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ABSTRACT

MECHANICAL PROPERTIES AND FRACTURE PARAMETERS OF
SUSTAINABLE CONCRETE PRODUCED WITH RECYCLED AGGREGATES

In this study, the mechanical properties and fracture parameters of sustainable concrete
mixtures produced with different recycled aggregates at a w/c of 0.50 were investigated. To
produce sustainable concrete mixtures, recycled concrete aggregates (RCA), recycled brick
aggregates (RBA), and recycled fly ash aggregates (FAA) were used in total replacement,
by volume, of natural crushed stone coarse aggregates (CSt). The recycled aggregates were
utilized in six different sustainable concrete mixtures as plain (RCA, RBA, FAA) and surface
treated (TRCA, TRBA, TFAA) by employing ground granulated blast furnace slag (GGBFS)
slurry during concrete production as a multi-step concrete mixing method. Microstructural
investigations were also carried out on samples taken from recycled aggregates and hardened
concrete specimens to examine the effect of recycled aggregate treatment during the concrete
mixing procedure with slag slurry on the mechanical properties and fracture parameters of
the recycled aggregate concrete. The results of the experiments conducted in this study
revealed that complete replacement of the crushed stone coarse aggregate with recycled
aggregates reduced the unit weight of fresh concrete by up to 17%, while the compressive
strength values were in line with the limitations for structural use. Besides, the treatment of
recycled aggregates with GGBFS slurry improved the mechanical properties and fracture
parameters of recycled aggregate concrete mixtures with increased statistical reliability. For
example, treating recycled aggregates with slag slurry not only increased the bond strength
between the reinforcement bars and the concrete mixtures, but also decreased the minimum
required anchorage length for the reinforcement to carry the load. The findings of the
microstructural investigations confirmed the formation of secondary hydration products as
a result of the pozzolanic activity of fine slag grains, which penetrated and filled the voids
and cracks on the surface of the treated recycled aggregates and in the interfaces between
these aggregates and the concrete matrix, improving the mechanical properties and fracture

parameters of the recycled concrete mixtures.
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OZET

GERI KAZANILMIS AGREGALARDAN URETILEN SURDURULEBILIR
BETONLARIN MEKANIK OZELLIKLERI VE KIRILMA PARAMETRELERI

Bu ¢aligma kapsaminda, birbirinden farkli geri kazanigmis agregalar kullanilarak 0.50
su/cimento orani ile iiretilmis siirdiirtilebilir betonlarin mekanik o6zellikleri ve kirilma
parametreleri incelenmistir. Siirdiirtilebilir beton karisimlarinin iretilmesinde dogal iri
kirma tas yerine geri kazanismis beton (RCA), tugla (RBA) ve ucucu kiil agregalar1 (FAA)
hacimsel olarak tamamen ikame edilmistir. Geri kazanilmig agregalar alti farkl
stirdiiriilebilir beton karisiminda direkt (RCA, RBA, FAA) ve ¢ok asamali bir beton karigim
metodu olarak ogiitiilmiis yiiksek firin cilirufu (GGBFS) bulamaci uygulamasi ile
iyilestirilerek (TRCA, TRBA, TFAA) degerlendirilmistir. Ciliruf bulamaciyla beton karigimi
sirasinda geri kazanilmig agregalara yapilan iyilestirmenin bu agregalarla iiretilen betonlarin
mekanik Ozelliklerine ve kirilma parametrelerine etkilerini incelemek amaciyla, geri
kazanilmis agregalardan ve sertlesmis beton numunelerinden alinan o6rnekler tizerinde
mikroyapi incelemeleri de gergeklestirilmistir. Yapilan deneyler sonucunda, kirma tas yerine
geri kazanilmis agregalarin kullanilmasinin taze betonun birim agirhigini %17’ye kadar
diistiriirken, basing dayanimi agisindan tiretilen betonlarin yapisal amagla kullanima uygun
oldugu goriilmiistiir. Ayrica, geri kazanilmis agregalarin dgiitiilmiis yiliksek firin ciirufu
bulamaci ile iyilestirilmesi, siirdiiriilebilir betonlarin mekanik o6zelliklerini ve kirilma
parametrelerini olumlu yonde etkilemis ve sonuglarin istatistiksel giivenilirligini arttirmistir.
Ornegin, geri kazanilmis agregalarin ciiruf bulamaciyla iyilestirilmesi, yalmzca donati
cubuklari ile beton karigimlar1 arasindaki aderans dayanimini artirmakla kalmamis, ayni
zamanda donatinin yiik tasiyabilmsi i¢in gereken minimum ankraj boyu uzunlugunu da
azaltmigtir. Mikroyap1 incelemelerinin bulgulari, geri kazanilmig agregalarin yiizeyindeki
bosluklara ve catlaklara ve bu agregalar ile beton matrisi arasindaki arayiizlere niifuz eden
ve onlar1 dolduran ince ciiruf tanelerinin puzolanik aktivitesinin bir sonucu olarak, beton
tiretimi sirasinda geri kazanilmig agregalarin ciliruf bulamaciyla direkt bulusturulmasina
bagli olarak betonun mekanik 6zelliklerini ve kirilma parametrelerini iyilestirdigi diisiiniilen

ikincil hidratasyon {irlinlerinin olusumunu dogrulamistir.
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1. INTRODUCTION

In recent years, with rapid industrialization and urbanization, huge amounts of
construction and demolition waste (CDW) have been generated, especially in developing
countries. The disposal of these wastes causes environmental and landfill problems [1]-[5].
Therefore, the recycling and reuse of construction and demolition waste is of crucial
importance for the protection of the environment and the effective use of natural resources
[6]-[9]. From this point of view, the high potential of recycled aggregates obtained from
CDW to be utilized as an alternative source to reduce the dependence of the construction
industry on natural aggregates explains the focus on recycled aggregate concrete in recent
decades [10]-[25]. Although the reuse of CDW as recycled aggregate is environmentally
beneficial, cement mortar adhered to recycled aggregate particles leads to some serious
problems of increased porosity and water absorption with a decreased strength capacity in
recycled aggregate concrete [26], [27]. Therefore, in the literature, to improve the quality of
recycled aggregates and the performance of recycled aggregate concrete, the three principal
technical methods are highlighted: (i) removal of residual cement mortar [28]-[42], (ii)
coating of recycled aggregates [29], [36], [40], [41], [43]-[55], and (iii) multi-step concrete
mixing methods with pozzolanic admixtures [41], [42], [52], [56]-[68]. It has been reported
that treating the recycled aggregates by multi-step concrete mixing methods with pozzolanic
admixtures is an efficient and practical way rather than the removal of old adhered mortar
or the coating of recycled aggregates, which are cost-intensive and/or time-consuming
methods with secondary environmental impacts [5], [49], [59], [69]-[73].

In order to build sustainable and environment-friendly structures and infrastructures,
which has been one of the most important challenges in the construction industry for many
years, researchers have also tried to find valuable applications of industrial by-products such
as fly ash (FA) and ground granulated blast furnace slag (GGBFS) in the construction
industry. It has been shown that the construction industry has the ability to consume FA and
GGBFS, which are by-products of coal-fired thermal power plants and the iron
manufacturing industry, respectively, in various applications such as sub-base and pavement
base practices for subgrade stabilization, construction of backfills and embankments,
manufacturing of ceramics, production of pozzolanic cement, cement replacement in

concrete production, brick and block manufacturing, production of alkali-activated



geopolymer concrete and artificial aggregate production [74]-[107]. The large-scale
utilization of fly ash, for instance, to produce fly ash aggregates, which has been practiced
in many countries, may reduce the rapid use of natural aggregates in the construction
industry and prevent the depletion of natural resources [75], [108]-[110]. It also prevents
rural areas, seasides, and river beds from being damaged and provides a remarkable
reduction in greenhouse gas emissions by reducing aggregate mining activities and
subsequent operations that contribute to CO2 emission [75], [109], [111]. Additionally, the
recycling of fly ash through aggregate production reduces the need for landfills or storage
lagoons for the disposal of fly ash and prevents air and underground water pollution [112]-
[114]. Cold bonding and sintering are the most frequently used methods to produce fly ash
aggregate [97], [108], [115]-[124]. Cold bonding, which depends on the pozzolanic activity
of fly ash, is more economical than the energy-intensive sintering process, but usually results
in lower strength aggregates [125]-[127]. Various studies in the literature investigated the
mechanical properties of concrete produced with cold-bonded fly ash aggregates [112],
[117], [125], [128]-[130]. The use of cold-bonded fly ash aggregates in place of normal
weight aggregates in concrete resulted in lower mechanical properties. However, concrete
produced with surface treated cold-bonded fly ash aggregates by means of water glass or
cement-silica fume slurry impregnation for surface coating before concrete production had
higher mechanical properties than concrete produced with untreated cold-bonded fly ash
aggregates [117], [128], [131]. Similarly, the mechanical properties of concrete produced
with plain cold-bonded fly ash aggregates increased when fly ash aggregates were treated
by adding polypropylene fibers and tire chips into fly ash pellets for reinforcing them during
agglomeration process [132].

In this study, the mechanical properties and fracture parameters of sustainable concrete
mixtures produced with different recycled aggregates were investigated. To produce
sustainable concrete mixtures, recycled concrete aggregates (RCA), recycled brick
aggregates (RBA), and cold-bonded recycled fly ash aggregates (FAA) were used as coarse
aggregates in total replacement, by volume, of natural crushed stone coarse aggregates (CSt).
The recycled aggregates were utilized in six different sustainable concrete mixtures as plain
(RCA, RBA, FAA) with a conventional concrete production method and surface treated
(TRCA, TRBA, TFAA) with the “Direct Slurry Method” by employing GGBFS slurry

during concrete production as a multi-step concrete mixing approach.



Within the scope of the “Direct Slurry Method”, it was preferred to produce sustainable
concrete mixtures by first mixing the aforementioned recycled aggregates with slag slurry
during concrete production to fill the voids and cracks on the surface of the recycled
aggregates with fine slag grains and to enhance the interface between these aggregates and
cement paste in concrete due to the formation of hydration products as a result of the
pozzolanic activity of the slag, both of which increase the microstructural density. The
reason for choosing slag as a pozzolanic admixture is because there are very limited studies
in the literature that examine the improvement in the mechanical properties and fracture
parameters of concrete produced with recycled aggregates treated with slag slurry by a multi-
step concrete mixing method. In addition, the mechanical properties and fracture parameters
of concrete mixtures produced with different recycled coarse aggregates (RCA, RBA, and
FAA) treated with slag slurry by a multi-step concrete mixing method have not been

comparatively examined in the same study before.

In summary, this study gives the opportunity to show the effects of originally different
recycled coarse aggregates on the mechanical properties and fracture parameters of recycled
aggregate concrete and the potential of the most favorable recycled aggregate treatment
method, which has been reported as an efficient and practical way regarding cost and time
constraints for the construction industry with no secondary environmental impacts compared

to the other treatment methods mentioned above, in terms of sustainable concrete production.



2. LITERATURE REVIEW

2.1. Production of Recycled Aggregates from CDW

Construction and Demolition Waste (CDW) refers to damaged and surplus materials
generated during the construction, renovation, or demolition of buildings and structures
[133], [134]. Recycling of CDW is of paramount importance to achieve the goals of
sustainable development. The recycling of CDW in the construction industry helps to reduce
landfill waste, conserve natural resources, and decrease energy consumption and greenhouse
gas emissions associated with the production of traditional construction materials [134]—
[136]. One of the most common ways to recycle CDW is through the production of recycled
aggregate. Recycled aggregate obtained from CDW is a sustainable alternative to natural
aggregate in concrete production. However, CDW is a heterogeneous material, with varying
characteristics and composition, which affects its recycling and reuse as recycled aggregates
in concrete production. The composition of CDW is highly variable and can include
materials such as concrete, bricks, tiles, ceramics, wood, metal, plastics, paper, glass, and
other materials [1], [137]-[140]. The presence of contaminants or impurities in CDW can
affect the quality of the recycled aggregate produced. Therefore, it is important to carefully
select and sort CDW materials before recycling. The CDW recycling process aims to convert
bulk materials into smaller sizes to obtain desirable grading through the use of stationary or
mobile recycling plants with different types of crushers, such as jaw crushers, impact
crushers, and cone crushers [141]-[143]. It involves several steps, including collection,
transportation, sorting, crushing, screening, and washing [144], [145]. The screening of
recycled aggregates is necessary to remove any impurities or contaminants. The removal of
these contaminants helps to ensure that the recycled aggregates produced from CDW meet

the required quality standards.
2.2. Evaluation of Adhered Mortar in Recycled Aggregates Obtained from CDW
In addition to the contaminants existing in CDW, the presence of old adhered mortar

in the recycled aggregates produced should also be managed as much as possible because it

affects the quality of the recycled aggregates.



