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Preface

Construction materials—concrete, geopolymer material, cement, and mortar—are

the most manufactured structural materials. Sometimes, they substitute one another,

and sometimes, they contest with one another so that similar structure types and

functions could be built by any of the materials. However, scientists often focus

more on advanced upcycling processes, in which by-products are made in various

industrial manufacturing.

Today’s building construction is totally different because the point the construc-

tion technology has reached involves the constructions printed with three-

dimension printers using either cement paste or cement mortar, water and sand and

binder. It is clearly true that manufacturers give guarantee regarding binder quality

in a manner similar to that of other construction materials—tiles, brick, steel, wood,

and so on. Nevertheless, the topic of advanced upcycling of byproducts in binder

and binder-based materials is not limited to cement since there appear a number of

novel binders everyday, such as geopolymer binder systems. The disparity in the

methods of upcycling making is, therefore, unique, and the significance of the con-

trol of the quality of materials work on the site is apparent. Furthermore, since the

trade of a materialist has not yet become the education and the convention of a

number of other building trades, a scientist supervision is essential on the site.

These facts must be considered in mind by the researcher and scientist as careful

and intricate design could be easily vitiated if the properties of the actual materials

differ from those assumed in the design calculation.

From the above points mentioned, it must not be inferred that making good

upcycling of by-products is difficult. Good upcycling is often related to a substance

of suitable constituents, mixing, hardening into a formwork, and homogeneous

mass. Unfortunately the constituents of a bad upcycling process are also related to

the same functions. Therefore the difference is obtained in terms of know-how and

cost of labor.

What, then, is the advanced upcycling of by-products? There are two overall cri-

teria: The method has to be satisfactory in its hardened state as well as its fresh

state while being moved from the mixer and put in the formwork. The rules in the

fresh state of upcycled materials are that there should be consistency in the mix and

that it should be compacted by the means desired without excessive effort and also

that the mix should be cohesive enough for the method of putting used not to make

segregation with a consequent lack of homogeneity of the finished material.

Because the book will be used in so many countries, I thought it is best to use SI

units of measurement. All the data, figures, and tables are therefore conveniently

presented for readers, progressive or traditionalist, in all countries.



In a book of this size, it is not possible to cover the whole field of upcycling of

by-products. The editor and author choose what they take into account as the most

important or most interesting or simply what they know most about, but the empha-

sis is on an integrated view of the properties of materials containing by-products

and on the underlying scientific reasons.

Mehmet Serkan Kırgız

xx Preface



Introduction

Upcycling can be described as transforming a by-product into a useful material

which will be used in mainstream. In other words, it is also known as creative

reuse, which is the process of transforming byproducts, remnants, and wastes into

novel materials or products with a greater quality.

For constructional purposes, the meaning of the term upcycling is restricted to

the bonding materials used with stone, steel, sand, brick, building blocks, and so

on. The principal content of the book includes binders, byproducts, testing, and con-

clusions at the same time. Upcycling is used in many applications � art, music,

industry, clothes, foods, design processes, and so on. The built environment is an

indicator for overcoming climate change and transforming CO2 emission in

manufacturing to a net-zero emission in near future. The promotion of management

of upcycling for sustainable purposes should use the pressure in demand for the

adoption of proper methods to make cement more durable. Since construction by

nature is not an ecofriendly activity and even if construction provides life for

human generation, construction generates demolition waste whenever any develop-

ment environment activity takes place, for example, building roads, bridges, fly-

over, subway, and remodeling. It includes mostly inert and nonbiodegradable

materials such as concrete, plaster, metal, wood, plastics, and so on. Apart from

industrial byproducts, some of this waste comes to the municipal stream. These

wastes are heavy, having a grand unit volume weight, are often massive, and have

considerable storage space either on the road/agricultural land or in common waste.

Considering all information mentioned above, this book presents efficient upcycling

examples for wheat straw ash; fuel ash, both class C and class F; oil shale ash;

household waste; calcined clay; ground granulated blast furnace slag; natural rubber

latex; recycled asphalt pavement aggregate; recycled concrete aggregate; silica

fume; limestone; brick kiln dust; and crumb waste rubber tire in either cement-

based systems or bitumen-based systems.

Mehmet Serkan Kırgız

Northwestern University, Chicago, IL, United States
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1Wheat straw ash as hydraulic

binder substitution in binder-

based materials made of an

admixture superplasticizer
Mehmet Serkan Kırgız1 and Hasan Biricik2

1Northwestern University, Chicago, IL, United States, 2Department of Civil Engineering,

Construction Materials Laboratory, Yıldız Teknik University, Bakırköy, İstanbul, Turkey

1.1 Introduction

According to a global agricultural supplying and demand estimating report published

by United States Department of Agriculture in January 2021 the consumption of

wheat reached 759.5 million tons (mt) because of the making of food and feedstock

from it and its use in nonfood applications, including biodegradable binders (Perdue,

2021). Considering the wheat plant, there is lignin, a class of organic polymers, and

holocellulose carbohydrate-based biopolymer fiber in the renewable wheat straw

(Biricik et al., 1999, 2000). Since this renewable resource emerges in the wheat plant

every year, people take advantages such as cheapness, abundancy, and biodegradabil-

ity of the wheat straw into account. Therefore wheat straw is known as an alternative

material required, and the practice of it is seen in various industries where it has been

commonly used in energy manufacturing as biomass (Gadde et al., 2009; Yadvinder

& Bijay, 2008), in cattle farming as feed (Kadam et al., 2000), and in cement-based

materials (CBMs) as an additive for durability demand (Ataie et al., 2015; Biricik

et al., 1999, 2000; Juenger & Siddique, 2015; Martirena & Monzó, 2018; Nehdi

et al., 2003). In addition to the use of the wheat straw mentioned above, wheat straw-

based ash has been evaluated in portland cement (PC) and the CBMs as artificial poz-

zolana, either a supplementary material for CBM or a substitution material for cement

since the last two decades because of its reactive silica component, over 83.5%

(Biricik et al., 1999, 2000). Al-Akhras and Abu-Alfoul carried out a study on the

influence of wheat straw ash (WSA) on the mechanical properties of cement mortar

autoclaved in 2002. In the study, WSA of 3.6%, 7.3%, and 10.9% was replaced with

mortar sand. The autoclaved mortar including 10.9% WSA and 89.1% limestone

sand increased in the bending moment; the strength of compression force and the

strength of splitting tensile force changed by over 71%, 87%, and 67%, respectively,

when compared to the mortar without the WSA (Al-Akhras & Abu-Alfoul, 2002).

Similarly, Martirena and Monzó worked on the ash in 2018. They achieved to reach

out important findings that explain the benefit of using vegetable ash as
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supplementary cementitious material (SCM) in the CBMs. Their working unveiled

that the vegetable ash showed a certain compatibility with CBM once the agricultural

renewable resources were burned at temperatures of 600�C and 700�C (Martirena &

Monzó, 2018). In 2015, Ataie et al. performed one of the last significant studies

related to the effect of zinc oxide (ZnO) and sugar on cement hydration and showed

how they interact with the WSA, rice husk ash, silica fume, metakaolin, and pulver-

ized fuel ash in the CBMs. It concluded from the experimental results that the effect

of ZnO was the retarder for the hydration process because it led to agglomeration of

the C-S-H gel (Ataie et al., 2015). Juenger and Siddique performed the last important

study on recent advances in understanding the role of SCMs in concrete in 2015.

They revealed that this application of SCM was compatible with the industry, cur-

rently working on the sustainability of concrete in terms of cost-effectiveness, envi-

ronmental friendliness, the long-term strength, and the long-term durability developed

(Juenger & Siddique, 2015).

On the contrary to the studies of common cement and the WSA mentioned

above, construction binder-based mortars, for example, lime mortar, cement mortar,

and gypsum mortar, have been used without any innovation in the world since the

invention of the cement. All mortars were prepared with nonrenewable materials,

such as aggregate, cement, lime, and gypsum. Therefore there is a need to enable

the sustainability of construction binders. Because of the highly reactive silica com-

ponent in the WSA, like in other artificial pozzolanic materials, research studies

regarding on WSA try to find a holistic answer for the need properly. However,

today’s constructions had the load carrying systems; for example, the masonry

building and the reinforced concrete building contain the CBMs. Since various sec-

tions of a construction can be placed in the atmosphere, on the floor, or within

water, the water repelling force affects these sections negatively. If the sections are

not covered with a water/heat-repelling insulator, the gap between cement and

aggregate gains importance in the CBM, which is used in water constructions, such

as dam bodies, water reservoirs, water channels, and flumes, because of capillary

water absorption (Auskern & Horn, 1973; Postacıoğlu, 1969; Powers, 1956; Troxell

et al., 1968; Uyan, 1975). Moreover the water absorption of cement matrix, which

turns out to be the interfacial transition zone among aggregates in the CBM, is a

certain agent in the durability of the CBM (Kırgız, 2019, 2020). The water absorp-

tion percent of cement matrix is a function of not only the gap but also the surface

area of the hydrated binder products and free energy for capillarity (Powers, 1979).

Additionally the bulk cement stack, whose Blaine area is greater than that of

today’s binder, can be in a need for much more quantity of water to develop the

hydration products. Thereby the velocity of capillary water absorption could be slo-

wed (Hogan & Meusel, 1981). Considering the mechanism regarding strength

behavior in PC, which is made of artificial pozzolana, an important property, such

as durability, is monitored in the cement matrix. As the ash particle of artificial

pozzolana provides fast and easy nucleation of cement hydration products in the

matrix, these products may intervene between the ashes. Because of the change in

porosity and strength and pozzolanic reactions in the matrix, the strength increases

and the porosity decreases (Montgomery et al., 1981). The PC-added artificial
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pozzolana is being more durable in an aggressive environment. This is attributed to

the portlandite (Ca(OH)2) being decreased, low porosity of the products, various

components of cement gel, and instability of the ettringite crystal formed in the

pozzolanic cement (Massazza, 1989).

In the practical light of the scientific information mentioned, this chapter aims at

evaluating such significant properties as the unit weight of fresh mortar containing

WSA, water absorption, capillary water absorption, the change of mass, flexural

strength, and the compressive strength of hardened mortar containing the WSA. It

also presents forceful correlations and regression equations between the mixing fea-

tures of mortar and the physical and mechanical properties of the mortar to estimate

the properties through the mathematical models previously.

1.2 Materials and methods

1.2.1 Materials—mixing, handling, placing, and forming

In this study, mortar samples were produced according to the rules specified in the

BS EN 197�1 (BS EN 197�1:2011, 2019) standard method. Standard RILEM

sand, PC (CEM I 42.5N)—common construction binder and WSA—artificial poz-

zolanic substitution material, whose physical and chemical properties are presented

in Table 1.1, and a plasticizer were used to mix the samples.

Table 1.1 Physical and chemical properties of the Portland cement and the wheat straw

ash.

Physical properties Cement Wheat straw ash

Specific weight (g/cm3) 3.05 2.41

Initial set (min) 110 �
Final set (min) 215 �
Expansion (mm) 3 �
Specific surface (blaine) (cm2/g) 3204 5520

200 (μm) (900 meshes) sieve residue (%) 0.2 1.6

90 (μm) (4700 meshes) sieve residue (%) 5.2 2.6

Chemical compounds (%) Cement Wheat straw ash

SiO2 (dissolved) 20.6 54.24

SiO2 (nondissolved) 0.38 29.56

Al2O3 6.1 4.55

Fe2O3 3.72 1.05

CaO 63.65 12.54

MgO 1.29 2.39

SO3 2.55 1.49

Loss on ignition (LOI) 1.42 �
Insoluble residue 0.25 �
Free CaO 2.08 �
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Table 1.2 presents the initial physical and chemical properties of the WSA used.

The mixing, handling, placing, and forming of the sample depend on four stages.

The first stage is the preparation of the WSA-substituted cement (WSA-SC). The

cement series were prepared by replacing 8%, 16%, and 24% of WSA with weights

of 8%, 16%, and 24% of common PC, respectively. To maintain the homogenity

and nonagglomeration of the WSA-SC series the following steps were carried out

with an automatic mixer at 4 minutes: (1) the CEM I 42.5N type PC and the WSA

are put into the bowl, (2) the mixture is blended for 90 (seconds) at a high speed,

(3) it is blended again for 150 seconds at a low speed, and (4) the homogenized

cement mixture is packed to prevent humidity. The second stage consists of the pre-

parations of the WSA-SC mortar containing a plasticizer to measure fresh and hard-

ened properties of it. The plasticizer, which is a blending aid material, provides

self-consolidation for mortar; thus it saves time in the mixing of mortar.

Additionally, it does not lead to segregation and to ensure equal workability with

mortars with each other, including the WSA-SC and the PC. The mortar of 8%

WSA-92%SC, 16%WSA-84%SC, and 24%WSA-76%SC was prepared with a dis-

tilled water:WSA-SC:sand:plasticizer ratio of 1:2.01:6.06:0.010. The mortar of 16%

WSA-84%SC was prepared with a distilled water:WSA-SC:sand:plasticizer ratio of

1:2.04:6.12:0.018. The mortar of 24%WSA-76%SC was prepared with a distilled

water:WSA-SC:sand:plasticizer ratio of 1:2.09:6.26:0.041. The control mortar of

100%PC was prepared with a distilled water:PC:sand ratio of 1:2:6. The mixing of

the constituent ratio provides constant flow, 1.2 Y-R/100, for the mortar samples.

The third stage deals with placing the mortar samples into the mold, with a pris-

matic size of 403 403 160 (mm). The following steps were applied for mortar

molding at 2 minutes: (1) The mold is placed on the jolting machine, (2) the mold

is filled up to half with mortar, (3) the mold is jolted with BS EN 196-2 standard

method, (4) the mold is filled wholly with mortar, (5) the mold is jolted through a

similar method as step 3, and (6) the mold with the filled mortar sample is placed

in a calcerous water curing cabinet, where both the heat and the humidity are con-

trolled by a computer. The fourth stage is the forming of the mortar sample. The

WSA-SC and PC mortar samples were placed within water at 20�C 6 2�C for 27

days by removing off the mold in 24 hours after preparing.

Table 1.2 Physical and chemical properties of wheat straw ash initially.

Physical

properties

Wheat straw

ash

Chemical properties Wheat straw

ash

Humidity (%) 9.54 Extractive material (%) 4.23

Ash content (%) 8.6 Ash (%) 8.6

Specific weight

(gr/cm3)

2.31 Lignin (%) 15.03

Density (gr/cm3) 0.07 Holocellulose in

carbohydrate (%)

45.13
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The test of the unit weight of fresh mortar was caried out after the mortar mix-

ing. The tests of the water absorption by volume, the capillary water absorption, the

flexural strength, and the compressive strength of hardened mortar were carried out

at 0th day, 28th day, 56th day, 90th day, and 208th day. Once mortar was removed

from the mold the change in unit mass was performed so as to reach out the time-

dependent change in mass relatively. After that measurement of the change in mass

initially the regular test of change in mass was conducted at 0th day, 28th day, 56th

day, 90th day, and 208th day.

1.3 Methods used for measuring the physical and
mechanical properties of mortar

To evaluate the effect of WSA, which was obtained from burning of the wheat

straw at 670�C and fast cooling, on the properties of mortar the unit weight,

the water absorption, the capillary water absorption, the change of mass, the

flexural strength, and the compressive strength were measured with interna-

tional current standard methods. The chapter also presents a number of impor-

tant correlations and regressions between the properties to estimate the time-

dependent properties of mortar, such as the flexural strength and the compres-

sive strength, from the mixing features of mortar and the fresh properties of

mortar (Biricik et al., 1999).

1.4 Physical tests

To better explain, physical tests were carried out in two different stages: the physi-

cal experiments for the fresh state of mortar and the physical experiments for the

hardened state of mortar. In the first stage the unit weight was measured from the

fresh state of mortar with and without the WSA. In the second stage the unit mass,

water absorption in volume, capillary water absorption, and mass change tests were

performed to determine the change in physical properties of hardened mortar with

and without the WSA. Unless otherwise stated the physical tests were repeated five

times in the book chapter, and the results are presented as either the average of

arithmetic with standard deviation or relative data which were found through divid-

ing one property to another.

1.4.1 Measurement of air pore

The air content of the fresh mortar sample was determined according to the specifi-

cations in the ASTM C185-20 and BS EN 413-2 (ASTM C185-20, 2020; BS

EN413, 2016). The following steps were performed to measure the air pore: (1)

The fresh sample of the mortar is put into 1 L capacity cylinder of the air meter (V)
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in three thicknesses; (2) each thickness is compressed by tampering or by a vibra-

tor; (3) the cover of the cylinder is clipped; (4) water is put into the upper section

of the cylinder to allow air exit through the valve; (5) the valve is locked, and the

inner pressure is increased with a bike pump; (6) the falling of water level in the

cylinder is followed up; (7) before the bar level exceeds 2.5 the water level is

written down; (8) the pressure is dropped to allow the rise of water level; (9) the

distinction among two water levels (Va) as air pore (A) is written down (ASTM

C185-20, 2020; BS EN413, 2016). In fresh mortar the air pore was calculated by

using Eq. (1.1) below.

