to these tests results, the performance of RAC is mainly satisfactory not 

only in terms of mechanical properties but also requirements that are related to mixture 

proportion design and production of this concrete type. 

Table 2.2 Effect of RCA on concrete properties 

Properties 
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Water absorption Increase √   √  √ √ √ √ √ √ 

Density Decrease √  √   √  √ √   

Specific gravity Decrease   √ √  √   √  √ 

Abrasion resistance Decrease   √     √ √   

Crushability Increase      √ √    √ 

Workability Not affected √   √ √     √ √ 

Compressive strength Decrease √ √ √ √ √ √ √   √ √ 

Concrete tensile strength Decrease √  √  √ √ √    √ 

Wear resistance Decrease √      √ √ √   

Modulus of elasticity Decrease √ √ √ √  √      

Shrinkage Increase √        √   

Bond with reinforcement Not affected √           

Therefore, the replacement amount of RCA rather than the shape of the aggregate do not affect 

the workability of RAC if water absorption capacity is compensated. Meanwhile, the 

mechanical and durability properties of RAC depend mainly on the quality of RCA and the 

bond between RCA and new mortar. The decrease of water absorption depends on the porosity 

of the attached mortar in RCA and is thus a major factor that must be considered during the 

design and production of durable concrete. The following steps summarise the design 

considerations for minimising the pore content: a) using RCA saturated surface dry state, b) 

using low w/b with addition to superplasticiser, c) detecting airspace volume in RCA and d) 

using an optimal duration of vibration (Nehme and Nehme, 2012). 

2.4.2 Waste powder materials 

Many materials were discovered in the past decade, and the efficiency of using CRMs to the 

hydration of cement due to their physical characteristics and chemical compositions has been 

proven (El Mir and Nehme, 2017b). Some of these materials are unprocessed waste powder 
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materials which were introduced into the construction industry as CRMs for improving the 

various properties of concrete (Georges, 2015), due to the fact of the large amounts of energy 

which consumed in processing CRMs. In the following paragraph, three unprocessed waste 

powder materials, namely, WFA, WPP and WCC, are presented. These materials are suggested 

by this Ph.D. thesis for reducing the cement consumption in the concrete industry and further 

promoting the sustainable use of SCHPC. 

2.4.2.1 Waste Fly Ash Powder (WFA) 

More than 300 individual minerals have been identified in various coal ash samples (Vassilev 

et al., 2003; Vassilev et al., 2004). Thus, the EN Standards set several requirements and 

processes for treating WFA before its use to optimize its fineness and thus reduce its water 

demand and improve its properties. These processes are classification, selection, sieving, 

drying, blending, grinding and carbon reduction, which are often costly and consume 

considerable amounts of energy (EN 450-1, 2012). Limited information is available about the 

utilization of WFA. Snelson and Kinuthia (2010a&b) suggested that incorporating WFA as a 

partial replacement of cement would improve the mechanical and durability properties of 

concrete. Different expressions have been used to denominate fly ash without any modification. 

These expressions were raw, unprocessed, low-quality, reject and waste fly ash. Hamood et al. 

(2017) investigated the utilization of WFA in place of cement and found that increasing the 

replacement amount of cement by WFA reduced the flowability and mechanical properties at 

an early stage but improved the long-term properties; they recommended the use of WFA for 

producing SCC. Poon et al. (2003) investigated the pozzolanic properties of WFA blended 

cement pastes; they observed that a high but not excessive w/b could improve the reactivity of 

WFA owing to the high water absorption of WFA. Snelson and Kinuthia (2010a) and Snelson 

and Kinuthia (2010b) investigated the physical, mechanical and durability characteristics of 

concrete and cement paste using WFA, and their results confirmed the possibility of utilizing 

WFA in various concrete works, although caution should be taken to avoid excessive cement 

replacement. Meanwhile, the incorporation of WFA in concrete from all aspects, especially the 

activation behaviour of the binder itself with time, has not been discussed.  

2.4.2.2 Waste Perlite Powder (WPP) 

Perlite is a natural glassy volcanic rock which contains high amounts of silicon dioxide and 

aluminium oxide with amorphous siliceous nature; therefore, it is a pozzolanic material that 

conforms to the specifications of ASTM C618 (2017a) (Karein et al., 2018; AzariJafari et al., 

2018).  Over 2,650 thousand metric tons of perlite were produced worldwide in 2015. Several 

countries have perlite mines, and Hungary is one of the six countries, which account for 
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approximately 97% of the world production of perlite. This substance can be expanded 5–20 

times its original volume when rapidly heated at 900 °C–1200 °C and then used in many 

construction aspects. Construction-expanded perlite can be used as a part of cement or 

aggregate in traditional cementitious materials or as a source material for geopolymers 

(Rashad, 2016). Using expanded perlite powder as a part of cement leads to a reduction in the 

strength of NA concrete and enhances the fresh properties (Rashad, 2016; Darweesh, 

2014). However, Yu et al. (2003) concluded the opposite. The use of WPP generated from the 

cutting of raw perlite rock without any processing has not been as seriously investigated in the 

literature as that of CRMs. Meanwhile, El Mir and Nehme (2017c) investigated the effect of 

the adoption of WPP as filler material in SCC and verified that its pozzolanic activity improved 

the filling capability and decreased the flowability of SCC.  

2.4.2.3 Waste Cellular Concrete Powder (WCC) 

By contrast, utilization of WCC has not been clearly discussed in the literature, where the fine 

grade enhances the mechanical properties when it is used up to 10% as a replacement of 

cement. WCC is completely a waste raw material resulting from the cutting of cellular concrete 

blocks; it has minimal cost, does not require any preparation or pulverisation before mixing, 

has the same chemical composition as does concrete, and produces fine powder as by-product 

after the manufacture of masonry elements. Gyurkó et al., (2017) studied the effect of waste 

materials used as non-hydraulic CRMs on the compressive strength and durability of C25/30 

concrete; according to a freeze test, WCC enhanced the compressive strength and durability 

performance of the concrete. One of the main conclusions was that it could enhance the 

performance of concrete by the use of up to 10% replacement of fine WCC. The optimal 

replacement amount of WCC could also increase the strength and durability of concrete, and 

such amount can have a better performance than can metakaolin on the durability of concrete, 

despite that the latter increases the compressive strength more than does WCC. However, the 

optimal dosage of cellular concrete powder still requires further investigation. Meanwhile, 

excess WCC could cause detrimental effects. 

2.5 Multiple use of recycled aggregate concrete  

The considerable research in the aspect of using RCA is sufficient evidence for using RCA in 

construction, especially in countries experiencing difficult circumstances, such as those in war 

or lack natural resources, where using RCA in construction is a starting point for a new 

challenge of sustainability and implied in the following question: “Can RCA be adopted as 

reused recycled concrete aggregates?” (Salesa et al., 2017b). For example, Gaza Strip, as has 

any other critical region during wars, has been facing this challenge. Given the frequent wars 
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in the area, rubble from destroyed buildings and houses are currently in large amounts, as 

shown in Figure 2.2. The Ministry of Public Works and Housing in Palestine counted 

approximately two million tons of concrete rubble after the last war, which was in 2014, before 

controlling for the concrete rubble, which resulted from the war of 2011. The concept of cradle-

to-cradle has been growing in importance for sustainability recently; products need to be tested 

to ensure that they can maintain their status as resources and possibly enter further life cycles 

as a substitute of natural materials at the end of their current life cycles (Braungart et al., 2007; 

Marie and Quiasrawi, 2012). The concept of 5-R states that the key principles of a sustainable 

construction material are the ‘reduce, reuse and recycle for environment recovery and respect’. 

Discussions on MRCA are lacking, and many aspects concerning its applications and the effect 

of the percentage of MRCA on new concrete have not been covered. The main result in this 

area is that MRCA may be used without a remarkable effect on the mechanical properties of 

concrete, where:  

Marie and Quiasrawi (2012) studied the closed-loop behaviour of MRCA; their study mixtures 

replaced 20% of NA by RCA as a first generation and then repeated the process for a second 

generation but used MRCA as the replacement. Despite revealing that workability, 

compressive and tensile strengths decreased for each succeeding generation, the quality 

remained acceptable; thus, the authors still recommended the use of MRCA. The researchers 

mentioned that the sustainability of natural resources and the environment could be maintained 

by the application of the closed-loop concept in recycling concrete. 

 
Figure 2.2 Destroyed area in Gaza Strip after 2014 war 

Huda and Alam (2014) discussed the mechanical behaviour of MRAC after three generations 

of 100% replacement of NA with MRCA. The results showed that using MRCA slightly 

decreased the compressive strength of concrete compared with the control concrete. However, 

the first and second generations successfully achieved their target mechanical properties at two 
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months ages expect the third generation concrete. Salesa et al. (2017a) investigated the 

physical and mechanical properties of MRAC in the precast concrete industry. The results 

showed that MRAC had an equivalent or even better mechanical behaviour compared with the 

control concrete. However, the mechanical properties degraded with an increase in the number 

of recycling cycles. Salesa et al. (2017b) investigated the physical and mechanical properties 

of SCC using MRCA, which was prepared by crushing the rejected precast concrete elements. 

The performance of MRAC was better than that of normal vibrated concrete. They concluded 

that the precast concrete industry would become sustainable with the adoption of MRCA, 

which uses a renewable resource of aggregate and decreases the potential cost. Thomas et al. 

(2018) analysed the properties of MRCA and identified the phases of MRCA using 

computerised microtomography, which showed that the volume of adhered mortar became 

80% of the MRCA after three generations of recycling, as well as the capacity of RCA for 

compaction decreased with each successive recycling. Given that, RAC has more aggregate 

and mortar ITZs than NA concretes due to the use of RCA instead of NA (Xiao et al., 2013; 

Sáez del Bosque et al., 2017). A large number of ITZs will exist in new eco-efficient concretes 

such as MRAC (Sáez del Bosque et al., 2017; Jin et al., 2015). The effect can be more 

noticeable on the MRCA with more ITZs because the properties of the ITZs remarkably 

influence the macro-mechanical properties and strength of concrete. Which is the governing 

strength development of the RAC, and the strength of MRAC explains the nature of its ITZs 

(Xiao et al., 2013; Xiao et al., 2012; Poon et al., 2004b; Sáez del Bosque et al., 2017; Jin et 

al., 2015).  

2.6 Key properties of Green SCHPC  

2.6.1 Fresh properties 

The use of RCA without compensation of its water absorption capacity negatively affects the 

workability of fresh concrete. RAC has more slump loss than does NA concrete (Debieb et al., 

2009; Hama and Hilal, 2017; Carro-López et al., 2017). This behaviour is mainly due to RCA 

itself; its size, texture, shape and water content of aggregate substantially affect the fresh 

priorities (Kou and Poon, 2009; Revathi et al., 2013; Revathi and Mani, 2014). The American 

Concrete Institute (ACI) defines fresh properties or workability as “that property of freshly 

mixed concrete or mortar that determines the ease with which it can be mixed, placed, 

consolidated, and finished to a homogenous condition”. It is the basic property that 

characterises SCC, and for concrete to be SCC, it has to flow and consolidate within the 

formwork only under its own weight and without vibration. A low w/b is required for 

improving the durability of SCHPC; thus, superplasticiser has to be used for enhancing the 
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fresh properties of RAC (Revathi et al., 2013; Kisku et al., 2017; Madandoust and Mousavi, 

2012). Some studies have suggested the use of RCA with a saturated surface dry condition for 

enhancing the workability, especially in cases of high w/b (Yong and Teo, 2009). RCA in real-

world applications contain water. The use of RCA under air dry condition (partially wet) is a 

more precise simulation of reality than that under saturated surface dry conditions and will thus 

increase the reliability of the study. Filling ability, passing ability, viscosity and segregation 

resistance are the primary fresh properties of SCHPC which must be considered in the design 

phase of the material. Slump flow and V-funnel tests are used in the present study for evaluating 

the properties of SCHPC, in addition to physical observation. These tests are executed in 

accordance with EFNARC (2005), which specifies their required specifications, limitations and 

classifications. 

2.6.1.1 Filling ability 

EFNARC (2002) defines filling ability as ‘the ability of fresh concrete to flow into and fill all 

spaces within the formwork, under its own weight’; it is the capability of a material to 

absolutely fill the framework without using any means of consolidation, such as vibration. 

Aggregate content, aggregate size, w/b, binder content, binder type and superplasticiser dosage 

are the main factors affecting the filing ability of concrete (Puthipad et al., 2016; Megat Johari 

et al., 2011). Filling ability could be improved by: 

1. Using the optimal dosage of superplasticiser for preventing segregations, controlling the 

rheological parameters and reducing yield stress and plastic viscosity; 

2. Using cementing materials that enhance segregation resistance, which improves filling 

ability; the cementing materials could be waste powder materials that could exhibit the 

properties of filling materials or CRMs (Mehmet Karatas, 2015).  

2.6.1.2 Segregation resistance  

The ability of concrete to remain uniform during and after placement without any loss of 

stability due to bleeding, mortar separation and coarse aggregate settlement is called 

segregation resistance (EFNARC, 2002). This property can be improved with well-graded 

aggregates, decreased maximum aggregate size, use of cementing materials with cement and 

decreased w/b (Güneyisi et al., 2013; El Mir and Nehme, 2017a). Meanwhile, low segregation 

resistance decreases the durability of SCHPC (Assaad et al., 2004). Segregating resistance 

could be investigated by physical inspection through a test of slump flow and casting of 

concrete; absence of bleeding or separation is a good indicator of good segregation resistance. 

Passing ability, which is defined by EFNARC (2002) as ‘the ability of fresh SCHPC to flow 
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through tight openings or spaces confined by steel reinforcing bars’, could be achieved also by 

limited coarse aggregate segregation. 

2.6.1.3 Viscosity  

The resistance to the flow of concrete during flow illustrates the viscosity of concrete, which 

could be determined by an examination of the efflux time in the V-funnel test (EFNARC, 2005). 

The flow time has to be limited to 6–12 s by using the V-funnel test for good SCHPC viscosity. 

Concrete with low viscosity will have a very quick initial flow and then stop, whereas that with 

high viscosity may continue to creep forward over an extended period (EFNARC, 2005; 

EFNARC, 2002). 

2.6.1.4 Processing window  

Processing window is a window created by mainly two coordinates, namely, slump flow (mm) 

in the x-axis and V-funnel time (s) in the y-axis, and could help in assessing and limiting the 

targeted values on the basis of the upper and lower limits of the slump flow and V-funnel tests. 

Certain modifications have been suggested regarding the limit ranges of EFNARC (2002) by a 

number of researchers who investigated the fresh properties of SCHPC (Güneyisi et al., 2013; 

El Mir and Nehme, 2017a). 

2.6.2 Mechanical properties 

Compressive strength, modulus of elasticity, flexural strength and splitting tensile strength are 

the main mechanical properties of SCHPC and express the material’s mechanical behaviour; 

here, they accommodate the concrete strength with regard to different aspects. The mechanical 

properties of hardened SCC are similar to those of conventional concrete (Kim and Han, 1997), 

whereas for SCHPC, the mechanical properties have to be similar to those of high-strength 

concrete (HSC), which has a specified compressive strength for design of at least 55 MPa (ACI 

CT-13 2013). The addition of RCA or any other CRM will affect the mechanical properties of 

a hardened material positively or negatively, depending on its physical and chemical properties 

and the added proportion. The properties of RAC depend on many factors, such as w/b (Khan 

and Sengupta, 1984; Safiuddin et al., 2010), properties of RCA and ITZ (Etxeberria et al., 

2007), properties of adhered mortar and parent concrete (Kou and Poon, 2015), mixing 

approach and procedure (Tam et al., 2007), initial cement content (González-Fonteboa and 

Martínez-Abella, 2008), properties of added admixtures (Limantono et al., 2016), and use of 

plasticisers (Dilbas et al., 2014). However, the properties of RCA can be enhanced by different 

methods, such as the use of CRMs (Oner et al., 2005), or optimizing the previous mention 

factors. 

 



Mohammed A. Abed            Green Self-compacting High-performance Concrete              Ph.D. thesis   

18 
 

2.6.3 Durability properties 

ACI defines durability as ‘the ability of a material to resist weathering action, chemical attack, 

abrasion, and other conditions of service’ (ACI CT-13 2013), which are serious phenomena 

that have to be considered at the conceptual design stage; appropriate materials must be 

selected taking into account the target environment for achieving good structural service life 

(fib, 2009). Lack of durability has economic implications for society. A model code for service 

life design has been introduced by the International Federation for Structural Concrete for 

considering durability degradation in the design stage by either their prevention or limitation 

(fib, 2006). Durability properties mainly depend on the properties of concrete ingredients, their 

mixing methods and proportions; in the case of SCC, admixtures have a noticeable effect 

(Kisku et al., 2017). The term permeability is generally used to characterise the durability of 

concrete (e.g. water permeability, chloride migration and absorption). To fulfil the durability 

properties of SCHPC, Safiuddin (2008a) suggested the limitations shown in Table 2.1. Many 

researchers have concluded that the use of RCA instead of NA negatively affects the durability 

properties of concrete (Kou and Poon, 2009; Thomas et al., 2013; Gesoglu et al., 2015; 

Sumanth et al., 2013; Tuyan et al., 2014). This effect is due to the fact that adhered mortar is 

more porous than is NA, thereby affecting material service life. However, the durability of 

RAC could be enhanced by improvement in the mixing approach and incorporation of specific 

amounts of mineral admixtures.  

2.6.3.1 Water absorption 

The presence of water in concrete causes many durability problems, thus reducing the 

performance of concrete materials. The total reachable pore volume of the concrete could be 

estimated by the total volume of penetrable pores, which is tested via the water absorption by 

immersion test. However, this test does not give a good indication of concrete permeability (De 

Schutter and Audenaert, 2004). Water absorption of RAC is higher than that of normal 

concrete, which is affected by the geometrical and physical properties, size and replacement 

amount of RCA in addition to the properties of the mortar (Pacheco Torgal and Castro-Gomes, 

2006). 

2.6.3.2Water penetration 

Water penetration is the flow of water through pores in concrete and thus provides information 

about the permeability of concrete (Kisku et al., 2017). Permeability is harmful if it exceeds its 

limitation, especially in reinforced concrete; many codes and researchers have defined the 

maximum allowable water penetration depth for durable concretes (Zega and Di Maio, 2011; 

El Mir and Nehme, 2017c). The average and maximum penetration depths are 30 and 50 mm, 
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respectively. The source and quality of aggregates noticeably affect the permeability of 

concrete as well as the permeability of concrete decreases with an increase in concrete age 

(Thomas et al., 2013). Given that RAC has higher absorption than does NA concrete, RAC 

resists water penetration less than does the latter. High RCA substitution and w/b cause an 

increase in the porosity of ITZ, thereby allowing for deep water penetration in RAC. The use 

of pozzolanic mineral admixtures and a low w/b effectively reduces this negative effect of RCA 

(Olorunsogo and Padayachee, 2002a). 

2.6.3.3 Chloride migration 

Chloride migration is one of the most serious deterioration mechanisms and leads to 

reinforcement corrosion of reinforced concrete structures. Chloride migration depth refers to 

the depth of chloride ions which penetrate the concrete from the environment or are introduced 

into the concrete at the mixing stage (Zong et al., 2014). For providing a realistic design and 

thus increasing chloride migration resistance; probabilistic-based approaches have been 

introduced (fib, 2006). The non-steady-state migration test is used for assessing the chloride 

resistance of concrete. In this test, chloride ions outside are forced to migrate into the specimen 

with the application of an external electrical potential axially across the specimen. Despite the 

fact that RAC generally resists chloride migration less than NA concrete due to the porous 

nature of RCA (Ann et al., 2008; Kou and Poon, 2013); some researchers have observed that 

RCA affects chloride migration only slightly or even positively (Sim and Park, 2011). 

Incorporating mineral admixtures at the time of mixing, decreasing the w/b and using 

polycarboxylic polymer-based superplasticisers are effective ways of enhancing the chloride 

migration resistance of RAC (D. Matias, 2013). Thus, SCHPC produced by RCA and CRMs, 

which has large amounts of superplasticisers and a low w/b, could be an excellent solution for 

the negative effect of RCA.  

2.6.3.4 Freeze/thaw resistance 

The effect of freezing/thawing is one of the most common physical deteriorations of concrete 

in cold environments and causes serious damages and induces cracks in concrete structures. 

The freezing of water inside the capillary pore structure causes an increase in volume of 

approximately 9%, thus causing severe cracking and disruption of the concrete, especially if 

the pores in the concrete are close to saturation. Frost damage comes in two types: a) internal 

frost damage is caused by water freezing inside the body of the concrete and manifests through 

loss of compressive strength and change in weight; b) surface scaling is caused by freezing of 

the concrete surface when it is in contact with weak saline solutions. The damage is 

characterised by the removal of small chips or flakes of material (El Mir and Nehme, 2017c; 
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fib, 2009). The adoption of air-entraining admixtures is one of the best solutions for enhancing 

the freeze/thaw resistance of concrete; the addition of a specific amount of appropriately sized 

air voids allows for the accommodation of any increase in water volume in case of freezing. 

Thus, standards have recommended some limitation regarding air void parameters, such as the 

spacing factor between voids and minimum air content of the fresh mixture (ACI 201.2R, 2008; 

Łaźniewska-Piekarczyk, 2013). Susceptibility to freeze/thaw damage is affected by the 

concrete’s composition, permeability, porosity, type, moisture content, age, air-entraining 

admixtures, workability, exposure environment and aggregate type. In the case of RAC, the 

freeze/thaw resistance depends on RCA quality and replacement ratio (Zaharieva et al., 2004; 

Tuyan et al., 2014).  RCA comprises porous aggregates, thus resulting in reduced resistance to 

freeze/thaw cycles; some studies have proposed that the freeze/thaw resistance decreases with 

use of RCA due to converting the system of pores distributed in the concrete to a partial non-

air-entrained void system, which leads to serious durability loss under frost attack (Šeps et al., 

2016; Hao et al., 2018; Gokce et al., 2004). 