Although recycling CDW as aggregate is an eco-friendly practice as it is used in
concrete production to reduce the environmental impact of the construction industry, the
presence of residual cement mortar on recycled aggregate particles can cause significant
issues such as increased porosity and water absorption with decreased strength in recycled
aggregate and so in resulting concrete [26]-[28]. To overcome these challenges and enhance
the quality of recycled aggregates, as well as the performance of recycled aggregate concrete,
various technical methods have been suggested in the literature. These methods include the
removal of residual cement mortar [28]-[42], [133] (e.g., mechanical grinding, ball milling,
pre-soaking in acid solution, thermal expansion method, freeze—thaw method, thermal &
mechanical treatment together, ultrasonic cleaning), coating of recycled aggregates [29],
[36], [40], [41], [43]-[55], [133] (e.qg., polymer impregnation, carbonation treatment, sodium
silicate impregnation, pre-coating with puzzolanic slurry), and multi-step concrete mixing
procedures with pozzolanic admixtures [41], [42], [52], [56]-[68] (e.g., two-stage mixing
approach, double and triple mixing methods). It has been reported that, the most efficient
and practical way of treating recycled aggregates is through multi-step concrete mixing
methods with pozzolanic admixtures. This method is preferred over the removal of old
adhered mortar or the coating of recycled aggregates, which can be expensive, time-

consuming, and have secondary environmental impacts [5], [49], [59], [69]-[73].

2.3. Production of Recycled Aggregates from Fly Ash

There are two primary methods for producing fly ash aggregate, namely cold bonding
and sintering [93], [97], [108], [115]-[124], [146]-[151]. Cold bonding is generally
considered a more cost-effective approach to fly ash aggregate production compared to
sintering, as it is a matrix bonding process that saves energy. On the other hand, sintering is
an energy-intensive process that requires high temperature. However, the effectiveness of
cold bonding depends on the ability of the pozzolanic reactivity of fly ash to form pellets
with calcium hydroxide at room temperature. In addition, the fly ash aggregate produced

through cold bonding has a lower strength than that produced through sintering [125]-[127].

In the current study, the cold bonding technique was utilized for the production of fly

ash aggregate.



2.3.1. Cold Bonding

Cold bonding is a method of producing aggregates by mixing fly ash with cementitious
materials, such as lime, cement, clay, or shale. The process starts with a mixture of fly ash
and the chosen cementitious material, which is then transported to a pelletizer disc. Water is
sprayed onto the mixture while the disc rotates at a predetermined inclination angle and
speed, forming circular-shaped pellets. The bonding between the cementitious materials and
fly ash particles occurs through chemical reactions, facilitated by the pozzolanic reaction of
fly ash. This reaction produces calcium silicate hydrates, which are the primary elements
responsible for strengthening the matrix [116]-[118], [121], [122], [124]-[127], [147],
[151].

2.3.2. Sintering Method

The process of sintering is used to harden fly ash pellets by causing the particles to
come together at their points of contact. This process is carried out in two stages. Initially,
the mixture of cementitious material and fly ash is formed into pellets using a pelletizer disc
through a cold bonding process, which is followed by a thermal treatment in which the fly
ash pellets produced, along with coal, move on a sintering strand and undergo sintering by
burning the coal with specialized units of a kiln, such as a furnace hood, which acts as a heat
source. The temperature during the burning process should be maintained between 1050 and
1250°C [93], [108], [119], [120], [123]-[125], [127], [147], [149]-[151]. The entire process
is depicted in Figure 2.1.

The items illustrated in Figure 2.1, which outlines the production process for sintered
fly ash aggregates, are as follows: (1) Pan mill, (2) Vibrating screen, (3) Bucket elevator, (4)
Silo for coal, (5) Silo for clay, (6) Silo for fly ash, (7) Belt conveyor, (8) Pneumatic conveyor,
(9) Ribbon mixer, (10) Bucket elevator, (11) Water sprayer, (12) Pelletizer, (13) Furnace
hood, (14) Sinter strand/sintering belt, (15) Strand draught fan, (16) Chimney, (17) Belt
conveyor, (18) Jaw crusher, (19) Size grader, (20) Finished product.



Clay

Figure 2.1. Diagrammatic illustration of the sintering process to produce fly ash aggregates
[108].

2.3.3. Definition and Theory of Pelletization

The process of pelletization involves the consolidation of fine and moisturized
particles, such as dust or powders, into larger and solid materials without the need for
external force, which are then transformed into pellets through the use of a rotating pelletizer
disc or drum. The resulting pellets acquire strength through the mechanical forces generated
during the process, as they collide with one another and with the walls of the pelletizer disc
[97], [108]. The shape of the pellets is usually spherical or slightly angular, and their color
may vary based on the properties of the materials used in the dry mixes. The size distribution
of the pellets can be adjusted by manipulating the position of the scrapping blades within the

inner and outer paths of the pelletizer pan [117].

Various factors can impact both the pelletization process and the strength of the
resulting pellets. Such factors include the characteristics of the raw materials, including their

particle size distribution and wettability, as well as the moisture content in the medium and



the amount of binder used in the process. Additionally, the duration of the pelletization
process, as well as the rotation speed and angle of the pelletizer disc or drum relative to the

normal, can play a crucial role [97], [115], [116].

Through the examination and analysis of these parameters in accordance with the
principles of mechanics and kinetics, a theory on the process of pelletization has been
developed. The fundamental aspects of this theory can be summarized as follows [97]:

Moisturizing a fine-grained material results in the formation of a thin liquid film on
the surface of the grains, creating a meniscus between them that takes on bridge-like
structures (Figure 2.2 a). When these particles are subjected to rotation within a pelletizer
disc or drum, they develop spherical shapes that exhibit increased bonding forces between

grains as a result of both centrifugal and gravitational forces (Figure 2.2 b and c) [97].

(a) (b) (c)

Figure 2.2. Mechanism of pellet formation [97].

The strength of the pellets is determined by various parameters of the pelletization
process, including the pressure exerted on the pellets due to the capillary and cohesive forces.
Capillary forces (P), which are associated with the surface tension generated by the height
of the liquid column, have a significant impact on the coherence of the pellets. The
magnitude of the capillary force is affected by the diameter of the particles (D) and the angle
of the meniscus (B) formed between the particle and the liquid binder [97]. The coherence
of the moisturized particles is directly proportional to the capillary forces acting on the

pellets, as shown in Figure 2.3.



Figure 2.3. Schematic representation of the surface tension force generated by a water
bridge formed between two grains [97].

The pelletization process comprises of three stages, which are characterized by the
degree of water filling the intergranular spaces. In the pendular state, water exists only at the
contact points of the grains. The funicular state, in addition to the conditions of the pendular
state, has some pores completely filled with water. The capillary state occurs when all the
intergranular spaces are saturated with water, and no water film is present on the pellet
surface. The capillary state is the ideal state for pellet formation as it facilitates the

application of the highest tension force by the binder between the particles [97].

The capillary and cohesive forces exerted on fine material particles can be formulated
by making some assumptions and simplifications [97]. Firstly, all particles are assumed to
be spherical and have uniform diameters. Secondly, the bonding pattern throughout the ball
section is assumed to be uniform. Thirdly, the particles are assumed to be evenly distributed
within the ball. Finally, it is assumed that the effective bonding forces fluctuate around the
average value. Based on these assumptions, following equation can be derived to calculate

cohesive forces in the capillary state:

P
¢ eD

(2.1)

where Pc represents the cohesive force applied to the structure in the capillary state, ¢ is the
ball porosity, o refers to the surface tension of the liquid and D is the diameter of the spherical
particle [97].
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The strength of a fresh pellet is determined by two key factors: the cohesive force that
is applied to the particles during the pelletization process and the interlocking effects. The
strength of the pellet is the result of the combination of these two factors. The magnitude of
the cohesive force depends on the void ratio of the structure, while the strength gained
through interlocking is affected by the surface texture of the particles. Nevertheless, the
cohesion that forms during the pelletization process can be considered as equal to the
strength of the fresh pellet [97].

The rate of size growth of pellets can be managed during the pelletization process by
adjusting the feeding rate of the binder. To ensure process efficiency, the amount of binder
used should be predetermined based on the desired or minimum void ratio of the final
product. This represents the optimized condition, which is also known as the ‘capillary state’.
Any deviation from this optimal binder amount can lead to the destruction of the capillary
force, resulting in a significant variation in the size and engineering properties of the
produced pellets. Therefore, it is crucial to maintain the moisture content of the mixture
below or equal to the optimum level to achieve the desired performance of the final product
[97].

It is also necessary to determine the changes in the movement of pellets in the
pelletization disc according to the revolution speed of the disc as shown in Figure 2.4. When
the revolution speed of the disc is low, the gravitational force governs the movement of
pellets. Conversely, when the speed is high, the movement is regulated by the centrifugal
force. If one of these forces becomes dominant, it results in the formation of loosely
structured pellets or cessation of pelletization, particularly in the case of the centrifugal force

where moisture-induced adhesion leads to particle sticking on the side walls of the disc [97].

There are other factors that play a crucial role in determining the optimal pelletization
process. These factors include the disc pelletizer’s revolution speed to avoid the prevalence
of either gravitational or centrifugal forces, the angle between the pelletization disc’s plane
and the normal, and the disc’s diameter. Figure 2.5 illustrates the forces that affect an
individual pellet during the pelletization process in a pelletization disc with a radius of
‘R’[97].
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Figure 2.4. Motion of material rotating at various speeds in disc pelletizer [97].

Figure 2.5. The forces exerted on a single pellet throughout the pelletization process [97].

The parameters affecting the pelletization process and the strength of an individual
pellet have been theoretically examined and have resulted in the following equation
expressed in terms of ‘critical revolutions per minute’. The critical state is defined as the
equilibrium point between gravitational and centrifugal forces on the pelletization disc’s

plane [97]. The equation is given as:

mg(sin B) + pmg(cos B) = mRw? (2.2)
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where m represents the individual pellet’s mass, g refers to the gravitational acceleration, 8
is the angle between the disc’s plane and the normal in degrees, p represents the coefficient
of friction between the pellet and the disc, R is the radius of the disc, and w refers to the

centrifugal acceleration in radians per square second [97].

Nevertheless, in the case of equilibrium between centrifugal acceleration and
gravitational forces, the normal force that the pellet exerts approaches zero, leading to the

simplification of Equation 2.2 to:

mg(sin ) = mRw? (2.3)

At this point, the ‘critical revolutions per min’ can be calculated using the following
formula [97]:

42.3
N, = ——Vsina (2.4)

VD

where ncr represents the critical revolutions per minute (rpm), D is the disc diameter in

meters, and a is the disc inclination angle in degrees.

2.4. Physical Properties of recycled aggregates

2.4.1. Density of recycled aggregates

The density of recycled aggregates obtained from construction and demolition waste
(CDW) has been extensively investigated in recent academic studies. It has been widely
reported that the density of recycled aggregates is generally lower than that of natural
aggregates due to the porosity of the old adhered mortar in recycled aggregates [30], [37],
[38], [46], [51], [55], [152]-[154].

For instance, recent research by Kisku et al. [64] examined the density of recycled
aggregates obtained from CDW and found that the average density of recycled aggregates

was significantly lower than that of natural aggregates. Similarly, studies by Pawluczuk et
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al. [31] and Poon and Chan [155] also reported that the density of recycled aggregates was
generally lower than that of natural aggregates due to the presence of adhered mortar on the
surface of the recycled aggregates. Topgu and Sengel [156] also showed that the density of
recycled aggregates decreased as the amount of adhered mortar increased. Similarly, studies
by Cakir and Dilbas [39] and Etxeberria et al. [157] found that the density of recycled

aggregates decreased with an increase in the amount of adhered mortar.

The density of recycled aggregates has also been observed to increase with an increase
in particle size. This phenomenon can be explained by the fact that larger particles tend to

contain less porous residual mortar compared to finer recycled aggregates [41], [158], [159].

2.4.2. Water Absorption of recycled aggregates

The use of recycled aggregates obtained from CDW in concrete production has been
investigated extensively in recent years. One of the important properties of these recycled
aggregates is their water absorption capacity, which is typically higher than that of natural
aggregates due to the porosity of old adhered mortar present in recycled aggregates [41],
[159]-[165].

Several studies have examined the water absorption capacities of recycled aggregates,
and varying water absorption capacities have been reported due to the variation of the content
of old adhered mortar in recycled aggregates [152], [154], [155]. Furthermore, an increase
in particle size was found to decrease the water absorption capacity of the recycled
aggregates, which was attributed to a reduced amount of porous residual mortar in the
coarser recycled aggregates [41], [158], [159], [165].

In the literature, in order to decrease the water absorption capacity and increase the
density of recycled aggregates, which are basically due to the porosity of residual cement
mortar adhered to recycled aggregates, various technical methods have been suggested.
These methods can be categorized into three groups: (i) removal of residual cement mortar
[28]-[42], (ii) coating of recycled aggregates [29], [36], [40], [41], [43]-[55], and (iii) multi-
step concrete mixing methods with pozzolanic admixtures [41], [42], [52], [56]-[68]. To

improve the quality of recycled aggregates and so the resulting concrete, the methods in the
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former category are focused directly on removing the residual cement mortar, which is the
most porous and least dense part of the recycled aggregates. However, methods for coating
of recycled aggregates and multi-step concrete mixing methods with pozzolanic admixtures
are generally based on the mechanism of filling the open pores and cracks on the surface of
recycled aggregates and strengthening the interface between these aggregates and cement

paste in concrete, both of which increase the microstructural density.