A5
Va

V
3 100 (1.1)

1.4.2 Measurement of unit weight

Unit weight measurement of fresh mortar was carried out within 240 (seconds) as

soon as cement, sand, and water were contacted with each other. The unit weight

experiment is performed on the fresh stance of the mortar so that the load caused

by the mortar in the construction could be taken into account. The following steps

were performed to measure the unit weight: (1) A 10 L capacity steel bowl (v) is

weighed with a precision of 0.01 g; (2) the weight of the bowl is recorded as sd; (3)

the fresh sample of the mortar is filled into the bowl in three layers; (4) the steel

bowl with the filled sample is weighed in the same scale; (5) the weight of the steel

bowl with the filled sample is recorded as pd; (6) the mass of the fresh sample in

the bowl is calculated as pd-sd; (7) the mass of the fresh sample is recorded as md

(Kirgiz, 2016). The unit weight of the fresh mortar (γUW) is provided by using

Eq. (1.2) below.

γUW 5
md

v
(1.2)

1.4.3 Measurement of water absorption in volume

Water absorption is used to measure the quantity of water absorbed by the mortar

under environments of water and vapor. For the water absorption test the sample is

dried in an oven at 50�C 6 5�C until a constant mass is reached out. Then, it is

placed in a desiccator to cool. Immediately upon cooling the sample is weighed and

the constant mass is recorded as the dry weight of mortar (Wk). The sample is,

then, dipped within the distilled water, whose height exceeds the height of the sam-

ple above 56 1 cm, often 23�C for 24 hours or until equilibrium. The sample is

removed, patted dry with a lint-free cloth, and weighed in air. The water-saturated

weight of mortar is recorded as the weight in air of the water-saturated sample

(Wsh). To measure the weight in water of the water-saturated sample the
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Archimedes weighing scale is used. The weight in water of the water-saturated sam-

ple is recorded as Wss. The test of water absorption of mortar is repeated for differ-

ent ages, including the 28th day, the 56th day, the 90th day, and the 208th day, like

in the study. The equation of (5.3) was used to calculate the water absorption in

volume (hs) in all groups in samples with dimensions of 403 403 50 mm.

hs 5
Wsh 2Wk

Wsh 2Wss

3 100 (1.3)

1.4.4 Measurement of capillary water absorption

The water transport in porous media is dealt with the hygrothermal property of the

mortar. The capillary water absorption is a key factor for characterizing the capabil-

ity of the water absorption of porous material, which is important to better explain

the simulation of humidity transport. In the measurement of capillary water absorp-

tion a sample with dimensions of 403 403 50 mm was used on the 28th day, the

56th day, the 90th day, and the 208th day. The measurement includes the following

processes: (1) The mortar is dried in an oven at 50�C6 5�C until the constant

weight is achieved; (2) the mortar is cooled in a desiccator up to room temperature;

(3) the mortar is weighed in a scale with a precision of 0.01 g, and this weight is

recorded as Wk of the dried sample; (4) the 403 40 mm surface (F, cm2) of the

mortar is dipped within the distilled water; (5) the height of the distilled water is

maintained constant at 76 2 mm from the bottom surface of the mortar; (6) the

height of distilled water is measured with a vernier calliper from the bottom surface

of the mortar; (7) the mortar mass subjected to the capillary water absorption is

weighed; (8) the distilled water quantity of mortar absorbed is recorded as Q (cm3)

at the 1st minute, 4th minute, 9th minute, 16th minute, 25th minute, 36th minute,

49th minute, and 64th minute (t) after the beginning. The capillary water absorption

coefficient (K) is found from the equation of (4); the K was computed as the capil-

larity coefficient (cm2/seconds).

K5
Q2

F2 3 t
(1.4)

1.4.5 Measurement of change of mass

The conservation of mass is commonly used in a number of broad fields, for exam-

ple, chemistry, mechanics, and fluid dynamics. First, it was referred to as the chem-

ical reactions, and later, it was rediscovered for the progress from alchemy to the

contemporary natural science of chemistry. As a consequence of its importance the

conservation of mass is modified to comply with the laws of quantum mechanics

and special relativity under the principle of mass�energy equivalence, which

explains that the conserved quantity is formed by energy and mass. Therefore the
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measurement of the change of mass was performed on solid samples such as hard-

ened mortar. Three prism samples, 403 403 50 mm, were used in the test of the

change of mass (W). Performing the test includes the following steps: (1) The sam-

ple is removed from water curing on the 28th day; (2) the sample is weighed in a

0.01 gram precision scale (Wsh); (3) the samples are cured in water and weighed in

the same way on the 56th day, 90th day, and 208th day (Wk). The change of mass

was calculated from Eq. (1.5) below. The relative change of mass was computed

with proportioning the change of mass of the ash-substituted mortar to the 28th day

change of mass of reference mortar.

W 5
Wsh 2Wk

Wk

3 100 (1.5)

1.5 Mechanical tests

As the hardened stance of mortar with and without the WSA was used in the sec-

tion, the mechanical tests were performed at one stage. The one-stage tests include

the measurement of the flexural moment and the compressive strength. To better

explain the effect of the WSA on the properties of mortar the chapter presents the

relative change in the properties of mortar. Unless otherwise stated the mechanical

tests were repeated five times in the book chapter. The relative data which were

found through dividing one property to another are presented in the results and dis-

cussion section.

1.5.1 Flexural strength

Flexural strength is commonly measured in two stances. A beam flexing that is on

two structural supportings, where one of them is rigid and the other is bustling, is

known as a simple bending stance, and the second bending stance, where a side of

the beam is jointed and another side is free, is known as the cantilever flexing. For

the simple flexing the upper surface of the beam is subjected to compression force

and the bottom surface is subjected to tension force. An axis that is at a region of

zero strength of the beam is known as neutral axis (NA). The chapter uses the sim-

ple flexing method to measure the flexural moment. The test was performed on the

mortar 403 40 (b) 3 160 (L) mm on the 28th day, 56th day, 90th day, and 208th

day. The test includes the following steps: (1) The mortar sample is placed within

water curing until the test day; (2) the mortar sample is placed in the flexural set;

(3) the flexing force (Pk) is applied until the mortar sample was failured. Flexural

strength (fce) was calculated through using Eq. (1.6) below. The time-dependent

change of relative flexural strength, which was found by proportioning the flexural
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strength of the ash-substituted mortar to the 28th day flexural strength of reference

mortar, is presented in the results and discussion section.

fce 5 1:53
Pk 3 L

b3
(1.6)

1.5.2 Compressive strength

Compressive strength is an essential property in structural materials, for example, mortar,

which comprises the interacial transtition zone in concrete, stone, and steel, since material

design is normally evaluated in terms of the risk of compression failure. In addition the

CBM is known as having strength for compression force. Therefore plenty of standard

tests exist to measure the compressive strength of structural materials. As the standards

the following steps were applied to measure the compressive strength of mortar, dimen-

sions 403 40 (b) mm: (1) The mortar is placed within the water curing cabinet, which

controls the heat of water and humidity, until the test day; (2) the mortar sample is placed

in the compression load cell; (3) the compression force (Pk) is applied until the mortar

sample fails. The compressive strength (fcb) was calculated from Eq. (1.7). The time-

dependent change of relative compressive strength, which was found by proportioning

the compressive strength of the ash-substituted mortar to the 28th day compressive

strength of reference mortar, is presented in the results and discussion section.

fcb 5
Pk

b2
(1.7)

1.6 Results and discussion and mathematical models for
strength estimation

1.6.1 Air pore of fresh mortar

The air pore structure of a CBM is a fundamental property influencing the durability

of the CBM. The air pore is influenced by the mixing constituent of the CBM, the

water-to-cement ratio, the aeration, and the cracking (Kucharczyková et al., 2010).

The detrimental effect regarded on the durability of the CBM is of high significance

in the broad practice of pavement, dam, foundation, and bridge (Mindess et al., 2002).

The durability of the CBM under various climate conditions is pretty dependent on its

air pore structure. Additionally, its content, size, and distribution are significantly

related to not only the durability but also the physical and the mechanical properties

of the CBM (Moravcova et al., 2016). Fig. 1.1 also shows an important relationship

between air pore and water-to-cement ratio of fresh mortar made of WSA-SC and

common CEM I 42.5N cement, including a mathematical equation and its relationship

degree as R2, which equals to 1, meaning that it is the most important equation sug-

gested for estimating the air pore of fresh mortar from the water-to-cement ratio.
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As the water-to-cement ratio increased from 47% to 50% in the fresh mortar, the

air pore property did rise proportionally with it. It was noticed that the average air

pore of WSA-substituted mortar is different from the average air content of non-

WSA-substituted mortar. In addition, as expected, the air pore of fresh mortar was

found to be polynomially correlated to the water-to-cement ratio. As the water-to-

cement ratio increased, the air pore of fresh mortar increased as well. This increase

(6.3%) in water-to-cement ratio, from 47% to 50%, also led to an increase (8.9%) in

air pore content. In comparison to the control mortar the WSA leads to a higher

water-to-cement ratio and air content in the WSA-substituted mortar. Research results

were in good agreement with the air pore content of fresh mortar presented. Results

from the science literature state a similar conclusion for the air pore content of WSA-

substituted mortar (Khushnood et al., 2014). During burning, internal moisture of the

WSA was extracted, resulting in a larger surface area. Therefore the larger surface

area required much more water demand in the WSA-substituted mortar. It is possible

to clearly understand from the results of WSA-substituted mortar that since the WSA

was burned at 670�C, the water demand increased tangibly. This could be referred to

the fact that the water demand of the WSA-substituted mortar increased the air con-

tent of it. In Fig. 1.1 a polynomial equation is adopted to show the relationship

between air pore and water-to-cement ratio of fresh mortar made of WSA-SC and

common CEM I 42.5N cement. The relationship degree of R2 is also provided in

Fig. 1.1 and shows a good compatibility between the two specified properties. As the

relationship degree of R2 equals to 1, the air pore content could be estimated with the

math equation in Fig. 1.1 by preparing at least one of the fresh mortar specimens.

y = 33333x3 - 47500x2 + 22562x - 3566.4

R² = 1
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Figure 1.1 An important relationship between air pore and water-to-cement ratio of fresh

mortar made of WSA-substituted cement and common CEM I 42.5N cement and a

mathematical equation and its relationship degree. Since the water-to-cement ratio increases,

the air pore volume of fresh mortar increases.
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1.6.2 Unit weight of fresh mortar

The unit weight of CBM is defined by three density classes: A lightweight one

has an average density less than 1680 kg/m3, a middle-weight one has an average

density greater than 1680 kg/m3 and lower than 2000 kg/m3, and a heavy weight

one has an average density greater than 2000 kg/m3 (Samui et al., 2020). The

mixing constituent of aggregate stack density can be found afterward even if it is

not measured. However, the unit weight of fresh mortar, which is the bonding

zone among aggregates within the CBM, is necessary to define in terms of the

calculation of hydrostatic pressure in the framework (Rajapakse, 2017), the elas-

tic modulus of CBM (McCarthy & Dyer, 2017), the entire mass of load-bearing

elements in construction (Rajapakse, 2017), and so on. Evaluating the unit weight

data measured a regression analysis was conducted on the relationship between

the unit weight and water-to-cement ratio. Among the different types of regres-

sion equations conducted the polynomial equation type was found to be the most

suitable. Since the coefficient was high, it could be ideal to use the water-to-

cement ratio for estimating the unit weight of fresh mortar. Fig. 1.2 also shows

an important relationship between unit weight and water-to-cement ratio in the

fresh mortar made of WSA-SC and common CEM I 42.5N cement, a mathemati-

cal equation, and the relationship degree as R2, which is equal to 1, standing for

that there is an important indicator for a forceful relationship between the two

properties.

y = -10000x3 + 14500x2 - 7005x + 1129.7

R² = 1
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Figure 1.2 An important relationship between unit weight and water-to-cement ratio for the

fresh mortar made of WSA-substituted cement and common CEM I 42.5N cement, a

mathematical equation, and relationship degree. Since the water-to-cement ratio increases in

the CBM, the unit weight of fresh mortar increases.
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Moreover the unit weight is another quality control parameter for the CBM,

which may be important for construction projects, for example, constructing of

tall buildings, reinforced-concrete walls of dams, and highway concreting

(Tyagi et al., 2019). In most cases the unit weight of the CBM may increase

depending upon the type of binder, aggregate graduation (Tasong et al., 1998),

type of chemical admixture (Lea, 1970), and content and unit weight of substitu-

tion materials (Kirgiz, 2014; Kırgız, 2015). However, this may be strictly true

because cement absorbs from mixing water during the hydration reaction and

many cementitious substitution materials undergo pozzolanic reaction with

cement, which changes the mineralogical constitution of the CBM. A report was

presented for the fact that the unit weight of the CBM increases with the content

of cement and ageing (Uddin et al., 1997). However, until now, there is still no

equation established for estimating the unit weight of the mortar. The chapter

filled the gap in the science literature. Fig. 1.2 shows a good compatibility

between the two specified properties. As the relationship degree of R2 is equal

to 1, standing for the unit weight could be estimated with the equation.

Comparison with regression equations for estimating unit weight indicates that

the calculated unit weight agrees well with the range of unit weight measure-

ments for the mortar.

1.6.3 Water absorption

In addition to durability-related properties, there are important properties such as

permeability (Neithalath et al., 2010), compressive strength (Nguyen et al., 2017),

and thermal conductivity (Chung et al., 2016), which are strongly affected by the

water absorption ability of the CBM. Valid measurement of water absorption is

therefore necessary for selecting the mixing materials properly and evaluating the

performance and durability of mortar in different climate environments. As

explained in the subtitle of air pore of fresh mortar, mixing materials are important

to not to turn out porosity in mortar. In comparison to the control the WSA showed

a decrease in water absorption. It is due to the fact that the reaction between the

pozzolan and calcium hydroxide during hydration of cement paste is a lime-

consuming process. Additionally, it would be shown later that this pozzolan is

effective in reducing the porosity of the mortar, which, in turn, improves the dura-

bility of the CBM. Examining Fig. 1.3, in which the water-to-sand ratio-dependent

change of relative water absorption in percent is given, it was understood that the

water absorption of all groups displayed an increase depending on the increase in

water-to-sand ratio. Fig. 1.3 also gives an equation to estimate water absorption in

percentage from the water-to-sand ratio as well as regression degree R2, which is

equal to 1, meaning that there is an important indicator for a forceful relationship

between the two properties.
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1.6.4 Capillary water absorption

Water would be imbibed by even a dense mortar because of the capillary pores.

Nevertheless, if the water-to-cement ratio can be lessened under about 0.45 for

each cubic meter, the capillary pore system which has continuity between each

other loses its effect and the pressure of water permeability is significantly

retarded. The best process of reaching this retarded degree of water is to use an

admixture of water reduction. The process can also enable a sufficient workabil-

ity for full compaction of mortar and reduce shrinkage cracking in mortar

(Dransfield, 2003). Fig. 1.4 also shows five important relationships between rel-

ative capillary water absorption and relative water absorption of mortar made of

WSA-SC and common CEM I 42.5N cement, five mathematical equations, and

five degrees of relationship as R2, which is equal to 1, meaning that there is an

important indicator for a forceful relationship between the two properties.

Examining Fig. 1.4, it can be understood that capillary water absorption of mor-

tar including 8% and 24% WSA is lower than that of the control mortar at the

28th day and 56th day, and capillary water absorption of mortar including 8%

and 16% WSA is lower than that of the control mortar at the 90th day, 180th

day, and 208th day.

y = 2E+08x3 - 1E+08x2 + 2E+07x - 1E+06

R² = 1
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Figure 1.3 A forceful relationship between relative water absorption and water-to-sand ratio

of the fresh mortar made of WSA-substituted cement and common CEM I 42.5N cement, a

mathematical equation, and a relationship degree. Since the water-to-sand ratio increases, the

water absorption of fresh mortar increases.
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Additionally, it can be concluded that the WSA bars the continuity of capillary

pores. It can also be understood from the findings that the active ash ratio for capil-

larity was 8% and 16% since the capillarity was decreased by the content.

However, the chapter revealed that the total capillarity of the CBM is decreased as

the substitution of WSA for cement is increased up to 24%, and the most probable

pore diameter of the CBM is reduced, from which is a bigger pore through a smal-

ler one. In Fig. 1.4, five polynomial equations are given to calculate the relationship

between the relative capillary water absorption of the CBM and the 28th day rela-

tive water absorption of the CBM. The degrees of R2 are also provided in Fig. 1.4

and show a good compatibility between the two properties specified. As the

figure exhibits equations for the CBM, the relative capillary water absorption up to

208 days could be estimated from 28th day water absorption testing.

1.6.5 Change of mass

The progress of change of mass depends on superplasticizer content used for the

mixture of mortar. The change of mass of mortar without a superplasticizer is

higher than that of mortar prepared with a superplasticizer. This progress could be

related to the modification of water content closely in the mortar mixture. If a suf-

ficient superplasticizer is added, the water content is reduced in the process of

change of mass. Actually the water-to-cement ratio of the mortar without a super-

plasticizer is rather high. With a superplasticizer, any mixing component segrega-

tion was not observed in the fresh mixture of mortar, either during the mixing or

y208th-d RCWA = -1.5055x3 + 463.37x2 - 47529x + 2E+06, R²=1

y180th-d RCWA = -6.5668x3 + 2014.6x2 - 205958x + 7E+06, R²=1

y90th-d RCWA = -13.009x3 + 3987.8x2 - 407345x + 1E+07, R²=1

y56th-d RCWA = -12.64x3 + 3874.1x2 - 395679x + 1E+07, R²=1

y28th-d RCWA = 3.1441x3 - 962.89x2 + 98267x - 3E+06, R²=1
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Figure 1.4 Five important relationships between relative capillary water absorption and

relative water absorption of mortar made of WSA-substituted cement and common CEM I

42.5N cement, five mathematical equations, and five degrees of relationship.
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during the manufacturing of the mortar. Using the change of mass data measured

a regression analysis was conducted on the relationship between the relative of

changes of masses. Among the different types of regression equations evaluated

the power and polynomial equation types were found to be the most suitable.