2.6.4 Fire resistance 

Novak and Kohoutkova (2018) defined fire resistance as “The ability of components of the 

building to perform their intended load-bearing functions under fire exposure”, while in case 

of fire, the degradation of materials induces strength decreasing, cracking, and spalling that 

could occur in certain conditions. High paste volume, mineral admixtures content, and coarse 

to fine aggregates are the main characteristics of self-compacting concrete (Domone, 2007; 

Fares et al., 2009), it responds with more deterioration of residual mechanical properties after 

exposure to the elevated temperature compared with the normal vibrated concrete, meanwhile, 

increases the risk of spalling especially beyond 300 °C (Pineaud et al., 2016; Persson, 2004; 

Reinhardt and Stegmaier, 2006; Fares et al., 2010). Aggregate and binder are two main 

ingredients affecting mechanical properties of concrete at elevated temperatures, where 

elevated temperatures expand the aggregates and shrink the binder (Fu et al., 2004; Ma et al., 

2015). Aggregate occupies around 60 to 80 % of the volume of concrete, which highly affects 

the properties of concrete at both ambient and elevated temperature, where the expansion 

behavior of aggregate at elevated temperature depends mainly on the aggregate type (fib, 2007). 

Using RCA as a partial replacement of NA has been recognized as a promising solution for the 

sustainable development; its mechanical properties have been excessively investigated at 

ambient temperature, however, only a few studies have considered its performance after 

exposure to the elevated temperatures. Cree et al. (2013), Sarhat and Sherwood (2013), Vieira 

et al. (2011) and Laneyrie et al. (2016) concluded that using RCA affects the properties of 
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concrete at elevated temperatures by enhancing the residual mechanical properties and decrease 

the possibility of explosive spalling. Zega and Di Maio (2006) related this behavior to the 

strong interface between the adhered mortar of RCA and the new mortar, the bond between 

two mortars is stronger and their coefficients of thermal expansion are comparable thus the 

micro/macro cracking of the mortar is reduced. The positive effect of RCA at elevated 

temperatures could be more significant in case of self-compacting high-performance concrete 

(SCHPC), where the lower water to binder (w/b)  contributes to increasing the residual strength 

of the concrete that produced by incorporating RCA after exposure to the elevated temperatures 

(Xiao and Zhang, 2007). The binder in concrete could be cement alone or incorporation of 

cement with other CRMs like pulverized fly ash, silica fume, slag, limestone, etc., which 

generally affects the properties of concrete at both ambient and elevated temperatures either 

positively or negatively. CRMs are important ingredients for producing concrete with high 

performance abilities; Poon et al. (2001) and Tang and Lo (2009) agreed with the positive 

effect of pulverized fly ash on the residual mechanical properties of concrete after exposure to 

the elevated temperatures as well as decreasing the possibility of spalling and the appearance 

of surface cracks. Poon et al. (2004a), Behnood and Ziari (2008) and Demirel and Keleştemur 

(2010) concluded that silica fume decreases the residual strengths of concrete after exposure to 

the elevated temperature and increases the possibility of spalling due to its intense mortar, 

moreover, it causes severe damages at high temperatures beyond 600 °C. While, better 

performance was observed by both Xiao and Falkner (2006) and Xiao et al. (2006) in case of 

using slag, which maintains the residual strength of concrete after exposure to the elevated 

temperature.  

However, the replacement amount of cement by CRM together with the type of the used 

aggregate play an important role in the behavior of concrete at elevated temperatures (Cree et 

al., 2013). Using unprocessed waste powder materials as CRMs could give more sustainable 

products from the perspective of reducing waste materials, CO2 emissions, and the energy 

needed for processing (Limbachiya et al., 2012). As well as the behaviour of the new kinds of 

concrete at elevated temperature is very different compared with traditional concretes 

(Anderberg, 1997; Phan, 2002; Bakhtiyari et al., 2011). Fire is one of the major hazards to 

which concrete structures could be susceptible during their service life. Results of long-term 

testing of the mechanical properties of concrete at elevated temperatures could be closer to 

reality than those of short-term evaluation. This could be more necessary during use of 

additives, many of which consume a long time to complete the hydration process.  
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CHAPTER 3: EXPERIMENTAL PROGRAM 

Chapter 3 presents the method used for achieving the aim of this Ph.D. work. 

The used materials, steps of experimental and analytical work, and the 

procedures conducted for achieving every single experiment are explained. This 

chapter discusses the research procedure and provides a flowchart for the 

overall research program. 

3.1 Background  

The research program comprised experimental investigation. The experimental investigations 

were mainly conducted for examining the suitability of component materials and observing the 

performance of different binder pastes and various fresh and hardened SCHPCs. The binder 

pastes used contained three unprocessed waste powder materials as CRMs for optimising the 

maximum possible replacing dosage of WFA, WPP and WCC as CRMs. Meanwhile, the 

SCHPC used the proposed CRMs and/or RCA substation of NA after optimizing the reference 

SCHPC mixture’s proportions and procedure. 

3.2 Materials 

The materials used in the present experimental program for producing the green version of 

SCHPC were mainly binder, aggregate, water and superplasticiser. 

3.2.1 Binder 

Ordinary Portland cement (OPC) CEM I 42.5 N was used to eliminate the effect of mineral 

admixtures and to investigate purely the effect of the incorporated CRMs on the properties of 

the concrete. CEM I 42.5 N is most widely used to produce various types of concrete; It is used 

alone or in combination with CRMs to produce SCHPC. It is a hydraulic cement, which is 

produced by pulverizing clinker consisting of calcium silicates, and usually containing calcium 

sulfate as an interground addition (ASTM C150, 2004). In accordance with EN 197-1 (2011) it 

was applied for this Ph.D. thesis, which is produced by “LAFARGE” company, and it was 

applied for the production of all the investigated concrete mixtures. Cement was replaced by 

three CRMs, which they are unprocessed waste fly ash, perlite, and cellular concrete powders:  

1. Waste fly ash, WFA collected from a coal power station in Hungary (Visonta coal-fired 

thermal power station) and delivered to the laboratory for use in the testing programme 

without any processing. 

2. Waste perlite powder, WPP is an amorphous volcanic silicate/alumina rock originating 

from raw perlite resulting from the cutting of raw perlite rock. It was exported with high 

and low specific surface areas (WPP-c and WPP-s). WPP-c and WPP-s were used by 50% 

of each as WPP. 
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3. Waster cellular concrete powder, WCC collected from a factory for cutting cellular 

concrete masonry in Hungary.  

By chemical analytical methods, the oxidising composition have been determined and although 

they are pure waste materials; they contain mostly amorphous materials. The chemical 

compositions and physical properties of the cement and CRMs, which were tested in 

accordance with MSZ EN 196-2 (2013) and MSZ EN 525-12 (2014), are shown in the Table 

3.1.  Where Figure 3.1 shows the sieve curves for the cement and CRMs and depicts that WFA, 

WCC and WPP-c had larger grain distributions than cement but WPP-s had a finer grain 

distribution.  

 
Figure 3.1 Grading curves of cement and CRMs 

The X-ray diffraction profile for the cement, WFA, WCC and WPP is shown in Figure 3.2 

where; A: Alite (C3S). B: Belite (C2S). C: Brownmillerite (C4AF). D: Gypsum (CSH2). E: 

Gypsum Un-Hydrated (CS). H: Hematite. K: Kaolinite. P: Plagioclase (Lattice). Q: Quartz. R: 

Phyllosilicates. S: Plagioclase (Anorthite). T: Tobermorite.  

 
Figure 3.2 X-ray diffraction profile of cement and CRMs. 

A high absorption factor was recorded for iron, which meant a long time required for 

completing the hydration process of WFA. Considerable SiO2 was present in amorphous form 
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and burned albite. The hydrated phase in the cement was gypsum (dehydrate), but it was 

anhydrite in WFA. The crystalline phases could be identified as follows: 

1. CEM I: Ca3SiO5 (C3S, alite, hatrurite) as main crystalline component; Ca2SiO4 (C3S, 

belite, larnite) presence could not be excluded; - CaSO4
.2H2O (CSH2, gypsum); - 

Ca4Al2Fe2O10 (C4AF, brownmillerite); 

2. WFA: - -SiO2 (S, -quartz) as main crystalline component; - Fe2O3 (F, hematite) also 

dominating crystalline component; - CaSO4 (CS, anhydrite); - plagioclase (feldspar, most 

probable heat-treated albite); 

3. WCC: - -SiO2 (S, -quartz) as the main crystalline component; - CaSO4 (CS, anhydrite); 

- hydrated mineral, called tobermorite 11A seemed to explain several diffraction peaks; 

4. WPP: - SiO2 (Ca-, Al-bearing cristoballite) as main crystalline component; - plagioclase 

(feldspar, most probable anortite); - occurrence of various zeolitically hydrated minerals 

could not be excluded. 

Table 3.1 Chemical compositions and physical properties of cement and CRMs 

Measured property CEM I WFA WPP-c WPP-s WCC 

Density (g/cm3) 3.02 2.15 2.33 2.33 1.96 

Specific surface area (cm2/g) 3326 4323 843.3 4159 2513 

Loss on ignition 3.0 1.95 2.8 1.21 9.25 

SiO2 19.33 43.02 73.8 73.2 54.28 

CaO 63.43 15.07 1.7 1.06 22.81 

MgO 1.45 3.14 0.11 0.2 1.15 

Fe2O3 3.42 14.17 2.57 2.6 2.16 

Al2O3 4.67 15.6 13.8 16.6 5.09 

SO3 2.6 3.56 - - 4.90 

Chloride content 0.04 0.02 - - 0.02 

Free CaO 0.71 0.37 - - - 

K2O 0.78 - 4.01 3.5 - 

Na2O 0.33 - 2.66 1.5 - 

TiO2 - - 0.083 0.09 - 

Insoluble part in dilute hydrochloric 

acid and sodium carbonate 
0.26 49.72 92.07 86.19 33.02 

 

3.2.2 Aggregate 

The first objective of the experiments was to partially replace the gravel fraction of aggregate 

with waste crushed concrete, where the maximum aggregate size used is 16 mm, which has 

been chosen based on the initial optimisation exercise for the experimental program. The fine 

fraction of aggregate (0/4 mm) was natural river quartz sand in all mixes and no changing on 

its percentage and type have been done, while the coarse aggregate with (4/16 mm) was a main 

variable. The coarse aggregate with (4/16 mm) grading fraction was either natural quartz (NA) 

or RCA, which was crushed in the university’s laboratory from concrete with an average 
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compressive strength range of 28–33 MPa. Then sieved through mechanical sieves to produce 

a 4/16 mm size fraction of the aggregate. The proportion of the fractions was 45% fine 

aggregate (0/4 mm) and 55% coarse aggregate (4/16 mm). NA and RCA were tested to meet 

the requirements of EN 12620:2002+A1 (2008). The Los Angeles wear index for RCA was 

relatively higher than that of NA owing to the low strength of the adhered mortar in RCA, 

where it was 36.11 for RCA and 26.3 for NA. However, the water absorption capacity of RCA 

after 24 h was 5.6%, which required an extra amount of water to be added for RCA’s 

absorption. However, all sieve curves of NA, RCA and MRCA can be seen in Figure 3.3, 

where the MRCA will be explained in the following sections. 

 
Figure 3.3 Grading curves of NA, RCA and MRCA 

3.2.3 Water and Superplastiser 

The mixing water used for the reference was tap water that complies with the requirements of 

EN 1008 (2002). Sika ViscoCrete-5 Neu is a modified polycarboxylates aqueous solution, 

which was used as a high range water reducer admixture to achieve the rheological properties 

of the fresh SCHPC. 

3.3 Mix design  

The experimental investigation of the various SCHPC mixtures comprised the selection and 

testing of materials, testing of aggregate blends, design of concrete mixtures, testing of binder 

pastes, preparation and testing of fresh and hardened concretes and preparation and testing of 

the fresh and hardened properties of MRAC. In addition, several tests for measuring the key 

properties of RCA and MRCA were developed. The overall experimental investigation 

procedure is shown in the flowchart given in Figure 3.4. 

3.3.1 Reference mixture optimisation 

An initial optimisation exercise was performed for specifying the most appropriate constituent 

proportions and mixing procedure of the reference mixture of SCHPC. Ahmad and Alghamdi 

(2014) defined the optimization of the concrete mixture design as ‘a process of search for a 
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mixture for which the sum of the costs of the ingredients is lowest, yet satisfying the required 

performance of concrete, such as workability strength and durability’.  

 
Figure 3.4 Overall research program 
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The optimization was based on the targeted compressive strength and workability performance, 

which were 75 MPa and (SF2 class of slump flow and VF1 viscosity class) respectively. Four 

variables were optimised, namely, aggregate fraction distribution, water to cement ratio (w/c), 

cement content, and mixing procedure. Two aggregate fraction distributions were optimised. 

The first one was 45% for 0/4 mm fraction and 55% for 4/16 mm fraction, whereas the second 

was 60% for 0/4 fraction and 40% for 4/16 fraction, which of which fit the requirements of 

MSZ EN 12620:2002+A1 (2008). In addition, two w/c, namely, 0.35 and 0.38, were selected 

to be tested for their effect on the superplasticiser demand and compressive strength. Finally, 

two amounts of cement content, namely, 450 and 500 kg/m3, were investigated. 

3.2.1.1 Results of reference mixture optimisation 

Eight concrete mixtures were produced in consideration of the aforementioned variables. For 

each; four (150x150x150 mm) concrete cubes have been tested for the compressive strength at 

age of 28 days. The most appropriate mixing procedure was performed for a total mixing time 

of 4.5 min partitioned into three stages by using an electric concrete mixer. After each stage, 

the ingredients were manually mixed for achieving the highest homogeneity, Figure 3.5 

explains the mixing procedure.  

 
Figure 3.5 Mixing procedure 

However, the proposed mixing procedure has been proposed based on a number of trials for 

achieving the minimum superplasticiser demand. The slump flow and v-funnel tests have been 

conducted directly after mixing to check if the mix achieved the SF2 slump flow class and VF1 

viscosity class based on EFNARC (2005). The SF2 slump flow class is ranged by 660 – 750 

mm while the VF1 viscosity class is ranged by 6 – 10 seconds.  

The optimal reference mixture with target compressive strength reaching C50/60 and (SF2 and 

VF1) as a targeted classification for the fresh properties had the following specifications: 500 

kg/m3 cement content, 45% for 0/4 mm aggregate fraction, 55% for 4/16 mm aggregate fraction 

and 0.35 w/c. It is M1 mixture in Table 3.2, which shows the average 28-day compressive 
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strength for all the eight concrete mixtures along with the minimum dosage of the needed 

superplasticiser to achieve the targeted classification for the fresh properties.  

Table 3.2 Compressive strength results of reference mixtures 
Mixture 

name 

28-day average compressive 

strength MPa 

superplasticiser dosage   

kg/m3 

M1 81.9 1.5 

M2 79.3 2 

M3 73.3 2 

M4 75.0 1.5 

M5 77.4 1.75 

M6 73.7 2.25 

M7 70.6 2.25 

M8 74.9 1.75 
 

3.3.2 Paste stage 

This stage was performed for testing the activation index of WFA, WPP and WCC on the basis 

of the compressive and flexural strength tests of cement paste samples with different integration 

amounts of the proposed CRMs (0%–60% replacement). Activity index was expressed as the 

ratio of the strength of the cement paste mixture (containing CRM replacement) and strength 

of the reference mixture (with only OPC), which expressed the hydration rate of the CRM 

(Mucsi and Csőke, 2012). Nineteen groups of paste mixtures were mixed; a plain cement paste 

without any CRM and six groups for each CRM by incorporating the CRM with six different 

replacement amounts of cement by mass (10%–60%).  

The cement content and w/b were constants (500 kg/m3 and 0.35, respectively), similar to what 

was proposed in the reference mixture of concrete. The determination of the maximum possible 

dosage and substitution ratio was important because application of CRM over the optimum 

maximum amount may reduce performance in terms of strength and durability (Yap et al., 

2018). The same mixing procedure, which proposed in Figure 3.5 has been used for mixing 

the binder pastes, where in the first step just the cement and CRMs have been added without 

sand and aggregate. It was for a total mixing time of 4.5 min partitioned into three stages, using 

a KM250 Kenwood Chef Major mixer. Between each stage, the mixture was manually 

homogenised for achieving the highest homogeneity. The pastes were cast for producing two 

kinds of specimens: cubes (40×40 mm) and prisms (160×40×40 mm).  

Nine cube and nine prism paste specimens were produced for each mixture type. The cast 

specimens were then covered with plastic sheets and placed in a room-temperature area 

(20 ± 2 °C) for 24 h until demoulding. Thereafter, specimens were cured for 7, 28 and 90 days 

by wrapping in cling film. Eighteen samples in each group were tested (nine for compressive 

strength test and the rest for flexural strength test). A total of 342 samples were prepared (6 

samples×3 ages×19 mixtures). The consistency of the fresh mixtures was obtained using the 
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flow table, and for each testing age, the compressive strength for three specimens (40×40 mm) 

and the flexural strength for three specimens (40×40×160 mm) were examined. 

3.3.2.1 Results of paste stage 

Replacing of cement by WFA decreases the compressive strength linearly, while the activation 

index increases by time in case of all replacing amount. In the case of using WPP or WCC, the 

relationship is not so clear and they have a filler effect. The results showed that an increase in 

the age of specimens CRMs up to 30% increased the activity index. Otherwise, the behaviour 

of the activity index returned to decrease after 28 days, thereby rendering the applicability of 

replacement beyond 30% questionable. Based on cement paste study, which is conducted to 

study the activation index of the proposed CRMs, cement was replaced by 15% and 30% 

CRMs.  

 

 
Figure 3.6 Activity indexes of the CRMs 

The activity indexes for the six paste mixtures for each CRMs are presented in Figure 3.6. 

WFA needs a long time for observing its hydration activity, and WCC showed better flexural 

strength activation index than compressive strength activation index. 
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3.3.3 Concrete stage 

Mixes with 500 kg/m3 powder content and 0.35 w/b were kept constant throughout the 

experiment. The water absorbed by the RCA was compensated by the addition of water to the 

mixture. Twenty-one concrete mixes of SCHPC incorporating RCA and different CRMs were 

designed. The mixes were divided into seven series, depending on the substitution ratios of 

cement and NA.  

Table 3.3 Series matrix 

Series # 
Replacement 

of cement 

0% RCA replacement 

of coarse aggregate 

25% RCA replacement 

of coarse aggregate 

50% RCA replacement 

of coarse aggregate 

Series I 0% RA0 RA25 RA50 

Series II 15% WFA F15RA0 F15RA25 F15RA50 

Series III 30% WFA F30RA0 F30RA25 F30RA50 

Series IV 15% WCC C15RA0 C15RA25 C15RA50 

Series V 30% WCC C30RA0 C30RA25 C30RA50 

Series VI 15% WPP P15RA0 P15RA25 P15RA50 

Series VII 30% WPP P30RA0 P30RA25 P30RA50 

 

Table 3.4 Concrete mixing proportioning 

Name of 

mixture 

 Proportions in kg/m3 
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ter N. Sand NA RCA 

0/4 4/16 

Series I 

RA0 500 0 783 939 0 1.5 175 

RA25 500 0 783 704 230 1.5 175 

RA50 500 0 783 470 460 1.5 175 

Series II 

F15RA0 425 75 767 920 0 2 175 

F15RA25 425 75 767 690 226 2 175 

F15RA50 425 75 767 460 251 2 175 

Series III 

F30RA0 350 150 751 901 0 3 175 

F30RA25 350 150 751 475 221 3 175 

F30RA50 350 150 751 451 442 3 175 

Series IV 

C15RA0 425 75 766 919 0 1.7 175 

C15RA25 425 75 766 690 225 1.7 175 

C15RA50 425 75 766 459 451 1.7 175 

Series V 

C30RA0 350 150 750 899 0 3.25 175 

C30RA25 350 150 750 674 220 3.25 175 

C30RA50 350 150 750 451 442 3.25 175 

Series VI 

P15RA0 425 75 774 928 0 3 175 

P15RA25 425 75 774 697 228 3 175 

P15RA50 425 75 774 464 455 3 175 

Series VII 

P30RA0 350 150 766 918 0 3.75 175 

P30RA25 350 150 766 688 225 3.75 175 

P30RA50 350 150 766 459 450 3.75 175 
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The cement substitution ratios by CRMs were 0%, 15% and 30% by mass (based on paste stage 

results for the activation index), whereas the NA substitution ratios by RCA were 0%, 25% and 

50% by mass (based on the literature). All mixtures were based on the reference mix design 

which is initially optimised for the project and are presented in Table 3.4 throughout the seven 

series, those sample matrixes are explained in Table 3.3.  

Table 3.5 Number and shape of test specimens for each mixture 

Test Specimen 
Age (days) 

28 90 270 

Compressive strength 

Cube (150x150x150 mm) 

4 4 4 

Freeze/thaw resistance - - 13 

Fire resistance - 15 15 

Water tightness - 3 3 

Water absorption - 2 - 

Thermogravimetric - 1 - 

Flexural strength 

Prism (70x70x250 mm) 

- 4 4 

Modulus of elasticity - 6 6 

Fire resistance - 15 15 

Splitting tensile strength Cylinder (∅150x300 mm) 4 4 4 

Chloride migration Cylinder (∅100x200 mm) - 6 6 
 

A low w/b was used to achieve the rheological properties of SCC in which the mixture must 

be more workable than normal concrete. Thus, a considerable amount of superplasticiser was 

required to achieve the deformability and resistance to segregation at fresh state. The same 

quantity of superplasticiser was used for each series to investigate the actual effect of each 

replacement amount of RCA and CRMs on the fresh properties of SCC. The specimens were 

cast in steel molds of different sizes to obtain the standard specimens for each test. Table 3.5 

presented the numbers and forms of the test specimens for each mix. All specimens were stored 

under lime-saturated water for seven days and then moved to laboratory ambient conditions 

(20 ± 2 °C) until the time of the test. The tests were conducted in different ages (28, 90, and 

270 days). A total of 1344 cubes, 924 prisms and 336 cylinders were prepared. The 

consistencies of the fresh mixtures were obtained by slump flow and V-funnel tests. 

3.4 Life cycle of Green SCHPC 

3.4.1 Multiple recycled concrete aggregate (MRCA) 

We investigated the properties of different types of crushed aggregates by taking into 

consideration the properties of their parent concrete, which was either NA concrete or RAC. 