In the case of recycled fly ash aggregates, it can be concluded that their density is lower
than that of natural aggregates whereas the water absorption capacity of them is higher with
regard to the studies investigating the properties of recycled fly ash aggregates [112], [117],
[125], [128]-[132].

Chi et al. [166] conducted a study to investigate the density, and water absorption of
cold-bonded fly ash aggregates with different ratios of cement to fly ash. The results revealed
that as the content of cement with a higher specific gravity than fly ash increased, there was
a corresponding increase in the specific gravity and bulk density of the fly ash pellets.
Furthermore, a decrease in porosity was observed, which led to a reduction in water
absorption.

Baykal and Doven [97] conducted a study on the effects of different binders (8%
cement and lime by weight of fly ash) on the physical properties of cold-bonded fly ash
pellets. It was found that the unit weight of the pellets increased by 2-8% when binders were
added to fly ash. In addition, the specific gravity values of the fly ash aggregates increased,
while the porosity and water absorption decreased with the addition of binders. On average,
the specific gravity increased by 3-4% and water absorption decreased by 4-9% with the
addition of lime and cement to fly ash pellets, compared to those of fly ash pellets produced

without additives.

In a research study carried out by Gesoglu et al. [128], various types of fly ash with
different physical and chemical properties were treated with water-glass and cement-silica
fume slurry, resulting in specific gravity values of cold-bonded fly ash aggregates ranging
from 1.72 to 1.80. For a specific group of fly ash aggregates, while the water absorption rate

decreased from 27% to 3.0% and 18% by weight, the specific gravity increased from 1.78
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to 1.79 and 1.80 following the water-glass and cement-silica fume slurry treatment,

respectively.

2.5. Mechanical Properties of Recycled Aggregates

Recycling construction and demolition waste (CDW) and fly ash, which is a by-
product of coal-fired thermal power plants, into recycled aggregates is an efficient way to
reduce the amount of waste sent to landfills and to decrease the demand for natural
aggregates. However, the quality of recycled aggregates is a significant concern as it may
affect the durability and mechanical properties of the resulting concrete. Two important
properties to assess the mechanical quality of recycled aggregates are the aggregate crushing

value (ACV, %) and the aggregate impact value (AlV, %).

2.5.1. Aggregate Crushing Value

The aggregate crushing value (ACV, %) is an important mechanical property of the
recycled aggregates. Several studies have shown that recycled aggregates have a higher ACV
compared to natural aggregates due to the porosity of the old adhered mortar in recycled
aggregates obtained from CDW [141], [160], [167], [168]. The porosity in recycled
aggregates can cause a reduction in the strength of aggregates. In addition, the ACV of
recycled aggregates has been found to be negatively correlated with their unit weight. This
negative correlation can be attributed to the fact that recycled aggregates, which have a

higher porosity, are less dense and more prone to crushing.

A study by Babu et al. [33] investigated the ACV of recycled aggregates obtained and
found that the ACV of recycled aggregates was higher than that of natural aggregates.
Another study by Kisku et al. [64] examined the properties of recycled aggregates and
concluded that the ACV of recycled aggregates was higher compared to natural aggregates.

The authors attributed this to the presence of adhered mortar in the recycled aggregates.

It is important to note that a higher ACV indicates a higher degree of mechanical flaws
in the material. The higher the ACV, the more prone the material is to crushing. Therefore,

recycled aggregates with higher ACV may be less suitable for certain applications that
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require high strength. In this respect, it is important to carefully consider ACV when

selecting recycled aggregates for different applications.

2.5.2. Aggregate Impact Value

The aggregate impact value (AlV, %) is another important characteristic of recycled
aggregates. Studies have shown that recycled aggregates obtained from CDW have higher
AlV values compared to natural aggregates due to the presence of old adhered mortar, which
is the most porous and least dense part of recycled aggregates, and other contaminants [33],
[56], [66], [169], [170]. This porosity of old adhered mortar in recycled aggregates can
increase the AlV value, making the material more susceptible to fragmentation under impact
loads. In addition, several studies have reported a negative correlation between AlV values
and the unit weight of aggregates. This could be due to the fact that a higher unit weight
indicates a denser material with fewer voids, which would provide more resistance to

fragmentation under impact loads [32], [50], [64].

Furthermore, it is worth noting that the higher the AIV value of a material, the more
mechanically flawed it is likely to be. A higher AlV value indicates that the material is more
susceptible to cracking and breaking under impact loads, which could impact its overall
durability and strength. Thus, it is essential to consider the quality of recycled aggregate

carefully before using it as a replacement for natural aggregate in concrete production.

Recycled fly ash aggregates have also been reported to be less favourable than natural
aggregates in terms of crushing strength and impact resistance since their ACV and AlV

values are significantly higher compared to those of natural aggregates [130], [171], [172].

2.6. Fresh Concrete Properties

Fresh concrete is generally defined as concrete that has not yet set and hardened. The
characteristics of recycled aggregates vary from those of conventional aggregates, and the
incorporation of recycled aggregates in concrete causes notable alterations in the properties

of fresh concrete, including density, workability, and air content.
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The density of fresh concrete is a fundamental property that describes the weight of
the concrete per unit volume. It is affected by various factors, including the types of
aggregates and cement, the amount of water and other ingredients used in the production of

concrete, and the air content present in the concrete mixture.

Studies have shown that the density of recycled aggregate concrete is generally lower
than that of natural aggregate concrete [157], [164]. This is due to the presence of porosity
in the old adhered mortar of the recycled aggregates, which can reduce the overall density
of the concrete. For example, Younis and Pilakoutas [164] found that increasing the amount

of recycled aggregates in the mix led to a decrease in the density of the resulting concrete.

Another significant property of fresh concrete is workability which refers to the ease
and homogeneity of concrete mixture and its ability to be placed, compacted, and finished
without segregation and bleeding. Cohesiveness, which is the ability of particles to stick
together, and homogeneity, which is the uniformity of the mixture, are important factors
affecting workability. Several factors affecting the workability of fresh concrete have been
investigated in the literature. These include the water-to-cement ratio, types of aggregates,
particle size distribution, angularity, and surface texture of aggregates, amount of fine
materials, presence of puzzolanic additives, and amount of superplasticizer in the concrete

mixture.

The workability of fresh concrete is also associated with other important properties,
such as density and air content. In the literature, there are numerous studies that have focused
on the workability of recycled aggregate concrete. It has generally been observed that the
fresh concrete properties of recycled aggregate concrete are inferior to those of natural

concrete.

Recycled aggregate concrete is known to be less workable than natural aggregate
concrete due to the presence of old adhered mortar in the recycled aggregate, as well as the
angularity and surface roughness of the recycled aggregates [64], [160], [161], [165], [169],
[173]. Moreover, the water absorption capacity of recycled aggregates is higher compared
to natural aggregates, leading to a higher water demand in the mixture. However, it has been
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reported that the use of high-range water reducers and viscosity-modifying admixtures can

significantly improve the workability of recycled aggregate concrete.

Topeu and Sengel [156] conducted experiments to assess the workability of fresh
concrete specimens with waste concrete aggregates. Their findings revealed that workability
decreased with an increase in the proportion of waste concrete aggregates, and the decrease
was about 15-20% when compared to natural concrete. The decline in workability was due

to the high water absorption capacity of waste concrete aggregates.

Various techniques have been proposed to mitigate the workability issues of concrete
with recycle aggregate [136]. These methods involve: (1) increasing the water content of the
concrete mixes in proportion to the water requirement of dry recycled aggregates; (2) pre-
saturating the recycled aggregate in water for a certain period of time (e.g., 10-20 minutes
or 24 hours prior to utilization); (3) increasing the moisture level of recycled aggregate up
to 70-80% of its complete water absorption capacity; (4) increasing the dosage of super-

plasticizer; and (5) increasing the cement content in the concrete mixture.

According to Kou et al. [174], the inclusion of ground granulated blast furnace slag
and fly ash in the concrete mixture was also found to be beneficial in enhancing the

workability of recycled aggregate concrete.

In the study conducted by Li et al. [68], it was observed that concrete mixes containing
coarse recycled aggregate coated with pozzolanic powder exhibited greater slump compared
to mixes containing coarse recycled aggregate prepared through conventional methods. The
improved workability was due to the coating of recycled aggregate surface by pozzolanic
powder which reduced the amount of water absorbed by the recycled aggregate and also
addressed the problem of poor workability caused by the presence of attached mortar in

recycled aggregates.

Giineyisi et al. [41] conducted a study to examine the impact of various surface
treatment methods on the characteristics of self-compacting concrete incorporating recycled
aggregates. Their findings revealed that different treatment techniques applied to the

aggregates, including pre-soaking in acid solution, water glass and cement-silica fume slurry
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impregnation, as well as a two-stage mixing approach, led to enhanced workability of the

recycled aggregate concrete.

2.7. Hardened Concrete Properties

2.7.1. Compressive Strength and Modulus of Elasticity

Compressive strength is a crucial factor in the design and quality control of concrete
mixtures [175], [176]. It is widely considered due to its simplicity and cost-effectiveness,
making it a key parameter addressed by reinforced concrete structural design codes [177],
[178]. Therefore, many studies have focused on evaluating and reporting the compressive
strength of concrete [179]-[181].

Numerous previous research studies have investigated the influence of utilizing
recycled aggregates on the compressive strength of concrete mixtures. While most of these
studies reported varying degrees of strength reduction [161], [182], some studies also
showed increased strength values [3], [183], [184], indicating the obtained results depend on

the type of recycled aggregate used and the implementation method.

Regarding the study conducted by Topgu and Sengel [156], two different concrete
mixtures made entirely with recycled aggregates exhibited a reduction of 33% and 23.5% in

compressive strength compared to control concrete.

Previous studies have reported that decreasing the ratio of aggregate to cement can
improve the compressive strength of recycled aggregate concrete [185], [186], attributing
the reduction in strength to the low crushing strength of the recycled aggregates and a weak

interfacial transition zone.

Poon et al. [2] stated that the compressive strength of concrete produced with recycled
aggregate from a source of high-strength concrete is superior to that of concrete made with

recycled aggregate from a source of normal-strength concrete.
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The reduction in compressive strength was primarily attributed to factors such as a
weak interfacial transition zone, low quality of recycled aggregates, and the presence of
impurities [187], [188]. To improve the performance of recycled aggregate concrete,
researchers have proposed various approaches, such as using recycled aggregates from
superior sources [189], [190], employing a two-stage mixing approach [173], [191], coating
recycled aggregates using carbonation treatment method [168], and removal of residual
mortar in recycled aggregates with different techniques such as ball milling [192] and
presoaking in an acid solution [36], and considering partial replacement of natural aggregates

with recycled aggregates in concrete mixtures [184], among others.

The modulus of elasticity is another crucial mechanical property that is considered in
concrete mixtures. Similar to compressive strength, concrete mixtures with recycled
aggregates usually show lower values of modulus of elasticity than those with natural
aggregates [190], [193]. With respect to Etxeberria et al. [194], for instance, the modulus of
elasticity showed a reduction of almost 20% when natural coarse aggregates were
completely replaced with recycled coarse aggregates. The lower modulus of elasticity of
concrete with recycled aggregates was attributed to a weaker bonding between the aggregate
and cement paste and the porosity of the resulting concrete. On the other hand, Kou et al.
[195] found that the addition of fly ash for a 25% replacement of ordinary Portland cement
improved the modulus of elasticity of concrete containing recycled aggregate by 20%, 50%,

and 100% replacement of natural coarse aggregate.

2.7.2. Splitting Tensile Strength

Several studies have investigated the splitting tensile strength of recycled aggregate
concrete mixtures. In most cases, these mixtures show lower performance compared to those
with natural aggregates [60], [64], [152]. The decreased strength is mostly attributed to
factors such as those mentioned above for compressive strength, including the porosity of
recycled aggregates, a weak interfacial transition zone between the recycled aggregate and

the concrete matrix, and the presence of impurities in the source of recycled aggregate.

Additionally, the literature provides insights into the effects of different techniques for

improving the performance of recycled aggregate concrete on splitting tensile strength.
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Researchers have explored strategies such as using cement replacement materials in concrete
mixture [195], [196], applying surface treatments to improve the bond between recycled
aggregates and the cementitious matrix, presoaking in acid solution for removal of residual
mortar in recycled aggregates [197], optimizing mix proportions [195], using proper mixing
approach [198], and using fibers to compensate for the reduced performance [197], [199].

2.7.3. Flexural Strength

Flexural strength evaluation is another common technique for assessing the
performance of concrete mixtures under tensile stresses. Several studies have examined the
flexural performance of recycled aggregate concrete mixtures, mostly reporting reduced
strength values [170], [200].

The literature investigates various techniques to enhance the performance of recycled
aggregate concrete on flexural strength. These techniques include the use of chopped fibers
[197], [199], a two-stage mixing approach [60], supplementary cementitious materials [196],
[200], and pre-soaking in an acid solution [170]. However, it should be noted that most of
the implemented approaches only partially compensate for the reduction in flexural

performance resulting from the use of recycled aggregates instead of natural ones.