Since the coefficients were high, they could be ideal to use the 28th day relative

change of mass for estimating the relative change of mass on the 56th day, 90th

day, 180th day, and 208th day. Fig. 1.5 presents four important relationships

between the changes of masses of mortar made of WSA-SC and common CEM I

42.5N cement.

It also gives four mathematical equations and four degrees of relationship R2,

which is very close to 1, standing for that there is an important indicator for a force-

ful relationship between the two properties specified. Except the group made of 8%

WSA substitution for cement, other two ash-substituted mortar groups’ change of

mass is much lower than that of nonash-added mortar. Increases in mass in all

groups showed the tendency to be stable after the 90 days. Considering the initial

quantity, it is seen that mass of change depends on ash ratio in mortar. The change

toward the decline in mass increase is connected to new chemical formations during

hydration process (Montgomery et al., 1981). The four polynomial equations are

given to calculate the relative change of mass from the 28th day relative change of

mass. The degrees of R2 are also provided in Fig. 1.5 for showing a good compati-

bility between the two properties specified. As the figure exhibits equations for the

CBM, the relative change of mass could be estimated through mathematical equa-

tions in Fig. 1.5 by testing a fresh sample.

y56th-day = 296,3x3 - 143,24x2 + 21,737x - 0,7413, R² = 1

y90th-day= 4,6296x3 + 5,5093x2 - 1,4338x + 0,3918, R² = 1

y180th-day = 2,3148x3 + 13,171x2 - 3,4669x + 0,6473, R² = 1

y208th-day = 120,37x3 - 48,426x2 + 6,2213x + 0,2305, R² = 1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 0.05 0.1 0.15 0.2 0.25 0.3

R
el

at
iv

e 
ch

an
g

e 
o

f 
m

as
s 

(%
)

28th-day Relative change of mass (%)

56th-day

90th-day

180th-day

208th-day

Figure 1.5 Four important relationships between the changes of masses of mortar made of

WSA-substituted cement and common CEM I 42.5N cement.
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1.6.6 Flexural strength

A study on strength estimation equation found that the relationship between the

compressive strength and flexural strength of roller compacted concrete (RCC)

is similar to that of the conventional concrete. This result could be referred to

the fact that the compaction and aggregate interlock can play an improving role

in not only the compressive strength of the RCC but also its flexural strength. If

the fact was not valid, researchers would have established a greater flexural

strength for the same compressive strength and properties of the RCC than the

conventional CBM (Chhorn et al., 2018). For conventional CBM the type of

power equation is known to determine the flexural strength by measuring the

compressive strength. Mohd et al. explain that their relationship is dependent on

many factors, for example, strength level, aggregate graduation and mineralogy,

types of admixture used, moisture content of sample, compaction and curing

conditions, dimension of sample, and age of CBM (Mohd et al., 2014). Using

the flexural strength data measured a regression analysis was conducted on the

relationship between the flexural and compressive strengths. Among the differ-

ent types of regression equations evaluated the polynomial equation type was

found to be the most suitable. Since the coefficients were high, they could be

ideal to use the compressive strength for estimating the flexural strength of the

mortar. Fig. 1.6 shows five important relationships between the flexural strength

and the 28th day compressive strength as well as their mathematical models and

regression degrees.

y28th-day FS = 0.0076x2 - 0.4245x + 10.891, R² = 0.97 y56th-day FS = 0.0081x2 - 0.497x + 13.893, R² = 0.97

y90th-day FS = 0.0131x2 - 1.0315x + 26.976, R² = 0.94

y180th-day FS = 0.0147x2 - 1.0056x + 24.51, R² = 1y208th-day FS = 0.0154x2 - 1.2418x + 32.596, R² = 0.99
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Figure 1.6 Five important relationships between the flexural strength and the 28th day

compressive strength as well as their mathematical models and regression degress.
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As will seen in Fig. 1.6, five polynomial equations show the relationship

between the flexural strength and the compressive strength. The forceful R2

degrees, which show a good compatibility between the two properties specified, are

also provided in Fig. 1.6. As the figure exhibits equations for the CBM, one could

use the 28th day compressive strength for estimating the flexural strength up to 208

days by performing only the compressive strength testing at 28 days. A few studies

have shown the relationship which used the compressive strength for estimating the

flexural strength because science society has thought that as the age and strength

increase, the ratio of the flexural strength to the compressive strength decreases

(Ahmad & Shah, 1985). Nevertheless, a study of Legeron and Paultre was the one

that suggested an equation for estimating the flexural strength (fζ) from the com-

pressive strength in 2000, as in the chapter. Their equation was fζmin. 0.68fc0.5

(Legeron & Paultre, 2000), and it can be used today. The five polynomial equations

show that the relationship between the flexural strength and compressive strength

of mortar is nonlinear in the chapter.

1.6.7 Compressive strength

To better explain how the compressive strength develops, there is a need for eval-

uating the mixing materials and their fractals in the CBM. There was plenty of

comprehensive styudies carried out on the fractals of mixing materials of the

CBM by a number of researchers previously. Rafeet et al. revealed that both com-

pressive strength and setting time were influenced by a low water-to-cement ratio

positively in the CBM (Rafeet et al., 2017). Another study performed by Kim

unveiled an important result that for a water-to-waste concrete powder ratio of

15% the compressive strength of CBM was a bit over 30 (MPa) on the 28th day

(Kim, 2017). Vurst et al. determined yield strength, robustness, viscosity, and rhe-

ology of paste and scrutinize the influence of paste volume and water-to-powder

volumetric ratio. As a result the increase in water content leads to retard yield

strength. On the contrary to the current result the robustness of paste was

improved by an increase in the water-to-powder volumetric ratio (Vurst et al.,

2017). The fact that the mixing ratio of the CBM has a powerful effect on devel-

opment of the compressive strength was presented by Šipoš et al. (2017). Sassani

et al. worked on the mixing raw material ratio of the CBM, for example, carbon

fiber dosage, fiber length, coarse-to-fine aggregate volume ratio, conductivity

enhancing agent dosage, and fiber dispersive agent dosage. The result of compres-

sive strength was influenced by the dosage of fiber, conductivity enhancing agent,

and fiber dispersive agent positively. Additionally the flexural strength is depen-

dent on the coarse-to-fine aggregate volume ratio and the dosage of fiber disper-

sive agent (Sassani et al., 2017). Fig. 1.7 shows five important relationships

between the compressive strength and the 28th day flexural strength as well as

their mathematical models and regression degree.
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However, the relationship between compressive strength and flexural strength

is a very popular title for the CBM, especially forecasting the compressive

strength from flexural strength, and vice versa. This use of relationship has plenty

of advantages if it is merged with the mixing constituent of the CBM. It will

allow researchers to forecast the compressive strength before the CBM is prepared

in a laboratory. The main aim for the suggestion of relationship between compres-

sive strength and flexural strength is to help reduce the workload in the labora-

tory. For that aim, there are a number of comprehensive studies in the current

science literature. One of them was carried out by American Concrete Institute

(ACI) in 1997 to forecast the compressive strength of conventional concrete from

the flexural strength (ACI Committee 363, 1997). Mindness et al. did perform

another study related to the forecasting of compressive strength. Their equation

was 0.11 compressive strength (fc) # fζ # 0.23 fc (Mindess et al., 2002).

Because the most precious datum is the comressive strength for the CBM, the

people would like to find an equation which includes the entire type of the CBMs.

A similar study of Mindness et al. was conducted by Ahmed et al. in 2008. Their

equation included a broad range for the forecasting of compressive strength, for

example, 0.35 fc 0.5 # fζ # 0.23 fc 0.5 (Ahmed et al., 2008). Examining the

y28th-day CS = 35,025x3 - 606,55x2 + 3466,5x - 6513,8 R² = 1

y56th-day CS = 12,537x3 - 216,83x2 + 1240,5x - 2304 R² = 1

y90th-day CS = -1,9975x3 + 37,195x2 - 224,46x + 492,5 R² = 1

y180th-day CS = -9,6446x3 + 174,75x2 - 1043,7x + 2111,2 R² = 1

y208th-day CS = -136,13x3 + 2373,9x2 - 13647x + 25964, R² = 1
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Figure 1.7 Five important relationships between the compressive strength and the 28th day

flexural strength as well as their mathematical models and regression degrees.
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studyings, there is a need for estimating the compressive strength in mortar, hav-

ing either SCM or not. A regression analysis was performed on the relationship

which used the flexural strength for estimating the compressive strength. Between the

different types of regression equations found the polynomial equation gave the best

results. The effect of difference of curing age on the regression analysis was also

studied; nevertheless, it was established that it was insignificant. With compressive

strength data measured, it can be concluded that age is not an essential factor in esti-

mating the compressive strength of the mortar. Fig. 1.7 would fill the gap between

the studies because the chapter presents both the properties of mixing materials of

mortar and the mechanical properties of mortar. In Fig. 1.7, five polynomial equa-

tions are presented to show the relationship between the compressive strength and the

flexural strength. The R square degrees, which show a good compatibility between

the two properties, are also provided in Fig. 1.7. As the figure exhibits estimation

equations with 95% reliability for the CBM, one could use it to estimate the compres-

sive strength up to 208 days from the 28th day flexural strength by performing the

flexural strength testing on the 28th day.

1.7 Conclusions

Based on the test results, WSA is a favorable substitution material of hydraulic

binder and hydraulic binder-based construction materials for improving the durabil-

ity feature for harmful climatic conditions and the physical and mechanical features

for static and dynamic loads in construction once it is grounded as fine as cement.

The estimating models for the properties of the CBM with and without WSA are

suggested in the book chapter. Also the models were useful for estimating one prop-

erty from another. Additionally the mathematical models presented in the book

chapter are expected to a leading method for such studies, including cementitious

substitution materials for hydraulic binders.
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2.1 Introduction and background of pulverized fuel ash-
cement system

In today’s world, it is common that a portion of cement in cement-based materials

(CBMs), such as grout, stucco, concrete, and so on, is substituted with one or more

byproducts. Once it is substituted with byproducts partially the cement is known as

composite or substituted cement (Ingham, 2013). The substituted cement is sug-

gested in terms of improving the durability, the physical features, and the mechani-

cal features of CBMs, but there are also cementless binder systems for construction

technology instead (Kuo et al., 2014). One of the original reasons for popularization

the substituted cement is the aim for cost saving (S. Ahmad et al., 2014; Alsalman

et al., 2017; Azmee et al., 2021; Li, 2016; Liu et al., 2018) in the construction tech-

nology. Azmee et al. revealed that the CBM containing 10% ultrafine calcium car-

bonate with a mean particle size of 3.5 μm blended with 40% pulverized fuel ash

(PFA) showed the best performance, with an improvement of 25% in the compres-

sive strength in the early age (Azmee et al., 2021). The latter is an aim to reduce

the carbon footprint that the cement manufacturing led to. The last one is a desire

to help develop a much durable binder material for construction technology

(Ingham, 2013). Among the byproducts used for that aim the most known one is

the coal combustion byproduct because it is abundant, useful, and one of the bypro-

ducts which consist of PFA, bottom ash, boiler slag, flue-gas desulfurization, and

fluidized bed combustion waste (Suárez-Ruiz & Crelling, 2008). The mineralogical

structure of the PFA represents the mineralogical component of the charcoal, the

method and condition of burning, and the environmental control technology used

by the power plant. The PFA includes oxides of silica and aluminum (SiO2, Al2O3)

mostly and normally lower oxides of iron (Fe2O3), calcium (CaO), magnesium

(MgO), potassium (K2O), and sodium (Na2O), although the oxide of silica and alu-

minum varies inversely with oxide of calcium. Some of these components are
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insoluble solids (SiO2, Al2O3), some are water-soluble (e.g., metal sulfates), and

some are water-reactive metal oxides (e.g., CaO, MgO, K2O, Na2O) (Suárez-Ruiz

& Crelling, 2008). A similar chemical component of the PFA mentioned above is

in Portland cement as well. The major chemical component of Portland cement is a

mixture of the oxides of calcium (CaO), silicon (SiO2), aluminum (Al2O3), and iron

(Fe2O3). Additionally, it also contains the minor component of magnesium oxide

(MgO) and oxides of the alkali metals potassium (K2O) and sodium (Na2O)

(Hurley & Pritchard, 2005). As a result of the similarity in the chemical compo-

nents of both the PFA and the Portland cement, PFA is useful for CBMs in terms

of durability (Chen et al., 2021; Park et al., 2021), strength (Nikoloutsopoulos

et al., 2021), and elasticity (Guo et al., 2019). A manuscript presented by Chen

et al. unveiled that the ultrafine PFA additive improved the entire erosion capability

for the CBM against the environment of Na2SO4 and MgSO4 (Chen et al., 2021).

Nikoloutsopoulos et al. determined that the CBM including the PFA indicated com-

petitive compressive strength when compared to conventional CBM and its splitting

tensile strength within the limits specified by Eurocode 2 (EN 1992-1-1, 2004;

Nikoloutsopoulos et al., 2021).

Recently the ongoing development of nanomaterials allowed to obtain CBMs

with superior properties (Mostafa et al., 2020). Nanomaterials also have a greater

Blaine surface area than conventional cement as well as a nucleation effect on

cement hydration (Shi et al., 2015; Wu, Khayat, et al., 2017). Additionally, supple-

menting of nanomaterials into mixing of the CBM increases compacity, which

makes the microstructure of CBM denser and homogeneous and enhances the bond

structure between aggregate and hydration compounds of cement (Norhasri et al.,

2016; Wu, Khayat, et al., 2017). Heikal et al. presented that the supplementing of

1% nanoclay for cement shortened both the initial and final setting times of the

CBM and increased the 1 day strength, up to 80% (Heikal & Ibrahim, 2016). The

results of Ghafari et al. indicated that nanometakaolin increased the strength, about

20%, at the age of 91 days. It can act as a latent hydraulic strength increaser to den-

sify the cement matrix and to fortify the transition zone in the CBM (Ghafari et al.,

2015). Wu et al. found that the supplementing of nanometakaolin is effective in

reducing the total porosity and diameter of pores in cement mortar due to its effect

of latent hydraulic supplementing (Wu, Khayat, et al., 2017). Additionally, nano-

clay showed that it also has a healing capacity for the microstructure of cement

matrix and mitigates drawbacks leading to the chloride attack in the CBM (Ghafari

et al., 2015). Balapour et al. revealed that the supplementing of nano-rice husk ash

improved the compressive strength at early and later ages. Additionally, it reduced

the chloride migration coefficient significantly (Balapour et al., 2017). Similarly,

Xiao et al. reported that the supplementing of waste glass powder enhanced the

strength development due to its high content of amorphous silica (Xiao et al.,

2020). In addition to the aforementioned nanomaterials, graphite nanoparticles

(nGs) were studied by Kırgız in the CBM. The nGs provided grand advancement

for marble powder-cement system and Portland PFA-cement system, both class C

PFA-cement and class F PFA-cement. In all these studies the nGs improved flexural

and compressive strengths of the CBM at both the early age and later age; lessened
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the setting time, fluidity, water absorption, and porosity; and helped increase com-

pacity and unit weight of the CBM (Kırgız, 2015, 2016, 2018a,b,c). Nevertheless,

research studies do not show a desirable interest for the nGs.

Therefore the aim of this chapter is to explain upcycling of class C fuel ash as

hydraulic binder substitution in binder-based materials fortified with the high-

technology additive of nGs and the admixture of a superplasticizer.

2.2 Environmental assessment of usage of the pulverized
fuel ash in the cement-based materials

The aim of the utilization of PFA in the CBM is mainly to lessen both material cost

and harmful environmental impacts. Considering different industrial situations

among regions the measurement and comparison of construction material costs are

unfeasible. Thus this section presents an environmental impact summary of con-

struction materials and byproducts used in construction industry. This summary is

based on previous papers published (Long et al., 2015; Turner & Collins, 2013). As

shown in Table 2.1 the CO2 emission and the energy consumption are referred to

the footprint of carbon per unit (kg/kg) of each construction material and byproduct

and the quantity of energy based on fossil resources per unit (MJ/kg) of each con-

struction material and byproduct, respectively. In Table 2.2 the comparison of CO2

emission and energy consumption between the mortars made of ASTM type I

cement and PFA-cement per unit weight of cubic meter is shown as the sum of the

quantity obtained by multiplying the footprint of carbon quantity in Table 2.1 and

the mass ratio of each construction material and byproduct; the computing method

of the energy consumption of mortar is similar to that of CO2 emission except using

the energy consumption in Table 2.1.

Table 2.1 The carbon dioxide emission and energy consumption of the constituent

materials.