After testing the mechanical properties of the 21 concrete mixes of SCHPC, the rubble of the 

specimens were crushed and saved for up to six months under laboratory conditions for 

eliminating the effect of proceeding hydration as much as possible and for confirming the 

behaviour with the normal situation of using crushed aggregates in real applications. Then, they 
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were sieved for obtaining the coarse fraction of the aggregates (4/16 mm). Twenty-one crushed 

aggregate types were produced, where the main difference between the aggregate types was 

the type of parent concrete in the first generation. In the final step, the aggregate samples were 

prepared for testing water absorption capacity and Los Angeles abrasion. For determining the 

relationship between the properties of MRCA and its parent concrete, one more concrete 

mixture was mixed and crushed after 180 days. This mixture was RA100 which is SCHPC 

mixture with 100% replacement ratio of NA by RCA. With the addition of the results of this 

mixture, the relationship between the properties of the crushed aggregates and the replacement 

amount of RCA in its parent concrete would be based on four points.  

3.4.2 Multiple recycled aggregate concrete (MRAC) 

This part considered the possibility of using MRCA in concrete production. Two RCA 

replacements (25% and 50%) of NA for producing RAC (the first generation of recycling), 

which produced in the previous stage in series I and known by RA25 and RA50. The same 

procedure is then repeated but with the use of MRCA (resulting from crushing the first 

generation of concrete) to produce the second generation of concrete. To evaluate the 

performance of the second generation concrete made by MRCA, the MRCA produced by 

crushing RA25 and RA50 has been used again for producing the second generation of concrete. 

Where: 

1. MRA25 is MRCA produced from the first generation of RAC, which was originally 

prepared with 25% substitution of NA by RCA. 

2. MRA50 is MRCA produced from the first generation RAC, which was originally prepared 

with 50% replacement of NA by RCA. 

The sequences of using NA–RCA– MRCA for producing the second generation of concrete 

are shown in Figure 3.7. Seven concrete types were fabricated in total, one non-recycled, two 

recycled and four re-recycled.  

 
Figure 3.7 Sequences of using NA, RCA, and MRCA (main concept) 
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The objective of this experiment is to study the performance of the fresh, mechanical, physical 

and microstructural properties of MRCA while taking into consideration the percentage of 

replacement of NA by RCA in the parent concrete. Table 3.6 shows the proportions and 

amounts of materials used for producing the targeted concrete, wherein RA25RA50 is a 

mixture in the second generation with 50% replacement of NA by MRA25. To minimize the 

parameters affecting the concrete properties, all the mixtures followed the same procedure, 

amounts of ingredients, maximum aggregate size and the age of RCA, which could affect the 

strength of the concrete (Vargas et al., 2017, Elsharief et al., 2003, Nagataki et al., 2004). 

Table 3.6 MRAC mixing proportioning 

Name of 

mixture 

Proportions in kg/m3 

Cement 
Fine 

aggregate 
Coarse aggregate Admixture Water  

CEM I 

42.5 N 

N. Sand NA RCA MRA25 MRA50 Sika 

ViscoCrete

-5 Neu 

 
0/4 4/16 4/16 4/16 4/16 

Series I: using RCA 

RA0 500 783 939 0 0 0 1.5 175 

RA25 500 783 704 230 0 0 1.5 175 

RA50 500 783 470 460 0 0 1.5 175 

Series II: using MRA25 

RA25RA25 500 783 668 0 235 0 1.5 175 

RA25RA50 500 783 460 0 422 0 1.5 175 

Series III: using MRA50 

RA50RA25 500 783 704 0 0 233 1.5 175 

RA50RA50 500 783 470 0 0 466 1.5 175 
 

However, the type of aggregate and the replacement percentage of NA were the only variables. 

Water absorbed by RCA and MRCA has been compensated by calculating the difference 

between its original water absorption capacity, which shown in Table 3.7, and water content 

of aggregate when it used for mixing (air-dried). However, the grading carves for both MRA25 

and MRA50 are included in the Figure 3.3 previously. 

Table 3.7 Properties of the crushed aggregate 

Physical tests 
RCA 

(4/16) 

MRA25 

(4/16) 

MRA50 

(4/16) 

Water absorption (%) 5.6 7.5 7.9 

Los Angeles wear (%) 36.1 38.2 39.3 
 

3.5 Design variables and constraints 

The variables and constraints corresponding to the SCHPC mixtures of all produced concretes 

are shown in Table 3.8. The main variable parameters were the cement content, coarse 

aggregate type, type of CRM and the added proportion of CRM. The constant parameters were 

the slump flow classification, w/b, cement type and the particle size distribution fractions, with 
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an maximum aggregate size of 16 mm. Finally, 19 cement paste mixtures, 26 SCHPC mixtures 

and 22 types of RCA and MRCA were produced. 

Table 3.8 Variable parameters for all produced SCHPC mixtures 
Variables Constraints 

1. Cement content (kg/m3): 500, 425 and 350  

2. CRM content amount (kg/m3): 0, 75 and 150 

3. CRM content type: WFA, WPP and WCC 

4. Coarse aggregate type and amount (%): 

4.1. NA: 50 and 75 

4.2. RCA: 0, 25 and 50 

4.3. MRA25: 0, 25 and 50 

4.4. MRA50: 0, 25 and 50 

1. Powder content amount (kg/m3): 500 

2. Maximum aggregate size (mm): 16 

3. w/b (by mass): 0.35 

4. Cement type: OPC - CEM I 42.5 N 

5. Aggregate fractions: 0/4 mm (45%) and 

4/16 mm (55%) 

 

3.6 Test method and evaluation 

In the following section, the tests applied and their evaluation are described. The tests were 

mainly grouped into six, namely, fresh properties, mechanical properties, durability properties, 

fire resistance, physical and microstructural properties and crushed aggregate properties. The 

tests were conducted at different ages for determining the short and long term behaviour. 

3.6.1 Fresh properties 

The properties of the fresh SCHPC were evaluated using the slump flow and V-funnel tests in 

accordance with the EFNARC (2005), to ensure fulfilment of all the necessary requirements of 

workability and viscosity.  

3.6.2 Mechanical properties 

The mechanical properties that were tested included compressive strength, splitting tensile 

strength, flexural strength and modulus of elasticity, which were tested in accordance with the 

MSZ EN 12390-3 (2009), MSZ EN 12697-23 (2004), MSZ EN 12390-5 (2009) and MSZ EN 

14146 (2004) respectively. Compressive strength and the three points flexural tensile tests were 

carried out for investigating the residual mechanical properties after exposure to the elevated 

temperatures. As well as compressive strength was carried out for investigating the residual 

compressive strength after the freeze/thaw cycles. The number and shapes of the tested 

specimens for each mixture and at each testing age are presented at Table 3.4. The specimens 

for mechanical strengths tests have been tested through: 

1. Compressive strength, Four 150x150x150mm cubes have been tested by a universal 

closed-loop hydraulic testing machine at a constant loading rate of 11.25 kN/s. The test has 

been conducted at age 28, 90 and 270 days. 

2. Splitting tensile strength, Four ∅150x300 mm cylinders have been tested by a universal 

closed-loop hydraulic testing machine at a constant loading rate of 8.25 kN/s. The test has 

been conducted at age 28, 90 and 270 days. 
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3. Flexural strength, Four 70×70×250mm cubes have been tested by conducting a three point 

flexural strength test. The test has been conducted at age 90 and 270 days. 

4. Modulus of elasticity, Six 70×70×250mm cubes have been tested by Instron device. The 

test has been conducted at age 90 and 270 days. 

3.6.3 Durability properties 

3.6.3.1 Water absorption 

Water absorption was measured by the immersion of two 150 × 150 × 150 mm cubes in water 

until the specimens were fully saturated, i.e. until they reached constant mass. The specimens 

were then dried in an oven at 50–60 °C until completely dry, i.e. until constant mass. Relative 

masses were recorded for obtaining the water absorption after 90 days. The conducted test had 

certain limitations in that it could only measure the volume of accessible pores and thus did not 

represent the absolute porosity of the concrete. 

3.6.3.2 Water penetration 

Three 150 × 150 × 150 mm cubes were formed for each mixture at the ages of 90 and 270 days, 

and the surfaces of the cubes were adjusted to a water pressure of 5 bar for 72 h. The maximum 

penetration depth of the water could be measured for the market penetration front after the 

splitting of the cubic specimens into two halves. Water penetration depth under pressure was 

determined according to MSZ EN 12390-8 (2009). 

3.6.3.3 Chloride migration 

For testing the chloride migration resistance of concrete, the rapid chloride migration test was 

applied in accordance with NT BUILD 492 (1999). By using rapid chloride migration test, the 

value of the chloride migration coefficient could be measured. This value quantitatively 

measures the resistance of the tested material to chloride migration for service life calculations. 

A cathodic–anodic reaction was produced for the transported chloride ions as a result of the 

external electrical currents, where the migration could be created. The chloride migration 

coefficient could then be calculated by the spraying of a silver nitrate solution on the freshly 

split specimens and measurement of the chloride migration depth. The formula used for 

calculating the chloride migration coefficient is shown in Equation (1) (NT BUILD 492, 1999):  

𝐃𝐧𝐬𝐬𝐦 =  
𝟎.𝟎𝟐𝟑𝟗×(𝟐𝟕𝟑+𝑻)×𝑳

(𝑼−𝟐)×𝒕
(𝐱𝐝 − √

(𝟐𝟕𝟑+𝑻)×𝑳 ×𝐱𝐝

𝑼−𝟐
)                …  𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 (𝟏), 

where Dnssm is the non-steady-state migration coefficient, ×10–12 m2/s. U is the absolute 

value of the applied voltage, V. T is the average value of the initial and final temperatures in 

the anolyte solution, °C. L is the thickness of the specimen, mm. xd is the average value of the 
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migration depths, mm. and t is the test duration, h. The catholyte solution is 10 % NaCl by 

mass in tap water and the anolyte solution is 0.3 N NaOH in distilled water. The catholyte and 

anolyte solutions were applied on two cut-surface cylindrical specimens with 50 mm height 

and 100 mm diameter prepared according to NT BUILD 492 (1999) for each mixture. The test 

was conducted at 90 and 270 days. 

3.6.3.4 Freeze/thaw test method 

Internal frost damage and surface scaling tests were conducted for all concrete mixtures after 

270 days, when all mixtures were considered non-air-entrained SCHPC. On the 270th day, the 

effect of CRMs could be more significant than on earlier days, especially because the used 

CRMs were pure waste materials, whose effects consume long observation times. 

3.6.3.4.1 Internal frost damage  

The residual compressive strength after 50 and 150 freeze/thaw cycles was investigated on the 

basis of MSZ EN 4715-3 (1972) with use of the 150 × 150 × 150 mm cube specimens. Nine 

cubes for each concrete mixture type were used in the test. This type of test is applied for 

determining the frost resistance of a vertical structure. This test was applied through the 

following steps. 

1. The cubes were submerged in water until full saturation. 

2. For each concrete type, three cubes were left in water, and six cubes were placed in a 

laboratory freezer until 50 cycles (for three cubes) and 150 cycles (for the three remaining 

cubes). 

3. One cycle involved 2 hours of cooling, 2 hours of freezing at –20 °C, 2 hours of thawing 

and 2 hours at +20 °C in accordance to CEN/TR 15177 (2006). In the freezing phase, the 

specimens were surrounded by air, whereas during the melting phase, the freezer 

compartment was filled with water.  

4. After the freezing cycles were applied on the specimens in the given number, the specimens 

were left in water for three days to prevent any residual freezing from occurring inside 

them.  

5. Finally, uniaxial compressive strength testing was performed on the samples.   

3.6.3.4.2 Surface scaling 

Surface scaling was evaluated according to CEN/TS 12390-9 (2016) (slab test). The original 

concept applied for conducting this test was based on determining the amount of scaled 

material resulting from 56 repeated cycles of freezing and thawing. The tested surface had to 

be in contact with a 3% NaCl solution. The more weight was measured, the higher the scaling. 
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Four 150 × 150 × 150 mm cube specimens were cut in half and used in the test. The followed 

standard recommends the evaluation to be based on the results of the sawn surface while the 

other sides, which were not subjected to the test liquid, have to be isolated. A 3 m% NaCl 

solution was placed on the tested surface for each specimen in 5 mm thickness and then placed 

in the freezer for the freeze/thaw cycles. Each cycle comprised 6 h of cooling, 6 h at –20 °C, 6 

h of thawing and 6 h at +20 °C. After 7, 14, 28 and 56 cycles, the specimens were removed 

from the freezer, and the scaled material from the tested surface was removed and weighed. 

3.6.4 Fire resistance 

The testing program of testing the residual mechanical properties has been conducted at age 

two different ages; a) 90 ± 5 days (three months), which is according to the RILEM 

recommendations and b) 270 ± 5 days (nine months), which is an a attempt to reflect the 

resisting of real structures to fire. Starting by heating up the specimens to the maximum 

temperature for two hours, then cooling them down at laboratory conditions until the testing 

time 24 hours later. The maximum temperatures were: 20, 150, 300, 500, 600 and 800 °C, 

whereas the temperature range from 20 to 800 °C is the same as that could occur during one 

hour in a real fire situation (Hlavička and Lublóy, 2017). The heating curve was similar to the 

standard fire ISO 834 curve for buildings up to 800 °C MSZ EN 1991-1-2:2002 , which is 

shown in Figure 3.8. Finally, the specimens left in the laboratory condition for the purpose of 

cooling them down, after 24 ± 2 of exposure to fire; the specimens tested for compressive and 

flexural strength to investigate the residual mechanical properties after exposure to the elevated 

temperature. 

 
Figure 3.8 ISO-834 fire curve 

3.6.5 Physical and microstructure properties 

Examining the spatial distribution and volume of the internal pores of the concrete is a key 

factor in understanding and modelling the transport phenomena influencing its durability (Tian 

and Han, 2018). Hence, the microstructure of concrete has a remarkable influence on the other 
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properties of concrete (Lublóy et al., 2017). Computed Tomography (CT) images were 

produced for the samples to investigate the distribution and the volume of pores in RAC and 

MRAC. The influence of NA, RCA and MRCA on the concrete microstructure have been also 

investigated by scanning electron microscopy (SEM), which visually presented the porosities, 

microcracks and the possible interactions between the aggregates and the mortar (Bonifazi et 

al., 2015). 

3.6.6 Crushed aggregate tests 

3.6.6.1 Los Angeles index 

The most common method of assessing the abrasion resistance of aggregates is the Los Angeles 

abrasion test, which determines the relative competence or resistance to abrasion of aggregates 

according to MSZ EN 1097-2 (2010). The standard testing procedure for the Los Angeles index 

requires the measurement of mass passing a 1.6 mm sieve after 500 revolutions of a drum, 

which is a hollow steel cylinder that is closed at both ends. The graded aggregate sample is 

placed into with elven of steel spheres weighing approximately 420 g each and having a 

diameter of 47 mm. The interior of the cylinder has a shelf that picks up the sample and spheres 

during each rotation and then drops them on the opposite side of the cylinder, thereby 

subjecting the sample to abrasion or attrition. The graded aggregate sample in the testing of the 

coarse aggregates was 5000 g of the confined aggregates between 10 and 14 mm sieves 

(passing the 14 mm sieve and returning via the 10 mm sieve). To determine the amount of 

degradation that occurred during the test; the crushed aggregate, which was coarser than the 

1.6 mm sieve, had to be separated and weighed (G500). The abrasion loss as percentage of the 

original mass of the test sample after 500 revolutions was calculated according to Equation (2). 

𝑲𝟓𝟎𝟎 =
𝑮𝟎− 𝑮𝟓𝟎𝟎

𝑮𝟎
∗ 𝟏𝟎𝟎                       …  𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 (𝟐), 

where K500: abrasion loss after 500 revolutions, %. G0: original sample mass, g. G500: sample 

mass after 500 revolutions, g. 

3.6.6.2 Water absorption of aggregate 

Water absorption is an important physical property of aggregates, and despite the many 

differences between the NA and the crushed aggregates, methods which were used to measure 

the water absorption in NA were still applicable for RCA (Quattrone et al., 2016). 

Determination of water absorption capacity based on saturated surface dry of the aggregate’s 

particles was used for figuring out the water absorption of the crushed aggregate in the present 

study. Saturated surface dry means the condition in which the permeable pores of an 

aggregate’s particles are filled with water without free water on their surfaces. In determining 
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the water absorption capacity based on the concept of SSD, the following steps, which are 

recommended by most standards, had to be followed. Equation (3) was used to calculate the 

water absorption capacity.  

1. The aggregate was saturated by soaking in water for usually 24 hours or more at 

atmospheric pressure.  

2. The film of water covering the surface was removed with a towel, and the saturated surface 

dry mass was weighed. Towelling the surface of the aggregates allowed for achieving the 

saturated surface dry state according to the followed standards.  

3. The sample was dried until it reached a constant mass, and the oven-dry mass was measured 

by saving in a ventilated oven at 110 °C ± 5 °C for usually 24 hours.  

𝑾𝒂𝒕𝒆𝒓 𝒂𝒃𝒔𝒐𝒓𝒑𝒕𝒊𝒐𝒏 𝒄𝒂𝒑𝒂𝒄𝒊𝒕𝒚 =
𝐌𝐒𝐒𝐃 − 𝐌𝐎𝐃 

𝐌𝐎𝐃 
∗ 𝟏𝟎𝟎            …  𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 (𝟑) , 

where Water absorption capacity, %. MSSD: SSD mass, g. MOD: OD mass, g. 
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CHAPTER 4: RESULTS 

This chapter presents the results of the experimental program for producing 

SCHPC with use of RCA and three unprocessed waste powder materials as 

CRMs. The results are presented in four groups, each of which includes the 

presentation, analysis and discussion for part of the tested properties. The 

groups are fresh properties, mechanical properties, durability properties and 

residual mechanical properties after temperature elevation. 

4.1 Fresh properties   

For testing the fresh properties of the mixtures, two tests, namely, slump flow and V-funnel 

tests, were applied in addition to physical observation. Mixtures of each series contained the 

same amount of superplasticiser, which was optimised in the preparation stage of the mixtures 

such that it satisfies EFNARC (2005) while revealing the effects of RCA, WFA, WCC and 

WPP on the fresh properties of SCHPC.  

4.1.1 Superplasticiser demand 

Use of RCA up to 50% had no significant effect on the fresh properties of SCHPC despite 

adoption of the same amount of superplasticiser, because of the compensation of the water 

absorption capacity of RCA. The water absorption of the adhered mortar in RCA was the main 

reason in that it affected the fresh properties of RAC (Fiol et al., 2018). However, with the 

compensation of the water absorption capacity, the negative effect of RCA on workability 

could be eliminated or at least minimised. In the literature, the effect of WFA, WCC and WPP 

on the fresh properties of SCHPC has not been discussed. The demand of superplasticiser was 

optimised at a constant binder content of 500 kg/m3. The superplasticiser demand increased 

with the CRM dosage due to the differences between the absorption capacity and grading 

fraction of the replacement materials and those of the cement.  

4.1.2 Slump flow and V-funnel 

Figure 4.1 shows the results obtained from the slump flow test (slump diameter in cm) and V-

funnel test (flow time in s). The recommended range in the EFNARC (2005) for slump flow is 

550–850 mm. The results for Series I showed a slight decreasing tendency in the slump 

diameter as the amount of RCA increased; this finding was consistent with most research 

findings (Omrane et al., 2017; Silva et al., 2016; Safiuddin et al., 2011). However, the flow 

time increased with the addition of 50% RCA, which was mainly related to the shape and 

texture of RCA compared with the NA used. RCA had greater surface roughness and relatively 

more fine particles owing to the crushing processes. These factors affected the slump diameter 

and the flow time of the mixtures directly against increasing the amount of the involved RCA. 
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Water was added to compensate for the water absorbed by the RCA, where the fresh properties 

of concrete containing RCA affected by the quantity of the added water for compensating the 

RCA’s as well as by the shape and texture of RCA (González-Taboada et al., 2017). For Series 

II and III, flow diameter and flow time were increased compared with Series I, where the WFA 

negatively affected the fresh properties. The reduction in flowability might be caused by the 

high surface area and the high unburned carbon content of the added WFA. These parameters 

lead to the absorption of water, thereby resulting in decreased workability (Snelson and 

Kinuthia, 2010a; Hamood et al., 2017). 

 
Figure 4.1 Results of slump flow and V-funnel tests 

Using WFA decreased the flow time owing to its capability to enhance the viscosity of concrete 

mixtures. The fresh properties were negatively affected when WPP was added for the recycled 

and natural aggregate concrete, where the required amounts of superplasticiser were increased 

considerably; this reduction in workability might be caused by the high surface area of WPP 

and absorption capacity (Karein et al., 2018; El Mir and Nehme, 2017c). The effect of RCA 

was less than 3 cm for flow diameter and 1.5 s for flow time. However, increasing the amount 

of WCC or WFA increased the flow time owing to their amorphousness and water absorption 

capability compared with OPC. This was not consistent with the result of a previous work, 

where the flowability increased in SCC incorporating processed fly ash, and that does not agree 

with SCHPC incorporating processed fly ash where the flowability increase in that situation 

(Sabet et al., 2013). All obtained measures of the slump flow and V-funnel tests in all series 

satisfied the EFNARC (2005) and the suggested determinations of previous literature.  

4.2 Mechanical properties 

4.2.1 Compressive strength 

Compressive strength is the most investigated property of hardened concrete and influences 

the material’s durability and performance. Researchers who investigated the effect of 
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increasing RCA amount on the compressive strength by the same w/c concluded that an 

increase in RCA amount leads to a decrease in compressive strength (Dabhade et al., 2012). 

However, some researchers observed the opposite (Fonseca et al., 2011), the increase in 

strength is more significant in the long term and when mineral admixtures are used. A similar 

conclusion of altering behavior can be drawn in case of SCC and HPC (Manzi et al., 2017; 

Omrane et al., 2017). Compressive strength results after 28, 90 and 270 days for all series are 

presented in Figure 4.2, the rate of gain of strength in RAC was higher after 28 days than that 

of NA concrete (Rahal, 2007a; Kou and Poon, 2008; Etxeberria et al., 2007), the adhered 

mortar on RCA could contain un-hydrated cement, which contributed to strength gains by age 

(Katz, 2003). 

Series I showed the effect on compressive strength by increases in the replacement amount of 

RCA in three ages; increasing the RCA dosage by up to 50% increased compressive strength, 

but the positive effect was not clear at 28 days. This behaviour could be related to the high 

roughness, porosity and specific surface of the RCA, which contributed to better 

interconnection between RCA and the new mortar than for the NA concrete (Poon et al., 

2004b; Poon et al., 2004c; de Oliveira and Vazquez, 1996), good control of RCA grading and 

high grade of the concrete (Abd Elhakam et al., 2012; Kou and Poon, 2015). 