Aside from the investigations on the mechanical properties of concrete made with
recycled aggregate obtained from CDW, a number of studies have also examined the
mechanical properties of concrete produced with cold-bonded fly ash aggregates [112],
[117], [125], [128]-[132]. The utilization of cold-bonded fly ash aggregates as a replacement
for normal weight aggregates in concrete led to a reduction in mechanical properties such as
compressive strength, modulus of elasticity, splitting tensile strength, and flexural strength.
However, the application of water glass or cement-silica fume slurry impregnation to cold-
bonded fly ash aggregates for surface coating as a treatment method before the production
of concrete improved the mechanical properties compared to untreated cold-bonded fly ash
aggregates [117], [128], [131]. Similarly, incorporating polypropylene fibers and tire chips
into fly ash pellets during the agglomeration process improved the mechanical properties of
concrete produced with plain cold-bonded fly ash aggregates [132].
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2.7.4. Impact Resistance

Concrete is a widely used construction material due to its durability and strength.
However, it can still be vulnerable to sudden loads or impacts, which can lead to cracks,
fractures, or even collapse. Some examples of sudden loads that concrete can be subjected

to include:

o Earthquakes: Seismic activity can subject concrete structures to sudden and intense
forces, leading to structural damage or collapse.

o Vehicle collisions: Concrete barriers, pillars, and walls can be subjected to sudden
loads during vehicle collisions, potentially leading to structural damage or failure.

o Blasts and explosions: Concrete structures may be subjected to sudden loads during
blasts or explosions, which can cause structural damage or collapse.

o Impacts of heavy machinery or equipment: Concrete slabs or pavements may be
subjected to sudden loads during heavy machinery or equipment impacts, potentially

leading to cracking or structural damage.

Therefore, it is important to design concrete to withstand sudden loads and impacts,
and to conduct regular inspections and maintenance to identify any signs of damage or
deterioration. Impact tests are an important method used to measure the performance of
concrete against sudden loads and impacts. One commonly used impact test method is the
drop weight impact test, as recommended by ACI 544.2R-89 [201]. This test involves
dropping a 4.5 kg steel hammer from a height of 1000 mm onto the central surface of
cylindrical concrete specimens. The impact test measures the resistance of the concrete to
sudden and intense forces and can help identify any potential weaknesses or vulnerabilities
in the material. In general, impact tests are an important tool in evaluating the performance

of concrete and ensuring the safety and reliability of structures in a variety of applications.

Impact tests are important not only for conventional concrete but also for recycled
aggregate concrete (RAC). While much attention has been paid to the quasi-static behavior
of RAC, it is equally important to study the dynamic behavior of this material under high
strain rate loadings induced by events such as earthquakes, explosions, and accidental

impacts. Such events are likely to occur on various civilian and military infrastructures, and
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understanding the behavior of RAC under these conditions is essential for its safe and
effective use in such applications. By studying the dynamic behavior of RAC, engineers and
researchers can develop more durable and resilient structures that can withstand extreme

loading conditions, while also promoting sustainability by using recycled materials [202].

Xia et al. [203] used the impact test method as recommended by ACI 544.2R-89 [201]
to evaluate the impact resistance of fiber reinforced recycled aggregate concrete and they
also measured the effect of maximum recycled aggregate size at the same time. According
to their results shown in Table 2.1, there is no significant difference in the impact resistance

of concrete samples with different sizes of recycled aggregate.

Table 2.1. Impact resistance of recycled aggregate concrete [203].

Maximum recycled The average The average The impact energy
aggregate size number of blows number of blows | after first cracking
(mm) for first crack for failure J)
9.5 3.75 3.75 0
19 4.25 4.25 0
315 3.50 3.50 0

Xiao et al. [202] applied another impact test method by using Split Hopkinson
Pressure Bar (SHPB) test. In this test strain rates vary between 10/s and 100/s while that of
quasi-static loading is around 0.00001/s. They evaluated the cracking behavior of the
cylindrical concrete specimens and monitored prominent differences between normal

aggregate concrete and recycled aggregate concrete, Figure 2.6.

In quasi-static loading, the cracked area in recycled aggregate concrete (RAC) was
larger than the damage in natural aggregate concrete. Considering Lemaitre’s strain
equivalence principle [204] the larger damage zone resulted in a lower strength of the RAC.
But when the strain rate increased, the crack propagation in RAC changed, and instead of
cracking both old ITZ and new ITZ the crack occurred at the weakest zone. In the very

limited time of impact loading, the micro cracks might not have enough time to develop in
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the other ITZ. This situation caused a lower number of cracks in the RAC at a high strain
rate than the quasi-static state. Therefore, RAC at higher strain rates had higher strength

values.

Figure 2.6. Simplified features of crack patterns of a) NAC and b) RAC under static
loading, ¢) NAC and d) RAC under impact loading [202].

In the study by Rao et al. [169], an examination was carried out to assess the response
of recycled aggregate concrete when subjected to a drop weight impact loading. The findings
indicated a decrease in the impact resistance of recycled aggregate concrete as the proportion
of recycled aggregate in the concrete increased. This result was attributed to the presence of
micro-cracks in the recycled coarse aggregate, as well as weaker interfaces between the

aggregate and the old and new mortar.
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2.7.5. Fracture Parameters

Fracture parameters and impact resistance are both important aspects of the
mechanical behavior of concrete, and they are closely related. Fracture parameters, such as
fracture toughness and critical crack tip opening displacement, describe the ability of
concrete to resist the propagation of existing cracks or the initiation of new cracks under
different loading conditions. By understanding the fracture parameters and impact resistance
of concrete, engineers and researchers can develop more durable and resilient structures that
can withstand various loading conditions while maintaining their structural integrity and

safety.

There are several fracture parameters that provide a different perspective on the
behavior of concrete under different loading conditions, and are often used in combination
to develop a comprehensive understanding of the properties and performance. Fracture
toughness, energy absorption capacity, characteristic length, crack resistance, crack tip
deformation, J integral, crack resistance curve, etc. are commonly used to describe the

mechanical behavior of concrete and its resistance to cracking and failure.

Fracture toughness is a measure of the ability of concrete to resist the propagation of
an existing crack, and it is defined as the amount of energy required to propagate a crack
through a unit area of concrete, and it is typically measured using test methods such as the
three-point bending test or the compact tension test. Higher fracture toughness indicates that
the material is more resistant to cracking and can absorb more energy before failure. The
cracking behavior of recycled aggregate concrete (RAC) depends on the quality of both old
ITZ and new ITZ, and therefore, fracture parameters of RAC generally differ from natural
aggregate concrete (NAC). The pre-existing cracks in RA constitute a key role in crack
propagation under any kind of loading conditions. Chakraborty and Subramaniam [205]
inferred that RAC requires less fracture energy for wider crack mouth opening. When RAC
was subjected to a stress field generated by flexure, the material required less fracture energy
as the crack mouth opening increased during crack penetration. In other words, the energy
required to propagate a crack through the RAC decreases as the size of the crack increases.
This can be attributed to the heterogeneity of the RAC and the presence of weaker interfaces
between the recycled aggregates and the cement paste.
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Li et al. [206] conducted a similar experiment on RAC and NAC and obtained
consisted results with Chakraborty and Subramaniam [205] in terms of fracture energy. On
the other hand, they observed that RAC had very similar fracture toughness values with NAC
if RAC had a similar compressive strength level with NAC. Moreover, when the replacement
ratio of the recycled aggregate was less than 70%, the fracture toughness of the RAC
remained unchanged. If the replacement ratio of recycled aggregate exceeded 70%, the

fracture toughness of RAC decreased by 10% at maximum.

Treating recycled aggregates could have several potential benefits for the fracture
properties of concrete made with recycled aggregates because the treatment material could
fill in the pores and micro cracks on the surface of the aggregates, leading to an improved
interfacial bonding between the aggregates and the cement paste. Kazemian et al. [38]
conducted a research to evaluate the performance of treated recycled aggregate concrete so
they treated recycled aggregates by using calcium metasilicate slurry. According to the
results, they observed an improvement in the fracture energy of treated recycled aggregate

concrete.

In a study conducted by Gesoglu et al. [207], an investigation was carried out to
examine the fracture parameters of self-compacting concretes incorporating recycled
aggregates using a three-point bending test. The researchers employed recycled aggregates
as a partial or complete substitute for natural aggregates in the concrete mixtures. The
findings revealed a decrease in the fracture energy or capacity for energy absorption, as well
as the characteristic length of the concrete mixtures, when recycled aggregates were used
instead of natural aggregates. It is important to highlight that there exists an inverse
correlation between the characteristic length and the brittleness of concrete. Specifically, as
the characteristic length decreases in magnitude, the brittleness of the concrete increases.

2.7.6. Bond Strength between Rebar and Concrete

Although recycled aggregate concrete (RAC) has been a subject of study since the
1970s, its use in structural applications is relatively new. Due to a growing awareness of the
importance of sustainable development and the preservation of the natural environment,

many countries in Europe, as well as Japan and the United States, have already allowed the
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use of RAC for construction. The bond between the concrete and the steel reinforcement is
critical to the strength and stability of a reinforced concrete structure, and the use of recycled
aggregates in the concrete may affect this bond. Therefore, Breccolotti and Materazzi [208]
tried to determine if a modified design approach was necessary to ensure the adequate bond
strength of the steel reinforcement in recycled aggregate concrete. They conducted pull-out
tests on 200x200 mm concrete prisms with 14mm diameter reinforcing steel, as it is shown
in Figure 2.7 and found that the use of RAC slightly affected the normalised bond strength

compared to the use of natural aggregate concrete (NAC).

Cylindrical hinge

M20 threaded rod A

2 LVDTs
2 M12 threaded rods

&
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| Elastic pad

#14
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200x200

Figure 2.7. Pull-out test setup [208].
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In their study, Namarak et al. [209] examined the bond strength between the
reinforcement bar and the concrete containing recycled aggregate. They conducted
experiments using recycled coarse aggregates (RCA) as a complete substitute for natural
coarse aggregates (NCA) in concrete mixtures. The findings indicated a reduction in the
bond strength between the reinforcement bar and the concrete when recycled aggregate was
used. This can be attributed to the higher porosity of RCA compared to NCA, resulting in a
weaker interface between recycled aggregate and cement paste, as opposed to the interface

in conventional concrete.

Pandurangan et al. [35] investigated the impact of various treatment methods on the
bond strength of concrete made with recycled aggregate. They produced concrete specimens
by incorporating different types of coarse aggregate: natural coarse aggregate, untreated
recycled coarse aggregate, and recycled coarse aggregate subjected to acid, mechanical, and
thermal treatments. The incorporation of recycled coarse aggregates, either partially or
completely replacing natural coarse aggregates in the concrete mixtures, resulted in a
decrease in the bond strength between the reinforcement bar and the concrete. However,
when recycled aggregates were pre-soaked in an acid solution or subjected to mechanical or
thermal treatment, the bond strength improved compared to that of using untreated recycled
aggregates in concrete mixtures. These treatment methods reduced the amount of residual
mortar adhered to the recycled aggregates and enhanced the strength performance of the

resulting concrete.
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3. EXPERIMENTAL STUDY

In this study, the mechanical properties of concrete mixtures produced with different
recycled aggregates were investigated. To produce sustainable concrete mixtures, three
different recycled aggregates were used as coarse aggregates in total replacement, by
volume, of crushed limestone. The recycled aggregates were used as plain and surface
treated by the direct slurry method with ground granulated blast furnace slag. Microstructural
investigations were also carried out on aggregate particles and aggregate-matrix interfaces
(ITZs) of untreated and treated concrete mixtures to analyze the effect of recycled aggregate
treatment on the mechanical properties of concrete.

3.1. Materials

CEM 1 type Portland cement and ground granulated blast furnace slag (GGBFS) were
used in concrete mixtures as cementitious materials. Crushed stone (CSt), crushed sand, and
river sand were used as natural aggregates. An F-type fly ash was utilized in order to produce
recycled fly ash aggregates (FAA). Recycled brick aggregates (RBA) and recycled concrete
aggregates (RCA) from a demolished building rubble were also used to produce recycled
concrete mixtures. A naphthalene sulfonated formaldehyde superplasticizer was used to
provide the required workability of fresh concrete. Deformed steel bars were used to produce

pull-out test specimens.
3.1.1. Cement

CEM 1 42.5 R Portland cement supplied by Akcansa Cement Industry and Trade Inc.
was used in concrete production as binding material. The physical, chemical and mechanical
properties of cement used in this study are illustrated in Tables 3.1, 3.2 and 3.3, respectively.

3.1.2. Ground Granulated Blast Furnace Slag

The ground granulated blast furnace slag (GGBFS) used as cement replacement

material in concrete production and as filler material for the treatment of recycled aggregate
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was provided by Bolu Cement Industry Inc. The physical and chemical properties of GGBFS

are shown in Tables 3.4 and 3.5, respectively.

Table 3.1. Physical properties of cement.

Physical Properties

Test Results

Density (g/cm?) 3.14
Initial Setting Time (min.) 103
Final Setting Time (min.) 173
Le Chatelier (mm) 1
Specific Surface (cm?/g) 3490
Residue on 45um sieve (%) 45
Residue on 90um sieve (%) 0.3

Table 3.2. Chemical composition of cement.