Types of constituent materials Carbon dioxide

emission (kg/kg)

Energy

consumption

(MJ/kg)

Cement 0.83 4.727

Water 0.0003 0.006

River aggregate 0.001 0.022

Aggregate crushed 0.007 0.113

Ground granulated blast furnace slag 0.019 1.588

Pulverized fuel ash 0.009 0.833

Marble powder 0.017 0.35

Metakaolin 0.4 3.48

Silica fume 0.014 0.1

Sodium silicate 1.514 18.3
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From a practical point of view, it is expected that the compound growth

annual rate of using of fuel ash will reach 7.9% by the beginning of 2027.

Now this is US$ 13.6 mn worth. In 2018 its worth was US$ 6.8 mn

(Anonymous, 2023). Considering the cement manufacture of 5.5 million tons in

2018, if the PFA were replaced with cement, up to 35%, approximately 2 mil-

lion tons of cement would be saved. Owing to the compound impact of saving

natural raw materials and energy, both cement industry and energy industry

based on use of the fossil coal combustion would have multiplied their income

double times.

2.3 Synthetic graphite nanoparticles

Synthetic nGs are an artificial material including graphitic carbon, which has

also been made of graphitizable carbon by chemical vapor deposition

from hydrocarbons at a temperature above 2226.8�C by decomposition of

unsteady carbide thermally or by crystallization of metal melting and saturated

with carbon superbly (Marsh & Rodrı́guez-Reinoso, 2006). Activated carbon,

known as nongraphitizable carbon, could also be produced with nongraphitiz-

able carbons manufactured by the pyrolysis of sucrose and polyvinylidene

chloride; heat treatment could not transform it into graphite solely. As under-

stood from knowledge above the physical properties of the graphitizable carbons

and the nongraphitizable carbons are very different from each other. The graphi-

tizable carbons had quite soft and nonporous physical structures, while the

nongraphitizable carbons had hard and microporous structures (Harris, 2016).

The resource of synthetic graphitic carbon is nearly all types of organic

components, for example, sugar, coal-tar pitch and petroleum coke

(Dante, 2016), oil, wood, sawdust, nutshells, fruit stones, peat, lignite, and coal

Table 2.2 The comparison of the carbon dioxide (CO2) emission and energy consumption

of ASTM type I cement mortar and PFA-cement mortar mixings for 1 cubic meter.

Types of

materials

prepared

Constituent materials (wt.%) Carbon

dioxide

emission

(kg/kg)

Energy

consumption

(MJ/kg)

References

Cement Fine

aggregate

Water PFA

ASTM type

I cement

mortar

15.6 72.3 12.1 0 0.134 0.80 Kırgız

(2018a,b,c)

PFA-cement

mortar

14.4 66.6 11.3 7.7 0.1146 0.75 Kırgız (2015)
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(Marsh & Rodrı́guez-Reinoso, 2006). Fig. 2.1 shows the scanning electron

microscopy (SEM) image of synthetic nGs and the transmission electron micros-

copy (TEM) image of activated carbon.

Table 2.3 shows the effect of high heat treatment on surface area and density of

carbon made of polyvinyl chloride (PVC) and cellulose.

Figure 2.1 SEM image of synthetic graphite nanoparticles and TEM image of activated carbon;

the 200 μm SEM image of synthetic graphite nanoparticles in the first row, the 10 μm SEM

image of synthetic graphite nanoparticles in the second row, the 20 nm TEM image of sucrose

carbon in the third row and the first column, and the 20 nm TEM image of anthracene carbon in

the third row and the second column including heat treatment at 2300�C.
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Examples of use of the nG in binder and binder-based materials are very few and

also have attractive results. One of the very few nG studies in construction materials

was performed by Matalkah and Soroushian in 2020. Their results demonstrated the

fact that addition of 0.20% nG by mass of the binder resulted in over 40 MPa com-

pressive strength at the age of 28 days and provided gain for abrasion resistance and

moisture sorptivity. Moreover the heat of hydration test unveiled that the addition of

nG boosted the hydration process and led to an increase in the hydration product at

an early age, and the analysis of SEM on the binder paste-added nGs confirmed the

lack of microcracks in binder paste and escalating the microcrack propagation within

binder matrix and a very good bond between binder paste with nGs and aggregate

stack (Matalkah & Soroushian, 2020). Fig. 2.2 shows the SEM analysis of binder

paste-added nGs, where the development of compressive strength led to nG addition,

and the gain in moisture sorptivity of binder paste-added nGs.

Table 2.3 The effect of high heat treatment on surface area and density of carbon made of

polyvinyl chloride and cellulose.

Material Specific surface area (m2/g)

700�C 1500�C 2000�C 2700�C 3000�C

Carbon from PVC 0.58 0.21 0.21 0.71 0.56

Carbon from cellulose 408 1.6 1.17 2.23 2.25

Material Density (g/cm3)

700�C 1500�C 2000�C 2700�C 3000�C

Carbon from PVC 1.85 2.09 2.14 2.21 2.26

Carbon from cellulose 1.9 1.47 1.43 1.56 1.7

Figure 2.2 The SEM analysis of binder paste-added nGs, where the development of compressive

strength led to nG addition, and the gain in moisture sorptivity of binder paste-added nGs.



In Fig. 2.2, GNP stands for the nG used in the chapter. Medina et al. reported a

study on advancement of mechanical and physical properties of cement paste and

mortar-added isostatic nGs in 2018. The study shared such details as nGs, as carbon,

has great purity and has a crystalline structure, addition of nG increases the compres-

sive and flexural strengths and thermal conductivity, and nG also has the ability of

CO2 entrapping (Medina et al., 2018). One of the most important studies proved that

nGs reduce the quantity of calcium hydroxide (Ca(OH)2) and increase the quantity of

C-S-H; the study was carried out by Yanturina et al. in 2017. With thermogravimetric

analysis, they calculated the quantity of Ca(OH)2 and C-S-H, that is, 5.3% and 9.6% in

the cement paste containing no nGs, respectively, and 4.1% and 13.6% in the cement

paste containing nGs, respectively. The reduction in the quantity of Ca(OH)2 was

observed in the cement paste containing 0.01% of nG addition by mass of cement.

Moreover the addition of 0.01% nG by mass of cement developed a compressive

strength of CBM up to 15%, a frost resistance up to 2 times, a heat resistance up to 4.5

times, and a thermofrost resistance up to 5 times. The developments can be attributed

to the binding effect of Ca(OH)2 on the phase of С-S-H partially (Yanturina et al.,

2017). Lin and Du reported the fact that the nG-reinforced cement composite also has

great potential to construct smart and sustainable settlement (Lin & Du, 2020).

2.4 Class C pulverized fuel ash

PFA-cement system, known as Portland fly ash cement, CEM II A-V/B-V, CEM II A-

W/B-W to standard (BS EN 197-1, 2011), has been used in the world since the begin-

ning of 1940. There were comprehensive restrictions of the types of fuel ash allowed in

substituting for cement partially: The reactive silica content shall not be less than 25% by

mass, the loss on ignition for fuel ash shall not exceed 5%, reactive oxide of calcium

(CaO) shall be less than 10% with free CaO less than 1%, and the fuel ash shall be

proven to have pozzolanic activity once tested in accordance with BS EN 196-5 (Lindon,

2001). Maybe the most important development was the acception of the pozzolanic PFA

cement in 1996. This meant that the compressive strength of pozzolanic PFA-cement sys-

tem shall not be less than 12 MPa at the age of 7 days and 22.5 MPa at the age of 28

days (BS6610, 1996). The chemical component and particle size of PFA differ from

plant to plant. However, it is usually known as a fine spherical powder, which improves

the workability of CBM. As a result of pozzolanic reaction of it with binder the PFA

increases the late age strength of CBM. The usage of PFA can reduce carbon dioxide

(CO2) emission (Li, 2016; Van Tuan et al., 2011) and the production cost and energy of

CBM (S. Ahmad et al., 2014; Li, 2016; Wu, Shi, et al., 2017). Recently, many research

studies have focused on improving new CBM mixtures with PFA because substituting

cement with PFA can help reduce harmful environmental impacts.

As a consequence of the importance of the PFA the compressive strength of

CBM with PFA is about 95 MPa at 3 days, 110�185 MPa at 28 days, and

152�202 MPa at 91 days, with a replacement of binder material between 10% and

20%. It has been concluded that the CBM with PFA also exhibits the minimum

ultra-high-strength property requirement. This meant that the PFA could enhance
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the properties of the CBM, while it helps reduce harmful environmental impacts of

CO2 release, the cost of CBM manufacturing, and consuming natural raw materials

and nonrenewable energy (Park et al., 2021).

2.5 Upcycling process and tests performed

The main scope of this section is to present the upcycling process and testing perfor-

mance of class C PFA along with nGs and a superplasticizer. To achieve this scope,

eight mixes were prepared and tested. The reference mixture was prepared with ASTM

type I cement. Table 2.4 shows relative mixing components of the eco-friendly green

binder and the binder-based materials for one cubic meter and nG/ASTM type I cement

ratio and nG/class C PFA-cement ratio. Unless otherwise stated the relative content of

mixing materials used was calculated with water quantity to ASTM type I cement

quantity, water quantity to class C PFA-cement quantity, water quantity to class C PFA

quantity, water quantity to fine aggregate quantity, and water quantity to nG quantity

for one cubic meter in Table 2.4. The dosages of nGs added were 0.34%, 0.84%, and

1.7% of the mass of the cement quantity in the green binder materials prepared.

Table 2.4 Relative component of mixing materials for one cubic meter, nG/ASTM type I

cement ratio, and nG/class C PFA-cement ratio.

Types of materials Relative content of conventional

cement and cement-based materials

nG/ASTM type I cement ratio

Water ASTM type

I cement

Fine aggregate (,2 mm)

Reference 1 1.3 6 0

Types of materials Relative content of conventional cement and cement-based materials along with nGs

Water ASTM type

I cement

Fine aggregate

(,2 mm)

nG nG/ASTM type I

cement ratio

100%ASTM&0.34%nG 1 1.3 6 0.0044 0.003

100%ASTM&0.84%nG 1 1.3 6 0.0109 0.009

100%ASTM&1.7%nG 1 1.3 6 0.0221 0.017

Types of materials Relative content of conventional class C PFA binder and binder-based materials

Water ASTM type

I cement

Fine aggregate

(,2 mm)

Class C

PFA

nG/class C PFA-cement ratio

65%ASTM&35%CPFA 1 1.3 6 0.699 0

Types of materials Relative content of class C PFA binder and binder-based materials along with nGs

Water ASTM type

I cement

Fine aggregate

(,2 mm)

Class C

PFA

nG nG/class C

PFA-cement

ratio

65%ASTM&35%

CPFA&0.34%nG

1 1.3 6 0.699 0.0044 0.003

65%ASTM&35%

CPFA&0.84%nG

1 1.3 6 0.699 0.0109 0.009

65%ASTM&35%

CPFA&1.7%nG

1 1.3 6 0.699 0.0221 0.017
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The test of compressive strength for all eco-friendly green binder-based CBMs was

performed according to EN 196-1 on cubic samples with dimensions of 503 503
506 0.8 mm. The test of splitting tensile strength was carried out according to ASTM

C1006/C1006M-20a. Three samples were tested, and the average value was considered.

In flexural strength testing, beams of eco-friendly green binder-based CBMs with a size of

253 443 1006 0.4 mm were used according to EN 196-1 (ASTM C1006/C1006M-20a,

2020; EN 196-1:2002, 2002). The force loading rate was 0.008 mm/sn in all tests. The

average quantity of sample derived is used in regression analysis to predict strength from

mixing materials property, nG/ASTM type I cement and nG/class C PFA-cement.

2.6 Nature of strength

2.6.1 Strength in flexure

The paramount influence of mineralogical addition-to-cement ratio in the mixing of

CBM on its gain of strength has not been explained comprehensively, and it should

be possible to relate this ratio to the authentic fracture (Kırgız, 2018b). For that rea-

son the CBMs are considered as a fragile material (Figmig et al., 2021; Neville,

1993), although it displays a small amount of flexing action, as cracking under static

loading occurs at a quite low total straining; a straining of 0.001�0.005 at cracking

has been recommended as the limit of flexing action (Neville, 1993). Fig. 2.3 shows

regression relationships between the flexural strength and nG/ASTM type I cement in

different curing times of the mortar samples and prediction equations for flexural

strength and its r squares.

Figure 2.3 Regression relationships between the flexural strength and nG/ASTM type I

cement in different curing times of the mortar samples and prediction equations for flexural

strength and its r square regression analysis.
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Fig. 2.4 shows regression relationships between the flexural strength and nG/

class C PFA-cement in different curing times of the mortar samples and prediction

equations for flexural strength and its r squares. While we do not know the certain

mechanism of flexural strength of the CBM, this possibly depends upon micro-

and nanocracks within cement paste and bond structures among cement paste and

aggregate. To better explain this phenomena, Griffith reported a hypothesis in

1921 (Griffith, 1921). This hypothesis recommends microscopic cracking at the

region of a fault, and it is usually responsible for the strength of the whole sam-

ple, where the volume unit contains the weakest fault. This could be attributed to

the fact that the weakest chain of the strength is the fault which could spread

throughout the section of the sample (Griffith, 1921; Neville, 1993). A uniform

distribution of nG is probably a remedy to bar the fault’s spreading in the CBM.

Additionally, Mostafa et al. showed that nanomaterials could improve strength

properties, healing the microstructure and retarding the absorption of the CBM

(Mostafa et al., 2020).

It is concluded from the results that the flexural strength of all mixes, con-

ventional cement-based materials and class C PFA-cement-based materials

along with the nGs, was developed when compared to the reference mix. In

addition to the conclusion, it is also concluded from the science literature that

the supplementing of nanoparticles into binder-based materials densifies the

microstructure of CBM and refines the interfacial transition zone between

the cement matrix and aggregate stack (Kırgız, 2018c). In addition, because of

Figure 2.4 Regression relationships between the flexural strength and nG/class C PFA-

cement in different curing times of the mortar samples and prediction equations for flexural

strength and its r square regression analysis.
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the high pozzolanic reaction effect of nGs, it saturates the volume of weak cal-

cium hydroxide and replaces it with C-nG-H, which shows a higher strength

(Kırgız, 2018a). The nGs seem to have the best influence on the flexural

strength gain for both ASTM type I cement material and class C PFA-cement

material when 1.7% is added by mass of cement. With less dosages the flexural

strength tends to increase. Nevertheless, the velocity of the flexural strength

gain is slow when compared to both 100%ASTM&1.7%nG and 65%

ASTM&35%CPFA&1.7nG. The performance of nGs with the results of com-

pressive strength and splitting tensile strength of the ASTM type I cement mate-

rial and class C PFA-cement material is the same with its flexural strength

results. Moreover the chapter would fill the gap in relating to predicting strength

and strength-related properties from the ratios of material mixing prepared. For

that aim, Figs. 2.3 and 2.4 are presented in the subsection. These figures contain

both polynomial mathematical equations and r squares. The meaning of the

equations given is that a normal trend can be found for the strength relation-

ships. The one worth for all r squares of the equations derived in Figs. 2.3 and

2.4 confirms that the relationship between the flexural strength and the nG/

ASTM type I cement the and nG/class C PFA-cement is powerful, valid, and

useful to predict strength and strength-related properties. These equations and r

squares also provide an opportunity for using the sample nondestructively and

the data reached in the artificial neural network software.

2.6.2 Strength in splitting tension

Usually the indirect test is accepted for use in determining the splitting tensile

strength of CBM since the direct splitting tensile test is difficult to perform. The

most known indirect splitting tensile tests are the flexure and splitting tensile

tests. One of them is flexural strength, which is determined by failure of beam

sample in bending test, performed with either compression force or tensile force

until cracking. The other one is determined at a point where cracking is due to the

compression force, instead. For CBMs, there were plenty of power-type equations

to predict the flexural-based splitting tensile strength from the compressive

strength of the sample. Mohd et al. in 2014 confirmed that there are many factors

which influence the relationship between flexural and compressive and splitting

tensile strengths, such as level of strength, properties and mineralogy of aggre-

gate, types of admixture, moisture percent of sample, conditions of mixing and

curing of sample, geometry of sample, age of sample, and so on (Mohd et al.,

2014). Research studies presented many relationships between the splitting tensile

strength and compressive strength (Raphael, 1984). Table 2.5 shows the relation-

ship between the splitting tensile strength and the compressive strength of the

CBM, where fsp stands for the splitting tensile strength (MPa) and fc stands for the

compressive strength (MPa).

35Class C fuel ash as hydraulic binder substitution



However, a few relationships between the mineralogical supplementing and the

strength-related properties were presented. The chapter would like to fill the gap,

which is predicting strength-related properties from mineralogical supplementing.

Fig. 2.5 shows regression relationships between the splitting tensile strength and

nG/ASTM type I cement in different curing times of the mortar samples and predic-

tion equations for splitting tensile strength and its r squares.

Fig. 2.6 shows regression relationships between the splitting tensile strength and

nG/class C PFA-cement in different curing times of the mortar samples and predic-

tion equations for splitting tensile strength and its r squares.

Table 2.5 Relationship between splitting tensile strength and compressive strength of the

CBM.