 
Figure 4.2 Compressive strength results 

The addition of up to 30% WFA in Series II and III enhanced several properties of RAC and 

achieved better strength performance than those with only NA. This behaviour could be related 

to the increased initial amount of water content in case of RAC because of the compensation 

of water absorption capacity of RCA, which was used under air-dried condition, could enhance 

the reactivity of the WFA and could contribute to improved strength (Kou and Poon, 2012; 

Parviz, 2012). The effect of the large particles of WFA on filling the inter-crack of RCA may 

lead to obtaining increased strength by ages, such as more than 270 days. The improvement in 
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strength was attributed to the pozzolanic activity of WFA at the latter ages. WCC had a low 

pozzolanic activity, or it could be slow, as shown in Series IV and V, where the strength of 

SCHPC decreased due to its large particles size, which decreased the pozzolanic activity; thus, 

its replacement percentage had to be less than 15%. Using WPP had a noticeable pozzolanic 

activity, which had a positive effect on the compressive strength of NA concrete and RAC 

when it replaced the cement by up to 15%. Series VI and VII show the results of replacing 

cement by WPP up to 15% and 30%, respectively, which indicated that using WPP instead of 

cement had to be limited to up to 15% in NA concrete and RAC. 

The positive effect of WPP on the compressive strength of NA concrete was justified by its 

pozzolanic activity and filling effect by both Yu et al. (2003) and El Mir and Nehme (2017c). 

The filler effect of WPP made the cement matrix denser owing to its finer particle between 

cement particles (Karein et al., 2018), that could be the main reason for the positive effect of 

WPP on the strength of RAC. 

4.2.2 Splitting tensile strength 

Most studies concluded that splitting tensile strength decreases with an increase in RCA 

replacement ratio (Kou and Poon, 2013). Some studies concluded the opposite (Padmini et al., 

2009). Using RCA for producing SCHPC proved its high capability to be better in tensile 

strength, whereas the major factors that affected tensile strength were the w/b and the chemical 

admixtures. The type of binding mortar influenced the development of splitting tensile strength 

more than the type of the aggregate in RAC, especially in the long run. Using WFA with RCA 

did not change the tensile strength significantly when it replaced cement up to 30%, which may 

require a longer age for its complete hydration (Kou and Poon, 2013; Fonseca et al., 2011). 

Using WCC affected the tensile strength negatively owing to its large particle size and low 

pozzolanic activity. The effect of the small particles of WPP improved the ITZ between 

aggregate and mortar, where using WPP had a positive effect on the splitting tensile strength 

of NA concrete when it replaced the cement up to 30% and up to 15% in RAC.  

WPP had a high absorption capacity with hollow composition inside, which contributed to 

gaining higher tensile strength at a long age. Splitting tensile strength test results at 28, 90, and 

270 days are presented for all series in Figure 4.3. Results showed that the splitting tensile 

strength increased when RCA was added, thereby displaying trends similar to those of the 

compressive strength results. Series I to series V had the same mannar of gaining the splitting 

tensile strength, where these trends could be attributed to the same reasons as for compressive 

strength. The results for Series II and III were consistent with the achievements of Katz (2003), 

whereas the results of the Series VI showed the highest splitting tensile strength at a long age. 
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Figure 4.3 Splitting tensile strength results 

4.2.3 Flexural strength 

The decrease in flexural strength caused by an increase in RCA has been attributed by extant 

research to poor interfacial bond quality, which develops between old adhered mortars and new 

mortars (Kou and Poon, 2009; Padmini et al., 2009; Katz, 2003). Series I showed a slight 

increase in the flexural strength with increased replacement amount of RCA. This finding was 

attributed mainly to the average water absorption capability of the RCA used, which directly 

enhanced the ITZ bond and the mix aggregate distribution. WFA also enhanced the flexural 

strength until the replacement of cement by 15% in the case of RAC, where it improved the 

ITZ owing to the high water absorption of the RCA.  

 
Figure 4.4 Flexural strength results 

The increase of the grade of concrete had a positive relationship with the flexural strength 

(Yang et al., 2008), the produced concrete in the present work was high-strength concrete, 

which contributed to the increase in flexural strength. Using WPP up to 30% improved the 

flexural strength significantly in cases of using NA or RCA up to 25%, which enhanced the 

strength of the binder and the ITZ bond owing to the high fineness of the WPP. The finer the 
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perlite particles, the greater the strength in the same mix designs (Karein et al., 2018). In RAC, 

the fine particles of WPP also benefited for filling the micro-cracks in the RCA caused by 

crushing. However, the use of WCC decreased the flexural strength similar to splitting tensile 

strength. Flexural strength test results for all seven Series at 90 and 270 days of curing age are 

presented in the Figure 4.4. The ratio of tensile strength and compressive strength did not differ 

significantly from those of ordinary concrete in either case. 

4.2.4 Modulus of elasticity  

Most researchers have agreed on the negative effect of RCA on the modulus of elasticity; 

however, in this Ph.D. work, the substitution of NA by RCA up to 50% showed a slight 

improvement, where using a high amount of superplasticiser contributed to enhancing the 

modulus of elasticity and decreasing the known negative effect of RCA (Corinaldesi and 

Moriconi, 2009). Pereira et al. (2012) showed that the addition of a polycarboxylate-based 

superplasticiser increased the modulus of elasticity of RAC up to 33%. The performance did 

not change significantly when 15% of cement was replaced by WFA or WCC, where mineral 

admixtures contributed to improving the ITZ bond but required a long time in some cases for 

enhancing the modulus of elasticity (Kou and Poon, 2013). The modulus of elasticity was 

directly affected by the compressive and flexural strengths. WPP enhanced the modulus of 

elasticity when it replaced the cement up to 15%. This behaviour could be related to the 

chemical composition of WPP, which contained minerals and thus increased the ductility of 

the concrete. Figure 4.5 shows the modulus of elasticity results for Series I, II, III, IV, V, VI 

and VII. 

 
Figure 4.5 Modulus of elasticity results 

Based on the mechanical properties of SCHPC, one of the most important points was that 

incorporating RCA in SCHPC could improve even the critical mechanical properties of 

concrete, such as modulus of elasticity, despite its large consumption of chemical admixtures, 
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which nearly offset the negative effect of RCA (Pereira et al., 2012). The CRMs may be more 

effective with RCA than NA owing to the capability to enhance the properties of RAC by 

filling the pores of adhered mortar in RCA and decreasing the negative effect of cracks, which 

were produced by the crushing process for RCA. Thus, the ITZ was improved (Mukharjee and 

Barai, 2014) and the strength was further enhanced with extended age (Kou and Poon, 2012). 

Moreover, the non-usable portion of the CRMs, which was incorporated in SCHPC, could 

perform as a filler to enhance the filling capability of SCC. Incorporating the properties of SCC 

and HPC could solve the difficulty of achieving the HPC’s target strength alone in case of 

RAC, whereas Rahal (2007a), stated that RCA is not an appropriate choice for producing HPC 

owing to unreliability. 

4.3 Durability properties 

4.3.1 Water absorption 

Results regarding water absorption at atmospheric pressure on day 90 for all concrete mixtures 

are presented in Figure 4.6. The water absorption varied slightly with an increase in the 

replacement amount of RCA, which increased by 18.5% with a 50% replacement of NA by 

RCA; this finding agreed with those from previous researchers who studied the water 

absorption of SCC on RAC (Cheruku et al., 2013; Aslani et al., 2018; Fiol et al., 2018; Manzi 

et al., 2017). However, the water absorption in the present work was small and merely achieved 

the suggested limitations of SCHPC mainly due to the low w/b. A low w/b results in a less 

volume of pores, thus decreasing water absorption. In addition to the aggregate type, the binder 

type significantly influences the degree of water absorption (Dinakar et al., 2013; da Silva and 

de Brito, 2015).  

 
Figure 4.6 Water absorption results 

Figure 4.8 shows that the concrete containing WCC had the highest water absorption values. 

This finding was due to the large particle size and high water absorption of WCC and could be 

related to the fact that WCC’s pozzolanic activity was lower than those of WFA and WPP. 
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SCC mixtures that included WPP as the filler exhibited the highest absorption values amongst 

all mixtures. Meanwhile, Türkmen and Kantarcı (2007) and Dawood (2015) reported an 

increase in water absorption capacity for concretes containing expanded perlite as partial 

substitution for natural sand. The present study showed that the inclusion of WPP as cement 

substitute on day 90 decreased the water absorption as a result of its pozzolanic activity, which 

converted the Ca(OH)2 to extra calcium silicate hydrate in the accessible pore microstructure 

of the hardened cement paste (El Mir and Nehme, 2017c). Using WFA decreased the water 

absorption capacity during the use of RCA mainly due to the material’s pozzolanic activity, 

which was enhanced due to the water added for compensating the water absorption capacity of 

RCA. This behaviour could also be related to the grading particle distribution of WFA, which 

helped in filling the microcracks and pores of RCA. 

4.3.2 Water penetration 

According to Hedegaard and Hansen (1992), concrete is watertight for all practical purposes 

when the maximum water penetration depth is less than 50 mm. In the case of SCC, the filling 

effect reduces the interconnectivity of the pore microstructure, thereby resulting in lower 

penetration depths compared with that of normal vibrated concrete (El Mir and Nehme, 2017c). 

Given the high water absorption of RCA, RAC had deeper penetration compared with NA 

concrete, but in the case of using RCA in SCHPC, this negative effect was decreased with the 

use of a low w/b (Thomas et al., 2013; Zega and Di Maio, 2011). 

 
Figure 4.7 Water penetration depth results 

Figure 4.7 shows that all mixtures were water tight regardless of age of testing. At nine months 

of age, the water penetration depth decreased due to hydration of the binder with age, which 

improved permeability. The results also varied depending on the combination of aggregate type 

and CRMs. WPP performed the best, and this observation could be related to its fine particles, 

which is agreed with El Mir and Nehme (2017c), WFA significantly better performance at the 

age of 270 days due to the additional pozzolanic activity. The pores were apparently decreased 
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by the use of WFA but remained interconnected on day 90, when the water absorption 

decreased but the water penetration increased. However, on day 270, its behaviour returned to 

be matched due to the progress of the pozzolanic activity. The use of WCC of up to 15% was 

therefore favourable, but up to 30% showed the worst water penetration resistance, and this 

result was related to the material’s big particle sizes and high absorption.  

4.3.3 Chloride migration 

It has been observed through the literature that RAC has poorer chloride migration resistance 

compared with NA concrete, and this is justified by the absorption capacity of the used RCA 

(Thomas et al., 2013; Guo et al., 2018a). Curing age and w/b highly influence resistance to 

chloride migration (Zega and Di Maio, 2011), where the microstructure becomes increasingly 

dense with age (Moon and Moon, 2002). As shown in Figure 4.8, the chloride migration 

coefficient for the reference mixture was relatively high mainly due to the use of OPC (CEM I 

42.5 N), whose chloride ion binding capacity is lower than those of other types of cement 

(Kopecsk et al., 2017). OPC was used in the present study for investigating the exact effect of 

the proposed CRMs on the durability properties of SCHPC. The results for RAC were 

surprising; with replacement of NA with up to 50% RCA, the resistance to chloride migration 

increased. This outcome could be related to the low absorption capacity and permeability of 

RAC or the possibility of advanced hydration of the adhered mortar on RCA. D. Matias (2013) 

observed that using a polycarboxylic polymer-based superplasticiser is an effective way of 

enhancing the chloride migration resistance of RAC. In the current work, the use of WFA up 

to 30% showed remarkable chloride migration resistance on day 270 and good resistance on 

day 90. According to Somna et al. (2012) and Kisku et al. (2017), the chloride migration 

resistance of RAC was enhanced with use of fly ash due to the absorption of chloride ions by 

the hydrated product (C-S-H), which forms Friedel’s salt by blocking the ingress path and the 

presence of C3A in the fly ash.   

 
Figure 4.8 Chloride migration coefficient results 
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With use of WFA up to 30%, the chloride migration coefficient became nearly zero. 

Meanwhile, the adoption of WPP also enhanced the chloride migration resistance due to its 

ability to refine the pore size. The use of a hydrated product with low w/b, such as WPP, 

decreases the absorption and permeability of SCHPC, thus enhancing chloride migration 

resistance. The pozzolanic activity provided by WFA and WPP improves the pore 

microstructure and thus the concrete’s ability to resist the migration of chloride ions; it has also 

been observed that utilising WPP as a filler in SCC allows for a considerably better chloride 

migration resistance than that of normal vibrated concrete (El Mir and Nehme, 2017c). The 

worst case was recorded in the case of WCC, which proved that it is not convenient for use for 

chloride migration resistance. The mixtures incorporating WCC were classified moderately 

resistant with cement replacement of up to 15%, and they were not suitable at 30% cement 

replacement. Thus, using WCC is not recommended for enhancing the durability properties. 

This behaviour was mainly due to the big particles of WCC. Nearly all migration coefficient 

results obtained for the WFA and WPP mixtures fell into the ‘good or very good resistance 

against chloride ingress’ category regardless of the type of aggregate; they also achieved the 

specified criteria for SCHPC.  

4.3.4 Freeze/thaw resistance 

The use of RCA had nearly no influence on the freeze/thaw resistance of SCHPC. In the case 

of the internal frost damage test, the residual compressive strength decreased only slightly, 

which could thus be neglected. The main reason for this slight reduction could be related to the 

change in the pore distribution caused by the use of RCA. The surface scaling test showed that 

the scaled materials decreased slightly with an increase in RCA content due to the strong ITZ 

between the aggregate and the old mortar and between the new and old mortars in the case of 

SCHPC (Medina et al., 2013). SCHPC could enhance the freeze/thaw resistance more than 

could ordinary concrete due to the low w/b and use of superplasticiser, which provided high 

workability and excellent self-compaction (Safiuddin, 2008c; Li, 2008). No significant 

differences in weight were found after the freeze/thaw cycles.  

All concrete mixtures were non-air-entrained concrete, and the adoption of an air-entrained 

agent provides better performance compared with the presented results. The mixture with 

CRMs could give a better response and reach in comparison with the reference mixture. The 

former could also enhance freeze/thaw resistance as the CRMs decrease the small voids and 

eliminate the air voids below 300 μm (Guo et al., 2018a; Islam et al., 2018; Zhang and Li, 

2013; Hassan et al., 2012). The use of up to 15% WFA or WPP performed well in resisting 

freeze/thaw; WFA and WPP contributed to refining the microstructure and reducing the 
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connectivity of the pores due to their pozzolanic activity, thereby creating an increased amount 

of calcium silicate hydrate gel and thus filling pore spaces. In both cases, in addition to the case 

of using RCA without CRM, the amounts of scaled material after 28 and 56 cycles were below 

the commonly assumed acceptable performance (mass of scaled material ≤ 1 kg/m2). 

For all mixtures (except the mixtures incorporated 30% of WCC) the residual strengths after 

the internal frost damage were less the 20% and 30% after 50 and 150 freeze/thaw cycles 

respectively, which satisfied the recommendations for the different exposure environments 

(MSZ 4715-3, 1972; CEN/TR 15177, 2006). 

 
Figure 4.9 Residual compressive strength after freeze/thaw cycles results 

 
Figure 4.10 Scaled materials after freeze/thaw cycles results 

WCC is not recommended for use in cold environments; this material contributed to decreasing 

the freeze/thaw resistance of the concrete, which consequently deteriorated significantly. This 

result could be related to WCC’s big particle fractions; however, its performance could be 

improved with a reduced usage amount. Figure 4.9 and Figure 4.10 show the results regarding 

the residual compressive strength after the internal frost damage test and the scaled materials 

after application of the surface scaling test, respectively. 

4.4 Residual mechanical properties after temperature elevation 

The residual mechanical properties (compressive strength and flexural strength) after 

temperature elevation are presented in this section. The residual mechanical properties after 
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temperature elevation were tested at two ages, namely, 90 and 270 days, the first of which is 

recommended by RELIM and the second of which was proposed in the current work in an 

attempt to reflect the behaviour of real structures at elevated temperatures.  

Relative residual strength, as a function of temperature, is presented in this section; it was 

calculated by division of the residual strength after each single temperature degree by the 

strength of the same mixture at the ambient temperature. The relative residual strength was 

calculated separately for compressive and flexural strengths, i.e. relative residual compressive 

strength and relative residual flexural strength. Given the large numbers of the curves and the 

complexity of comparing the results on days 90 and 270, the effect of temperature elevation 

with the different ages of the concrete were determined through calculation of the total area 

under the curve of the relative residual strength (20 °C–800 °C). This area was then expressed 

by a new parameter called heat resistance, which was calculated separately for the compressive 

and flexural strengths, i.e. heat resistance of compressive strength and heat resistance of 

flexural strength. 

4.4.1 Results at age of 90 days 

4.4.1.1 Impact of RCA replacement  

Figure 4.11 shows the development of relative residual compressive and flexural strengths as 

a function of temperature, three replacement amounts of NA by RCA are presented (RA0, 

RA25, and RA50). In case of using RCA, SCHPC kept higher residual strengths and behaved 

with the same tendency of reference SCHPC. Schneider (1988) observed the same behavior for 

the normal ordinary concrete, which also explained through the literature by investigating the 

chemical transformations through the thermogravimetric analyses as explained in Table 4.1 

(Khoury GA, 1985; Schneider U, 1997).  

Table 4.1 The action of ordinary concrete at elevated temperature 
Temperature 

degree (°C) 

Action 

100 The weight starts to lose due to the water evaporation and ettringite  decomposition 

200 The dehydration of calcium-silicate-hydrates starts and causes small weight loss  

500 The endothermic dehydration of Ca(OH)2 occurs 

700 The calcium-silicate-hydrates dehydrates  
 

The positive effect of RCA is related to the strong ITZ bond between the RCA’s adhered mortar 

and the new mortar, where two materials with the same composition (mortar to mortar) could 

give the same behavior at elevated temperature. Zega and Di Maio (2009) justified the same 

behavior to the similarity of the composition of both quartz aggregate and the mortar, quartz 

aggregate has a higher facility to accommodate the differential at elevated temperatures. 
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4.4.1.2 Impact of CRMs replacement  

Using unprocessed waste powder materials as CRMs like WFA, WPP and WCC gives a 

sustainable value to the SCHPC. Figure 12 and Figure 13 show the development of relative 

residual compressive and flexural strengths as a function of temperature in the case of three 

replacement amounts of cement by WFA. WFA composition was close to the cement 

composition thus it did not remarkably affect the fire resistance compared to the reference when 

it behaved similarly as did the cement binder in the RA0 mixture.  

 
Figure 4.11 Relative residual compressive and flexural strengths as a function of temperature of 

SCHPC incorporated RCA up to 50% as a replacement of NA 

 
Figure 4.12 Relative residual compressive strengths as a function of temperature of SCHPC 

incorporated WFA up to 30% as a replacement of cement and RCA up to 50% as a replacement of NA 

Nevertheless, it enhanced the residual compressive strength after considerable temperature 

elevation due to the excessive hydration of WFA with age. The effectiveness of the CRMs 

decreases with the incorporation RCA, where the contact zones between the new mortar and 

old adhered mortar become weaker due to the remarkable change of their thermal expansion 

behaviour. WFA generally has a negative effect for fire resistance of SCHPC incorporated 

RCA comparing to the reference. WPP had a better influence on resisting high temperatures 

compared with WFA, Furthermore; WPP enhanced the residual strength of SCHPC up to 600 

°C. This condition could be related to its composition, which featured a small amount of CaO 
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and contained other minerals, such as TiO2 and Na2O, which enhanced the fire resistance at 

high temperatures.  

 
Figure 4.13 Relative residual flexural strengths as a function of temperature of SCHPC incorporated 

WFA up to 30% as a replacement of cement and RCA up to 50% as a replacement of NA 

Table 4.2 Ratios of the three main oxides in cement compositions 

Powder material SiO2 CaO CaO/SiO2 

CEM I 20.21 66.31 328.14 

WFA 45.31 15.87 35.03 

WPP 74.44 1.40 1.88 
 

Figure 4.14 and Figure 4.15 show the relative residual compressive and flexural strengths as 

a function of the temperature of SCHPC incorporated WPP up to 30% as a replacement for 

cement. Bakhtiyari et al. (2014) reported that replacing up to 35% of the volume of natural 

sand by expanded perlite increased the fire resistance of SCC after exposure to high 

temperature up to 700°C. 

 
Figure 4.14 Relative residual compressive strengths as a function of temperature of SCHPC 

incorporated WPP up to 30% as a replacement of cement and RCA up to 50% as a replacement of NA 

Lublóy et al. (2017) concluded that the low CaO/SiO2 ratio of the binder means higher relative 

residual compressive strength concrete after the thermal load of 800 °C, the ratios of the three 

main oxides (SiO2, CaO, Al2O3) of the three CRMs are shown in Table 4.2. Which shows that 

CaO in the cement and CRMs is relatively low but it in case of WPP; it is very low compared 
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to the amount of SiO2. As shown in Figure 4.14 and Figure 4.15, using up to 15% of WPP 

gives better fire resistance of SCHPC incorporated RCA than WFA due to many reasons:  

1. WPP contain Na2O, which converts to Sodium metal beyond to 400 °C, and TiO2, 

which improves the densification of the microstructure, thereby enhancing the fire 

resistance (Pimenta Teixeira et al., 2016).  

2. As well as WPP particles are finer than cement which contributes to decrease the 

microcracks and pores of RCA.  

Incorporating both RCA and unprocessed waste powder materials with SCHPC is a good 

choice from the perspective of sustainability, meanwhile, gives better performance at elevated 

temperature from the perspective of crakes amounts and spalling.   

 
Figure 4.15 Relative residual flexural strengths as a function of temperature of SCHPC incorporated 

WPP up to 30% as a replacement of cement and RCA up to 50% as a replacement of NA 

Using unprocessed waste powder materials with pozzolanic activity as CRMs contributes to 

reducing the amount of portlandite, which decreases the extent of portlandite dehydration due 

to elevated temperatures. Thus, it also decreases the total porosity and the average pores 

diameters at elevated temperatures, meanwhile, increases the fire resistance of concrete. This 

could explain the increase of fire resistance by using up to 15% of any of WFA or WPP. 