Chemical Composition

Test Results

SiO; (%) 19.80

Insoluble Residue (%) 0.29

Al,O4 (%) 5.58

Fe;0s (%) 3.42

CaO (%) 63.70

MgO (%) 1.22

SOs (%) 3.34

Loss on Ignition (%) 1.85

ClI- (%) 0.04
Na,O/K:0 (%) 0.24 - 0.66

Unknown (%) 0.15

S.CaO - Free Lime (%) 2.20

CsS 47.92

Mineralogical C2S 2079

Composition CA 9.01

C.AF 10.41

LSF 0.96




Table 3.3. Mechanical properties of cement.

Strength characteristics/day | Standards Test results
Early Strength (2 day) >20 MPa 27.0
Early Strength (7 day) - 42.0

>42.5 MPa
Standard Strength (28 day) 55.0
<62.5 MPa

Table 3.4. Physical properties of GGBFS.

Physical Properties

Test Results

Density (g/cm?) 2.95

Specific Surface (cm?/g) 5253
Pozzolanic Activity Index 7 day (%) 53.3
Pozzolanic Activity Index 28 day (%) 75.0
Initial Setting Time (min.) 260
Residue on 45um sieve (%) 1.4
Residue on 90um sieve (%) 0.0

Table 3.5. Chemical composition of GGBFS.

Chemical Composition

Test Results

Si0, (%) 40.95
Al,Os (%) 12.10
Fe;03 (%) 1.28
CaO (%) 36.63

MgO (%) 5.48

SO; (%) 0.16

Na,O (%) 0.56

K20 (%) 0.36

Loss on Ignition (%) 0.11
CI- (%) 0.018

31
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3.1.3. Fly Ash
An F-type fly ash from Catalagz1 Thermal Power Plant, Zonguldak, Turkey, with a
density of 2.13 g/cm® was used in the production of recycled fly ash aggregates. The
chemical composition of the fly ash and the specification requirements are shown in Table

3.6. The physical properties of the fly ash are also given in Table 3.7.

Table 3.6. Chemical composition of fly ash and specification requirements.

Composition (%0) Fly ash ASTM C618 (Class-F)
SiO2+Al,03+Fe;03 86.30 70 (min)
MgO 2.08 5 (max)
CaO 2.10 <10
SO; 0.20 5 (max)
Loss on Ignition 3.30 6 (max)

Fly ash complies with the requirements of Class F as limited by ASTM C618 [210].

Table 3.7. Physical properties of fly ash.

Physical Properties Test Results
Density (g/cm?d) 2.13
Pozzolanic Activity Index 28 day (%) 83.0
Pozzolanic Activity Index 90 day (%) 97.0
Residue on 45um sieve (%) 29.4

3.1.4. Aggregates

Natural sand and crushed sand (0-4 mm) with specific gravities of 2.65 and 2.70,
respectively, were used as fine aggregates as well as crushed stone (CSt) as coarse aggregates
(4-16mm) in concrete production. Recycled brick aggregates (RBA), recycled concrete
aggregates (RCA), and recycled fly ash aggregates (FAA) were also used as a total
replacement of crushed stone coarse aggregates for the production of recycled concrete

mixtures. The crushed RBA and RCA were obtained from an aggregate recycling plant of
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ISTAC (The Istanbul Environmental Protection and Waste Processing Corporation). The
aggregate recycling process in this plant is generally as follows. First, construction and
demolition waste taken from the site was crushed into relatively small parts with the help of
an excavator with a hydraulic impact hammer. Then the concrete or masonry parts were
transported to a jaw crusher using a track loader. After the crushing operation, steel bars (if
any) were separated from the obtained product using a magnetic separator. In the end, the
crushed aggregates were sieved to the desired sizes and the final products were transported
to the plant storage area using dump trucks. Recycled fly ash aggregates, FAA, on the other
hand, were produced through the cold-bonding agglomeration process under laboratory

conditions.

3.1.4.1. Preparation of Fly Ash Agaregates. Fly ash aggregates were produced through the

cold-bonding agglomeration process by a pelletizing disc shown in Figure 3.1. The pelletizer
disc has a diameter of 80 cm and a height of 40 cm. To produce fly ash pellets, dry fly ash-
cement mixtures were fed into the disc with an inclination angle of 43° and rotated at 45 rpm
according to the results of Baykal and D6ven [97]. In the next step, water was sprayed onto
the powder mixtures during the first 10 minutes of the agglomeration process at an amount
of 23-27% of the total weight of material to obtain the spherical pellets. An extra 10 minutes
was allocated to further compaction of the fresh pellets to increase their strength. Fly ash
aggregates were produced with a cement-to-fly ash ratio of 0.1 by weight. The fresh pellets
were preserved in plastic bags and left for final hardening inside a curing room at a
temperature of 2042 °C and 90+5% RH for 28 days.

Figure 3.1. General view of the pelletizing disc and the production of fly ash aggregate.
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3.1.4.2. Tests and Measurements on Coarse Aggregates. RBA, RCA and FAA were sieved

into 4-8mm and 8-16mm size fractions to be used for replacing the CSt coarse aggregates
No-I and No-I1, respectively, as seen in Figure 3.2. Unit weight (ASTM C29 [211]), specific
gravity and water absorption (ASTM C127 [212]) values of aggregates were determined
according to the specified standards as well as the flakiness index (FI, %) of the coarse
aggregates with reference to BS EN 933-3 [213]. Since the recycled aggregates used in this
study were obtained and reproduced under special conditions, it is important to determine
the flakiness index, which is a geometric property, for each one. Because, as the flakiness
index of the aggregates increases, the workability of the concrete decreases, the water
requirement and the amount of entrapped air increase, and consequently the strength of the
concrete is adversely affected. In this respect, it is recommended that the flakiness index
shall not exceed 40% for crushed rock or crushed gravel so that any aggregate can be used
in concrete production [214]. Aggregate crushing values (ACV,%) and aggregate impact
values (AlV,%) of CSt, RCA, RBA and FAA were also identified in compliance with BS
812-110 [215] and BS 812-112 [216], respectively, to investigate the correlation of these
values with the compressive strength and impact resistance of the concrete mixtures
produced with the related aggregates. For a cohesive and homogeneous concrete production,

the optimal grain size distribution of the aggregates was designated with respect to TS 802

[217].
a b
g d

Figure 3.2. Separated aggregates into two groups: (a) CSt, (b) RBA, (c) RCA, (d) FAA.




35

3.1.5. Superplasticizer
As a chemical admixture, Rheobuild-1000, which is an ASTM C494 [218] Type F
high range water-reducing superplasticizer, was used in concrete mixtures so as to get the

slump of 18+2 cm. Rheobuild-1000 was procured by BASF-YKS Construction Chemicals.

Table 3.8. Properties of superplasticizer.

Properties Test Results
Color Dark Brown
Physical State Liquid
Odor Musty
Specific Gravity 1.21
pH Approx. 7.0
Chloride Content <0.1% (BS EN 480-10 [219])
Alkali Content < 5% (BS EN 480-12 [220])
Boiling Point 212 °F (100 °C)
Freeze Point 28 °F (-2 °C)
Water Solubility Completely Soluble

3.1.6. Reinforcing Steel

Ribbed steel bars (S420), which had a diameter of 14 mm, were used to determine the

bond strength through pull-out test.

3.2. Concrete Mix Design and Concrete Casting

3.2.1. Aggregate Grading

The experiments of sieve analysis conducted on crushed stone (CSt), crushed sand and

natural sand according to TS 802. The maximum grain size of the aggregates preferred to be
used in this study was 16 mm. The outcomes of the sieve analysis are shown in Table 3.9.
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With reference to the results of the sieve analysis, it was determined to mix crushed
stone, crushed sand, and natural sand in proportions of 55, 40 and 5% of the total aggregate
volume, respectively, in concrete production. Crushed stone coarse aggregate No-I and No-
I1, on the other hand, were considered to be used equally by volume for optimum grain size
distribution. The grading curve constructed to be utilized in the ultimate concrete mixture

concerning the limitations recommended by TS 802 can be seen in Figure 3.3.

Table 3.9. Sieve analysis of the aggregates.

Percent Passing (%)
Sieve Size (MM) [ crghed Stone
Crushed Sand | Natural Sand
No-I No-I1
16.00 100 100 100 100
8.00 100 0 100 100
4.00 0 0 97.86 100
2.00 0 0 67.94 100
1.00 0 0 43.29 99.48
0.50 0 0 25.42 93.05
0.25 0 0 14.57 8.38
Grading (Dmax=16mm)
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Figure 3.3. Aggregate grading.
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3.2.2. Concrete Mix Design

The control concrete mixture (CStC) was produced using 321.4 kg/m® Portland
cement, 128.6 kg/m® GGBFS, 85.05 kg/m?® and 693.25 kg/m® natural and crushed sand,
respectively, 476.61 kg/m? crushed stone No-I and No-I1, each, and 212.14 kg/m? water at a
wi/c of 0.50. The total cementitious material used in the concrete mixture was 450 kg/m?.
The cement replacement ratio of GGBFS was determined to be 40% by weight, because it
was recommended as the optimum replacement ratio in the literature [221]. The water
content in the concrete mixture was calculated regarding the cement equivalence factor of
0.8 for GGBFS with respect to TS 13515 [222] and TS EN 206-1 [223]. The control concrete
was designed to have a compressive strength of 40-50 MPa. Six recycled aggregate concrete
mixtures were produced by replacing both the No-l1 and No-IlI crushed stone coarse
aggregates in the control concrete with recycled aggregates, which were utilized as plain
(RBA, RCA, FAA) and surface treated (TRBA, TRCA, TFAA) by GGBFS slurry, on
volume basis, as given in Table 3.10. Thus, changes in the amount of ingredients were
eliminated to investigate the performance of the recycled aggregates regarding the
mechanical properties of the concrete. RBA, RCA and FAA were used as a total replacement
of CSt coarse aggregates in recycled aggregate concrete mixtures to reveal the most

disadvantageous situation for each recycled aggregate.

A sufficient amount of superplasticizer (SP) was added into the concrete mixtures to

get a slump of 18 =2 cm.

Table 3.10. The mix proportions of concrete mixtures (kg/m?®).

Coarse Aggregates (kg/m?) SP
sﬁztﬁ:?g cst RCA RBA FAA o |kgim)
No-I No-11 No-I No-11 No-1 | No-Il | No-I No-11
CStC | 476.61 | 476.61 - - - - - - 0.85 | 3.825
RCAC - - 423.65 | 428.95 - - - - 0.75 | 3.375
TRCAC - - 423.65 | 428.95 - - - - 0.75 | 3.375
RBAC - - - - 367.17 | 370.70 - - 0.65 | 2.925
TRBAC - - - - 367.17 | 370.70 - - 0.65 | 2.925
FAAC - - - - - - 291.26 | 294.79 | 0.55 | 2.475
TFAAC - - - - - - 291.26 | 294.79 | 0.55 | 2.475
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Concrete mixtures were designated considering the coarse aggregates with which
concrete mixtures were produced. For instance, the one produced with the crushed stone
(CSt) coarse aggregate represented by the notation of CStC. Similarly, TFAAC represents
the concrete mixture produced with the treated recycled fly ash aggregate (TFAA). Here, the
letter “C” at the end of the notation stands for the word “Concrete”. The former letters, on
the other hand, symbolize the abbreviation of the plain or treated coarse aggregate used to

produce the relevant concrete mixtures.

3.2.3. Concrete Casting

A special procedure was applied for the concrete casting to minimize the slump loss
due to the high water absorption of the recycled aggregates. For this purpose, recycled
aggregates were first submerged in water for 24 hours to be saturated and then kept on large
scale sieves for 1 hour to be surface dried before mixing. The concrete mixtures of CStC,
RCAC, RBAC and FAAC were cast in reference to ASTM C192 [224], however, a specific
procedure was performed for casting TRCAC, TRBAC and TFAAC as illustrated in Figure
3.4 with reference to the previous studies [60], [61], [68], [225].

60s mixing
GGBFS | + | Half of mixing water — | GGBFS Slurry

120s mixing
Recycled coarse + | GGBFS Slurry | ————— Coated RA
aggregate, RA

Cement

120s mixing
Coated RA + | Fine aggregate —— Treated RA
concrete

Remaining water

Figure 3.4. Direct slurry method for the production of treated recycled aggregate concrete.

The GGBFS was mixed with half of the mixing water for sixty seconds in a bucket to
obtain the GGBFS slurry by means of a stirrer motor before having the treated recycled

aggregate concrete mixtures, as shown in Figure 3.5. Then, recycled coarse aggregates were
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coated with GGBFS slurry in a concrete mixer for two minutes. The slurry-coated recycled

aggregates can be viewed in Figure 3.6.

The slump and unit weight of fresh concrete were measured immediately after concrete
production with regard to ASTM C143 [226] and ASTM C138 [227], respectively.

Figure 3.6. GGBFS slurry coated recycled aggregates: (a) TRCA, (b) TRBA, (c) TFAA.

3.2.4. Concrete Test Specimens and Curing Conditions

After concrete casting, all specimens were finished with a steel trowel and the
specimens were covered with nylon sheets to prevent loss of water. The specimens were then

left in the laboratory environment for 24 hours. Following that, specimens were demolded
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and labeled before they were stored to meet curing conditions. Cylinder and beam specimens
were stored in a curing pool at a temperature of 20+2°C for 28 days until testing, while pull-
out specimens were preserved inside a curing room at a temperature of 20+2 °C and 90+5%
RH for 28 days.