References Equations

ACI Committee 318 (1999) fsp 5 0:56 f 0:5c

Carneiro and Barcellos (1953) fsp 5 0:34 f 0:735c

Carino and Lew (1982) fsp 5 0:272 f 0:71c

Oluokun et al. (1991) fsp 5 0:294 f 0:69c

CEB-FIP Model Code for Concrete Structure (1990) fsp 5 0:3 f 2=3c

Raphael (1984) fsp 5 0:313 f 0:667c

Gardner et al. (1988) fsp 5 0:47 f 0:59c

fsp 5 0:466 f 0:66c

Figure 2.5 Regression relationships between the splitting tensile strength and nG/ASTM

type I cement in different curing times of the mortar samples and prediction equations for

splitting tensile strength and its r square regression analysis.
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It is concluded from the results that the splitting tensile strength of all mixes,

conventional cement-based materials and class C PFA-cement-based materials

along with the nGs, was developed when compared to the reference mix. The nG

seems to have the best influence on the splitting tensile strength gain for both

ASTM type I cement material and class C PFA-cement material when 1.7% is

added by mass of cement. With less dosages the splitting tensile strength tends to

increase; however, the velocity of the splitting tensile strength gain is slow when

compared to both 100%ASTM&1.7%nG and 65%ASTM&35%CPFA&1.7nG.

Moreover, because the age and strength of the CBM increase, the percent of deter-

mining the splitting tensile strength from the compressive strength result

decreases (S. H. Ahmad & Shah, 1985). Precisely, regression analysis was carried

out for the relationship between the mineralogical supplementing and the splitting

tensile strength which was absent previously. In the regression analysis of the

relationship performed the polynomial equations gave the best results. The effect

of changing ratio of nG by mass of cement binder was studied, and this was found

to be the most significant factor. The meaning of the one worth for all r squares

in the equations derived in Figs. 2.5 and 2.6 proves that the relationship between

the splitting tensile strength and the nG/ASTM type I cement and nG/class C

PFA-cement is useful to predict strength and strength-related properties of the

CBM repatedly.

2.6.3 Strength in compression force

The cement hydration influences the compressive strength of the CBM signifi-

cantly. In the CBM with ultra-high-strength properties, both the cement hydration

Figure 2.6 Regression relationships between the splitting tensile strength and nG/class

C PFA-cement in different curing times of the mortar samples and prediction equations for

splitting tensile strength and its r square regression analysis.
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and compaction applied influence the compressive strength gain. The packing of

CBM activates the interaction between the nanoparticle and binder particle.

Therefore the CBM also has an initial force carrying ability and strength. Without

sufficient compaction or unit weight in volume the maximum compressive

strength cannot be reached. Although the compressive strength of the CBM can

be improved using internal and external compaction, the advancement of splitting

tensile strength may not be succeded. The guide for CBM of roller-compacted

concrete is that the compressive strength and the flexural strength respectively

vary in a broad range from 28 to 41 MPa and from 3.5 to 7 MPa at the age of 28

days (Harrington et al., 2010). In addition to the fact of compaction the perfor-

mance of nGs with the results of compressive strength of the ASTM type I cement

material and class C PFA-cement material is the same with its other strength

results. Table 2.6 shows the existing relationship between compressive strength

and flexural strength of the CBM, where fr stands for the flexural strength (MPa).

It is concluded from the results that the compressive strength of all mixes,

conventional cement-based materials and class C PFA-cement-based materials

along with the nGs, was developed when compared to the reference mix. The nG

seems to have the best influence on the compressive strength gain for both ASTM

type I cement material and class C PFA-cement material when 1.7% is added by

mass of cement because of its reaction effect with calcium oxide-based compo-

nents in binder and binder-based materials. With less dosages the compressive

strength tends to increase; however, the velocity of the compressive strength gain

is slow when compared to both 100%ASTM&1.7%nG and 65%ASTM&35%

CPFA&1.7nG.

Chhorn and Lee reported that distribution of aggregate size, effort of compac-

tion, and setting of curing conditions can also improve the compressive strength of

CBM (Chhorn & Lee, 2016). Gouvas and Orfanos also recommended the fact that

the prediction of compressive strength of CBM would depend upon such different

factors as humidity of aggregate, quality of aggregate source, and so on (Gouvas &

Orfanos, 2014). Ahmad et al. substituted a part of silica fume (SF) with PFA and

reported that replacement of PFA with the SF, up to 11.8% of the mass of binder,

slightly led to greater compressive strength than the minimum requirement of

150 MPa at 28 days. This meant that the usage of PFA can reduce the cost of CBM

Table 2.6 Relationship between compressive strength and flexural strength of the CBM.

References Equations

Ahmed et al. (2008) 0:3 f 0:5c # fr # f 0:5c

Legeron and Paultre (2000) fravg 5 0:94 f 0:5c

ACI Committee 363 (1997) fr 5 0:94 f 0:5c

Mindess et al. (2003) �
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slightly. It has been concluded that PFA can also improve many characteristics of

high-strength mortar (S. Ahmad et al., 2014). However, Pyo et al. unveiled that sub-

stitution of 12.8% cement with PFA retarded the compressive strength in conven-

tional CBM at 1 day and 3 days (Pyo & Kim, 2017). Wu et al. also evaluated the

effect of PFA as an additive for the CBM and confirmed that the PFA has influ-

enced the compressive strength negatively (Wu, Shi, et al., 2017). The 15% substi-

tution ratio of cement with PFA led to 13.5% and 8% lesser compressive strength

when compared with the compressive strength of reference samples at 3 days and

28 days, respectively. Randl et al. reported that the 38.5% substitution ratio of

cement with PFA retarded the compressive strength by 24.9% compared to that of

the reference sample at 28 days, although the packing unit weight in volume of

PFA is greater (Randl et al., 2014). Thus it is concluded that the pozzolanic reaction

effect of PFA is slow for the compressive strength of the CBM. In contrast to the

results mentioned above, there were comprehensive studies reporting nonidentical

trends. For example, Šeps et al. substituted the cement of 30% with PFA and the

substitution led to over 19% greater compressive strength compared to the reference

specimen containing SF only at 28 days (Šeps et al., 2019). Fig. 2.7 shows regres-

sion relationships between the compressive strength and nG/ASTM type I cement

in different curing times of the mortar samples and prediction equations for com-

pressive strength and its r squares.

Fig. 2.8 shows regression relationships between the compressive strength and

nG/class C PFA-cement in different curing times of the mortar samples and predic-

tion equations for compressive strength and its r squares.

Figure 2.7 Regression relationships between the compressive strength and nG/ASTM type I

cement in different curing times of the mortar samples and prediction equations for

compressive strength and its r square regression analysis.
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Additionally, Ferdosian and Camões presented a way of how to optimize the

CBM mixture design that satisfies the requirements of the compressive strength and

the flowability using PFA in which the average particle size is 4.48 μm (Ferdosian

& Camões, 2017). They called the design as both an eco-efficient mixture and a

cost-efficient mixture that releases the lowest CO2 emission and maximizes the

usage of PFA and sand quantity as well as minimizes the quantity of SF. The eco-

efficient mix and cost-efficient mixture design led to over 6.8% greater compressive

strength than reference samples prepared with PFA of 34.1% within the cement.

The ternary usage of SCMs including PFA can also be a feasible remedy to reduce

the quantity of cement and SF in the CBM. Li reported that the ternary usage of

PFA, metakaolin (MK), and cement can provide a better compressive strength for

the CBM than the CBM prepared with the binary usage of SF and cement. As 20%

and 3.8% of cement were substituted with PFA and MK, respectively, the compres-

sive strength developed up to 26% at 28 days (Li, 2016). With a better understand-

ing of the relationship the more reliable structural design of both ASTM type I

cement material and the class C PFA-cement material was achieved. Figs. 2.7 and

2.8 include both polynomial mathematical equations and r squares. The meaning of

the equations given is that with various supplementing ratios of nGs a normal rela-

tionship trend can be found for the strength and strength-related properties. The one

worth for all r squares of the equations derived in Figs. 2.7 and 2.8 verifies that the

relationship between the compressive strength and the nG/ASTM type I cement and

nG/class C PFA-cement is necessary to predict strength and strength-related proper-

ties. These equations and r squares also provide an opportunity for researchers to

help their data use repeatedly.

Figure 2.8 Regression relationships between the compressive strength and nG/class C PFA-

cement in different curing times of the mortar samples and prediction equations for

compressive strength and its r square regression analysis.
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2.7 Conclusions

Results support the following conclusions:

� The constructional efficiency of the nGs increases the strength and strength-related prop-

erties of PFA-cement system. In the light of results, it is concluded that the use of the nGs

and class C PFA is necessary for developing eco-friendly green binder and green binder-

based materials.
� Additionally, in view of the positive contribution of the nGs and class C PFA, such con-

struction technology practices as the green construction building, the infrastructure building

and infrastructure renewal, the construction retrofit, and the construction reinforcement

could be used.
� As confirmed in this chapter the nGs are the best supplementing material to make upcy-

cling the class C PFA as a hydraulic binder and binder-based material for saving natural

raw material, environment, and energy.
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UHPC mixtures from an ecological point of view. Construction and Building Materials,

67, 373�378.

Raphael, J. M. (1984). Tensile strength of concrete. Journal of the American Concrete Institute,

81(2), 158�165.
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3.1 Introduction

At nanoscale and microscale, binder-based materials (BBMs) can be separated into

three sections: aggregate stack, bulk binder matrix, and the interfacial transition

zone (ITZ) (Elsharief et al., 2003). Between the sections the ITZ, as a grout mate-

rial, is the most fragile section of BBM under static and dynamic forces because

the ITZ has the most calcium hydroxide (CH) content (Liao et al., 2004). Thus

the development of the micro- and the nanostructures of the ITZ can potentially

advance strength and strength-related properties of BBM. The most effective way

to advance the structural properties of the ITZ is to add a mineral additive, a plasti-

cizer, and nanomaterials into the BBM. For instance, in 1991 Bentz and Garboczi

reported that the silica fume (SF), which is as a mineral addition, could be used for

the strength and strength-related properties of the BBM to make the ITZ be stronger

ever (Bentz & Garboczi, 1991). Gao et al., in 2005, recommended that the ground

granulated blast furnace slag (GGBFS) not only healed the CH mass in the ITZ but

also lessened its content (Gao et al., 2005). In 2000 Kuroda et al. presented a study

related to fly ash, which had a high CaO and low SiO2 content and could also

improve the micro- and nanostructures of the ITZ and thus growth the whole

strength of the BBM system (Kuroda et al., 2000). In addition to the fact mentioned

previously, graphite nanoparticles (nGs) are also expected to heal the structure of

the ITZ along with strength and strength-related properties in the BBM because it is

a reactive nanomaterial.

Formerly, research studies have only evaluated the effect of nGs on the proper-

ties of bulk binder matrix (Hu et al., 2019). However, the strength and strength-

related properties of grout, as an ITZ material, have not been evaluated once the
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nGs and class F fuel ash are incorporated. The component of ITZ is different from

the bulk binder matrix in factors of mineral additive-to-cement ratio (Kırgız, 2023),

water-to-cement ratio, mineral additive-to-fine aggregate ratio, nanomaterials-to-

cement ratio (Kırgız, 2018), and products of hydration, and the nGs can effect these

factors significantly (Li et al., 2018).

On the other hand the elastic modulus and splitting tensile strength of nGs are

a little over 1100 and 125 GPa, respectively, and they also have a high specific

surface between 220 and 1200 m2/g (Yang et al., 2017). Such strength and fine-

ness properties enable the nGs to act as a reinforcement material in the BBM to

make its mechanical properties greater. The advances of the mechanical properties

in the nG-based binder materials have been also presented (Peng et al., 2019). For

instance, Kırgız revealed that addition of 0.2% nG by weight of binder enhanced

the bending strength of cement matrix by 92%. The development of mechanical

properties was attributed to the healing effect of the nGs on the strength and

strength-related properties of the cement matrix (Kırgız, 2014, 2015). In 2015,

Pan et al. reported that the nGs can reduce the porosity in binder matrix. It

increased the ratio of gel structure, which varies between 1 and 45 μm, while it

reduced the ratio of micro- and macroporosity. The distribution of porosity and its

size in cement matrix happened to be more uniform because the nGs were incor-

porated (Pan et al., 2015). Research studies also have findings that confirmed that

the nGs could heal the crystal structure, such as CH, in hydration products of

cement (Peng et al., 2019). This healing helped the splitting tensile, compressive,

and flexural strengths increase by 78.6%, 38.9%, and 60.7%, respectively (Peng

et al., 2019).

In the light of explanation above the effect of nG/ASTM type I cement and

nG/Class F PFA�cement on the strength properties of grout, such as splitting

tensile strength, flexural strength, and compressive strength, was determined

through the strength monitoring method in the chapter. Based on the result, vari-

ous models were presented to estimate these strengths of materials from

nanomaterial-to-binder ratio. It is expected that the study would contribute to the

development of relationships between nanomaterial-to-binder ratio and strength

properties in the ASTM type I binder grout and the class F PFA�binder along

with the nGs.

3.2 Materials and methods

3.2.1 Materials

Table 3.1 demonstrates the characteristic components of the used bulk material of

nGs, class F PFA, and common cement, and components of fuel ashes from various

macs of coal.
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3.3 Cement binder and its types

Cement is a complex chemical component of oxide of silicon, calcium, iron, alumi-

num, and other raw materials. Once the product is out from rotary kiln, it is defined

as a clinker. Cement is produced through grinding of the clinker along with gypsum

(calcium sulfate). The ratio of clinker to gypsum varies from plant to plant.

Because gypsum influences the hardening time of cement, each plant mixes the

clinker and gypsum at different ratios. There are principally two different classifica-

tions for cement used commonly (Cottis et al., 2010). According to ASTM C150

and AASHTO M 85, there are five common cement types as follows:

� Type I defines a cement binder for regular goal in construction. Type I has the same prop-

erties as CEM I cement classified by EN 197-1:2000 standard.
� Type II is known as a durable cement binder for a moderate quantity of sulfate in air, soil,

and water.
� Type II (MH) is also a durable cement binder for sulfate moderately and leads to low heat

during curing of BBM.
� Type III defines a cement binder for the high strength aim at an early age, usually at the

first 3 days.
� Type IV is a cement binder type that provides low heat in hydration process and is preferred for

use in massive concrete constructions, for example, dams, highway roads, and airport runways.
� Type V is known as a durable cement binder for harmful chemical effects because of high

sulfate in air, water, and soil.

Types IA, IIA, II (MH)A, and IIIA are the combinations of cement binders of types I,

II, II (MH), and III, including a small quantity of air-entraining admixture. On the con-

trary to types I, II, II(MH), and III, types IA, IIA, II (MH)A, and IIIA are used to produce

air-entrapped concrete (AASHTO M 85, 2020; ASTM C150/C150M-20, 2020).

According to burnt shale (BS) EN 197-1:2011 a cement binder is defined as “a hydraulic

binder”, that is, an inorganic material which is ground finely. Once it contacts water, it

makes up a matrix which starts setting and hardening in terms of reaction of hydration even

Table 3.1 Characteristic components of the nGs, the class F PFA used, common cement used,

and components of fuel ashes from various macs of coal; chemical components of the nGs, the

class F PFA, cement, and fuel ashes generated from different macs of coal combustion.

Component nG PFA

used

Bituminous

mac fuel

ash

Subbituminous

mac fuel ash

Lignite

mac fuel

ash

Cement

used

SiO2 (%) 0 44 20�60 40�60 15�45 20

Al2O3 0 22 5�35 20�30 20�25 4

Fe2O3 0 17 10�40 4�10 4�15 3

CaO 0 5 1�12 5�30 15�40 62

C 99.9 0 0 0 0 0

Loss on ignition (LOI) 0.1 2.8 0�15 0�3 0�5 1.1
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under water. After its hardening, it keeps its strength, rigidity, and durability in air and under

water and soil. The hydration of oxide of calcium and silicon and the heat of oxide of alumi-

num released mainly lead to the hardening of cement binder matrix (BS EN 197-1:2011,

2019). The classification of cement in BS EN 197-1:2000 differs from that in ASTM C150

and AASHTO M 85. BS EN 197-1:2000 accepts various supplementary components as well

as cement clinkers in cement binder production. These supplementary components can be

GGBFS, natural pozzolan, industrial byproducts such as pozzolanic materials, BS, limestone

powder like marble cutting remnant, SF as a latent hydraulic additive, and gypsum (calcium

sulfate). As a consequence of various supplementary materials used in BS EN 197-1:2000,

27 common cements are collected into five main types as follows:
� CEM I—Portland cement
� CEM II—Portland�composite cement
� CEM III—Blast furnace cement
� CEM IV—Pozzolanic cement
� CEM V—Composite cement.

3.4 Class F pulverized fuel ash

The burning process of natural raw materials in the production of Portland cement (PC)

releases plenty of much greenhouse gas. This means that it led to the release of carbon

dioxide (CO2) between 800 and 1000 kg for each ton of the PC produced (Flower &

Sanjayan, 2007; Han et al., 2003). In other words the production of PC causes approxi-

mately 7% of carbon dioxide released worldwide. Due to the chemistry of fuel ash, which

includes reactive amorphous silica and quartz, the fuel ash could be one of the raw materi-

als in the production of PC, instead of the pozzolanic character of the fuel ash in BBMs

(Han et al., 2003). Fig. 3.1 shows the back-scattered electron (BSE) image of fuel ash.