 
Figure 4.16 Relative residual compressive strengths as a function of temperature of SCHPC 

incorporated WCC up to 30% as a replacement of cement and RCA up to 50% as a replacement of NA 
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Figure 4.17 Relative residual flexural strengths as a function of temperature of SCHPC incorporated 

WCC up to 30% as a replacement of cement and RCA up to 50% as a replacement of NA 

4.4.2 Results at age of 270 days 

4.4.2.1 Impact of RCA and/or CRMs replacement (Compressive strength) 

Figure 4.18 shows the development of relative residual compressive strength as a function of 

temperature and age of concrete; three replacement percentages of NA by RCA are depicted 

(RA0, RA25 and RA50). According to Figure 4.18, a drop in residual compressive strength at 

150 °C remained visible on day 270 but was less than the drop in value on day 90. The 

decrease in moisture content and hydration of the concrete with age could explain this 

phenomenon. However, in the case of using RCA, SCHPC could save its moisture for a 

prolonged time and behaved with a same tendency during the 90 day test. On day 270, 

neither NA nor RCA exhibited spalling. 

 
Figure 4.18 Relative residual compressive strength as a function of temperature and age of SCHPC 

with RCA replacement rates 

Figure 4.19 shows the development of relative residual compressive strength as a function of 

temperature and age of concrete with CRM replacement for the three optimal SCHPCs. 

Adoption of 15% of any of the used CRMs with 25% RCA could enhance the resistance of 

SCHPC against high temperatures and make its positive effect more significant on day 270. 
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WFA did not remarkably affect the fire resistance at the age of 270 days compared with 

during the age of 90 days, when it behaved similarly as did the cement binder in the RA25 

mixture. The WFA composition was close to the cement composition, but it enhanced the 

residual compressive strength after considerable temperature elevation due to the excessive 

hydration of WFA with age. 

 
Figure 4.19 Relative residual compressive strength as a function of temperature for SCHPC with 

RCA and CRMs replacement rates (the optimal mixtures) 

WPP had the best influence on resisting high temperatures on day 90 or 270 compared with 

WFA and WCC. Furthermore, WPP enhanced the residual compressive strength of SCHPC up 

to 600 °C. This condition could be related to its composition, which featured a small amount 

of CaO and contained other minerals, such as TiO2 and Na2O, which enhanced the fire 

resistance at high temperatures. 

 

Figure 4.20 Total area under the curve of the relative residual compression strength curve (20-800 ◦C) 

With age, the water content decreased, thereby enhancing fire resistance at 300 °C. WCC did 

not show a noticeable positive effect on day 90, but its behaviour improved on day 270 due to 

its hydration with age. In general, use of any of the CRMs by up to 15% is good from the 
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perspective of environmental sustainability in addition to their capability to enhance fire 

resistance. Figure 4.20 shows that the heat resistance of compressive strength of all the 

concrete mixtures generally improved with age, and this outcome was due to the increase in 

strength and reduction in water content with age. The decrease in the moisture content of 

concrete with age causes a change in the tendencies of residual compressive strength at elevated 

temperatures. Using 15% cement replacement by any of the CRMs is preferable with up to 25% 

RCA. The increase in heat resistance with age did not exceed 7% (for P15RA25). Meanwhile, 

the decrease in heat resistance did not exceed 1.5% and was thus negligible. Therefore, using 

30% cement replacement by any of the CRMs is not preferable; an excessive dosage of CRMs 

with RCA could be ineffective in resisting elevated temperatures over long terms, especially 

with the expansion behaviour of adhered mortar on RCA and the completely different 

appearance of the new mortar.  

4.4.2.2 Impact of RCA and/or CRMs replacement (Flexural strength) 

Figure 4.21 shows the development of relative residual flexural strength as a function of 

temperature and age of concrete; three replacement percentages of NA by RCA are presented 

(RA0, RA25 and RA50).  

 
Figure 4.21 Relative residual flexural strength as a function of temperature and age of SCHPC with 

RCA replacement rates 

As shown in Figure 4.21, the flexural strength behaviour of SCHPC after temperature elevation 

decreased with age, but it behaved in the same tendency at 90 days. Meanwhile, the water 

content in the ITZs played an important role in enhancing the flexural strength. The values of 

residual flexural strength generally decreased slightly or were not affected by the progression 

of concrete age; any such decrease was only small and therefore negligible. 

The optimal mixtures with any of the three CRMs with RCA are shown in Figure 4.22, where 

the optimal replacement of cement by any CRM was up to 15%. However, at the age of 270 

days, the concrete behaved with a tendency similar to that at the age of 90 days, when the 
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decrease in water content at the ITZs caused a small reduction in fire resistance. Age negatively 

affected the heat resistance by flexural strength, which decreased by 10% at most at the age of 

270 days, compared with 90 days’ heat resistance. Figure 4.23 shows the heat resistance of 

concrete on days 90 and 270 and depicts the total loss of heat resistance by the hatched area.  

 
Figure 4.22 Relative residual flexural strength as a function of temperature for SCHPC with RCA 

and CRMs replacement rates (the optimal mixtures) 

As illustrated in Figure 4.23, the loss of heat resistance of flexural strength increased with the 

amount of RCA replacement. However, with use of WPP, the loss of heat resistance could be 

neglected, especially in case of RAC, due to its small fraction particles’ enhancement of the 

ITZs.  

In case of non-use of any CRMs or with use of WFA, the tendency of the residual flexural 

strength after fire did not change significantly. At 270 days, the residual flexural strength 

decreased significantly at 800 °C, they were between 3% and 6% of the flexural strength at 

ambient temperature in all cases. However, the maximum decrease of heat resistance of flexural 

strength for all mixtures did not exceed 10%. 

 

Figure 4.23 Total area under the curve of the relative residual flexural strength curve (20-800◦C) 
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4.5 Scanning electron microscopy analysis  

As an attempt to provide an interpretation of the better performance of SCHPC by 

incorporation of RCA after exposure to the elevated temperature, SEM images have been 

investigated. Figure 4.24 shows the ITZ between the new mortar and the aggregate wherein 

Part (1) the aggregate is NA (nonporous aggregate) while in Part (2) the aggregate is RCA 

(porous aggregate), as well as points A, B, and C are the aggregate, SCHPC mortar, and ITZ 

respectively. In the case of nonporous aggregate, the ITZ is clearly defined due to the 

differences between the natures of the materials. However, in the case of porous materials, it 

is difficult to specify the ITZ. In Part (2), the ITZ has emerged between the old and new mortar 

with a close chemical composition which makes the ITZ hard to investigate. 

 
Figure 4.24 The ITZ between the mortar of SCHPC and the aggregate, part (1) the aggregate is NA 

and part (2) the aggregate is RCA 
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CHAPTER 5: MULTIPLE RECYCLING OF SCHPC 

This chapter attempts to support the cradle-to-cradle concept by investigating 

the possibility of using MRCA for producing second generation of RAC 

(MRAC). The fresh, mechanical, physical and microstructural properties of 

MRAC are presented in this chapter. After the mechanical properties of all 

concrete mixtures were tested, their rubble was crushed and sieved for 

producing a new generation of RCA (MRCA). This chapter also presents the 

properties of MRCA and their matching with the properties of their parent 

concrete.  

5.1 Properties of multiple recycled concrete aggregate  

5.1.1 Los Angeles test results 

Figure 5.1 shows the Los Angeles indices of the crushed aggregate at the age of 180 days for 

all SCHPC mixtures. They are grouped into three for determining the effect of the RCA and 

CRMs in their parent concrete. The first, second and third are normal RCA, MRA25 and 

MRA50, respectively. An investigation of the relationships between the Los Angeles indices 

of the crushed aggregate and the compressive strength for their parent concrete revealed no 

general relationship. A strong regression was possible for each type of concrete (regarding the 

binder type), but it could not be generalised. Findings also showed that using any of the 

proposed CRMs in the parent concrete enhanced the abrasion resistance of RCA or MRCA. In 

general, the use of CRMs improved the wear resistance of the mortar in the concrete. The 

enhancement of wear resistance of the crushed aggregate by the use of CRM in its parent 

concrete could be related to the hydration, which occurred with age for the adhered mortar that 

was attached to the crushed aggregate.  

 
Figure 5.1 Los Angeles indices for the MRCA 

The Los Angeles index is going without reason to be increased in case of MRCA, the increasing 

value was affected by the replacement amount of RCA in its parent concrete. Moreover, the 

increasing value was affected by the replacement amount of RCA in its parent concrete. In the 
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case of using 50% of RCA in the parent concrete, the Los Angeles value was higher than that 

in the case of using 25% or 75%; therefore, 50% is the critical point where the Loss Angeles 

index was rearing to decrease after increasing behaviour. Figure 5.2 shows a stable binomial 

relationship (R2 = 0.9989) between the Los Angeles indices of MRCAs and the replacement 

amount of natural aggregate by RCA in their parent concrete. This relationship could be 

justified by the homogeneity of the aggregate mixture in the parent concrete, which affected 

the distribution of aggregates inside the mixtures. The homogeneity of 25% RCA + 75% NA 

differed from that of 50% RCA + 50% NA. Meanwhile, 50% replacement of NA by RCA in 

the parent concrete mixture changed the dominant type of aggregate; otherwise, the 

homogeneity was improved. 

 

Figure 5.2 The relationship between the Los Angeles index of crushed aggregate and the replacement 

amount of RCA in its parent concrete 

The rise in the amount of the adhered mortar, which increased the recycling generations and/or 

the replacement amount of RCA in the parent concrete, was the main reason for the climb of 

the Los Angeles indices. Therefore, enhancing the abrasion resistance of the mortar of the 

parent concrete (then the adhered mortar in the crushed aggregate) could enhance the abrasion 

resistance of RCA or MRCA, which was produced from it. 

5.1.2 Water absorption capacity 

A linear relationship (R² = 0.93) could be expressed by the absorption capacity of MRCA with 

regard to the replacement amount of the natural aggregate by RCA in their parent concrete, as 

shown in Figure 5.3. This relationship was expected due to the increase of the adhered mortar 

by the increasing of RCA dosage in the parent concrete, which was the main reason for the 

enhancement of the absorption capacity of RCA or MRCA. Despite the lack of relationships 

between the Los Angeles indices of the crushed aggregates and the mechanical properties of 

their parent concrete; a strong regression relationship was observed between the water 

absorption capacity of the crushed aggregates and their parent concrete. A linear relationship 

could predict the water absorption capacity of either the concrete or its crushed aggregate if 
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one of them is known (R2= 0.95). Dealing with water absorption capacity was clearer in high-

strength concrete than in normal-strength concrete, where the water absorption capacity was 

highly connected with concrete strength. In nearly all cases of high-strength concrete, the water 

absorptions were close and low despite the potential scattering of strength. Figure 5.4 shows 

the relationship between the water absorption capacity of the crushed aggregate and the water 

absorption capacity of its parent concrete. 

 
Figure 5.3 The relationship between the water absorption of crushed aggregate and the replacement 

amount of RCA in its parent concrete 

 
Figure 5.4 The relationship between the water absorption values of crushed aggregate and for their 

parent concrete 

5.2 Properties of multiple recycled aggregate concrete  

This part is an attempt to prove the cradle-to-cradle concept by testing the impact of MRCA 

on the fresh, mechanical, physical and microstructural properties of SCHPC. The results in this 

section reflect the behaviour of any building in reality because of using MRCA after at least 

six months of cast its original concrete (Yehia et al., 2015).  

5.2.1 Fresh properties 

The fresh concrete was tested using slump flow diameter and V-funnel time tests, where the 

w/c and the amount of superplasticiser remained constant for all the mixtures, to investigate 

the effect of RCA and MRCA on the fresh properties of RAC and MRAC. The fresh properties 

were optimised in the preparation stage of the mixtures to satisfy EFNARC (2005). Water was 

added to compensate for the water absorbed by the aggregate. Figure 5.5 shows the results 
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obtained from the slump flow (slump diameter in cm) and V-funnel (flow time in s) tests. The 

results satisfied the recommended range in the (EFNARC, 2005) for slump flow, which is 550 

mm to 850 mm. 

The first and second generations exhibited the same behaviour when RCA or MRCA was 

increased. Increasing any of the two would negatively affect the slump flow and the V-funnel 

values and that is mainly due to the roughness surface of RCA and MRCA. The decreasing 

tendency in the slump diameter with the increase in the amount of RCA agreed with most 

research findings (Omrane et al., 2017). However, Salesa et al., (2017b) observed the enhanced 

flowability of SCC in which MRCA is used. The observed effect of either RCA or MRCA was 

not remarkable, wherein all the mixtures were in the same class of EFNARC (2005) for the 

slump flow and V-funnel values. 

 
Figure 5.5 Results of slump flow and V-funnel tests of the MRAC 

The mixture slump flow class was SF2 (660-750) mm, whereas the viscosity class was VF1 (< 

10) s, as shown in Figure 5.5. Crushed aggregate had considerable surface roughness and a 

relatively large amount of fine particles, which resulted from the crushing processes. These 

factors directly affected the slump diameter and flow time of concrete with increasing the 

amount of the involved RCA. However, the effect of MRCA was slightly higher than that of 

RCA due to the higher volume of adhered mortar that was attached to the MRCA.  

5.2.2 Mechanical Properties 

5.2.2.1Compressive strength 

Compressive strength results after 28 and 90 days for all the series are presented in Figure 5.6. 

By increasing the RCA dosage to up to 50%, the compressive strength increased, which was 

related to the strong bond between the rough RCA and the new mortar. The shape of the RCA 

and its rough texture enhanced the aggregate interlock, which directly affected the strength 

(Poon et al., 2004b; Poon et al., 2004c). This finding serves as a link between the results of 

the studies of Huda and Alam (2014) and Salesa et al. (2017a); the former presented a decrease 
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in strength of up to 20% replacement of NA, whereas the latter presented an increase in strength 

of up to 100% replacement. In the this research, the effect of replacing NA by percentages 

between 20% and 100% indicated a changing point of 25% replacement for obtaining a positive 

effect of MRCA replacement especially for SCHPC. Using MRCA up to 50% caused the 

compressive strength to increase, which was the same behaviour when using RCA. This result 

could be related to the stability of the parent concrete that was produced by substituting 25% 

or 50% of NA by RCA in the first generation. However, the percentage of substituting NA by 

RCA in the parent concrete, as well as the percentage of replacement of NA by MRCA in the 

second generation affects the affects the strength values of MRAC. The roughness texture of 

MRCA and the high amount of  fine particles resulted from the double crushing processes 

(second generation) enhance the mechanical properties of MRAC comparing to the reference 

mixture. However using up to 50% of MRCA slightly affected the concrete strength due to the 

small amount of the replaced coarse aggregate in the overall volume of aggregate, that agreed 

with Abreu et al. (2018). 

 
Figure 5.6 Compressive strength results of the MRAC 

5.2.2.2 Flexural strength and modulus of elasticity 

Most researchers agree with the negative effect of RCA on the flexural strength and modulus 

of elasticity due to the poor interfacial bond quality developed between old adhered mortar and 

new mortar (Padmini et al., 2009). However, in the research, the substitution of NA by RCA 

of up to 50% or by MRCA of up to 25% showed the opposite. Flexural strength and the 

modulus of elasticity directly affected the compressive strength, grade of concrete, w/c, quality 

RCA and the deformability of concrete components (Soares et al., 2014; Salesa et al., 2017a; 

Padmini et al., 2009). The produced concrete had a high strength grade and a low w/c, which 

mainly caused the increase in the modulus of elasticity and flexural strength of the first and the 

second generations of RCA. The replacement amount up to 50% of NA by RCA or MRCA 

which is matching with the results of compressive strength and that showed the general 
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behaviour of MRAC, as well as explains the link between the results of both Huda and Alam 

(2014) and Salesa et al. (2017a). Figure 5.7 shows the flexural strength and modulus of 

elasticity results for the first and second generations of RAC at age of 90 days. The results of 

the second generation of MRAC agreed with those found by Marie and Quiasrawi (2012). 

 

Figure 5.7 Modulus of elasticity and flexural strength results of the MRAC 

5.2.3 Physical and microstructural properties 

The attached mortar increased with each succeeding recycling generation. This phenomenon 

could affect the absorption of MRAC, which increased with the increase in either the 

replacement amount or recycling generation. Figure 5.8 shows the porosity of the produced 

concrete. This behaviour generally confirmed results found by other studies 

 
Figure 5.8 Pores volume results of the MRAC 

. CT imaging was used to investigate the pore distribution and volume on the basis of the 

increase in RCA and MRCA amounts as a loop cycle and to obtain insights into the inner 

structure without the need to destroy the specimen. CT photos were captured for 70×70×250 

mm prisms with 1.5 mm slicing distance and 0.1699 mm geometric resolution for each pixel. 

The results showed that the pores volume and pores amount increased with the addition of RCA 

but decreased after the first recycling generation. However, the size of pores in the cases of 

RA25 and RA50 differed despite having approximately the same total volume of pores. In the 

case of RA25, the pores were fewer but larger in size compared with those of RA50. By 
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replacing NA with 50% RCA, the volume of pores supposed to be increased, however, in the 

case of SCHPC, nearly the same volume existed as in the case of 25% replacement with RCA. 

This phenomenon could be related to the homogeneity of the mixture in the first case, wherein 

adding 50% meant that the coarse aggregate in the mixture had two kinds of aggregates with 

the same amount for each. The homogeneity of SCHPC consists without using a vibrator and 

it is depending on the grading and shape of the constituents (aggregate especially).  

 
Figure 5.9 Effect of porosity of concrete on the properties of its crushed aggregate 

The second recycling generation showed a decrease in the total pore volume, which could be 

caused by the increase in porosity in the first generation because the quartz aggregate was 

replaced with a porous material (RCA with adhered mortar). Whereas the porous materials 

were replaced by other porous materials in the second generation through the crushing of the 

first generation concrete. The large pores and cracks in the cutting surface could allow the 

mortar to pass through in the second generation easily.  

 
Figure 5.10 SEM photos for RAC and MRAC 

Figure 5.9 shows the mentioned concept, and Figure 5.10 shows the cracks in the first and 

second generations of concrete that indicated the mentioned concept. The SEM photos in 

Figure 5.10 investigate the microstructure that could interpret the mechanical and physical 

behaviours of the concrete. The high amount of fine particles resulted from the crushing 

processes is another reason for decreasing the pores volume of MRAC comparing with RAC, 
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which in case of double crushing (MRCA) can be also more and finer compared to the RCA, 

and that works as a filler of the microcracks. Thomas et al. (2018) also observed a decrease in 

porosity in the second generation.  

The mechanical properties of MRAC showed that whatever situation of any RAC’s building in 

reality could be crushed after demolishing, and its aggregate could be used again as MRCA, 

where the porosity of the new concrete would decrease and the strength of the concrete would 

increase. 
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CHAPTER 6: CONCLUSION  

More than 3000 samples of various self-compacting high-performance concrete (SCHPC) 

incorporating partially coarse recycled concrete aggregate (RCA) as replacement of coarse 

natural aggregate (NA) and unprocessed waste powder materials as cement replacement 

martials (CRMs) were produced and tested. More than 200 studies in research papers, theses, 

books and standards were reviewed, and excerpts from them were used in the preparation of 

this thesis, which may serve as a valuable document for researchers working in this direction. 

The constituent materials and the paste components of the concretes were primarily 

investigated for their key fresh and hardened properties. Subsequently, the key fresh properties 

and the major hardened properties of the concretes were determined. Three CRMs 

(unprocessed waste powder materials) were investigated, namely, waste fly ash (WFA), waste 

perlite powder (WPP) and waste cellular concrete powder (WCC). The effects of RCA content, 

CRM type, CRM content and high-range water reducer admixture (superplasticiser) content 

were examined. In addition, the possibility of reusing the recycled aggregate concrete (RAC) 

as multiple recycled concrete aggregate (MRCA) for producing a second generation of 

recycling concrete was investigated after the study of the key properties of RCA and MRCA. 

Finally, green versions of SCHPC were introduced. The method followed by this research 

proposes a design procedure for the mixture proportion of SCHPC. The main research findings 

are given below. 

 SCHPC proved its sensitivity to the ingredient proportions and mixing procedure, which is 

much more than other types of concrete. Where the aggregate fraction distribution, water 

to cement ratio (w/c), and cement content, in addition to the mixing procedure had a 

significant effect on the compressive strength and workability performance of SCHPC. 

 According to the cement paste investigation, the activation indices for the three CRMs 

indicated WFA, WPP or WCC could replace the cement content by up to 30% as maximum 

replacement possibility. 

 In the case of using RCA up to 50% as a replacement of NA, the superplasticiser dosage 

remained constant given compensation by the water absorption capacity of RCA. 

 The demand of superplasticiser rose linearly by an increase in the dosage of any of the 

CRMs due to the differences between the absorption capacity and grading fraction of the 

replacement materials and those of the cement. However, WPP had the largest effect under 

high dosages. 
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 The V-funnel time and slump flow diameter were not segnificntly affected by the use of 

RCA and were negatively affected by the use any of the three CRMs. However, no 

segregation was observed in any of the SCHPC mixtures with the proposed material 

proportions.   

 For the same slump flow diameter, mixtures incorporating WFA, WPP or WCC showed 

higher superplasticiser dosages than did their reference mixtures at the same water to binder 

ratio (w/b).  

 For SCHPC, the target slump flow and V-funnel class could be successfully produced at 

the same w/b and with use of any of the proposed CRMs, i.e. without the need for a 

viscosity modifying agent, filler materials or air-entraining admixtures but with a certain 

superplasticiser dosage (specified in Results). 

 The optimum ranges of the workability window for normal SCC and its corresponding 

limits (stagnation and segregation), which were based on the results of the slump flow 

diameter and V-funnel time tests and recommendations by EFNARC (2002) and EFNARC 

(2005), proved their adequacy for SCHPC and for SCHPC with incorporated RCA and/or 

any of the three CRMs. 

 For producing SCHPC with incorporated RCA and CRMs, long-term hardened properties 

must be studied in addition to short-term ones, given that the replacement constituents’ 

effect is clearer over the long run. 

 Increasing the RCA dosage by up to 50% enhanced the mechanical properties of SCHPC, 

but the positive effect was not clear on day 28. 