The dimensions and number of concrete specimens produced to test certain mechanical

properties and fracture parameters in the scope of this study are shown in Table 3.11.

Table 3.11. Concrete specimens tested for certain mechanical properties in this study.

Cylinder Cylinder A Pull-Out Specimens
Specimens Specimens
Concrete | (100x200 mm) | (150x300 mm) (100x100x350 mM) | cypic Specimens | Column Specimens Total
Mixtures (200x200x200 mm) | (200x200x600 mm)
Impact Fret, Eb, GF, len,
Fe&Bo | F Resistance K{:, CTOD:. To

CstC 12 12 6 (x4) 12 3 3 48

RCAC 13 13 6 (x4) 12 3 3 50
TRCAC 14 13 6 (x4) 12 3 3 51

RBAC 14 13 6 (x4) 12 3 3 51
TRBAC 13 12 6 (x4) 12 3 3 49

FAAC 13 13 6 (x4) 12 3 3 50
TFAAC 13 13 6 (x4) 12 3 3 50

Total 92 89 42 84 21 21 349

The symbols given in the table for certain mechanical properties and fracture parameters are explained in the ‘List of Symbols’.

3.3. Tests on Hardened Concrete

3.3.1. Determination of Mechanical Properties

3.3.1.1. Compressive Strength. The compressive strength test was performed on

100x200mm cylinder specimens using a 500 kN capacity testing machine in accordance with
ASTM C39 [228]. For the sake of simplicity, the cylinder specimens were grinded before
testing with a grinding machine in regards to ASTM C42 [229] instead of capping the ends
of the cylinder specimens with sulfur mortar according to ASTM C617 [230] to have the
loading plates parallel to each other during loading for a uniform stress distribution. Cylinder
specimens were loaded axially as demonstrated in Figure 3.7 at a constant rate of 4.8 kN/sec

until failure occurred.
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3.3.1.2. Static Modulus of Elasticity. A test to measure the modulus of elasticity was

performed on the cylinder specimens, which were tested for compressive strength, with
respect to ASTM C 469 [231]. The longitudinal deformations of the concrete specimens
under uniaxial loading were measured using two LVDTSs that were placed on the specimens
and connected to a data acquisition system, as shown in Figure 3.7. Then, the longitudinal
strain, which is defined as the total longitudinal deformation divided by the effective gage
length, was calculated to construct a stress-strain curve for each specimen. The slope of such

curves gives the static elastic modulus of concrete.

Figure 3.7. Test setup for compressive strength and modulus of elasticity.

3.3.1.3. Splitting Tensile Strength. The splitting tensile strength test was performed on

100x200mm cylinder specimens in reference to ASTM C 496 [232]. The load was applied
in a diametrically opposite direction to a cylinder specimen laid on its side as presented in
Figure 3.8 by the help of a testing machine with 3000 kN capacity at a constant rate of 0.5
KN/s.

3.3.1.4. Flexural Strength. Twelve 100x100x350mm beam specimens with a 30 mm notch

at mid-span for each concrete mixture were prepared and tested to determine the flexural
strength according to JCI-S-001 [233]. Beam specimens with a clear span of 300 mm were
statically loaded under a three-point bending test using a 100 kN capacity MTS Landmark
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Closed-Loop Displacement Controlled Dynamic Testing Machine at a constant CMOD
(crack mouth opening displacement) rate of 0.05 mm/min. The deflection of the beam
specimens was measured with the help of LVDTs that were placed at mid-span parallel to
loading direction. The test setup can be seen in Figure 3.9. The net flexural strength of the
beam specimens was calculated with the formula recommended by ASTM D 7264 [234] as

follows:

3PL i1
2b(h — ag)? G

Fret =
where P is the maximum load, N, L is the support span, mm, b refers to the width of the
beam specimen, mm, h refers to the depth/thickness of the beam specimen, mm, and ao is
the notch depth, mm.

Figure 3.8. Test setup for splitting tensile strength.

3.3.1.5. Impact Resistance. The impact resistance of the concrete specimens was measured

using the methodology of the “modified ACI drop-weight impact test” proposed by Badr
and Ashour [235]. The test was performed on 50mm-thick notched disks sliced from
150x300mm notched cylinder specimens with a drop-weight impact test setup, as illustrated
in Figure 3.10. This test was conducted with equipment that consists of a standard, manually
operated compaction hammer (4.54 kg) with a drop of 457 mm (ASTM D 1557 [236]), an
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impact piston, and a flat base plate with two steel notches to fix the disk specimens during
repeated impact loading. The impact piston was produced with a hardened steel bar (13 mm
in diameter by 50 mm in length), which was utilized for providing a 50 mm line of impact,
attached to a 50 mm hardened steel cylinder with a height of 50 mm, as seen in Figure 3.11.
The hammer was repeatedly dropped on the impact piston to apply impact load through the
line of two 25 mm triangular notches located at the ends of the the diameter of disk
specimens until failure occurred. The disk specimens failed by cracking through the line of
impact and two notches (Figure 3.12) were accepted in order to determine the average drop-
weight impact energy of the concrete mixtures. However, any other cracking pattern was

rejected.

The formulas for the calculation of the impact energy per blow of the hammer as

reported by Gopalaratnam and Shah [237] and Mohammadi et al. [238] are given as follows:

t2
H= 97 (3.2)
V=gt (3.3)
W
mV?
U == (3.5)

where H is the height of the fall, t is the time taken by the hammer to fall a height of 457
mm, g is the acceleration due to gravity, V is the velocity of the hammer at impact moment,
W is the weight of the hammer, m is mass of the hammer and U is the impact energy per
blow of the hammer. Substituting the relevant values into the equations above, impact energy

per blow of the hammer can be found as below:

9810 X t2
457 = — -t = 0.305 sec (3.6)



V =9810 x 0.305 = 2992.05 mm/sec

w

_ 44.54(2992.05)?

> 9810 = 20323 Nmm

Figure 3.10. Test setup for drop weight impact resistance.

44

(3.7)

(3.8)
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Drop Hammer@

Steel Cylinder ¥__/

50 mm diameter X 50 mm height L

Welding

\/

Steel Bar
13 mm diameter X 50 mm length

Figure 3.11. The schematic view of the impact piston.

Figure 3.12. Notched specimens: (a) Accepted failure, (b) Rejected failure.

3.3.2. Fracture Properties of Concrete under Three Point Bending

The critical stress intensity factor known as the fracture toughness (K.) and the
corresponding critical crack-tip opening displacement (CTODc) of the beam specimens with
a notch at mid-span were determined under three point bending test for all the concrete
mixtures according to the two-parameter fracture model proposed by Jeng and Shah [239]-

[241]. The critical crack tip opening displacement occurs at the initial notch tip when the
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applied load reaches its peak value, indicating the limit beyond which crack starts to
propagate in an unstable manner. Here, the unstable crack growth implies that the crack
instinctively propagates even if the load remains constant or decreases [242]. The stress
intensity factor is another significant fracture parameter of the concrete for measuring
fracture performance, which refers to the ability of concrete to withstand crack extension or

the capacity of concrete to resist the brittle fracture [243].

The critical stress intensity factor for the concrete mixtures produced in this study was

determined using the expressions below [240], [244]:

S /ma
K& = 3(Ppax + 0.5W) ZdecF(ac/d) (3.10)

where Pmax is the peak load, W = W,S /L, Wo is the self-weight of the beam specimen, S is
the span length, L is the beam length, d is the beam depth, b is the beam width, and

1.99 — (a.,/d)(1 — a./d)[2.15 — 3.93(a./d) + 2.70(a./d)?]
V(1 +2a./d)(1—a./d)3/?

F(a./d) = (3.11)

where a,. is the effective critical crack length that was calculated by the formula defined as
below [242], [243], [245]-[247]:

bE,(CMOD,)

—~0.1135—h 3.12
32.6Ppax 0 (312)

2
ac=— (d + ho)arctan\/

where ho is the thickness of the knife-edge on which the clip gauge is attached to measure
the crack mouth opening displacement (CMOD), CMODc s the critical crack mouth opening
displacement at peak load, and Eb is the modulus of elasticity that was determined by the
following formula [240], [244]:

_ 6SapV(ay)

= Nt
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where Ciis the initial compliance obtained from the Load-CMOD curve as the inverse of the
slope of the initial loading cycle from 10% to 40% of the peak load, a, is the initial notch

depth, and V() is the geometric function that was computed as below [240], [244]:

0.66

V() = 0.76 — 228ay +387(a)” ~ 204(a)’ + =5

(3.14)

Where ao = (ao + ho)/(d + ho)

The critical crack tip opening displacement (CTODc) of the concrete mixtures was

determined by the following equations [240], [244]:

6(Ppay + 0.5W)Sa.V(a./d)
E,d2b

CTOD, = B(as/a,) (3.15)

V(a./d) = 0.76 — 2.28(a,./d) + 3.87(a./d)? — 2.04(a./d)? + (3.16)

(1 . ac/d)2

1/2

B(ao/ac) = [(1 - ao/ac)’ + (1081 — 1149 D) (@p/ac — (@o/a)’]  (3.17)

In addition to (K3,) and CTOD, the fracture energy or energy absorption capacity of
the concrete, Gr, under three point bending test conducted on the beam specimens was also
calculated for all the concrete mixtures produced in this study by the formula as defined
below [248]:

S
A+ mgy Smax

GF(N/m)z b(d—ao)

(3.18)

where A is the area (N m) under the load-displacement curve of the beam specimen, b, d, S,
L, ay, m, dmax and g are the width (m), depth (m), support span (m), length (m), notch depth

(m), mass (kg), maximum deflection (m) and gravitational acceleration, respectively.
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Moreover, as a measure of brittleness, the characteristic length of the concrete mixtures

was determined by the following expression [249]:

l EyGr
h =
C f'tz

(3.19)

where lch is the characteristic length (mm), Eb is the modulus of elasticity (N/mm?), Gr is the
fracture energy (N/m) and fi is the direct tensile strength that was replaced by the splitting
tensile strength (N/mm?) in this study. Here, it should be noted that as the magnitude of the
characteristic length decreases, the brittleness of the concrete increases.

3.3.3. Bond Developed with Reinforcing Bar

In order to determine the bond strength developed between the reinforcing bar and the
concrete, the pull-out test was applied to 200x200x200mm cubic specimens with a single
ribbed bar embedded vertically along a central axis perpendicular to the concrete casting
direction as detailed in Figure 3.13 in compliance with BS EN 10080 [250].

Casting Point

Steel Mould @

Steel Bar (d=14) b=
i
................ o
=)
o~
o
S
-
750 . 130 70 50,
750 i 200 . 50 , | dimensions
1000 ) : inmm

Figure 3.13. Section view of a cubic specimen for bond strength.

The top-bar effect (bond variation over height) was also investigated by comparing the
bond strength values of the deformed reinforcing bars located at the top, middle, and bottom
perpendicular to the long axis and equidistant from the vertical sides of the prism for all
concrete mixtures by means of a pull-out test on 200x200x600 mm column specimens as

seen in Figure 3.14.
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Figure 3.14. Section view of a column specimen for top-bar effect.

On the other hand, the effect of the overlying and underlying concrete layers was

examined by comparing the bond strength values of the reinforcing bars in cubic specimens

with the bond strength values of the bottom and the top rebars in column specimens, Thot and

Ttop, respectively.

The column top rebars and the rebars in cubic specimens have the same overlying
concrete layer thickness of 100 mm; however, different underlying layer thicknesses of 500
and 100 mm, respectively. Similarly, the column bottom rebars and the rebars in cubic
specimens have the same underlying layer thickness of 100 mm, while they have different

overlying concrete layer thicknesses of 500 and 100 mm, respectively. For this reason, the
ratios Toot/Tcube AN Ttop/Tcube Were evaluated so as to examine the impact of the overlying and
underlying concrete layers on the bond strength developed between the reinforcing bar and
the concrete, respectively. Herein, it should be pointed out that the ratio T/tcube lower than
1.0 indicates a negative effect on the bond strength of the corresponding overlying and

underlying concrete layer for T = Thot and T = Tiop, respectively. As opposed to that, ratio
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values bigger than 1.0 refer to higher homogeneity and better compaction of the material
[251].

The pull-out test was conducted on the cubic and column specimens by applying an
axial tensile load on the reinforcing bars embedded in the concrete. The reinforcing bars
gripped in jaws installed on the moving head of the testing machine were pulled while the
concrete specimens were placed and fixed on the stationary head. The slip of the reinforcing
bars was measured using two LVDTSs that were attached to the steel bar at the loaded end
above the stationary head. The readings obtained via those two LVVDTs with the help of a
data acquisition system were averaged to eliminate any accidental eccentricity. Another
LVDT was also mounted at the free end of the reinforcing bar in order to measure the free-
end slip. The free end of the steel bar remained unstressed during the test. The anchorage
length of the deformed steel bars (S420), which had a diameter (d) of 14 mm, was 70 mm
(5d) for all concrete mixtures tested over cubic and column specimens. The test was
performed by using a 200 kN capacity universal testing machine at a constant displacement
rate of 0.02 mm/sec. The test setup for cubic and column specimens can be seen in Figures

3.15 and 3.16, respectively.