Figure 3.1 The BSE image of fuel ash in the binder material.
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Additionally, it also has spherical shape particles as well as dispensation of parti-

cle dimensions of fly ash as it provides a lower water demand (Abel & Rancitelli,

1975; Provis et al., 2009) and a greater particle packing density (Kırgız, 2020).

Therefore with an enterprise for transforming the byproducts into construction

materials and mitigating the CO2 release globally a large amount of work has been

done on surface precipitation modeling of fuel ash (Apul et al., 2005), high-strength

BBMs containing fuel ash (Cobb et al., 1992), and structural evaluation of fuel ash

(Sindhunata et al., 2008). Approximately 395 million tons of fuel ash is generated

each year in the globe, and its disposal cost is among $120 and $140 for each ton

(Lokeshappa & Dikshit, 2011). In 2009, Piispanen et al. confirmed that there could

be a higher capacity for using fuel ash in various applications, including manufac-

ture of construction binders (Piispanen et al., 2009). McCarthy et al. stated on the

current advancement that fuel ash could minimize sulfate heave in lime-stabilized

soils (McCarthy et al., 2012). In addition to the fact, high-volume fuel ash could be

added/substituted in the BBM and also helps increase the durability capacity

(Glasser et al., 2008) and the strength gain (Malhotra, 1990) of binder-based con-

struction materials, without capturing CO2. In spite of the broad application oppor-

tunity and growth in requirement of reuse of fuel ash, plenty of studies have been

made on the properties of fuel ash because of variability of the fuel ash generated.

Miscellaneousness of chemical compositions and microstructures, for example, spher-

ical glass structures and crystalline structures, have been determined simultaneously

in the fuel ash. Table 3.2 presents the properties of class F PFA and class C PFA

(Kırgız, 2023) used for comparison with the properties of high-loss-on-ignition (LOI)

PFA (Locum et al., 2017) and the requirements of class F PFA, class C PFA, and

class N PFA sorted by AASHTO M295 (AASHTO M 295, 2019).

Table 3.2 The properties of the class F PFA and class C PFA used for comparison with

the properties of high-LOI PFA and the requirements of class F PFA, class C PFA, and

class N PFA sorted by AASHTO M295 PFA and requirements as AASHTO M 295.

Chemical component

(%)

Class F

PFA

used in

section 6

Class C

PFA

used in

section 5

High-LOI

PFA used

by Locum

et al. in

2017

Class F

PFA

sorted by

AASHTO

M 295

Class C

PFA

sorted by

AASHTO

M 295

Class N

PFA

sorted by

AASHTO

M 295

Silicon dioxide 44.4 38.4 47.8 � � �
Aluminum oxide 22.6 21.8 21.5 � � �
Iron oxide 17.3 5.2 8.7 � � �
SiO21Al2O31Fe2O3 84.3 65.4 78 $ 70 $ 50 $ 70

Calcium oxide 5.1 21.3 7.9 � � �
Magnesium oxide 1 4.4 1.7 � � �
Sulfur trioxide 1.6 1.7 0 # 5 # 5 # 4

Alkali

(Na2O1 0.66 K2O)

1.7 2 1.1 # 1.5 # 1.5 # 1.5

Loss on ignition

(LOI)

2.88 0.7 11.1 # 5 # 5 # 5
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3.5 High-technology additive of graphite nanoparticles

Despite a well-known preparation process of the high-technology additive material

of nGs since a century, today’s comprehensive studies also show a great effort to

better understand their microstructures/nanostructures; components; and electrical,

thermal, and optical properties in accordance with desirable applications as artificial

nGs (Dreyer et al., 2010). Metal-based graphite exhibits excellent interconnection

behavior, which is very similar to the property of calcined clay minerals found. On

the contrary to the studies on silicate (Giannelis et al., 1999) a few science literature

studies have focused on the use of nGs for binders.

The nGs are significantly hydrophobic, as is known from the grand carbon com-

ponent in the field of lamination. They can be placed between water and other

solvent molecules along with a surprisingly high level of lengthy span structure

(Barroso-Bujans et al., 2010; Cerveny et al., 2010). nGs can also lodge surfactants

which have cationic properties (Matsuo et al., 1999), alkylchlorosilanes (Matsuo

et al., 2005), and alkylamines (Matsuo et al., 2007).

3.6 Admixture of a superplasticizer

The superplasticizer (SP) manufactured by chemical industry is an admixture for

adjustment of workability in the BBM and could demonstrate the same effect as the

air�entrainment admixture, which also has air formation entrapped (Massana et al.,

2018). The SPs used in BBMs are of four major types: vinyl copolymers, sulfated

naphthalene formaldehyde, polycarboxylic ethers, and sulfated melamine formalde-

hyde (Aicha, 2020). Research studies in the science literature focus on their type and

dosage to obtain the most constant workability through flow. For various dosages of

SPs used as binder weights in BBMs the relation between flow time and SP dosage is

reported by Benaicha et al. in 2019, as seen in Fig. 3.2 (Benaicha et al., 2019).

As will be understood from Fig. 3.2 the SP lessened the flow time of BBM,

using a Marsh cone for measurement, even depending upon the dosage of SP. The

relationship specifies two major factors that manage the rheology of the synthesis

of BBM�SP in Fig. 3.2: (1) the critical saturation degree of SP dosage in the BBM

related to the standard deviation of the relationship, 1% SP by the binder mass;

(2) in the critical saturation dosage of SP the optimum flow time is at 22 seconds. It

should be noted that the degree of saturation of SP and the flow time could be dif-

ferent because of components of BBM mixing. In other words, this depends upon

the mixing method and the component in the BBM in which the materials are incor-

porated. After the saturation degree the addition of SP does not maintain the flow

of mortar constant (Fig. 3.2). However, the abundance of addition of SP could

retard the setting time of binder and lead to the risk of segregation between binder

matrix and aggregate stack.

The advances are because of the tight connections between the SP and the binder

particle. Therefore mixing water entrapped between the fine aggregates may spread
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freely, which eases the flow and workability of the BBM. This could be attributed

to the fact that it retards the yield stress of the BBM (Fig. 3.2). At the same stage

the reduction in the tight connection efficiency led to the increase in the dosage of

SP. The advancement of yield stress (Fig. 3.2) is similar to the flow time of BBM

(Fig. 3.2). In spite of the growth of dosage of SP, it could not change constancy of

all these factors.

3.6.1 Mixing, handling, placing, and forming processes for
upcycling of class F pulverized fuel ash

Table 3.3 shows the mixing proportion of constituent materials for one cubic meter

of ASTM type I binder grout, nG-added ASTM type I binder grout, class F

PFA�binder grout, and nG-added class F PFA�binder grout along with SP or with-

out SP relatively.

3.6.2 Test program

The test of compression force for all ecofriendly grout materials was performed on

cubic samples with dimensions of 503 503 506 0.8 mm according to BS EN 196-1

standard rules. The test of splitting tensile force was performed according to ASTM

C1006/C1006M-20a standard specifications. The EN 196-1 standard specifications

were followed to measure the failure of all ecofriendly grout materials in the flexure

force. In all tests the force loading velocity was 0.008 mm/sn. The average quantity

of sample obtained is utilized in regression analysis to estimate strength from mixing

materials properly, nG/ASTM type I cement and nG/class F PFA�cement.

Figure 3.2 The relation between flow time and superplasticizer dosage.
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Table 3.3 The mixing proportion of constituent materials for one cubic meter of ASTM type I binder grout, nG-added ASTM type I binder grout, class

F PFA�binder grout, and nG-added class F PFA�binder grout along with SP or without SP relatively.

Types of mixing materials Relative content of the conventional binder and binder-based material nG/ASTM type I

binder
Water ASTM type I

binder

Fine aggregate (,2 mm)

Reference 1 1.3 6 0

Types of mixing materials Relative content of the conventional binder and binder-based material along with nGs nG/ASTM type I

binder
Water ASTM type I

binder

Fine aggregate

(,2 mm)

nG Superplasticizer

100%ASTM&0.34%nG 1 1.3 6 0.0044 0 0.003

100%ASTM&0.84%nG 1 1.3 6 0.0109 0 0.009

100%ASTM&1.7%nG 1 1.3 6 0.0221 0 0.017

Types of mixing materials Relative content of conventional class F PFA�binder and binder-based material along with SP nG/class F

PFA�binder ratio
Water ASTM type I

binder

Fine aggregate

(,2 mm)

Class F

PFA

nG Superplasticizer

65%ASTM&35%FPFA 1 1.3 6 0.699 0 0 0

Types of mixing materials Relative content of conventional class F PFA�binder and binder-based material along with

nGs and SP

nG/class F

PFA�binder ratio

Water ASTM type I

binder

Fine aggregate

(,2 mm)

Class F

PFA

nG Superplasticizer

65%ASTM&35%FPFA&0.34%nG 1 1.3 6 0.699 0.0044 0 0.003

65%ASTM&35%FPFA&0.84%nG 1 1.3 6 0.699 0.0109 0 0.009

65%ASTM&35%FPFA&1.7%nG 1 1.3 6 0.699 0.0221 0 0.017

65%ASTM& 35%FPFA&1.7%

nG&1.52%SP

1 1.3 6 0.699 0.0221 0.0198 0.017



3.7 Properties related to strength

3.7.1 Splitting tensile strength

Fig. 3.3 shows the relationship between nG/class F PFA�binder and splitting ten-

sile strength in BBMs made of class F fuel ash, which is a latent hydraulic sub-

stitution, and ASTM type I cement and water and fine aggregate along with the

high-technology additive of nGs and the admixture of an SP. Since the splitting ten-

sile strength results of reference grout and ASTM type I binder with nG grout and

relationships between the splitting tensile strength and nG/ASTM type I binders are

given in Chapter 5, Natural pozzolan as hydraulic binder substitution in combina-

tion with recycled aggregates, this subsection only depends on the splitting tensile

strength results of class F PFA�binder, class F PFA�binder with nGs, and class

F PFA�binder with nGs and SP.

Strength of BBM is an intrinsic property. Nevertheless, as a practical point of

view, it is also a factor of the physical and mechanical system which helps the BBM

develop (Neville, 1993). Normally, it has to be a solution to better explain the

criteria of failure under whole practicable strength combinations through a single

strength property, for example, strength in uniaxial tensile. This chapter also presents

such a solution to estimate the splitting tensile strength properties of BBM from the

mixing component of the BBM, as seen in Fig. 3.3. In addition to the numerical esti-

mation studies for one property from another, a few interesting studies focused on

the splitting tensile strength of grout containing high-volume PFA. For instance,

Sampaio and Cabral indicated that at 28 days the whole PFA grouts show greater

splitting tensile strength than the reference grout and the greatest splitting tensile

strength is in grout mixes with binder 50% and lime 12.5% and PFA 37.5%. To

achieve this splitting tensile strength development, Sampaio and Cabral used the

PFA in which the total oxides of silicon, aluminum, and iron are more than 84%;

Figure 3.3 Relationship between nG/class F PFA�binder and splitting tensile strength in

binder-based materials.
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the specific mass is 2360 kg/m3; and the maximum grain size is 5.01 μm (Sampaio

& Cabral, 2017). To develop equations for BBM strength, it should be considered

that such factors as strength at the initiation of failure, BBM mixing properties, and

age of test are a preliminary point. The equations presented can be used for a numer-

ical evaluation of the failure of BBM under splitting tensile strength with the para-

meters of mixing that helped prepare the BBM. Some experimental data for samples

of various types are shown in Fig. 3.3. The application of equations has to be ceased

since the nG-to-binder ratio has quantities such that the nG-to-binder ratio can

exceed 0.017. The behavior of BMM is than no longer elastic but plastic.

3.7.2 Flexural strength

Fig. 3.4 shows the reltaionship between nG/class F PFA�binder and flexural

strength in BBMs made of class F fuel ash, which is a latent hydraulic substitution,

and ASTM type I cement and water and fine aggregate along with the high-technology

additive of nGs and the admixture of an SP. Since the flexural strength results of refer-

ence grout and ASTM type I binder with nG grout and relationships between the flex-

ural strength and nG/ASTM type I binders are given in Chapter 5, Natural pozzolan as

hydraulic binder substitution in combination with recycled aggregates, this subsection

only depends on the flexural strength results of class F PFA�binder, class F

PFA�binder with nGs, and class F PFA�binder with nGs and SP.

There are also a number of studies related to BBMs made of high-volume fuel ash,

low-volume cement binder, SP, gypsum, and CH. Such a study conducted by Drury

et al. replaces 47% and 70% cement binder with the fuel ash in the BBM. They apply

regular water curing for their samples and make their flexural strength increase more

than over 3% when compared with control BBM (Drury et al., 2017). To save natural

Figure 3.4 Reltaionship between nG/class F PFA�binder and flexural strength in binder-

based materials.
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raw materials and the environment and to reduce the construction cost and CO2

release, plenty of studies on replacement of cement binder with fuel ash in the BBM

could also be found. However, this chapter also depends on reaction between the nGs

and the class F PFA in the BBM because the class F PFA is a byproduct which is an

artificial pozzolanic material as well as has latent hydraulic activity, and the nGs are

an active strength-increasing nanomaterial for binder-based construction materials

containing a high ratio of calcium oxide (CaO) and calcium hydroxide (Ca(OH)2).

Additionally, this chapter uses the data obtained from experimental flexure test; a

regression analysis was carried out on the relationship between the flexural strength

and the mixing component of BBM. Between various types of linear regression equa-

tions found the polynomial equations were found to be the most suitable in Fig. 3.4

because the coefficients of determination were great. Thus it may be ideal to use the

mixing components of BBM for estimating the flexural strength of BBM.

3.7.3 Compressive strength

Fig. 3.5 shows the reltaionship between nG/class F PFA binder and compressive

strength in BBMs made of class F fuel ash, which is a latent hydraulic substitution, and

ASTM type I cement and water and fine aggregate along with the high-technology

additive of nGs and the admixture of an SP. Since the compressive strength results of

reference grout and ASTM type I binder with nGs and relationships between the com-

pressive strength and nG/ASTM type I binders are given in Chapter 5, Natural pozzo-

lan as hydraulic binder substitution in combination with recycled aggregates, this

subsection only depends on the compressive strength results of class F PFA�binder,

class F PFA�binder with nGs, and class F PFA�binder with nGs and SP.

In 2017 Cohen et al. reported a significant study on the class F PFA using con-

crete as sand substitution. They determined that class F PFA used contains mainly

mullite (3Al2O3�2SiO2) and quartz (SiO2) with X-ray diffraction analysis. Its trace

Figure 3.5 Relationship between nG/class F PFA�binder and compressive strength in binder-

based materials.
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elements are hematite (Fe2O3), calcite (CaCO3), lime (CaO), magnetite (Fe3O4),

and anhydrite (CaSO4). In concrete, class F PFA, as a sand substitution material, is

very active according to the results of compressive strength measured by Cohen

et al. The high compressive strength gain because of the activation of class F PFA

was attributed by them to a reaction between calcium hydroxide (Ca(OH)2) and

particles of class F PFA to result in new C-S-H formation (Cohen et al., 2017).

Additionally, Sampaio and Cabral reported that at 28 days, whole PFA mortars

show greater compressive strength than reference mortar and the greatest compres-

sive strength is in mortar mixes with cement 50% and lime 12.5% and PFA 37.5%.

To achieve this compressive strength development, Sampaio and Cabral used the

PFA whose properties were explained in the section of splitting tensile strength

(Sampaio & Cabral, 2017). On the contrary to class F PFA and class C PFA and

class N PFA specified by AASHTO M295 (AASHTO M 295, 2019) a research

study conducted by Locum et al. used the limestone screening with a PFA supple-

ment which also has a high-LOI component, 11.1%, as well as the total of 78% of

SiO21Al2O31 Fe2O3. They demonstrated that although the PFA used has 91.7%

greater LOI than the PFA known as class C, F, and N, the limestone screening with

high-LOI PFA meets the whole criteria of TDOT 204.06B (TDOT 204.06B, 2015)

for compressive strength (Locum et al., 2017). They sincerely hoped that the

controlled low-strength materials provide an important way of outlet for the PFA

containing a high ratio of LOI and the limestone screening used. Additionally, this

chapter uses the data obtained from experimental compression test; a regression

analysis was carried out on the relationship between the compressive strength and

the mixing component of BBM. Between various types of linear regression equa-

tions found the polynomial equations were found to be the most suitable in Fig. 3.5

because the coefficients of determination were high. Thus it could be ideal to use

the mixing component of BBM for estimating the compressive strength of BBM.