 The effect of WFA on the mechanical properties of SCHPC was better in the case of 

incorporating RCA than in that of NA alone, given that it utilised the compensating water 

of RCA absorption capacity. By contrast, its effect on NA was slight when it was used up 

to 15%. 

 Using WPP up to 15% in the case of purely NA or with incorporation of RCA allowed for 

better mechanical performance than that of the reference, but emissive dosage is not 

recommended. The use of WPP with NA is more preferable than that of RCA. 

 WCC is not recommended for use in the case of NA concrete. The former’s rough particles 

and high absorption ability make it more appropriate for adoption with RCA. 

 The non-usable portion of the CRMs as a reactive part, which was incorporated in SCHPC, 

could serve as a filler for enhancing the filling capability of SCC. 
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 Incorporating the properties of SCC and HPC could solve the difficulty of achieving the 

HPC’s target strength alone for RAC. 

 The CRMs may be more effective with RCA than with NA owing to their capability to 

enhance the properties of RAC by filling the pores of adhered mortar in RCA and 

decreasing the negative effect of cracks produced by the crushing process for RCA. Thus, 

the interfacial transition zones (ITZ) were improved and strength was further enhanced with 

age. 

 Incorporating RCA in SCHPC could improve even the critical mechanical properties of 

concrete, such as modulus of elasticity, despite its large consumption of chemical 

admixtures, which nearly offset the negative effect of RCA. 

 SCHPC is one of the favourable choices for utilising waste materials (incorporation of RCA 

and WFA, WCC or WPP); the mechanical properties were affected positively or at least not 

significantly affected negatively by the additives. This observation indicates not only good 

mechanical properties but also significant economic and environmental value. 

 The results of the durability tests showed that RCA had no significant impact on the 

durability properties of SCHPC. WFA and WPP had a positive effect on enhancing the 

durability properties of SCHPC.  

 Incorporating WFA or WPP in SCHPCs decreased the absorption capacity of concrete due 

to their small particle fraction. Meanwhile, WCC negatively affected this property. 

However, all the produced SCHPCs were watertight at short and long run. 

 The use of WFA or WPP decreased the chloride migration significantly over the long run 

compared with the reference. Mixtures with up to 30% WFA had nearly zero penetration at 

day 270 testing. 

 WPP had a significant impact on increasing the freeze/thaw resistance and chloride 

migration resistance due to its amorphous and fine particle fraction. Only a few scaled 

materials after 56 freeze/thaw cycles of the mixtures incorporated up to 15% WPP. The 

same behaviour was recorded for the mixtures incorporating RCA. 

 Internal frost damage after 150 freeze/thaw cycles slightly negatively affected the 

incorporation of RCA or up to 15% of WPP or WFA; otherwise, the negative effect was 

serious. 

 WCC is not recommended for use in SCHPC; the durability properties were deteriorated 

significantly by the replacement of up to 30% of cement by WCC. Likewise, use of any of 

the proposed CRMs up to 30% is not recommended. 
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 Increased RCA replacement positively affected the residual compressive and flexural 

strengths after temperature elevation. Replacement of NA up to 50% by RCA enhanced the 

residual mechanical properties due to a strong mortar-to-mortar bond. 

 The optimal replacement amount of cement by any of the proposed CRMs as a function of 

the elevated temperature was 15% for NA. 

 The effectiveness of the waste powder materials decreased in the case of RAC, where the 

mortar-to-mortar bond was weakened due to their large differences. 

 WFA had no remarkable effect on resistance against high temperatures nevertheless 

decreasing the surface cracks up to 500 °C. Meanwhile, WPP had a considerably positive 

effect on resistance against high temperatures due to its low CaO content and contained 

other minerals, such as TiO2 and Na2O, which enhanced the fire resistance at high 

temperatures, as well as its grading, which was finer than that of cement. However, WCC 

positively affected resistance against high temperatures exceeding 500 °C due to its 

superior ability to absorb water. 

 The incorporation of waste and recycled materials in SCHPC offer not only sustainability 

but also increased resistance of concrete structures against special circumstances. For 

example, the use of RCA for SCHPC enhanced the latter’s spalling resistance. 

 The values of residual compression strength at 150 ◦C remained visible at the age of 270 

days but with less reduction compared with the 90 days’ results. This finding was due to 

the decrease of moisture content and progressing degree of hydration of the concrete with 

age. However, for RAC, the concrete appeared to save its moisture for a prolonged time. 

 The heat resistance calculated from compression strength was generally enhanced by the 

age of concrete in both cases (NA concrete and RAC). 

 Spalling was not observed at the age of 270 days for NA concrete and RAC.  

 The values of residual flexural strength decreased slightly with the concrete age. This 

decrease was only small and therefore negligible. However, the values behaved in the same 

tendency as that in the 90 days’ test, and the loss of heat resistance calculated from flexural 

strength increased with an enhancement of the amount of RCA. 

 The use of WPP or WCC up to 15% decreased the loss of heat resistance calculated from 

residual flexural strength, unlike for WFA. 

 At the age of 270 days, the residual flexural strength decreased significantly at 800 ◦C; in 

all cases, it was between 3% and 6% of the flexural strength at ambient temperature. 
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 Replacement of cement up to 15% by any of the proposed waste powder materials is 

preferable for resisting high temperatures. However, replacement of cement up to 30% by 

any of the waste powder materials is not preferable. 

 With adoption of MRCA, the aggregate could be changed from a non-renewable resource 

to a renewable one. Its results were satisfying and comparable with those of RCA. 

 No clear relationship was found between the Los Angeles indices of MRCA and the 

mechanical properties of their parent concrete (either NA concrete or RAC). 

 The Los Angeles indices and water absorption capacity of MRCA were affected 

systemically by increased RCA dosage in their parent concrete. For the Los Angeles 

indices, its behaviour was characterised by a binomial relationship with maximum value at 

MRA50. Meanwhile, in the case of water absorption capacity, the increase was depicted by 

a linear relationship. 

 A strong relationship was identified between the water absorption capacities of crushed 

aggregate and its parent concrete regardless of whether the crushed aggregate was RCA or 

MRCA.  

 Fresh properties of RAC and MRAC are in the same class of fresh properties by using the 

same amount of chemical admixture. 

 The percentage of substituting NA by RCA in the parent concrete as well as the percentage 

of replacement of NA by MRCA in the second generation affect the mechanical properties 

of MRAC. 

 The optimum replacement amounts of NA by MRCA or RCA is up to 50% in case of 

SCHPC, meanwhile, the real tendency and behaviour of RCA or MRCA can be presented 

well after 28 days. 

 The number of ITZs affects the strength and modulus of elasticity more than the properties 

of ITZ itself, however, its effect is not significant.  

 CT images shows that using MRCA decreases the volume of pores compared to RAC, and 

the size of pores has a more negative effect than the quantity of pores. 

 Using MRCA is considered the first step to transforming partially the aggregates into a 

renewable resource, and SCHPC is one of the best choices for utilizing the RCA and 

MRCA. 
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CHAPTER 7: NEW SCIENTIFIC RESULTS 

Self-compacting high-performance concrete proved its sensitivity to the ingredient proportions 

and mixing procedure, which is much more than other types of concrete. Where the aggregate 

fraction distribution, water to cement ratio and cement content, in addition to the mixing 

procedure had a significant effect on its compressive strength and workability performance. 

All mixtures have been tested for the V-funnel and slump flow tests and I proved that the 

workability window of normal self-compacting concrete which suggested by the European 

guidelines of self-compacting concrete is also satisfied the self-compacting high-performance 

concrete without any modifications. [1][3][4].  

The following points presented the main new scientific results (typed by bold letters), which 

proved through this work based on the conducted experimental program and analytical study: 

7.1 Thesis group I 

Thesis group about incorporating coarse recycled concrete aggregate with self-

compacting high-performance concrete as a replacement for coarse natural aggregate. 

The urgent need to utilize the coarse recycled concrete aggregates stems from the general 

problem of the huge amounts of construction and demolition waste because of wars and natural 

disasters in some places around the world, not to mention the lack of natural resources 

elsewhere. The coarse recycled concrete aggregate has been used as a replacement for coarse 

natural aggregate with up to 50% to evaluate its efficiency in terms of its short and long-term 

properties, especially that the coarse aggregate is one of the defining factors in achieving the 

expected benefits from the self-compacting high-performance concrete. 

7.1.1 I experimentally proved that the using of coarse recycled concrete aggregate 

as a replacement for coarse natural aggregate up to 50% enhances the mechanical 

and durability performance of self-compacting high-performance concrete, in 

terms of the compressive strength, splitting tensile strength, flexural strength, 

modulus of elasticity, freeze/thaw resistance, and chloride migration. [1][4].  

7.1.2 I experimentally proved that the improvement in the properties continue by 

time and post hardening in case of incorporating coarse recycled concrete 

aggregate in concrete is higher at ages longer than 28 days, where its properties 

are more representative. [1][4].  

7.1.3 I experimentally proved that using up to 50% of coarse recycled concrete 

aggregate as a replacement for coarse natural aggregate enhances the fire 
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resistance of self-compacting high-performance concrete, in terms of the residual 

compressive strength and flexural strength at 90 and 270 days. [2][7].  

7.2 Thesis group II 

Thesis group about incorporating unprocessed waste powder materials with self-

compacting high-performance concrete as a cement replacing materials. 

Self-compacting high-performance concrete requires a high amount of powder materials i.e. 

cement and cement replacing materials to obtain adequate rheological properties and targeted 

requirement. Powder materials are of the particular interest as they contribute to partially 

substitute the cement, which is the most cost and energy intensive ingredients of concrete. 

Three unprocessed waste powder materials were investigated, in terms its applicability and 

adequacy as cement replacing materials. In this framework, paste and self-compacting high-

performance concrete mixtures were produced with different constant and variable parameters 

to evaluate the efficiency of such material, in terms of its activation index, mechanical 

properties, durability performance, and fire resistance. 

7.2.1 I experimentally specified the maximum effective replacement for cement by 

waste fly ash, waste perlite powder and waste cellular concrete from the 

perspective of activation index. The maximum effective replacement for cement 

by any of the proposed unprocessed waste powder materials has been specified to 

be up to 30%. [1][2][9][11].  

The activation indices were showed that an increase in the age of specimens 

incorporating waste perlite powder or waste cellular concrete up to 30% increased the 

activation index. Otherwise, the behaviour of the activity index returned to decrease 

after 28 days, thereby rendering the applicability of replacement beyond 30% 

questionable. Replacing of cement by waste fly ash decreases the compressive strength 

linearly and the activation index increases by time in case of all replacing amount, 

however, a significant reduction in the strength has been occurred by replacing the 

cement with more than 30% of cement. 

7.2.2 I experimentally proved from the analysis of three types of unprocessed 

waste powder materials (waste fly ash, waste perlite powder or waste cellular 

concrete) that using of waste perlite powder as a cement replacing material up to 

15% is more effective than others in the mechanical and durability performance 

of self-compacting high-performance concrete. [1][4].  

7.2.3 I experimentally proved from the analysis of waste fly ash, waste perlite 

powder and waste cellular concrete that using of waste fly ash as a cement 
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replacing material up to 30% is more effective than others in the long-term 

chloride migration resistance of self-compacting high-performance concrete. [4].  

7.2.4 I experimentally proved that using up to 15% of any of waste fly ash, waste 

perlite powder or waste cellular concrete enhances the fire resistance of self-

compacting high-performance concrete, in terms of the residual compressive 

strength and flexural strength at 90 and 270 days. [2][7].  

7.3 Thesis group III 

Thesis group about incorporating coarse recycled concrete aggregate and unprocessed 

waste powder materials with self-compacting high-performance concrete as a 

replacement for coarse natural aggregate and cement respectively. 

It has been revealed that the properties of normal recycled aggregate concrete could be 

enhanced by adding mineral admixtures. In this framework, self-compacting high-performance 

concrete mixtures were produced with incorporating 0%, 25% and 50% coarse recycled 

concrete aggregate as a replacement for coarse natural aggregate and 0%, 15% and 30% of 

each waste fly ash, waste perlite powder and waste cellular concrete as a replacement for 

cement. In order to evaluate the efficiency of such material, in terms of its mechanical 

properties, durability performance, and fire resistance at short and long ages, as well as produce 

self-compacting high-performance concrete with high sustainable value. 

7.3.1 I experimentally proved that using waste fly ash as a replacement for cement 

in case of self-compacting high-performance concrete incorporated coarse 

recycled concrete aggregate is better than in case of using natural aggregate alone. 

Where using waste fly ash up to 15% and coarse recycled concrete aggregate up 

to 50% enhance the mechanical and durability performance at short and long 

ages. [1][4].  

 7.3.2 I experimentally proved from the analysis of using waste fly ash, waste 

perlite powder and waste cellular concrete that using up to 15% of waste perlite 

powder with up to 25% coarse recycled concrete aggregate is more effective than 

others in the mechanical and durability performance of self-compacting high-

performance concrete at short and long ages. [1][4]. 

7.3.3 I experimentally proved that using up to 15% of any of waste fly ash, waste 

perlite powder or waste cellular concrete with up to 25% coarse recycled concrete 

aggregate enhances the fire resistance of self-compacting high-performance 

concrete, in terms of the residual compressive strength and flexural strength at 90 

and 270 days. [2][7].  
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7.4 Thesis group IV 

Thesis group about long-term properties of crushed aggregate 

I investigated the properties of different types of crushed aggregates by taking into 

consideration the properties of their parent concrete, which was either natural aggregate 

concrete or recycled aggregate concrete. Twenty-one crushed aggregate types were tested, 

where the main difference between the aggregate types was the type of parent concrete in the 

first generation 

7.4.1 I experimentally and analytically proved from the analysis of twenty-two 

types of crushed aggregate (recycled concrete aggregate and multiple recycled 

concrete aggregate) that there is no relationship between the Los Angeles index of 

crushed aggregate and its parent concrete, but there is a strong one in case of 

water absorption of both. [6].  

7.4.2 I experimentally proved that incorporating unprocessed waste powder 

materials as a cement replacing materials in concrete enhances the abrasion 

resistance of its crushed aggregate regardless of the strength of parent concrete 

and the type of unprocessed waste powder material due to enhancing the mortar 

attached to the crushed aggregate. [6].  

7.4.3 I have experimentally proved that there is strong relationships between the 

properties of multiple recycled concrete aggregate and the replacement amount of 

coarse natural aggregate by coarse recycled concrete aggregate in its parent 

concrete, where this relationship is a linear relationship in case of the water 

absorption capacity and binomial relationship in case of the Los Angeles index. 

[6].  

The binomial relationship had the lowest resistance for abrasion (the highest Los 

Angeles value) in case of replacing the coarse natural aggregate by 50% of coarse 

recycled concrete aggregate in the parent concrete. This behaviour has been justified 

by the homogeneity of the aggregate mixture in the parent concrete, which affected the 

distribution of aggregates inside the mixtures.  

7.5 Thesis group V 

Thesis group about multiple recycled aggregate concrete 

This finding in this section serves as a link between the results of the studies of Huda (2014) 

and Salesa et al. (2017) the former presented a decrease in strength of up to 20% replacement 

for coarse natural aggregate, whereas the latter presented an increase in strength of up to 100% 

replacement. In the present study, the effect of replacing coarse natural aggregate by 
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percentages between 20% and 100% indicated a changing point of 50% replacement for 

obtaining a positive effect of recycled concrete aggregate replacement especially for self-

compacting high-performance concrete. 

7.5.1 I experimentally proved that using up to 25% multiple recycled concrete 

aggregate as a replacement for coarse natural aggregate enhances the mechanical 

properties of multiple recycled aggregate concrete in terms of the compressive 

strength, flexural strength, modulus of elasticity. [3][10].  

7.5.2 I experimentally and by computed tomography proved that using up to 50% 

multiple recycled concrete aggregate as a replacement for coarse natural 

aggregate decreases the porosity of the multiple recycled aggregate concrete. [3].  
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CHAPTER 8: FUTURE PERSPECTIVE 

This thesis introduces an excellent procedure for introducing a sustainable version of SCHPC, 

which is a good means of introducing different unconventional pure waste powder materials. 

This work can be used as basis for a large scope of further research on the following: 

1. Addition of unconventional CRMs, such as glass, sanitary waste and rubber crumbs, 

which are available in different countries and from C&D waste, for improving the 

performance of RAC and SCHPC; 

2. Application of the same proposed SCHPC mixtures on structural elements and study of 

the behaviour from the fracture perspective;  

3. Study of the durability properties and fire resistance of MRAC and providing additional 

relationships between its properties; 

4. Additional investigations for RCA and MRCA priorities, such as freeze/thaw resistance 

and fire resistance; 

5. Analytical studies on the life cycle of the Green SCHPC with sustainability and 

economic values in mind. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Mohammed A. Abed            Green Self-compacting High-performance Concrete              Ph.D. thesis   

79 
 

LIST OF PUBLICATION  

[1] Abed, Mohammed; Nemes, Rita. (2019). Mechanical Properties of Recycled 

Aggregate Self-Compacting High Strength Concrete Utilizing Waste Fly Ash, Cellular 

Concrete and Perlite Powders, Periodica Polytechnica Civil Engineering, 63 : 1 pp. 266-

277. , 12 p.  

 https://doi.org/10.3311/PPci.13136  

[2] Abed, Mohammed; Nemes, Rita; (2019). Lublóy, Éva. The Impact of Time on the Heat 

Resistance of Self-Compacting High-Performance Concrete Incorporated Recycled 

Martials, Journal of Thermal Analysis and Calorimetry, 1 : 1 pp. 1-11. , 11 p.  

 https://doi.org/10.1007/s10973-019-08263-z  

[3] Abed, Mohammed; Nemes, Rita; Tayeh, Bassam A. Properties of  Self-Compacting 

High-strength Concrete Containing Multiple Use of Recycled Aggregate, Journal of 

King Saud University - Engineering Sciences, In Press. 

https://doi.org/10.1016/j.jksues.2018.12.002  

[4] Abed, Mohammed; Nemes, Rita. (2019). Long-Term Durability of Self-Compacting 

High-Performance Concrete Produced with Waste Materials, Construction and 

Building Materials, 212 pp. 350-361. , 12 p.  

https://doi.org/10.1016/j.conbuildmat.2019.04.004  

[5] Abed, Mohammed; Nemes, Rita. (2018). Újrahasznosított adalékanyagot tartalmazó 

betonok újrahasznosítása, Magyar Építéstechnika, 5-6 pp. 172-175. 2 p.  

https://doi.org/10.17168/MEIP.2018.67.172  

[6] Abed, Mohammed; Nemes, Rita. Los Angeles Index and Water Absorption Capacity 

of Crushed Aggregates, Pollack Periodica, submitted for publication, (2019) Accepted. 

[7] Abed, Mohammed; Nemes, Rita; Lublóy, Éva. Performance of Self-compacting High-

performance Concrete Produced with Waste Materials after Exposure to Elevated 

Temperature , Journals of materials in civil engineering, submitted for publication, 

(2018) and it is under review 

[8] Abed, Mohammed; Nemes, Rita. (2019). Carbonation of Self-compacting High-

performance Concrete Incorporated Recycled Concrete Aggregate, CPI-worldwide. pp. 

74-78. , 5 p.  

[9] Abed, Mohammed; Nemes, Rita. (2018). Characteristics of Cement Pastes 

Incorporating Different Amounts of Unprocessed Waste Fly Ash (UWFA), In proceding 

https://doi.org/10.3311/PPci.13136
https://doi.org/10.1007/s10973-019-08263-z
https://ascelibrary.org/doi/abs/10.1061/(ASCE)0899-1561(2006)18:6(754)
https://ascelibrary.org/doi/abs/10.1061/(ASCE)0899-1561(2006)18:6(754)
https://doi.org/10.1016/j.jksues.2018.12.002
https://doi.org/10.1016/j.conbuildmat.2019.04.004
https://doi.org/10.17168/MEIP.2018.67.172


Mohammed A. Abed            Green Self-compacting High-performance Concrete              Ph.D. thesis   

80 
 

for the 12th fib International PhD-Symposium in Civil Engineering 2018 Prague, Czech 

Technical University in Prague, pp. 11-17. , 7 p.  

[10] Abed, Mohammed; Nemes, Rita. (2018). Reused Recycled Aggregate Concrete 

(RRAC), In Proccedings for The International Federation for Structural Concrete 5th 

International fib Congress 2018 Melbourne. pp. 720-721. , 7 p.  

[11] Abed, Mohammed; Nemes, Rita. (2018). Characteristics of Cement Pastes 

Incorporating Different Amounts of Waste Cellular Concrete Powder, Építőanyag - 

Journal of Silicate Based and Composite Materials, 70: 5 pp. 151-154. 

 https://doi.org/10.14382/epitoanyag-jsbcm.2018.28  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.14382/epitoanyag-jsbcm.2018.28


Mohammed A. Abed            Green Self-compacting High-performance Concrete              Ph.D. thesis   

81 
 

STANDARDS  

ACI 201.2R. 2008. “Guide to Durable Concrete”, ACI Committee Reports, American Concrete 

Institute. 

ACI CT-13. 2013. “ACI Concrete Terminology”, ACI Standard, American Concrete Institute. 

ASTM C150. 2004. “Standard specification for portland cement”, Annual Book of ASTM 

Standards, American Society for Testing and Materials. 

ASTM C618. 2017a. “Standard Specification for Coal Fly Ash and Raw or Calcined Natural 

Pozzolan for Use in Concrete”, Annual Book of ASTM Standards, American Society 

for Testing and Materials. 

EN 197-1. 2011. “Cement. Composition, specifications and conformity criteria for common 

cements”. 

EN 450-1. 2012. “Fly ash for concrete. Definition, specifications and conformity criteria”. 

EFNARC 2002. “Specifications and guidlines for self-compacting concrete”, European 

federation for specialist cinstruction chemicals &concrete systems. 

EFNARC 2005. “Specifications and guidlines for self-compacting concrete”, European 

federation for specialist cinstruction chemicals &concrete systems. 

fib 2006. “Model Code for Service Life Design, International Federation for Structural 

Concrete”, fib Bulletin No. 34, International Federation for Structural Concrete. 

fib 2007. “Fire design of concrete structures, materials, structures and modelling”, fib Bulletin 

No. 38. International Federation for Structural Concrete. 

fib 2009. “Structural Concrete Textbook on behaviour, design and performance, Second edition 

Volume3: Design of durable concrete structures”, fib Bulletin No. 53, International 

Federation for Structural Concrete. 