The ultimate bond strength values of deformed reinforcing bars embedded in concrete

were calculated by the formula given below [252]:

— Pmax
T[db lb

(MPa) (3.20)

Tu

where Pmax is the maximum pull-out load, N, d is the nominal bar diameter, mm, and I, refers
to the bond length, mm. At this point, in order to make a fair comparison between different
concrete mixtures, the ultimate bond strength values were normalized by taking the variation

of compressive strength of the concrete mixtures into account as follows [209], [253], [254]:

— 2 (MPa®S) 3.21)

Tnz \/ﬁ
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where 7nz is the normalized bond strength and fc is the compressive strength of the related

concrete mixtures.

On the other hand, the ultimate bond strength values obtained as a result of the
experiments conducted in this study were compared with the minimum required bond
strength values predicted using the following design equation suggested by ACI 318-02
[255]:

- — Abfy
Acl —ndbld

(MPa) (3.22)
where Ap is the area of the deformed bar, mm?, fy is the specified yield strength of the bar,

N/mm?, db is the nominal bar diameter, mm, and lqis the development length, mm, of the bar

that can be calculated by the equation below [255]:

M) dy (3:23)

lg = <0.03 77
where fy is the specified yield strength of the bar, psi, « is the reinforcement location factor
that can be set to 1.3 when the horizontal reinforcing bar is placed in such a position where
more than 304.8 mm (12 in.) of fresh concrete is cast below the bar and 1.0 for other cases,
B is the reinforcement coating factor that should be taken as 1.0 for uncoated bars, y is the
reinforcement size factor that should be set to 0.8 for No.6 and smaller bars (No.6 bar has a
diameter of 19.1 mm according to ASTM A615 [256]), 4 is the concrete factor that can be
taken as 1.3 when lightweight concrete is utilized or 1.0 when normal weight concrete is

preferred, and fc is the compressive strength of the concrete, psi.

Development length (la) is defined as “the length of bar required to develop fs, the
stress in the reinforcement resulting from the loads applied to the structure” by ACI 408R-
03 [257].
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Figure 3.15. Test setup for pull-out test on cube specimens.

Figure 3.16. Test setup for pull-out test on column specimens.
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3.4. Microstructural Analysis

In this part of the study, microstructural investigations were conducted on both
individual aggregates and concrete samples obtained from the concrete specimens to analyze
the effect of recycled aggregate treatment on the mechanical properties of recycled aggregate
concrete mixtures by using the equipment in Bogazici University Advanced Technologies

Research and Development Center.

An environmental scanning electron microscope equipped with a unit for energy-
dispersive X-ray spectroscopy (Philips XL30 ESEM-FEG/EDAX) was used to monitor
pores, cracks, crystal structures, and morphological changes on the aggregate particles and
aggregate-matrix interfaces (ITZs) of untreated and treated concrete mixtures. Elemental
compositions were also examined by the findings of energy dispersive X-ray (EDAX)
analyses. Since electrically conductive samples are required for microstructural analysis to
have pure images, samples were coated by a thin layer of gold sprayed onto the sample
surface. During SEM observation, different accelerating voltages (10, 15, 20 kV) were

applied with the working distance in the range of 8.4-12.3 mm at various magnifications.

XRD analyses were performed with Rigaku D/MAX-Ultima+/PC X-ray diffraction
equipment on powder samples taken from the aggregate-matrix interfaces in recycled
aggregate concrete mixtures in order to evaluate mineralogical compositions and phase
transformations after GGBFS treatment. The samples were taken with a needle, pounded,
powdered, and then placed in the XRD device. The basic principle of XRD analysis is as
follows. Electromagnetic waves coming from the X-ray tube go to the sample, and the waves
reflected from the sample reach the detector [258], [259]. For the purpose of measuring the
diffraction intensities for the 2 Theta values, the detector and tube move toward each other
in an orbicular arc plane, while the sample is stationary, at a rate from extremely low angles
to a high value in a certain period of time. Depending on the reflection rate and the properties
of the atom, the 2 Theta angle-intensity graph is obtained. As it is known, phases have two
different atomic arrangements, crystalline and amorphous. Although the arrangement of
atoms and the angle they make with each other are systematic and definite in the crystal
structures, those in amorphous structures are random. When electromagnetic waves enter a

crystal phase at certain angles, most of the incoming wave is reflected to the detector,
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enabling this phase to be determined. However, in amorphous structures, since the atoms are
arranged at random angles, it does not give a clear peak on the graph and creates a cloudy
background. For this reason, it is not appropriate to determine the amorphous phases by XRD
method. Therefore, in order to analyze the crystal phases, XRD analysis was performed in
this study.

First, the data obtained from the XRD (X-ray diffraction) was analyzed qualitatively,
and the crystalline phases and their mineralogical compositions were found for each sample
taken from the aggregate-matrix interfaces in recycled aggregate concrete mixtures. The
percentages by mass of these phases were determined by the quantitative analysis carried
out afterward. The Rietveld refinement method was applied to XRD findings by using Maud
software for the quantification of crystalline phases [260]. The American Mineralogist
Crystal Structure Database was utilized to obtain crystallographic information files. After
the percentages by mass of the phases contained in the samples were found, the cellular
parameters were also iterated to minimize the errors caused by the shift of the data, and the
percent by mass of the phases was finalized with the emergence of these errors. Finally, the
results were interpreted considering the phase transformations expected as a result of the

pozzolanic reaction.
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4. TEST RESULTS AND EVALUATION

In this chapter, the physical and mechanical properties of coarse aggregates are given,
along with the results of tests conducted on fresh and hardened concrete mixtures as defined
in the previous chapter.

4.1. Aggregate Properties
The physical and mechanical properties of the coarse aggregates used to produce the
concrete mixtures in this study were determined according to the related tests as previously

prescribed and results are presented in Table 4.1.

Table 4.1. Properties of coarse aggregates.

_ FAA RBA RCA Cst
Properties

4-8 | 816 | 4-8 | 8-16 | 4-8 | 8-16 | 4-8 | 8-16
Unit Weight, (kg/m®) | 890 | 910 | 1030 | 1040 | 1370 | 1440 | 1650 | 1650
Specific Gravity (SSD) | 1.65 | 1.67 | 2.08 | 2.10 | 2.40 | 243 | 2.70 | 2.70
Water Absorption, % | 21.7 | 19.1 | 13.50 | 11.54 | 6.65 | 3.04 | 0.65 | 0.54

Flakiness Index (FI), % 0.1 6.08 11.68 16.38

ACV, % 45.92 39.87 24.09 12.08

AlV, % 50.86 45.14 24.12 11.25

ACV: Aggregate Crushing Value. AlV: Aggregate Impact Value.

FAA is the least dense of all coarse aggregates, followed by RBA, RCA, and CSt. The
water absorption capacitiy of CSt is significantly lower than that of FAA, RBA, and RCA.
These trends are consistent with the literature [41], [112], [160], [161], [165] and can be
explained by the presence of old adhered mortar on recycled concrete aggregates and the
porous structure of recycled brick and fly ash aggregates. Besides, the water absorption
values of recycled aggregates in the size range of 8-16 mm are lower than those of the
recycled aggregates in the size of 4-8 mm, while the results of specific gravity are higher
for the coarser recycled aggregates. Accordingly, it can be expressed that the specific gravity
increases and the water absorption capacity decreases with an increase in the size of recycled

aggregates. The coarser part of the RCA may be expected to be denser with the lower amount
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of old adhered mortar on which open pores and cracks exist, resulting in decreased water
absorption, as observed by Giineyisi et al. [41]. In addition to this, breaking the RCA into
small pieces damages the aggregate itself, making it vulnerable to water absorption, as this
also applies in the case of RBA. FAAs also became denser with fewer and mostly non-
interconnected closed pores when the pellets increased in size during agglomeration,
resulting in decreased water absorption and increased specific gravity, which was also
detected by Kockal and Ozturan [125] for cold-bonded FAAs. On the other hand, the specific
gravity and water absorption capacity of the recycled fly ash aggregates produced in this
study fall within a similar range to those presented in the literature [117], [128], [129], [131],
[261], [262].

In terms of flakiness index, it is quite possible to say that all coarse aggregates are
suitable for concrete production in reference to BS 882 [214] because the FI values of coarse

aggregates are much lower than 40%.

With respect to ACV and AlV, there is a big difference between aggregates in favor
of CSt with the ACV of 12.08% and AlIV of 11.25%, which means that FAA is the most
disadvantageous one in terms of crushing strength and impact resistance because the higher
the ACV and AIV value mechanically more flawed the material is. Besides, as expected,
there is a positive correlation between aggregate crushing and impact values, as seen in
Figure 4.1, and a negative correlation between each of these values and the unit weight of
aggregates, as presented in Figures 4.2 and 4.3, respectively. These results are also consistent
with the literature [66], [130], [167], [169], [171], [172], [263]. All the regression models
constructed shown in these figures have high coefficient of determination (R?) values that
explain the level of significance of the linear relationship established between related
variables. In other words, as a statistical measure, the coefficient of determination (R2) shows
the percentage of variance in the dependent variable that the regression equation can explain
[264], [265].
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Figure 4.1. ACV vs AlV.
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Figure 4.3. AlV vs aggregate unit weight.

4.2. Fresh Concrete Properties

Concrete mixes were cast by employing a superplasticizer (SP) at the required dosage
for achieving the target workability. In order to minimize the slump loss due to the high
water absorption of the recycled coarse aggregates, they were saturated in water for twenty-
four hours and then surface dried on large-scale sieves for one hour before concrete mixing.
It was observed that FAAC required the least amount of SP to maintain the specified slump
value (18+2 c¢cm) owing to the smoother surface texture and the greatest roundness of the fly
ash aggregates (FAA) with the lowest flakiness index. On the other hand, the highest amount
of SP, by weight of cementitious material, was used to get the target slump value for CStC
(0.85%), followed by RCAC (0.75%) and RBAC (0.65%), which can be attributed to the
fact that CSt has the lowest roundness with the highest flakiness index followed by RCA and
RBA. The higher the flakiness index, the greater the surface area-to-volume ratio and so the
water requirement to produce workable concrete. Fresh concrete mixes were workable and
cohesive, and segregation was not observed. When RCA, RBA, and FAA totally replaced
the CSt, the fresh unit weight of the concrete mixtures decreased from 2410 kg/m?® to 2260,
2120, and 2000 kg/m?, respectively. The use of coarse aggregates with different densities
gave the opportunity to produce concrete mixtures with different unit weights. There was no
change in the fresh unit weight of TRCAC, TRBAC, and TFAAC due to the change in the

concrete production process. Replacing the crushed stone coarse aggregate fully with
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recycled aggregates reduced the fresh density of the concrete by up to 17%, while the
compressive strength values conformed to the limitation for structural use, which is 17 MPa
for ACI 318-02 [255] and 21 MPa for ACI 213R-03 [266], a guide for structural lightweight-
aggregate concrete.

4.3. Hardened Concrete Properties

In this study, the effects of using different recycled aggregates in full replacement, by
volume, of natural crushed stone coarse aggregate (CSt) and treating the recycled aggregates
by employing the GGBFS slurry during concrete mixing procedure on the mechanical
properties of hardened concrete were investigated. For this purpose, three different recycled
aggregates (RCA, RBA, FAA) were utilized in six different sustainable concrete mixtures
as plain (RCAC, RBAC, FAAC) and surface treated (TRCAC, TRBAC, TFAAC) by the
GGBFS slurry.

4.3.1. Compressive Strength and Modulus of Elasticity

The compressive strength of the concrete mixtures decreased from 45.51 MPa for the
control concrete (CStC) and varied between 33.91 and 23.47 MPa for the recycled aggregate
concrete mixtures due to the higher porosity and lower strength of the recycled aggregates,
as shown in Table 4.2. Among the recycled aggregate concrete mixtures, a higher
compressive strength was obtained with TRCAC followed by RCAC, TRBAC, RBAC,
TFAAC, and FAAC, having a performance of 75, 69, 66, 61, 56, and 52% of CStC,
respectively, as seen in Figure 4.4. Similarly, the modulus of elasticity of concrete mixtures
decreased from 35.51 GPa for CStC and varied between 27.14 and 21.43 GPa for recycled
aggregate concrete mixtures, as presented in Table 4.2. A higher modulus of elasticity was
obtained with TRCAC followed by RCAC, TRBAC, RBAC, TFAAC, and FAAC, having
the performance of 76, 74, 69, 66, 63, and 60% of CStC, respectively, as seen in Figure 4.5.