3.7.4 Strength gain index at an early age

Since recent studies, like class F PFA�binder, which replaces a great quantity of

cement with PFA, there is a need for strength gain index (SGI). There is not enough

to keep flow constant at the same level in materials containing PFA because the

PFA, which does not react with cement during hydration, leads to the flocculation

within the material hardened. To protect the material from the flocculation, there is

a need for SGI. In current studies, SGI has been calculated as the ratio of the com-

pressive strength of PFA�BBM to the compressive strength of the reference mate-

rial at the age of 28 days curing time. In this chapter, there is a certain difference

that the SGI of BBMs depends principally on the tensile strength, the flexural

strength, and the compressive strength at an early age of curing time. This index

could be used as pozzolanic activity index in the hydraulic binder studies containing

PFA and other byproducts as substitution materials. Fig. 3.6 shows the SGI for the

flexural strength, the compressive strength, and the splitting tensile strength of grout

made of ASTM type I binder, ASTM type I binder and nGs, class F PFA�binder,

class F PFA�binder and nGs, and class F PFA�binder and nGs and SP.
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SGI was calculated using Formula 3.1. Formula 3.2 was used to compute the

strength that was because of the pozzolanic reaction (SPR). The SPR is the differ-

ence between the SGI with the PFA and nGs and SP (SGIPFA&nG&SP) and the SGI

with nGs and SP PFA (SGInG&SP).

SGI5
The strength of the grout with PFA binder and nG and superplasticizer

The strength of the reference grout

(3.1)

SPR5 SPRPFA&nG&SP 2 SPRnG&SP (3.2)

3.7.5 Strength variation in binders used commonly

Strength variation in PC used depends upon the lack of conformity in the natural

raw materials extracted in its production, either various resources of supply or

resources of mining (Neville, 1959). Moreover, diversity in steps of cement produc-

tion, variation of ash component of coal used to burn farin of cement, and calcula-

tion variation in mixing of raw materials to obtain the target chemical component

of cement contribute to the strength variation in commercial cements (Kırgız, 2007).

A magnitude of the strength variation in commercial cement is presented in Fig. 3.7,

which demonstrates the compressive strength results of tests on CEM I N 32.5N

cement mortar and ASTM type I cement mortar made of samples of cement obtained

from the same plant in Turkey and the United States at intervals of 2 weeks.

Figure 3.6 Strength activity index for the flexural strength, the compressive strength, and the

splitting tensile strength of grout made of ASTM type I binder, ASTM type I binder and nGs,

class F PFA�binder, class F PFA�binder and nGs, and class F PFA�binder and nGs and SP.
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The strength is stated as a percentage of the mean strength of whole samples from

studies given, and each curve is an average of strength ratios measured at 28 days. BS

EN 197�1 standard (BS EN 197�1:2011, 2019) gives a way of assessing the confor-

mity of cement, which accepted 6 10% increase and decrease in the target compres-

sive strength, while ASTM Standard C917/C917M-18 uses a method of assessing the

uniformity of cement from one single resource (ASTM C917/C917M�18, 2018). The

standard deviation of the compressive strength of BBM because of the variation in

cement does not rise with aging of BBM; truly, plenty of data obtained from German

cement manufacturing experiments recommend that there was a certain decrease of up

to 1 MPa (Wright, 1958). As compressive strength increases with aging, the coefficient

of variation of compressive strength suits smaller once the BBM is older. Table 3.4 pre-

sents data of the variability of strength in binders at different ages at test.

Figure 3.7 A magnitude of the strength variation in commercial cement. The compressive

strength variations of CEM I N 32.5N cement mortar and ASTM type I cement mortar.

Table 3.4 Strength variation of BBMs made of different silos of cement in a plant.

Strength variation of BBMs made of different silos of cement in a plant.

Material Property Age at test day

1 3 7 28 91 365

BS EN 196-1 standard

grout

Mean strength (MPa) 6.1 22 34.8 50.7 60.4 69.4

Standard deviation 3.2 5.5 5 3.9 4.2 4.4

Coefficient of strength

variation (%)

52 25 14 8 7 6

Standard deviation

between silos

3.2 5.7 5 3.6 3.6 4

Standard deviation

within silos

0.5 1 1.2 1.9 3.4 3.3

(Continued)
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This behavior is not expected since a great part of the variation in the compres-

sive strength of cement is because of the changes in fineness of cement and in the

calcium hydroxide (Ca(OH)2) component and in the calcium-silica-hydrate (C-S-H)

gel component: The influences of the parameters are the greatest at early ages

with the time stop to be important. The standard deviation within a binder batch

increases with an increase in average strength. Table 3.5 presents the quantity of

standard deviation of strength of BBM made in situ.

Fig. 3.7 and Tables 3.4 and 3.5 illustrate that either the use of a binder from dif-

ferent plants or even the use of a binder from different silos in a plant results in a

certain strength variation of the BBM. A vital part of this strength variation can be

removed by the use of a binder from a silo at the plant. Ultimately, it should be

stated that the strength variation in binder influences early strength gain of BMM

negatively, that is, the strength usually established by test; nevertheless, the strength

of most application importance is not essential.

3.8 Conclusion

Various BBM mixtures were employed in the chapter, which helped obtain a signif-

icant trend in the relationship between the mixing component of BBM and the

Table 3.4 (Continued)

Material Property Age at test day

1 3 7 28 91 365

BBM with a water-to-

binder ratio of 0.5

Mean strength (MPa) 15.4 27.2 30.7 39.7 49.8 57.4

Standard deviation 4.6 4.3 3.9 4.8 4.6 4.6

Coefficient of strength

variation (%)

30 16 13 12 9 8

Standard deviation

between silos

4.5 4.3 3.8 4.8 4.5 4.5

Standard deviation

within silos

0.8 1.1 1.1 1.6 1.7 1.9

Table 3.5 Quantity of standard deviation of strength of BBM made in situ.

Reasons Standard deviation

Good reference Fair reference

From strength variation increase in situ 3.1 4.8

From strength variations in binder from the plant 2.7 2.7

Total where the binder is from a plant 4.1 5.5

From strength variations between binder plants 4.8 4.8

Total where the binder is from a number of plants 6.2 7.2
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compressive and flexural and splitting tensile strengths of the BBM. The effect

of nG-to-binder ratio on the strengths of BBM is significant as the nGs and SP

improved the properties of class F PFA�binder and BBMs, thereby increasing the

early compressive strength. The flexural strength of the BBM was greater than that

of the conventional BBM and reference grout. This indicated that the compatibility

of nGs and SP helps in improving the strength of flexural structures. Additionally

the splitting tensile strength of the BBM was found to be greater when compared

to both the conventional BBM and reference grout. This result unveils that the com-

patibility of nGs and SP could be useful in improving the strength of the whole

tensile elements. The polynomial-type regressions were found to be suitable in

predicting the strengths of BBM. A significant development was observed in the

predicting of strengths of flexural, compressive, and splitting tensile when the early

day of curing was taken into account. Moreover the chapter presented an innovative

SGI for the class F PFA�binder system using the data of flexural, compressive,

and splitting tensile strengths and recommended that a research study has to be per-

formed from the same silo of cement in a plant of cement.
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4.1 Introduction

Cement and concrete material consumption are 15 times greater than that of steel in

the world. In other words the consumption means that one person consumes more

than 3 tons of concrete per year. The most significant mix constituent of concrete is

cement, which emits not only carbon dioxide (CO2) but also nitrogen oxides (NOx)

and methane (CH4), and the emissions involved are also very high, for example,

33.4 billion metric tons from fossil fuels and cement consumption and 3.3 billion

tons from land-use changing with firing. These two examples lead to 100% CO2

emission in the globe. The atmosphere, the land, and the oceans respectively absorb

50%, 26%, and 24% of CO2. Although the greatest emissions are caused by

Portland cement manufacturing, the major and common construction binder mate-

rial is still cement. In near future the manufacture of Portland cement will remain a

concern to population growth in the world. In 1880, cement manufacturing was 2

million tons, and it increased to 5 billion tons in 2019 years (Mirza, 2019). To

lessen the harmful effects of cement consumption the cement is partially replaced

with supplementary cementitious materials (SCMs) such as oil shale ash (OSA),

marble powder, rice husk ash (RHA), pulverized fuel ash, calcined clay, ground

granulated blast furnace slag, limestone powder (LS), and so on in the cement-

based material mixture, like the roller-compacted green concrete (RCGC) in the

study. This method of cement replacement with the SCMs provides a clean produc-

tion, which is an ecofriendly and sustainable green binder in the building industry.

To solve the problems and develop new ecology-based sustainable green

cement-based materials the study enables to use OSA in the mixing of roller-

compacted concrete (RCC) as the SCM. The RCC also uses Portland cement along
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with pulverized fuel ash, which is the most known SCM, in its mixing design, and

several other SCMs are also added in its mixing because the SCMs have valuable

chemical composition for the growth of the cement hydration, the cement durabil-

ity, the cement physical properties, and the cement mechanical properties. The

demand of green material and reduction of the cost in construction industry has led

to a current model for reuse, recycle, and upcycling of various wastes from

manufacturing of various goods in the cement-based ecofriendly material system.

One of the wastes essentially used is OSA, which contains very valuable chemical

oxides and is generated by oil industry, with more than 250 billion tons in the world

(Dabbas, 1997). Burning of oil shale for manufacturing the fuel-based energy is the

main source of OSA. The environmental problems related to the production of OSA

and the high cost of its disposal have attracted most researchers to examine its

potential use in the cement and concrete industry (Al-Massaid et al., 1989; Ashteyat

et al., 2012).

RCC was identified by ACI as concrete compacted by a roller; it means that a

roller squashes the concrete in its fresh stance to form the RCC (Schrader, 2006).

The RCC has similar constituents of traditional concrete mixing, with a broad range

of materials and a low water-to-cement ratio. Its water-to-cement ratio is between

0.2 and 0.4; the aggregate gradation has different requirements according to normal

concrete, and it needs SCMs as additives. RCC consistency requirement is different

than traditional concrete in use. Mixing should be dry enough to be compacted by a

roller vibrator, and the mixing water should be sufficient to wet aggregate stack and

to start the hydration process of its binder during the mixing and compaction

(Schrader, 2006). The RCC provides the strength and performance required as

being in the conventional concrete as well as reduction of the oil-based asphalt use

(Kassem et al., 2018; ACI, 2001).

The RCC used for the purpose of dam mixing usually contains a higher vol-

ume of pulverized fuel ash and/or other types of SCMs; RCC is also used for

pavement mixing. The maximum quantity of the pulverized fuel ash used in the

RCC for pavement mixing is usually 20% of the total binder mass. Regularly,

using the pulverized fuel ash in the RCC mixing increases the fine material,

leading to higher-yielding homogeneous paste and greater consistency

(Marchand et al., 1997). The addition of pulverized fuel ash also provides a

higher compressive strength as the microstructure of the RCC for pavement is

improved with additional pozzolanic reactions between the Portland cement and

the pulverized fuel ash (Kırgız, 2018). Such byproducts as silica fume, marble

powder, limestone dust, brick powder, graphite nanoparticles, OSA, ground

granulated blast furnace slag, and RHA could be enumerated among other

SCMs used extensively in the RCC mixing, and they enable to improve the

strength of RCC, the density of RCC, and the frost resistance of RCC. The max-

imum quantity of SCM in the mixing of RCC is between 35% and 50% of the

total binder mass (Kırgız, 2018, 2019; Gauthier & Marchand, 2005; Pigeon &

Malhotra, 1995).

However, plenty of comprehensive studies summarized plenty of benefits of

SCMs used in RCC, as indicated by the following examples: Jingfu et al. (2009)
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examined the features of stress and shrinkage of RCC along with tire rubber as a

substitution material for sand, and the compressive stress was kept constant at 40

(MPa). Results showed that replacing the same volume of sand with the same vol-

ume of tire rubber particles reduced the workability of RCC. In the compression

test the RCC specimens presented a higher ductile failure than the RCC with no tire

rubber particles. Increasing the rubber tire particle content increased the splitting

tensile stress, the flexural moment stress, and ultimate tension elongation. Villena

et al. (2011) evaluated the properties of RCC mixing with the addition of RHA

used for application in composite pavement. Results of Villena indicated that RHA

caused significant improvement in the properties of RCC as the RCC mixing

included 5% RHA. The addition increased the compressive stress, the flexural

moment stress, and the modulus of elasticity in the RCC as well. This increase is

referred to the curing age of the RCC, the RHA content, and the content of cement

used. Ashteyat et al. (Madhkhan et al., 2012) investigated the potential use of waste

white cement bypass dust (WCBPD) in producing RCC. Cement was replaced by

WCBPD at 10%, 20%, 30%, and 40% with addition of polypropylene fiber in two

percent values (0.25% and 0.5%). Results have shown that increasing WCBPD to

20%, 30%, and 40% replacement of cement has significantly decreased the mechan-

ical properties of RCC mixes. However, the addition of PPF has improved the

mechanical and durability properties of RCC mixes with WCBPD. Debieb et al.

(2009) reported the possibility for the replacement of 100% of both coarse and fine

natural aggregates (NAs) with the recycled concrete aggregate (RCA) in the mixing

of the RCC. The results showed that the RCA has contained more chloride than sul-

fate, and the harmful content of RCA was leached as it was soaked in water.

Significant differences were observed between the properties of original concrete

and RCA concrete in the study, and the results showed that the need for considering

of the harmful content of RCA was essential. Chafika et al. (Settari et al., 2015)

studied the effects of the replacement of various sizes of the recycled asphalt pave-

ment aggregate (RAPA) with the coarse and fine NAs on the mechanical properties

and durability of the RCC. The experimental results revealed that it was possible to

replace 50% of the RAPA with the NA in the RCC without any loss in the proper-

ties. Saeid et al. (Hesami et al., 2016) published a research article related to the

effects of coal waste powder (CWP), coal waste ash (CWA), and LS powder on the

mechanical properties of RCC pavement. Its test results pointed out that the use of

CWP and CWA increased the water-to-cement ratio in the mixing of the RCC pave-

ment. It was also noted that the RCCP mixture containing 5% CWP and/or 5%

CWA showed similar performance as in the control of the RCC mixing. On the

other hand, as the replacement of SCM with cement increased up to 20%, this

replacement growth reduced the strength value and the modulus of elasticity in the

RCC pavement at all curing ages.

In the light of the studies, environmental problems, and demand in cost reduction

in oil and cement industries mentioned above, it is clear that a comprehensive

study on the OSA used in cement-based materials is essential as there is no compre-

hensive study carried out. Therefore the aim of this research is to evaluate the use

of OSA as one of the substitution materials for cement in the RCGC composite
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mixing, to reduce the cost of processing of the RCGC and the high cost of disposal

of the OSA, and to solve the environmental problems associated with the

manufacturing of conventional oil and cement.

4.2 Materials and methods

4.2.1 Mix design of the roller-compacted concrete and the
roller-compacted green concrete

The study designs the mixing contents and proportions of the RCGC according to

the method of soil compaction, which is based on a current relationship between

the moisture content and the dry density of the RCC. The maximum dry density at

optimum water content is determined from a plot manufacturing of the RCGC for

each cementitious material content. In this research the water-to-cement ratio is

constant at 0.4 for both the RCGC specimens and the RCC specimens. The speci-

mens include different cementitious contents, such as 0%, 13%, 14%, and 15%,

along with different water contents, such as 4.5%, 5%, 5.5%, and 6% for each mix-

ing cementitious content. It is clear from pioneer experiment on optimum moisture

content (OMC) that the OMC occurred at cement content 13% with water content

5.1% (w/c5 0.4). As the RCC is a special concrete, it has zero slump property.

These zero slumps do not negatively affect the workability of RCC because the

RCC needs a roller compaction for casting in situ. However, ACI identified

the RCC and has used it with zero slump since 2000. Table 4.1 gives the RCC and

the RCGC mixing that are used in casting specimens for different curing ages and

for different tests.

Table 4.1 Mixing proportion of the roller-compacted concrete (RCC) and the roller-

compacted green concrete (RCGC).

Types of mixing Mixing constituent proportion as kilogram per cubic meter Ratio of

mixing

feature

Cement Aggregate Silica

sand

Water OSA Water

reducer

(WR)

W/C OSA/C

CA. 4

(mm)a
FA, 4

(mm)a

RCC OSA-0% 266 924.6 1073 57.2 102.75 0 5.32 0.4 0

RCGC OSA-10% 239.4 924.6 1073 57.2 102.75 26.6 4.78 0.4 0.1

OSA-20% 212.8 924.6 1073 57.2 102.75 53.2 4.25 0.4 0.2

OSA-30% 186.2 924.6 1073 57.2 102.75 79.8 3.72 0.4 0.3

OSA-40% 159.6 924.6 1073 57.2 102.75 106.4 3.2 0.4 0.4

aCA stands for coarse aggregate, and FA stands for fine aggregate.
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As the RCC needs to compact with a roller in situ, the mixing water content is only

responsible for hydrate cement as well. The aggregate in mixing is in the stance that is

dry surface and water-saturated. Therefore the water content is sufficient in Table 4.1.

4.2.2 Preparation of the roller-compacted concrete and the
roller-compacted green concrete

4.2.2.1 Mixing

For mixing the RCC and the RCGC constituent a tilting drum mixer, with a volume of

0.15 (m3), was used. To prepare the RCC and the RCGC, the following steps are applied:

(1) Pour a little amount of water in the bowl mixer; (2) add the coarse aggregate; (3) put

the cement and fine aggregate gradually; (4) add the water reducer at various percentage

by cement weight to provide workability; (5) blend the constituents for about 6 minutes

in the mixer to obtain cohesive mixes with the RCC and the RCGC.