MSZ EN 196-2. 2013. “Cement testing methods. Part 2: Chemical analysis of cement”. 

MSZ EN 525-12. 2014. “Chemical analysis of cement. Part 12: Determination of free lime 

content”. 

MSZ EN 1097-2. 2010. “Tests for mechanical and physical properties of aggregates. Part 2: 

Methods for the determination of resistance to fragmentation”. 

MSZ EN 1991-1-2. 2005. “Eurocode 1: Actions on structures – Part 1–2: General actions – 

Actions on structures exposed to fire”. 

MSZ EN 12620:2002+A1. 2008. “Aggregates for concrete”. 

MSZ EN 4715-3. 1972. “Testing of hardened concrete. Hydro-technical properties”, 

(Megszilárdult beton vizsgálata. Hidrotechnikai tulajdonságok), in Hungarian.  



Mohammed A. Abed            Green Self-compacting High-performance Concrete              Ph.D. thesis   

82 
 

MSZ EN 12390-8. 2009. “Investigation of solidified concrete. Part 8: Examination of 

watertightness”. 

MSZ EN 12390-3. 2009. “Testing hardened concrete. Part 3: Compressive strength of test 

specimens”. 

MSZ EN 12697-23. 2004. “Bituminous mixtures. Test methods for hot mix asphalt. Part 23: 

Determination of the indirect tensile strength of bituminous specimens”. 

MSZ EN 12390-5. 2009. “Testing hardened concrete. Part 5: Flexural strength of test 

specimens”. 

MSZ EN 14146. 2004. “Natural stone test methods. Determination of the dynamic modulus of 

elasticity (by measuring the fundamental resonance frequency)”. 

Nordtest NT BUILD 492. 1999. “Chloride Migration Coefficient from Non-steady-state 

Migration Experiments, Nordtest”. 

CEN/TS 12390-9. 2016. “Testing hardened concrete. Freeze-thaw resistance with de-icing 

salts, Scaling”. 

CEN/TR 15177:2006. 2006 “Testing the freeze-thaw resistance of concrete — Internal 

structural damage”. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Mohammed A. Abed            Green Self-compacting High-performance Concrete              Ph.D. thesis   

83 
 

REFERENCES  

Abd Elhakam, A., Mohamed, A. E. & Awad, E. 2012. Influence of self-healing, mixing method 

and adding silica fume on mechanical properties of recycled aggregates concrete. 

Construction and Building Materials, 35, 421-427. 

Abreu, V., Evangelista, L. & De Brito, J. 2018. The effect of multi-recycling on the mechanical 

performance of coarse recycled aggregates concrete. Construction and Building 

Materials, 188, 480-489. 

Agenda June 1992. the Rio Declaration on Environment and Development, the Statement of 

Forest Principles, the United Nations Framework Convention on Climate Change and 

the United Nations Convention on Biological Diversity. United Nations Conference on 

Environment and Development (UNCED). Rio de Janeiro. 

Ahmad, S. & Alghamdi, S. A. 2014. A Statistical Approach to Optimizing Concrete Mixture 

Design. The Scientific World Journal, 2014, 7. 

Ajdukiewicz, A. & Kliszczewicz, A. 2002. Influence of recycled aggregates on mechanical 

properties of HS/HPC. 

Anderberg, Y. 1997. Spalling phenomena of HPC and OC. Proceedings of International 

Workshop on Fire Performance of High-Strength Concrete, 69-73. 

Ann, K. Y., Moon, H. Y., Kim, Y. B. & Ryou, J. 2008. Durability of recycled aggregate 

concrete using pozzolanic materials. Waste Management, 28, 993-999. 

Aslani, F., Ma, G., Yim Wan, D. L. & Muselin, G. 2018. Development of high-performance 

self-compacting concrete using waste recycled concrete aggregates and rubber 

granules. Journal of Cleaner Production, 182, 553-566. 

Assaad, J., Khayat, K. & Daczko, J. 2004. Evaluation of Static Stability of Self-Consolidating 

Concrete. 

Azarijafari, H., Tajadini, A., Rahimi, M. & Berenjian, J. 2018. Reducing variations in the test 

results of self-consolidating lightweight concrete by incorporating pozzolanic 

materials. Construction and Building Materials, 166, 889-897. 

Bakhtiyari, S., Allahverdi, A. & Rais-Ghasemi, M. 2014. A case study on modifying the fire 

resistance of self-compacting concrete with expanded perlite aggregate and zeolite 

powder additives. Asian Journal of Civil Engineering, 15, 339-349. 

Bakhtiyari, S., Allahverdi, A., Rais-Ghasemi, M., Zarrabi, B. A. & Parhizkar, T. 2011. Self-

compacting concrete containing different powders at elevated temperatures – 



Mohammed A. Abed            Green Self-compacting High-performance Concrete              Ph.D. thesis   

84 
 

Mechanical properties and changes in the phase composition of the paste. 

Thermochimica Acta, 514, 74-81. 

Behnood, A. & Ziari, H. 2008. Effects of silica fume addition and water to cement ratio on the 

properties of high-strength concrete after exposure to high temperatures. Cement and 

Concrete Composites, 30, 106-112. 

Bonifazi, G., Capobianco, G., Serranti, S., Eggimann, M., Wagner, E., Di Maio, F. & Lotfi, S. 

2015. The ITZ in concrete with natural and recycled aggregates: study of 

microstructures based on image and sem analysis. 

Braungart, M., Mcdonough, W. & Bollinger, A. 2007. Cradle-to-cradle design: creating 

healthy emissions – a strategy for eco-effective product and system design. Journal of 

Cleaner Production, 15, 1337-1348. 

Bui, V. K., Montgomery, D., Hinczak, I. & Turner, K. 2002. Rapid testing method for 

segregation resistance of self-compacting concrete. Cement and Concrete Research, 32, 

1489-1496. 

Butler, L., Tighe, S. & West, J. 2013. Guidelines for selection and use of coarse recycled-

concrete aggregates in structural concrete. Transportation Research Record: Journal of 

the Transportation Research Board, 3-12. 

Cameron, I. 2003. Self-compacting concrete: a versatile material. Concrete Structures, 37, 16-

18. 

Carro-López, D., González-Fonteboa, B., Martínez-Abella, F., González-Taboada, I., De Brito, 

J. & Varela-Puga, F. 2017. Proportioning, Microstructure and Fresh Properties of Self-

compacting Concrete with Recycled Sand. Procedia Engineering, 171, 645-657. 

Cheruku, S., Kosuru, R., Pancharathi, R. & Kumar, R. 2013. Recycled Aggregate based Self 

Compacting Concrete (RASCC) for Structural Applications. 

Collepardi, M., And Massidda, L. 1976. The influence of water-reducing admixtures on the 

cement paste and concrete properties. Proceedings of a Conference on Hydraulic 

Cement Pastes: Their Structure and Properties. Slough, UK: Cement and Concrete 

Association. 

Corinaldesi, V. & Moriconi, G. 2009. Influence of mineral additions on the performance of 

100% recycled aggregate concrete. Construction and Building Materials, 23, 2869-

2876. 

Cree, D., Green, M. & Noumowé, A. 2013. Residual strength of concrete containing recycled 

materials after exposure to fire: A review. Construction and Building Materials, 45, 

208-223. 



Mohammed A. Abed            Green Self-compacting High-performance Concrete              Ph.D. thesis   

85 
 

D. Matias, J. D. B., A. Rosa, D. Pedro 2013. Durability of concrete with recycled coarse 

aggregates: influence of super plasticizers. Journal of Materials in Civil Engineering, 

26  

Da Silva, P. R. & De Brito, J. 2015. Experimental study of the porosity and microstructure of 

self-compacting concrete (SCC) with binary and ternary mixes of fly ash and limestone 

filler. Construction and Building Materials, 86, 101-112. 

Dabhade, A., Choudhari, S. & Gajbhiye, A. 2012. Performance evaluation of recycled 

aggregate used in concrete. International Journal of Engineering Research and 

Applications., 2, 1387-1391. 

Darweesh, H. H. M. 2014. Utilization of perlite rock in blended cement-Part I: 

Physicomechanical properties. Direct Research Journal of Chemistry and Material 

Science (DRCMS), 2, 1-12. 

Dawood, E. T. 2015. Experimental study of lightweight concrete used for the production of 

canoe. Al-Rafidain Eng., 23, 96-106. 

De Oliveira, M. B. & Vazquez, E. 1996. The influence of retained moisture in aggregates from 

recycling on the properties of new hardened concrete. Waste Management, 16, 113-

117. 

De Schutter, G. & Audenaert, K. 2004. Evaluation of water absorption of concrete as a measure 

for resistance against carbonation and chloride migration. Materials and Structures, 37, 

591. 

Debieb, F., Courard, L., Kenai, S. & Degeimbre, R. 2009. Roller compacted concrete with 

contaminated recycled aggregates. Construction and Building Materials, 23, 3382-

3387. 

Demirel, B. & Keleştemur, O. 2010. Effect of elevated temperature on the mechanical 

properties of concrete produced with finely ground pumice and silica fume. Fire Safety 

Journal, 45, 385-391. 

Dilbas, H., Şimşek, M. & Çakır, Ö. 2014. An investigation on mechanical and physical 

properties of recycled aggregate concrete (RAC) with and without silica fume. 

Construction and Building Materials, 61, 50-59. 

Dinakar, P., Kartik Reddy, M. & Sharma, M. 2013. Behaviour of self compacting concrete 

using Portland pozzolana cement with different levels of fly ash. Materials & Design, 

46, 609-616. 

Domone, P. L. 2007. A review of the hardened mechanical properties of self-compacting 

concrete. Cement and Concrete Composites, 29, 1-12. 



Mohammed A. Abed            Green Self-compacting High-performance Concrete              Ph.D. thesis   

86 
 

El Mir, A. & Nehme, S. G. 2017a. Assessment of the fresh selfcompacting concrete properties 

utilizing different types of additives. Építôanyag, Journal of Silicate Based and 

Composite Materials, 69, 83-88. 

El Mir, A. & Nehme, S. G. 2017b. Long term mechanical properties of self-compacting 

concrete made with slag cement and supplementary cementitious materials. Építôanyag 

- Journal of Silicate Based and Composite Materials, 69, 59 - 65. 

El Mir, A. & Nehme, S. G. 2017c. Utilization of industrial waste perlite powder in self-

compacting concrete. Journal of Cleaner Production, 156, 507-517. 

Elsharief, A., Cohen, M.D., Olek, J. 2003. Influence of aggregate size, water cement ratio and 

age on the microstructure of the interfacial transition zone. Cement and Concrete 

Research, 33, 1837–1849. 

Etxeberria, M., Vázquez, E., Marí, A. & Barra, M. 2007. Influence of amount of recycled 

coarse aggregates and production process on properties of recycled aggregate concrete. 

Cement and Concrete Research, 37, 735-742. 

Evangelista, L. & Brito, J. D. 2007. Mechanical behaviour of concrete made with fine recycled 

concrete aggregates. Cement & Concrete Composites, 29, 397–401. 

Fares, H., Noumowe, A. & Remond, S. 2009. Self-consolidating concrete subjected to high 

temperature: Mechanical and physicochemical properties. Cement and Concrete 

Research, 39, 1230-1238. 

Fares, H., Remond, S., Noumowe, A. & Cousture, A. 2010. High temperature behaviour of 

self-consolidating concrete: Microstructure and physicochemical properties. Cement 

and Concrete Research, 40, 488-496. 

Fiol, F., Thomas, C., Muñoz, C., Ortega-López, V. & Manso, J. M. 2018. The influence of 

recycled aggregates from precast elements on the mechanical properties of structural 

self-compacting concrete. Construction and Building Materials, 182, 309-323. 

Fonseca, N., De Brito, J. & Evangelista, L. 2011. The influence of curing conditions on the 

mechanical performance of concrete made with recycled concrete waste. Cement and 

Concrete Composites, 33, 637-643. 

Fredonia World Construction Aggregates to 2011– Demand and Sales Forecasts. 2011.  Market 

Share, Market Size, Market leaders, Industry. 

Fu, Y.-F., Wong, Y.-L., Poon, C.-S., Tang, C.-A. & Lin, P. 2004. Experimental study of 

micro/macro crack development and stress–strain relations of cement-based composite 

materials at elevated temperatures. Cement and Concrete Research, 34, 789-797. 



Mohammed A. Abed            Green Self-compacting High-performance Concrete              Ph.D. thesis   

87 
 

Geiker, M., Brandl, M., Thrane, L. & Nielsen, L. 2002. On the Effect of Coarse Aggregate 

Fraction and Shape on the Rheological Properties of Self-Compacting Concrete. 

Georges, N. S. 2015. Infuence of supplementary cemneting materials on conventionel and self 

compacting concrete Part 1. –Literature review Journal of Silicate Based and 

Composite Materials, 67, 28-33. 

Gesoglu, M., Güneyisi, E., Öz, H. Ö., Taha, I. & Yasemin, M. T. 2015. Failure characteristics 

of self-compacting concretes made with recycled aggregates. Construction and 

Building Materials, 98, 334-344. 

Ghanbari, A. 2011. Self-Compacting High And Ultra High Performance Concretes. Doctor of 

Philosophy, Cardiff University. 

Gokce, A., Nagataki, S., Saeki, T. & Hisada, M. 2004. Freezing and thawing resistance of air-

entrained concrete incorporating recycled coarse aggregate: The role of air content in 

demolished concrete. Cement and Concrete Research, 34, 799-806. 

Gómez-Soberón, J. M. 2002. Porosity of recycled concrete with substitution of recycled 

concrete aggregate An experimental study. Cement and Concrete Research, 32, 1301-

1311. 

González-Fonteboa, B. & Martínez-Abella, F. 2008. Concretes with aggregates from 

demolition waste and silica fume. Materials and mechanical properties. Building and 

Environment, 43, 429-437. 

González-Taboada, I., González-Fonteboa, B., Martínez-Abella, F. & Seara-Paz, S. 2017. 

Analysis of rheological behaviour of self-compacting concrete made with recycled 

aggregates. Construction and Building Materials, 157, 18-25. 

Gyurkó, Z., Szijártó, A. & Nemes, R. 2017. Increasing freeze-thaw resistance of concrete by 

additions of powdered cellular concrete and clay bricks International Conference on 

Analytical Models and New Concepts in Concrete and Masonry Structures AMCM. 

Procedia Engineering. 

Hong Kong Government. 2006. Environmental Report 2006. In: DEPARTMENT, E. P. (ed.). 

Hong Kong. 

Güneyisi, E., Gesoğlu, M., Al-Rawi, S. & Mermerdaş, K. 2013. Effect of volcanic pumice 

powder on the fresh properties of self-compacting concretes with and without silica 

fume. 

Guo, H., Shi, C., Guan, X., Zhu, J., Ding, Y., Ling, T.-C., Zhang, H. & Wang, Y. 2018a. 

Durability of recycled aggregate concrete – A review. Cement and Concrete 

Composites, 89, 251-259. 



Mohammed A. Abed            Green Self-compacting High-performance Concrete              Ph.D. thesis   

88 
 

Guo, S., Hu, J. & Dai, Q. 2018b. A critical review on the performance of portland cement 

concrete with recycled organic components. Journal of Cleaner Production, 188, 92-

112. 

Hama, S. M. & Hilal, N. N. 2017. Fresh properties of self-compacting concrete with plastic 

waste as partial replacement of sand. International Journal of Sustainable Built 

Environment, 6, 299-308. 

Hamood, A., Khatib, J. M. & Williams, C. 2017. The effectiveness of using Raw Sewage 

Sludge (RSS) as a water replacement in cement mortar mixes containing Unprocessed 

Fly Ash (u-FA). Construction and Building Materials, 147, 27-34. 

Hao, L., Liu, Y., Wang, W., Zhang, J. & Zhang, Y. 2018. Effect of salty freeze-thaw cycles on 

durability of thermal insulation concrete with recycled aggregates. Construction and 

Building Materials, 189, 478-486. 

Hassan, A. A. A., Lachemi, M. & Hossain, K. M. A. 2012. Effect of metakaolin and silica fume 

on the durability of self-consolidating concrete. Cement and Concrete Composites, 34, 

801-807. 

Hassan, K. E., Cabrera, J. G. & Maliehe, R. S. 2000. The effect of mineral admixtures on the 

properties of high-performance concrete. Cement and Concrete Composites, 22, 267-

271. 

Hedegaard, S. E. & Hansen, T. C. 1992. Water permeability of fly ash concretes. Materials and 

Structures, 25, 381-387. 

Hlavička, Lublóy É. 2017. Bond after fire. Construction and Building Materials, 132, 210-218. 

Hooton, R. D. 2000. Canadian use of ground granulated blast-furnace slag as a supplementary 

cementing material for enhanced performance of concrete. Canadian Journal of Civil 

Engineering, 27, 754-760. 

Hover, K. C. 1998. Concrete mixture proportioning with water-reducing admixtures to enhance 

durability: A quantitative model. Cement and Concrete Composites, 20, 113-119. 

Huda, S. B. & Alam, M. S. 2014. Mechanical behavior of three generations of 100% repeated 

recycled coarse aggregate concrete. Construction and Building Materials, 65, 574-582. 

Islam, M., Tarequl Alam, M. & S. Islam, M. 2018. Effect of fly ash on freeze–thaw durability 

of concrete in marine environment. 

Jin, L., Zhang, R., Du, X. & Li, Y. 2015. Multi-scale analytical theory of the diffusivity of 

concrete subjected to mechanical stress. Construction and Building Materials, 95, 171-

185. 



Mohammed A. Abed            Green Self-compacting High-performance Concrete              Ph.D. thesis   

89 
 

Jitender , S. & Sandeep , S. 2014. Influence of Recycled Concrete Aggregates on Strength 

Parameters of Concrete. SSRG International Journal of Civil Engineering (SSRG-

IJCE), 20-24. 

Karein, S. M. M., Joshaghani, A., Ramezanianpour, A. A., Isapour, S. & Karakouzian, M. 

2018. Effects of the mechanical milling method on transport properties of self-

compacting concrete containing perlite powder as a supplementary cementitious 

material. Construction and Building Materials, 172, 677-684. 

Katz, A. 2003. Properties of concrete made with recycled aggregate from partially hydrated 

old concrete. Cement and Concrete Research, 33, 703-711. 

Khan, A. A. & Sengupta, R. 1984. Simple circuit for quick and accurate determination of 

thermistor-constants. Research and Industry, 29, 17-19. 

Khatri, R. P., Sirivivatnanon, V. & Gross, W. 1995. Effect of different supplementary 

cementitious materials on mechanical properties of high performance concrete. Cement 

and Concrete Research, 25, 209-220. 

Khayat, K. 2000. Optimization and performance of air-entrained, self-consolidating concrete. 

Khayat, K. H. 1999. Workability, testing, and performance of self-consolidating concrete. ACI 

Materials Journal, 96, 346-353. 

Khoury Ga, G. B., Sullivan Pje 1985. Transient thermal strain of concrete: literature review. 

conditions within specimen and behaviour of individual constituents. Magazine of 

Concrete Research, 37-48. 

Kim, J. K. & Han, S. H. 1997. Mechanical properties of self-flowing concrete. High-Perform 

Concr: Des Mater Adv Concr Technol, 172, 637-652. 

Kisku, N., Joshi, H., Ansari, M., Panda, S. K., Nayak, S. & Dutta, S. C. 2017. A critical review 

and assessment for usage of recycled aggregate as sustainable construction material. 

Construction and Building Materials, 131, 721-740. 

Kopecsk, K. & Bal, G. 2017. Concrete with Improved Chloride Binding and Chloride 

Resistivity by Blended Cements. Advances in Materials Science and Engineering, 

2017, 13. 

Kosmatka, S. H. & Cement Association of Canada. 2002. Design and control of concrete 

mixtures, Ottawa, Cement Association of Canada. 

Kou, S.-C. & Poon, C.-S. 2013. Long-term mechanical and durability properties of recycled 

aggregate concrete prepared with the incorporation of fly ash. Cement and Concrete 

Composites, 37, 12-19. 



Mohammed A. Abed            Green Self-compacting High-performance Concrete              Ph.D. thesis   

90 
 

Kou, S.-C. & Poon, C.-S. 2015. Effect of the quality of parent concrete on the properties of 

high performance recycled aggregate concrete. Construction and Building Materials, 

77, 501-508. 

Kou, S. C. & Poon, C. S. 2008. Mechanical properties of 5-year-old concrete prepared with 

recycled aggregates obtained from three different sources. Magazine of Concrete 

Research, 60, 57-64. 

Kou, S. C. & Poon, C. S. 2009. Properties of self-compacting concrete prepared with coarse 

and fine recycled concrete aggregates. Cement and Concrete Composites, 31, 622-627. 

Kou, S. C. & Poon, C. S. 2012. Enhancing the durability properties of concrete prepared with 

coarse recycled aggregate. Construction and Building Materials, 35, 69-76. 

Kwan, A. K. 2000. Use of condensed silica fume for making high-strength, self-consolidating 

concrete. Canadian Journal of Civil Engineering, 27, 620-627. 

Laneyrie, C., Beaucour, A.-L., Green, M. F., Hebert, R. L., Ledesert, B. & Noumowe, A. 2016. 

Influence of recycled coarse aggregates on normal and high performance concrete 

subjected to elevated temperatures. Construction and Building Materials, 111, 368-378. 

Łaźniewska-Piekarczyk, B. 2013. The frost resistance versus air voids parameters of high 

performance self compacting concrete modified by non-air-entrained admixtures. 

Construction and Building Materials, 48, 1209-1220. 

Li, X. 2008. Recycling and reuse of waste concrete in China: Part I. Material behaviour of 

recycled aggregate concrete. Resources, Conservation and Recycling, 53, 36-44. 

Limantono, H., Ekaputri, J. J. & Susanto, T. E. 2016. Effect of silica fume and glass powder 

on high-strength paste. Key Engineering Materials. 

Limbachiya, M., Meddah, M. S. & Ouchagour, Y. 2012. Use of recycled concrete aggregate in 

fly-ash concrete. Construction and Building Materials, 27, 439-449. 

Long, G., Gao, Y. & Xie, Y. 2015. Designing more sustainable and greener self-compacting 

concrete. Construction and Building Materials, 84, 301-306. 

López-Gayarre, F., Serna, P., Domingo-Cabo, A., Serrano-López, M. A. & López-Colina, C. 