As a measure of statistical reliability, the coefficient of variation (CoV) is a meaningful
index of variability because it accounts for both the mean and the standard deviation. In this
respect, while the CoV values of the concrete mixtures RCAC, RBAC and FAAC were
10.10, 8.50 and 9.81% for compressive strength and 4.42, 3.36 and 3.51% for modulus of
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elasticity, they decreased to 8.68, 6.47 and 8.53% for compressive strength and 3.03, 2.75
and 2.97% for modulus of elasticity for the concrete mixtures of TRCAC, TRBAC and
TFAAC, respectively. It should be remembered that a lower CoV indicates higher statistical
reliability [264], [265]. On the other hand, as it was expected, the correlation of the
compressive strength (Fc) of the concrete mixtures with the crushing values of the coarse
aggregates (ACV, %) was negative while it was positive with the unit weight of both
untreated and treated concrete mixtures as presented in Figure 4.6 and Figures 4.7 and 4.8,
respectively. All had sufficiently high coefficient of determination values (R?). However, in
the case of the relation between compressive strength and unit weight of concrete mixtures,
the coefficient of determination for the set of concrete mixtures including CStC, TRCAC,
TRBAC, and TFAAC (R?=0.9445) was slightly higher than that for the set of concrete
mixtures of CStC, RCAC, RBAC and FAAC (R?=0.9132). Treating recycled aggregates by
GGBFS slurry enhances the interface between these aggregates and the cement paste in
concrete as a result of C-S-H gel being formed, from hydration and/or pozzolanic reactions,
in the microcracks and voids on the surface of the aggregates, and thus improves the bonding
ability and the strength on the interface. Similar improvements in the compressive strength
and elastic modulus of concrete produced with recycled aggregates were also observed in
the literature [62], [63], [67], [68], [191], [267] when recycled aggregates were coated with

pozzolanic slurry during the mixing procedure.

Table 4.2. Compressive strength and modulus of elasticity of concrete mixtures.

Properties P?f;:;gf::s CStC | TRCAC | RCAC | TRBAC | RBAC | TFAAC | FAAC
n 12 14 13 13 14 13 13

Min 4030 | 3007 | 2527 | 27.34 | 2434 | 2259 | 19.19

_ Max 5097 | 3883 | 3711 | 3368 | 3211 | 2955 | 2665
%?gﬁéfﬁsg: Mean (x) 4551 33.91 31.42 29.85 27.61 25.60 23.47
(MPa) SD (o) 3.87 2.95 3.17 1.93 2.35 2.18 2.30
SE (6/\n) 112 0.79 0.88 0.54 0.63 0.61 0.64

CoV (c/x)% | 8.49 8.68 10.10 6.47 8.50 8.53 9.81

n 12 14 13 13 14 13 13

Min 3420 | 2592 | 2371 | 2353 | 2227 | 2131 | 19.95

Modulus of Max 3658 | 2843 | 2848 | 2558 | 2473 | 2343 | 2248
Elasticity, Ec | Mean(x) | 3551 | 27.14 | 2620 | 2441 | 2344 | 2224 | 21.43
(GPa) SD (o) 0.90 0.82 1.16 0.67 0.79 0.66 0.75

SE (c/\n) 0.26 0.22 0.32 0.19 0.21 0.18 0.21

CoV (a/x)% | 252 3.03 4.42 2.75 3.36 2.97 351

n= number of specimen tested; SD= Standard Deviation; SE= Standard Error; CoV= Coefficient of Variation




Fc, MPa

50

45

40

35

30

25

20

15

10

1.00
0.75
0.69
0.66
0.61
0.56
I I 052

CStC

TRCAC RCAC TRBAC RBAC

Concrete Mixtures

TFAAC FAAC

Figure 4.4. Compressive strength of concrete mixtures.

Ec, GPa

40

35

30

25

20

15

10

1.00
0.76 0.74
0.69 066
I I i |

CStC

TRCAC RCAC TRBAC RBAC
Concrete Mixtures

TFAAC FAAC

Figure 4.5. Elastic modulus of concrete mixtures.

61



Fc, MPa

50

45

40

35

30

25

20

15

» CStC

y = -0.5917x + 50.045
2= (.8996

* RCAC

e, @ RBAC
e FAAC

17 25 33 41 49
ACV, %

Figure 4.6. Fc of concrete mixtures vs ACV of related coarse aggregates.

Fc, MPa

50

45

40

35

30

25

20

1.95

« CStC
y =51.645x - 81.487
R?>=0.9132
* RCAC

FAAC RBAC

2.00 2.05 2.10 2:15 2.20 2.25 2.30 2.35 2.40 2.45
Unit Weight, t/m3

62

Figure 4.7. Relation between unit weight and Fc of untreated concrete mixtures.



63

50

45 » CStC

40 y =46.98x - 69.519

R2=0.9445
& 35
e
s * TRCAC
5%
= " TRBAC
TFAAC

25

20

15

1.95 2.00 2.05 2.10 2.15 2.20 2.25 2.30 2.35 2.40 2.45
Unit Weight, t/m?

Figure 4.8. Relation between unit weight and Fc of treated concrete mixtures.

In the scope of this study, the relationship between the static modulus of elasticity and
compressive strength of the concrete mixtures was also estimated, and the estimating
equations obtained from the experimental results were compared with the prediction models
given in different standards: TS500 [268], ACI 318M-05 [269], EN 1992-1-1 [270], CSA
A23.3-04 [271] and NZS 3101-1 [272]. These were selected in a way to represent two
worldwide standards (ACI and EN) together with additional standards (CSA and NZS) from
different Anglo-Saxon countries and a national standard (TS500) of Turkey as the host
country where this thesis was written. Different models are shown in Table 4.3 to predict the
static modulus of elasticity of concrete based on the compressive strength recommended by
the specified standards. The estimating equations constructed regarding the test results by
using the simple regression analysis based on the least-squares method are given in Table
4.4. Because the coefficient of determination values (R?) of estimating equations are
sufficiently high, the statistical parameters of the measured modulus of elasticity values of
the concrete mixtures shown in Table 4.5 can be used to represent the proposed models of
the present work to compare with the models given by the specified standards. At this point,
it should also be noted that the coefficient of determination values (R?) of the estimating
equations constructed for the concrete mixtures (TRCAC, TRBAC, and TFAAC) with
treated recycled aggregates were slightly higher than those for the concrete mixtures (RCAC,
RBAC, and FAAC) with untreated recycled aggregates. Besides, there is a positive
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correlation between the compressive strength and the modulus of elasticity of all concrete

mixtures regarding the estimating equations constructed with respect to the experimental
results.

Table 4.3. Prediction models of the different codes for modulus of elasticity.

Codes Prediction Models Units
TS500 Ec = 3250,/f, + 14000 fer: (MPa) Ec: (MPa)
ACI 318M-05 Ec = 47004/ f/ f/: (MPa) Ec: (MPa)
Ec = 22(f.,/10)°3 : (MPa) Ec: (GPa
N 1999-1.1 fom _|foni (P s (G
*Ec = 22(fcm/10)°'3(2000/2200) fem: (MPa) Ec: (GPa)
CSA A23.3-04 Ec = 45004/f, f/: (MPa) Ec: (MPa)
NZS 3101-1 Ec = 3320,/f, + 6900 f/: (MPa) Ec: (MPa)

Ec: Modulus of elasticity at 28 days. f, f..: Characteristic compressive strength at 28 days.
fem: Mean compressive strength at 28 days.
*Stands for FAAC and TFAAC regarding the concrete unit weight.

Table 4.4. Estimating equations constructed for modulus of elasticity according to the test

results.
Concrete Mixtures Estimating Equations Units

CStC Ec = 3025.6/f.m + 15121, R? = 0.9447

RCAC Ec = 3854.6,/f.r, + 4620.6, R? = 0.8867
TRCAC Ec = 3093.2\/fim + 9139.3, R? = 0.9012

RBAC Ec = 3424.4\/f.m, + 5457.1, R? = 0.9155 | fom: (MPa) Ec: (MPa)
TRBAC Ec = 3788.0\/f.m + 3724.3, R? = 0.9755

FAAC Ec = 3007.6/f., + 6876.5, R? = 0.9135
TFAAC Ec = 3062.5\/f,m + 6758.3, R? = 0.9912

Ec: Modulus of elasticity at 28 days. f.,,: Mean compressive strength at 28 days.

As seen in Table 4.5 and Figure 4.9, the mean modulus of elasticity values of TS500
and EN 1992-1-1 are very close to the experimental mean for the control concrete (CStC)
with values of 35.91, 34.64, and 35.51 GPa, respectively. However, the models of ACI
318M-05, CSA A23.2-04, and NZS 3101-1 underestimate the modulus of elasticity with the
values of 31.68, 30.33, and 29.28 GPa, respectively. Considering all the models, the CoV of
the experimental values is lower than that of the calculated values, indicating that the

proposed model is the most reliable one, which gives an opportunity to have a more precise
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estimation around the mean in the case of control concrete. For the concrete mixtures
produced with recycled concrete aggregates, the mean modulus of elasticity values of ACI
318M-05 are very close to the experimental means with slight overestimations of 0.43 and
0.77% for RCAC and TRCAC, respectively. However, for both RCAC and TRCAC, the
CoV of the measured modulus of elasticity values is lower than that of ACI 318M-05,
indicating that the proposed model is more reliable than the model of ACI 318M-05. On the
other hand, the models of TS500 and EN 1992-1-1 overestimate the modulus of elasticity
with an amount of 22.88 and 18.26% for RCAC and 21.28 and 16.86% for TRCAC,
respectively. In comparison, CSA A23.2-04 and NZS 3101-1 underestimate the modulus of
elasticity with an amount of 3.84 and 2.72% for RCAC and 3.51 and 3.39% for TRCAC,

respectively.

For the concrete mixtures produced with recycled brick aggregates, on the other hand,
the mean modulus of elasticity values of CSA A23.2-04 are very close to the experimental
means with slight overestimations of 0.81 and 0.67% for RBAC and TRBAC, respectively.
However, for both RBAC and TRBAC, the CoV of the measured modulus of elasticity
values is lower than that of the CSA A23.2-04, indicating that the proposed model is more
reliable than the model of CSA A23.2-04. The models of TS500, EN 1992-1-1, ACI 318M-
05, and NZS 3101-1 highly overestimate the modulus of elasticity with an amount of 32.55,
27.22, 5.29, and 3.82% for RBAC and 30.06, 25.27, 5.15 and 2.54% for TRBAC,

respectively.

For the concrete mixtures produced with recycled fly ash aggregates, the mean
modulus of elasticity values of CSA A23.3-04 are very close to the experimental means with
slight overestimations of 1.62 and 2.29% for FAAC and TFAAC, respectively. However,
for both FAAC and TFAAC, the CoV of the measured modulus of elasticity values is lower
than that of the CSA A23.3-04, indicating that the level of dispersion around the mean of the
proposed model is lower than that of the related standard. In other words, the proposed model
is statistically more reliable than the model of CSA A23.3-04. On the other hand, the models
of TS500, ACI 318M-05, EN 1992-1-1, and NZS 3101-1 overestimate the modulus of
elasticity with an amount of 38.71, 6.13, 9.48, and 7.17% for FAAC and 36.82, 6.84, 8.31,
and 6.49% for TFAAC, respectively.
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Table 4.5. Statistical parameters for assessing the measured and predicted results of
modulus of elasticity.

Modulus of Elasticity, Ec (GPa)
ncr istical
Mbxtures|  Parameters | ressured Calculeted
TS500 | ACI 318M-05 | EN 1992-1-1 | CSA A23.3-04 | NZS 3101-1
n 12 12 12 12 12 12
Min 34.20 34.63 29.84 33.42 28.57 27.98
Max 36.58 37.20 33.55 35.86 32.13 30.60
Mean (x) 35.51 35.91 31.68 34.64 30.33 29.28
CStC SD (o) 0.90 0.94 1.35 0.89 1.29 0.96
SE (o/Vn) 0.26 0.27 0.39 0.26 0.37 0.28
CoV (6/%)% 2.52 2.60 4.27 2.57 4.27 3.26
Xcalculated-Xmeasured - 0.39 -3.84 -0.88 -5.18 -6.24
% change - 1.10 -10.80 -2.47 -14.59 -17.56
n 13 13 13 13 13 13
Min 23.71 30.34 23.63 29.06 22.62 23.59
Max 28.48 33.80 28.63 32.61 27.41 27.13
Mean (x) 26.20 32.20 26.31 30.99 25.20 25.49
RCAC SD (o) 1.16 0.92 1.33 0.94 1.27 0.94
SE (o/\n) 0.32 0.26 0.37 0.26 0.35 0.26
CoV (0/x)% 4.42 2.86 5.05 3.03 5.05 3.69
Xcalculated-Xmeasured - 5.99 0.11 4,78 -1.01 -0.71
% change - 22.88 0.43 18.26 -3.84 -2.72
n 14 14 14 14 14 14
Min 25.92 31.82 25.77 30.61 24.68 25.11
Max 28.43 34.25 29.29 33.05 28.04 27.59
Mean (x) 27.14 32.91 27.35 31.71 26.18 26.22
TRCAC SD (o) 0.82 0.82 1.18 0.82 1.13 0.84
SE (o/vn) 0.22 0.22 0.32 0.22 0.30 0.22
CoV (o/x)% 3.03 2.49 4.33 2.60 4.33 3.19
Xcalculated-Xmeasured - 5.77 0.21 457 -0.95 -0.92
% change - 21.28 0.77 16.86 -3.51 -3.39
n 14 14 14 14 14 14
Min 22.27 30.04 23.19 28.73 22.20 23.28
Max 24.73 32.42 26.63 31.22 25.50 25.71
Mean (x) 23.44 31