2009. Influence of recycled aggregate quality and proportioning criteria on recycled 

concrete properties. Waste Management, 29, 3022–3028. 

Lublóy, É., Kopecskó, K., Balázs, G. L., Restás, Á. & Szilágyi, I. M. 2017. Improved fire 

resistance by using Portland-puzzolana of Portland fly ash cements. Journal of Thermal 

Analysis and Calorimetry, 1, 1-12. 

Ma, Q., Guo, R., Zhao, Z., Lin, Z. & He, K. 2015. Mechanical properties of concrete at high 

temperature—A review. Construction and Building Materials, 93, 371-383. 



Mohammed A. Abed            Green Self-compacting High-performance Concrete              Ph.D. thesis   

91 
 

Madandoust, R. & Mousavi, S. Y. 2012. Fresh and hardened properties of self-compacting 

concrete containing metakaolin. Construction and Building Materials, 35, 752-760. 

Malešev, M., Radonjanin, V. & Marinković, S. 2010a. Recycled Concrete as Aggregate for 

Structural Concrete Production. Sustainability, 2. 

Malešev, M., Radonjanin, V. & Marinković, S. 2010b. Recycled Concrete as Aggregate for 

Structural Concrete Production. Sustainability, 2, 1204-1225. 

Manzi, S., Mazzotti, C. & Chiara Bignozzi, M. 2017. Self-compacting concrete with recycled 

concrete aggregate: Study of the long-term properties. Construction and Building 

Materials, 157, 582-590. 

Marie, I. & Quiasrawi, H. 2012. Closed-loop recycling of recycled concrete aggregates. Journal 

of Cleaner Production, 37, 243-248. 

Medina, C., Sánchez De Rojas, M. I. & Frías, M. 2013. Freeze-thaw durability of recycled 

concrete containing ceramic aggregate. Journal of Cleaner Production, 40, 151-160. 

Megat Johari, M. A., Brooks, J. J., Kabir, S. & Rivard, P. 2011. Influence of supplementary 

cementitious materials on engineering properties of high strength concrete. 

Construction and Building Materials, 25, 2639-2648. 

Mehmet Karatas, A. G. 2015. Engineering Properties of Self-Compacting Concrete Produced 

by Polypropylene and Steel Fiber. Periodica Polytechnica Civil Engineering, 59, 95-

102. 

Meyer, C. 2009. The greening of the concrete industry. Cement and Concrete Composites, 31, 

601-605. 

Moon, D. J. & Moon, H. Y. 2002. Effect of pore size distribution on the qualities of recycled 

aggregate concrete. KSCE Journal of Civil Engineering, 6, 289-295. 

Mucsi, G. & Csőke, B. 2012. Power plant fly ash as a valuable raw material. Geosciences and 

Engineering, 1, 223–236. 

Mueller, H. S., Haist, M., Moffatt, J. S. & Vogel, M. 2017. Design, Material Properties and 

Structural Performance of Sustainable Concrete. Procedia Engineering, 171, 22-32. 

Mukharjee, B. B. & Barai, S. V. 2014. Influence of Nano-Silica on the properties of recycled 

aggregate concrete. Construction and Building Materials, 55, 29-37. 

Nagataki, S., Gokce, A., Saeki, T., Hisada, M. 2004. Assessment of recycling process induced 

damage sensitivity of recycled concrete aggregates. Cement and Concrete Research, 

34, 965–971. 

Nehme, K. & Nehme, S. 2012. Strength and deformation of recycled concrete. 



Mohammed A. Abed            Green Self-compacting High-performance Concrete              Ph.D. thesis   

92 
 

Neville, A. M. 2009. Properties of concrete, Harlow, England; New York, Prentice 

Hall/Pearson Education. 

Novak, J. & Kohoutkova, A. 2018. Mechanical properties of concrete composites subject to 

elevated temperature. Fire Safety Journal, 95, 66-76. 

Oikonomou, N. D. 2005. Recycled concrete aggregates. Cement and Concrete Composites, 27, 

315-318. 

Okamura, H., And Ozawa, K. 1995. Mix design for self-compacting concrete. Concrete Library 

of JSCE, 107-120. 

Okamura, H. & Ouchi, M. 2003. Self-Compacting Concrete. Journal of Advanced Concrete 

Technology, 1, 5-15. 

Olorunsogo, F. T. & Padayachee, N. 2002a. Performance of recycled aggregate concrete 

monitored by durability indexes. Cement and Concrete Research, 32, 179-185. 

Olorunsogo, F. T. & Padayachee, N. 2002b. Performance of recycled aggregate concrete 

monitored by durability indexes. Cement and Concrete Research, 32, 179–185. 

Omrane, M., Kenai, S., Kadri, E.-H. & Aït-Mokhtar, A. 2017. Performance and durability of 

self compacting concrete using recycled concrete aggregates and natural pozzolan. 

Journal of Cleaner Production, 165, 415-430. 

Oner, A., Akyuz, S. & Yildiz, R. 2005. An experimental study on strength development of 

concrete containing fly ash and optimum usage of fly ash in concrete. Cement and 

Concrete Research, 35, 1165-1171. 

Yong, P. C. & Teo, D. C. L. 2009. Utilisation of Recycled Aggregate as Coarse Aggregate in 

Concrete. Journal of Civil Engineering, Science and Technology, 1. 

Pacheco Torgal, F. & Castro-Gomes, J. P. 2006. Influence of physical and geometrical 

properties of granite and limestone aggregates on the durability of a C20/25 strength 

class concrete. Construction and Building Materials, 20, 1079-1088. 

Padmini, A. K., Ramamurthy, K. & Mathews, M. S. 2009. Influence of parent concrete on the 

properties of recycled aggregate concrete. Construction and Building Materials, 23, 

829-836. 

Parviz, S. 2012. Strength and durability of RAC containing milled glass as partial replacement 

for cement. Construction and Building Materials, 29, 368-377. 

Pavlu, T., Boehme, L. & Hajek, P. 2014. Influence of recycled aggregate quality on the 

mechanical properties of concrete. Kommunikacie/Communications, 16, 35-40. 



Mohammed A. Abed            Green Self-compacting High-performance Concrete              Ph.D. thesis   

93 
 

Pereira, P., Evangelista, L. & De Brito, J. 2012. The effect of superplasticizers on the 

mechanical performance of concrete made with fine recycled concrete aggregates. 

Cement and Concrete Composites, 34, 1044-1052. 

Persson, B. 2001. A comparison between mechanical properties of self-compacting concrete 

and the corresponding properties of normal concrete. Cement and Concrete Research, 

31, 193-198. 

Persson, B. 2004. Fire resistance of self-compacting concrete, SCC. Materials and 

Structures/Materiaux et Constructions, 37, 575-584. 

Phan, L. T. 2002. High-strength concrete at high temperature: An overview. Utilization of High 

Strength/high Performance Concrete, 6th International Symposium. Proceedings, 1, 

501-518. 

Pimenta Teixeira, K., Perdigão Rocha, I., De Sá Carneiro, L., Flores, J., Dauer, E. A. & 

Ghahremaninezhad, A. 2016. The Effect of Curing Temperature on the Properties of 

Cement Pastes Modified with TiO₂ Nanoparticles. Materials (Basel, Switzerland), 9, 

952. 

Pineaud, A., Pimienta, P., Rémond, S. & Carré, H. 2016. Mechanical properties of high 

performance self-compacting concretes at room and high temperature. 

Poon, C.-S., Azhar, S., Anson, M. & Wong, Y.-L. 2001. Comparison of the strength and 

durability performance of normal- and high-strength pozzolanic concretes at elevated 

temperatures. Cement and Concrete Research, 31, 1291-1300. 

Poon, C. S., Qiao, X. C. & Lin, Z. S. 2003. Pozzolanic properties of reject fly ash in blended 

cement pastes. Cement and Concrete Research, 33, 1857-1865. 

Poon, C. S., Shui, Z. H. & Lam, L. 2004a. Compressive behavior of fiber reinforced high-

performance concrete subjected to elevated temperatures. Cement and Concrete 

Research, 34, 2215-2222. 

Poon, C. S., Shui, Z. H. & Lam, L. 2004b. Effect of microstructure of ITZ on compressive 

strength of concrete prepared with recycled aggregates. Construction and Building 

Materials, 18, 461-468. 

Poon, C. S., Shui, Z. H., Lam, L., Fok, H. & Kou, S. C. 2004c. Influence of moisture states of 

natural and recycled aggregates on the slump and compressive strength of concrete. 

Cement and Concrete Research, 34, 31-36. 

Poon, S. C., Shui, Z. H., Lam, L., Fok, H. & Kou, S. C. 2004d. Influence of moisture states of 

natural and recycled aggregates on the slump and compressive strength of concrete. 

Cement and concrete research, 34, 31-36. 



Mohammed A. Abed            Green Self-compacting High-performance Concrete              Ph.D. thesis   

94 
 

Puthipad, N., Ouchi, M., Rath, S. & Attachaiyawuth, A. 2016. Enhancement in self-

compactability and stability in volume of entrained air in self-compacting concrete with 

high volume fly ash. 

Quattrone, M., Cazacliu, B., Angulo, S. C., Hamard, E. & Cothenet, A. 2016. Measuring the 

water absorption of recycled aggregates, what is the best practice for concrete 

production? Construction and Building Materials, 123, 690-703. 

Rahal, K. 2007a. Mechanical properties of concrete with recycled coarse aggregate. Building 

and Environment, 42, 407-415. 

Rahal, K. 2007b. Mechanical properties of concrete with recycled coarse aggregate. Building 

and Environment, 42, 407–415. 

Rajhans, P., Panda, S. K. & Nayak, S. 2018. Sustainable self compacting concrete from C&D 

waste by improving the microstructures of concrete ITZ. Construction and Building 

Materials, 163, 557-570. 

Rashad, A. M. 2016. A synopsis about perlite as building material – A best practice guide for 

Civil Engineer. Construction and Building Materials, 121, 338-353. 

Reinhardt, H. W. & Stegmaier, M. 2006. Self-consolidating concrete in fire. ACI Materials 

Journal, 103, 130-135. 

Revathi, P. & Mani, S. 2014. Studies on Fresh and Hardened Properties of Recycled Aggregate 

Concrete with Quarry Dust. 

Revathi, P., Selvi, R. S. & Velin, S. S. 2013. Investigations on Fresh and Hardened Properties 

of Recycled Aggregate Self Compacting Concrete. Journal of The Institution of 

Engineers (India): Series A, 94, 179-185. 

Sabet, F. A., Libre, N. A. & Shekarchi, M. 2013. Mechanical and durability properties of self 

consolidating high performance concrete incorporating natural zeolite, silica fume and 

fly ash. Construction and Building Materials, 44, 175-184. 

Sáez Del Bosque, I. F., Zhu, W., Howind, T., Matías, A., Sánchez De Rojas, M. I. & Medina, 

C. 2017. Properties of interfacial transition zones (ITZs) in concrete containing recycled 

mixed aggregate. Cement and Concrete Composites, 81, 25-34. 

Safiuddin, M. 2008a. Development of Self-Consolidating High Performance Concrete 

Incorporating Rice Husk Ash University of Waterloo. 

Safiuddin, M. 2008b. Development of Self-Consolidating High Performance Concrete 

Incorporating Rice Husk Ash. PhD thesis, University of Waterloo. 



Mohammed A. Abed            Green Self-compacting High-performance Concrete              Ph.D. thesis   

95 
 

Safiuddin, M., West, J. S. & Soudki, K. A. 2010. Hardened properties of self-consolidating 

high performance concrete including rice husk ash. Cement and Concrete Composites, 

32, 708-717. 

Safiuddin, M. D., Salam, M. A. & Jumaat, M. Z. 2011. Effects of recycled concrete aggregate 

on the fresh properties of self-consolidating concrete. Archives of Civil and Mechanical 

Engineering, 11, 1023-1041. 

Safiuddin, M. W., J.S. & Soudki, K.A. 2008c. Durability performance of self-consolidating 

concrete. J Appl Sci Res., 4, 1834-1840. 

Salesa, Á., Pérez-Benedicto, J. A., Colorado-Aranguren, D., López-Julián, P. L., Esteban, L. 

M., Sanz-Baldúz, L. J., Sáez-Hostaled, J. L., Ramis, J. & Olivares, D. 2017a. Physico 

– mechanical properties of multi – recycled concrete from precast concrete industry. 

Journal of Cleaner Production, 141, 248-255. 

Salesa, Á., Pérez-Benedicto, J. Á., Esteban, L. M., Vicente-Vas, R. & Orna-Carmona, M. 

2017b. Physico-mechanical properties of multi-recycled self-compacting concrete 

prepared with precast concrete rejects. Construction and Building Materials, 153, 364-

373. 

Sarhat, S. R. & Sherwood, E. G. 2013. Residual mechanical response of recycled aggregate 

concrete after exposure to elevated temperatures. Journal of Materials in Civil 

Engineering, 25, 1721-1730. 

Schneider, U. 1988. Concrete at high temperatures — A general review. Fire Safety Journal, 

13, 55-68. 

Schneider U, W. R. 1997. Kinethical treatment of thermical deterioration of concretes and its 

mechanical influences. Cement and Concrete Research, 22-29. 

Šeps, K., Fládr, J. & Broukalová, I. 2016. Resistance of Recycled Aggregate Concrete to 

Freeze-thaw and Deicing Salts. Procedia Engineering, 151, 329-336. 

Silva, Y. F., Robayo, R. A., Mattey, P. E. & Delvasto, S. 2016. Properties of self-compacting 

concrete on fresh and hardened with residue of masonry and recycled concrete. 

Construction and Building Materials, 124, 639-644. 

Sim, J. & Park, C. 2011. Compressive strength and resistance to chloride ion penetration and 

carbonation of recycled aggregate concrete with varying amount of fly ash and fine 

recycled aggregate. Waste Management, 31, 2352-2360. 

Snelson, D. G. & Kinuthia, J. M. 2010a. Characterisation of an unprocessed landfill ash for 

application in concrete. Journal of Environmental Management, 91, 2117-2125. 



Mohammed A. Abed            Green Self-compacting High-performance Concrete              Ph.D. thesis   

96 
 

Snelson, D. G. & Kinuthia, J. M. 2010b. Resistance of mortar containing unprocessed 

pulverised fuel ash (PFA) to sulphate attack. Cement and Concrete Composites, 32, 

523-531. 

Soares, D., De Brito, J., Ferreira, J. & Pacheco, J. 2014. Use of coarse recycled aggregates from 

precast concrete rejects: Mechanical and durability performance. Construction and 

Building Materials, 71, 263-272. 

Somna, R., Jaturapitakkul, C. & Amde, A. M. 2012. Effect of ground fly ash and ground 

bagasse ash on the durability of recycled aggregate concrete. Cement and Concrete 

Composites, 34, 848-854. 

Suhendro, B. 2014. Toward Green Concrete for Better Sustainable Environment. Procedia 

Engineering, 95, 305-320. 

Sumanth, C., Ratna, K. & Rathish, P. 2013. Mechanical and durability properties of self-

compacting concrete with recycled concrete aggregates. IJSER, 4, 260-264. 

Tabsh, S. W. & Abdelfatah, A. S. 2009. Influence of recycled concrete aggregates on strength 

properties of concrete. Construction and Building Materials, 1163-1167. 

Tam, V. W. Y., Tam, C. M. & Wang, Y. 2007. Optimization on proportion for recycled 

aggregate in concrete using two-stage mixing approach. Construction and Building 

Materials, 21, 1928-1939. 

Tang, W. C. & Lo, T. Y. 2009. Mechanical and fracture properties of normal-and high-strength 

concretes with fly ash after exposure to high temperatures. Magazine of Concrete 

Research, 61, 323-330. 

Tasi, C., Li, L. & Hwang, C. 2006. The Effect of Aggregate Gradation on Engineering 

Properties of High Performance Concrete. 

Taylor, M. R., Lydon, F. D. & Barr, B. I. G. 1996. Mix proportions for high strength concrete. 

Construction and Building Materials, 10, 445-450. 

Thomas, C., De Brito, J., Gil, V., Sainz-Aja, J. A. & Cimentada, A. 2018. Multiple recycled 

aggregate properties analysed by X-ray microtomography. Construction and Building 

Materials, 166, 171-180. 

Thomas, C., Setién, J., Polanco, J. A., Alaejos, P. & Sánchez De Juan, M. 2013. Durability of 

recycled aggregate concrete. Construction and Building Materials, 40, 1054-1065. 

Tian, W. & Han, N. 2018. Pore characteristics (>0.1 mm) of non-air entrained concrete 

destroyed by freeze-thaw cycles based on CT scanning and 3D printing. Cold Regions 

Science and Technology, 151, 314-322. 



Mohammed A. Abed            Green Self-compacting High-performance Concrete              Ph.D. thesis   

97 
 

Topcu, I. B. & Şengel, S. 2004. Properties of concretes produced with waste concrete 

aggregate. Cement and concrete research, 34, 1307-1312. 

Türkmen, I. & Kantarci, A. 2007. Effects of expanded perlite aggregate and different curing 

conditions on the physical and mechanical properties of self-compacting concrete. 

Building and Environment, 42, 2378-2383. 

Tuyan, M., Mardani-Aghabaglou, A. & Ramyar, K. 2014. Freeze–thaw resistance, mechanical 

and transport properties of self-consolidating concrete incorporating coarse recycled 

concrete aggregate. Materials & Design, 53, 983-991. 

Vargas, P., Restrepo-Baena, O., Tobón, J.I. 2017. Microstructural analysis of interfacial 

transition zone (ITZ) and its impact on the compressive strength of lightweight 

concretes. Construction and Building Materials, 137, 381–389. 

Vassilev, S. V., Menendez, R., Alvarez, D., Diaz-Somoano, M. & Martinez-Tarazona, M. R. 

2003. Phase-mineral and chemical composition of coal fly ashes as a basis for their 

multicomponent utilization. 1. Characterization of feed coals and fly ashes. Fuel, 82, 

1793-1811. 

Vassilev, S. V., Menendez, R., Diaz-Somoano, M. & Martinez-Tarazona, M. R. 2004. Phase-

mineral and chemical composition of coal fly ashes as a basis for their multicomponent 

utilization. 2. Characterization of ceramic cenosphere and salt concentrates. Fuel, 83, 

585-603. 

Vieira, J. P. B., Correia, J. R. & De Brito, J. 2011. Post-fire residual mechanical properties of 

concrete made with recycled concrete coarse aggregates. Cement and Concrete 

Research, 41, 533-541. 

Wijayasundara, M., Mendis, P. & Crawford, R. H. 2017. Methodology for the integrated 

assessment on the use of recycled concrete aggregate replacing natural aggregate in 

structural concrete. Journal of Cleaner Production, 166, 321-334. 

Wijayasundara, M., Mendis, P. & Crawford, R. H. 2018. Integrated assessment of the use of 

recycled concrete aggregate replacing natural aggregate in structural concrete. Journal 

of Cleaner Production, 174, 591-604. 

Xiao, J. & Falkner, H. 2006. On residual strength of high-performance concrete with and 

without polypropylene fibres at elevated temperatures. Fire Safety Journal, 41, 115-

121. 

Xiao, J., Li, W., Sun, Z., Lange, D. A. & Shah, S. P. 2013. Properties of interfacial transition 

zones in recycled aggregate concrete tested by nanoindentation. Cement and Concrete 

Composites, 37, 276-292. 



Mohammed A. Abed            Green Self-compacting High-performance Concrete              Ph.D. thesis   

98 
 

Xiao, J., Li, W., Sun, Z. & Shah, S. P. 2012. Crack propagation in recycled aggregate concrete 

under uniaxial compressive loading. ACI Materials Journal, 109, 451-462. 

Xiao, J., Xie, M. & Zhang, C. 2006. Residual compressive behaviour of pre-heated high-

performance concrete with blast–furnace–slag. Fire Safety Journal, 41, 91-98. 

Xiao, J. & Zhang, C. 2007. Fire damage and residual strengths of recycled aggregate concrete. 

Key Engineering Materials. 

Xie, Y., Liu, B., Yin, J. & Zhou, S. 2002. Optimum mix parameters of high-strength self-

compacting concrete with ultrapulverized fly ash. Cement and Concrete Research, 32, 

477-480. 

Yang, K. H., Chung, H. S. & Ashour, A. F. 2008. Influence of type and replacement level of 

recycled aggregates on concrete properties. ACI Materials Journal, 105, 289-296. 

Yap, S. P., Chen, P. Z. C., Goh, Y., Ibrahim, H. A., Mo, K. H. & Yuen, C. W. 2018. 

Characterization of pervious concrete with blended natural aggregate and recycled 

concrete aggregates. Journal of Cleaner Production, 181, 155-165. 

Yehia, S., Helal, K., Abusharkh, A., Zaher, A. & Istaitiyeh, H. 2015. Strength and Durability 

Evaluation of Recycled Aggregate Concrete. International Journal of Concrete 

Structures and Materials, 9, 219-239. 

Yen, T., Tang, C.-W., Chang, C.-S. & Chen, K.-H. 1999. Flow behaviour of high strength high-

performance concrete. Cement and Concrete Composites, 21, 413-424. 

Yu, L. H., Ou, H. & Lee, L. L. 2003. Investigation on pozzolanic effect of perlite powder in 

concrete. Cement and Concrete Research, 33, 73-76. 

Zaharieva, R., Buyle-Bodin, F. & Wirquin, E. 2004. Frost resistance of recycled aggregate 

concrete. Cement and Concrete Research, 34, 1927-1932. 

Zega, C. J. & Di Maio, A. A. 2006. Recycled concrete exposed to high temperatures. Magazine 

of Concrete Research, 58, 675-682. 

Zega, C. J. & Di Maio, A. A. 2009. Recycled concrete made with different natural coarse 

aggregates exposed to high temperature. Construction and Building Materials, 23, 

2047-2052. 

Zega, C. J. & Di Maio, Á. A. 2011. Use of recycled fine aggregate in concretes with durable 

requirements. Waste Management, 31, 2336-2340. 

Zhang, P. & Li, Q.-F. 2013. Effect of silica fume on durability of concrete composites 

containing fly ash. 

Zong, L., Fei, Z. & Zhang, S. 2014. Permeability of recycled aggregate concrete containing fly 

ash and clay brick waste. Journal of Cleaner Production, 70, 175-182. 