4.2.2.2 Casting and curing

Cylindrical steel mold, dimensions of 150 (mm) diameter and 300 (mm) height, was used

to prepare the specimens of RCC and the RCGC for testing compressive strength and

splitting strength, and cubic steel mold, dimensions of 1503 1503 150 (mm), was used

for the tests of the freezing and thawing and the loss in weight after freezing and thawing,

and prism steel mold, dimensions of 1003 1003 300 (mm), was used for testing the flex-

ural stress. After mixing the fresh constituent materials of the RCC and the RCGC were

placed as three layers in the mold, and all specimens were compacted according to

ASTM C 1435 using a vibrating compaction hammer (ASTM C1435/C1435M-14, 2014).

It has a minimum power input of 900 (W) and should be able to provide at least 2000

impacts per minute. Before all specimens were placed in a water tank to cure until testing

at the 7th day, 28th day, and 90th day the casted specimens were covered with wetting

burlap for 24 hours to prevent loss in the moisture content of specimens.

4.2.3 Analysis methods

4.2.3.1 Chemical and physical properties of mixing materials

The chemical composition of both the OSA and the conventional cement was identified

according to the ASTM C114-07 standard method known as wet chemical analysis

(ASTM C 114-07, 2007). To determine the aggregate granulometry, sieve analysis was

carried out along with a sieve set according to ASTM C136 (ASTM C128-01, 2001). In

addition to the analysis of chemistry and granulometry of the OSA, scanning electron

microscopy (SEM) was used to analyze the shape of the OSA particles.

4.2.3.2 Density of fresh mixing

The fresh density of the RCC mixing and the RCGC mixing was measured accord-

ing to the specification in ASTM C138/C138M-09 (ASTM C128-01, 2001; ASTM

C138/C138M-09).

71Oil shale ash



4.2.3.3 Density of hardened specimens

The hardened density of the RCC composite and the RCGC composite was mea-

sured according to the rules in ASTM C642-13 (ASTM C642-13, 2013).

4.2.3.4 Porosity measurement

The void as porosity was measured in the hardened specimens of the RCC and the

RCGC according to the specification in ASTM C642-13 (ASTM C642-13, 2013).

Porosity is defined as the ratio of the volume of voids to the total volume of the

concrete mass. All specimens are dried in an oven at 105�C6 5�C at the age of 90

days and then allowed to cool up to room temperature. To determine porosity the

dry mass of the specimen is taken; then it is totally immersed in water until it

achieves a constant water-saturated mass. To evaluate the porosity of the RCC and

the RCGC and its relationship to the material’s behavior the porosity of RCC and

the RCGC was determined at the age of 90 days according to Eq. (4.1).

P5 12
W12W2

V 3 qw

� �� �
3 100% (4.1)

Here, P is the total porosity of the RCC and/or the RCGC (%), V is the volume of

specimen (cm3), qw is the water density, which equals to 1000 (kg/m3), W2 is the

mass of specimen after drying for 24 hours in an oven at 105�C6 5�C, and W1 is

the mass of specimen under water (kg).

4.2.3.5 Durability measurement

The freeze�thaw cycle resistance of hardened RCC and RCGC was determined on

150 (mm) cube specimens according to ASTM C666/C666M standard (ASTM

C666/C666M-15, 2015). Loss in weight of the RCC and the RCGC was measured

with a scale before and after the freezing�thawing cycle. After the freezing and

thawing cycle of the RCC and the RCGC the study measured the specimens’ weight

loss (W) using the following equation:

W 5 W2 2W1ð Þ=W1

� �
3 100 (4.2)

Here W1 is the initial weight of specimens before freeze�thaw cycles and W2 is the

weight of specimen after n cycles. Also the compressive stress of the specimens of

the RCC and the RCGC during the 38-day period per 300 cycles is determined.

4.2.3.6 Mechanical properties

In this research the compressive stress and the splitting tensile stress of the cylinder speci-

mens were determined according to the standards of ASTM C 39 and ASTM C 496 and

a universal testing machine (ASTM C39/C39M-18, 2018; ASTM C496/C496M-17,

2017). The compressive stress was determined on both the RCC and the RCGC after
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their water curing at 7 days and 28 days. The flexural moment stress of the prism is eval-

uated according to ASTM C 293 (ASTM C293/C293M-16, 2016). This also presents the

bending test of one point loading for the prism specimens of the RCC and the RCGC.

The cylindrical composite specimens of RCC and RCGC were also prepared to evaluate

the modulus of elasticity according to ASTM C 469 and determined at 90 days (ASTM

C469/C469M-14, 2014). The reading of the stress and strain was measured through the

help of the LVDT that was connected to the RCC and the RCGC. Then the modulus of

elasticity is calculated from the ratios between the stress and the strain in the linear part.

4.2.3.7 Microstructure and mineralogical phase analysis

To observe the chemical compound in the hardened inner structure of the RCC compos-

ite and the RCGC at 90 days a current SEM system was used according to the ASTM

C1723-16 standard (ASTM C1723-16, 2022). To analyze the proportion of mineral phase

in the RCC and the RCGC at 3 days and 14 days and 90 days the study uses the X-ray

powder diffraction (XRD) method according to ASTM C1365-18 standard (ASTM C

1365-18, 2018). The mineralogy of the RCC composite and the RCGC is evaluated with

XRD in regard to the rules of both Bragg’s law and the ASTM C1365-18 standard.

4.3 Results and discussions

4.3.1 Chemical and physical properties of mixing materials

4.3.1.1 Cement

Table 4.2 gives both the chemical properties of conventional Portland cement

(ASTM type I) and OSA-substituted ASTM type I cement used in preparing the

RCC and the RCGC for experiments carried out in the study.

Table 4.2 Chemical properties of the ASTM type I cement and the OSA-substituted

ASTM type I cement used in the study.

Types of cement Chemical properties (%)

CaO SiO2 Al2O3 Fe2O3 MgO SO3 Na2O K2O Alkali TiO2 Loss in

ignition

ASTM type I 64 20 4.69 3.78 2.46 2.27 0.02 0.4 0.265 � 0.78

10% OSA1 90%

ASTM type I

62.3 19.9 4.8 3.6 2.29 2.8 0.018 0.42 0.248 0.02 1.24

20% OSA1 80%

ASTM type I

60.6 19.8 4.95 3.42 2.12 3.41 0.016 0.44 0.220 0.04 1.7

30% OSA1 70%

ASTM type I

58.9 19.7 5.08 3.24 1.96 3.98 0.014 0.46 0.193 0.06 2.16

40% OSA1 60%

ASTM type I

57.2 19.6 5.21 3.06 1.79 4.56 0.012 0.48 0.165 0.08 2.62
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Common cement is the combination of the oxides of calcium, silica, aluminum,

sulfate, sodium, and potassium. The alkali and loss on ignition are within chemical

components of cement. Apart from common cement the OSA-blended cement con-

tains one more component, which is the oxide of titanium. This OSA blending pro-

vides the component of titanium oxide for common cement. Its content varies

between 0.02% and 0.08% in the OSA-blended cement (Table 4.2). This means that

the oxide of titanium could lead to new hydration compounds, for example,

calcium-titanium-hydroxide (C-T-H).

4.3.1.2 Aggregate

The aggregate stack in the RCC mixing and the RCGC mixing is a combination of

coarse aggregate and fine aggregate and silica sand (55% coarse aggregate and 40%

fine aggregate and 5% silica sand). The determined specific gravity and water absorp-

tion, according to ASTM C128, are respectively 2.62 and 1.5% for the coarse aggregate

and are respectively 2.58 and 4.5% for the fine aggregate and silica sand (ASTM C128-

15, 2015). The analyzed gradation and fineness modulus of aggregate are determined

according to the ASTM C136 standard (ASTM C136/C136M-14, 2014), and the fine-

ness modulus of fine aggregate is 2.7. Fig. 4.1 presents the aggregate gradation limits

and the design of aggregate gradation used in the RCC mixing and the RCGC mixing.

4.3.1.3 Oil shale ash

After crushing and burning of oil shale rock at the temperature of 650�C and then

again grinding the burned oil shale rock chunk the OSA is obtained for use in the

OSA-substituted cement and the RCGC. The OSA particle has a specific gravity of

Figure 4.1 The aggregate gradation limits and the design of aggregate gradation used in the

RCC mixing and the RCGC mixing.
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2.69 (g/cm3). Fig. 4.2 presents that the OSA has various amorphous and geometrical

shapes such as angular, tetragonal, pentagonal, and hexagonal with rough and porous

surfaces as shown in the micrograph from SEM and mineralogy analysis from XRD.

SEM and XRD analysis confirm that most of the OSA consisted of the angular geomet-

ric particles (Fig. 4.2). It is also apparent that the OSA is composed of various sized parti-

cles ranging from several micrometers to dozens of ultrafine micrometers. Additionally the

microstructure of the OSA has slightly little amorphous hollows (Fig. 4.2). There is mainly

calcite, which is mainly a white and colorless mineral consisting of calcium carbonate as

well as silicon and minor other minerals, such as aluminum, ferrite, sodium, titanium, sul-

fate, and periclase. Table 4.3 gives the chemical composition of the OSA.

Figure 4.2 SEM micrograph and XRD analysis of the OSA used in the current study.

C: Calcium oxide, S: Silicon oxide, A: Aluminum oxide, I: Ferrite oxide, M: Magnesium

oxide, N: Sodium oxide.

Table 4.3 The chemical composition of the oil shale ash.

Type of

supplementary

cementitious

material

Chemical composition (%)

SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O TiO2 Loss in

ignition

Oil shale ash 19 6 2 47 0.8 8 0.6 0.2 5.4
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According to high calcium oxide (CaO) content of the OSA used, this study

classified it as a latent hydraulic additive (Table 4.3 and Fig. 4.2). Additionally,

since the OSA consists of the content of precious silicon oxide, aluminum oxide,

iron oxide, and calcium oxide, totally 74%, as well as titanium oxide, the study

does suggest the OSA to be accepted as a SCM in the literature (Table 4.3 and

Fig. 4.2).

4.3.2 Physical properties of the roller-compacted concrete and
roller-compacted green concrete

4.3.2.1 Density of fresh mixing

Fig. 4.3 shows the change in the fresh density of the RCC and the RCGC and the

replacement percent of the OSA with cement. The density for the fresh RCC and

the fresh RCGC was measured by weighing the specimen in 0.1 (g) precision scale

and dividing its determined weight to its volume of the cylinder. The reduction in

fresh density reached the lowest quantity in the mixing of O-10% of RCGC. As the

10% OSA is replaced with cement, the reduction equals to 3% in the fresh density.

The highest reduction in the fresh density of RCGC is at the mixing of O-40% con-

taining 40% OSA replaced with cement; it equals to 11.1% (Fig. 4.3). Apart from

the mixing of O-0% of RCC the second highest fresh density is in the mixing of

O-10% of RCGC. The fresh density of O-20% of RCGC is approximately the same

as the fresh density of O-30% and O-40% of RCGC. The mixing of O-40% of

RCGC demonstrated 10.5% lesser fresh density when compared with the mixing of

O-20% and of O-30% of RCGC. This means that the most effective percent for the

replacement of OSA with cement is 10% because the replacement ratio provides

Figure 4.3 The change in the fresh density for the RCC and the RCGC and the replacement

percent of the OSA with cement.
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lightweight RCGC for construction industry (Fig. 4.3). Moreover, it is clear to

understand that the increase in the OSA content leads to the decrease in the density

of fresh RCGC as shown in Fig. 4.6. The other meaning of this decrease is that as

the specific gravities of the OSA (2.69) and the cement (3.19) are not equal to each

other, the loss in the fresh density occurs in the RCGC.

The equation in Fig. 4.3 estimates the fresh density of RCC and the RCGC with

99% regression integrity. The meaning of this new equation is that if anyone uses

the OSA, as the SCM, instead of cement up to 40% in the mixing of the RCC and

the RCGC, the fresh density of RCC and the RCGC could be calculated without

testing, and the equation gives insight on the fresh density of the RCC and the

RCGC and a significant relationship between the OSA content and the cement con-

tent and the fresh density (Fig. 4.3).

4.3.2.2 Density of the hardened specimens

Fig. 4.4 shows the relationships between water content and the hardened density

for the RCC and the RCGC including different percentage of the OSA. The den-

sity and the water content, determined with the soil compaction method, are

used for the selection of optimum cementitious content. In the practical start

point the optimum cement content was calculated from the cement-to-dry con-

stituent material ratio in the RCC (the optimum cement content for O-0% is

266/2054.8, and it equals 0.12) (Fig. 4.4). A good starting point for optimum

cement content in the RCC is between 11 and 13% by weight of its dry constitu-

ent material.

Figure 4.4 The relationships between water content and the dry density for different

percentage of the OSA in the RCGC.
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The main factor controlling cement content would be target stress gain requirement

and minimum cement material requirement and water content, as seen in Fig. 4.4.

Moisture content is described as the weight of water divided by the weight of dry mate-

rial totally in the RCC. The dry density is then plotted against moisture content, as

seen in Fig. 4.4. The total cementitious material content (cement1OSA) was kept con-

stant at 13% and the water-to-cement ratio was kept constant at 0.4 according to

Fig. 4.4 and Table 4.1 in the current study.

4.3.2.3 Porosity

The effects of the replacement percent of OSA with cement on the porosity of the RCC

and the RCGC are evaluated. Fig. 4.5 shows a strong regression relationship between the

replacement percent of the OSA with cement and the porosity of RCC and RCGC at the

age of 90 days curing. The increase in porosity of RCGC reached the lowest quantity in

the mixing of O-10% of RCGC. As the 10% OSA is replaced with cement, the increase

in porosity equals to 51%. The highest increase in the porosity of RCGC is at the mixing

of O-40% containing 40% OSA replacement with cement; it equals to 63.5% (Fig. 4.5).

The study showed the highest porosity in the mixing of the O-40% of RCGC because the

cement content is reduced up to 40% in its mixing. The meaning of the porosity in the

RCGC is that the most effective percent for the replacement of OSA with cement is 10%

in view of the lowest porosity increase (Fig. 4.5). Additionally, it can be seen that the

porosity is linearly increased, associated with the decrease of the density in the RCGC. In

Fig. 4.5 the results reveal that the OSA leads to obtaining the lightweight RCGC material

as effective as regular RCC material. However, in the RCC and the RCGC, water content

would be reduced without protecting the reactions between the OSA and cement in the

hydration process at the constant water-to-cement ratio of 0.4 used in the study.

Figure 4.5 The porosity of RCC and the RCGC at the age of 90-day curing.
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Therefore it could increase the percentage of porosity. The results complied with

the results of Raado et al. (2014), who reported that the existence of calcium oxide

(CaO) and silicon oxide (SiO2) caused the porosity based on water demand in the

hydration process of the binder. This means that the higher the water demand, the

higher the volume of large capillary pores. In addition to the result of porosity of

the RCC and the RCGC, it is common to estimate the porosity of hardened concrete

material from its design of mixing constituents such as the replacement percent of

the OSA with cement, the content of OSA, the water-to-cement ratio, and the con-

tent of cement. The equation in Fig. 4.5 estimates the porosity of the RCC and the

RCGC with 96% regression integrity. The meaning of this new equation is that if

anyone uses the OSA, as the SCM, instead of cement up to 40% in the mixing of

RCC and RCGC, the hardened porosity of the RCC and the RCGC could be calcu-

lated without testing, and the equation gives insight on the porosity of the hardened

state of the RCC and the RCGC and the significant regression relationship between

the OSA content and the cement content and the porosity (Fig. 4.5).

4.3.3 Durability properties of the roller-compacted concrete and
roller-compacted green concrete

This section is on durability issues of the RCC and the RCGC made of ASTM type

I cement and OSA and other mixing constituent materials. The freezing and thaw-

ing cycles, the loss in weight after freezing and thawing cycles, and the loss in com-

pressive stress after freezing and thawing cycles of the RCC and the RCGC were

evaluated. The following subsections consist of the durability properties of the RCC

and the RCGC measured along with regression equations and their discussion and

several literature research studies to compare each other.

4.3.3.1 Freezing and thawing

The 38-day freeze�thaw cycle resistance of the hardened RCC and the hardened

RCGC was determined. In the freezing�thawing cycle the loss in weight was mea-

sured after the cycles of 0th, 32nd, 64th, 96th, 144th, 216th, and 300th, and the loss

in the compressive stress was determined at the 0th, 144th, and 300th cycles.

Change in weight after freezing�thawing cycle
The adequacy resistance of frost attack in the RCC and the RCGC can be determined

by freezing and thawing tests. ASTM has developed two tests for frost resistance in

concrete material. In both of these, rapid freezing is applied; one of them takes place

during the freezing and thawing in water, while the other takes place during freezing in

air and thawing in water. The meaning of the condition is to duplicate the possible

practical exposure of the freezing and thawing. The British Standards (BS) also mea-

sures the freezing effect in concrete material. The difference between the ASTM and

the BS is that the BS prescribes the freezing in water, and frost damage is assessed

after several cycles of freezing and thawing by measuring the loss in mass of the speci-

mens, the increase in length of the specimens, and the decrease in durability strength of
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the specimens. The study used the freezing and thawing method specified by the

ASTM to determine the effect of frost exposure in the RCC and the RCGC (Meddah,

2015). Fig. 4.6 shows the loss on weight after freezing and thawing cycles and vulnera-

ble RCC and RCGC on cooling.

It is clear that the weight decreased when the number of freezing and thawing

cycles increased; this is due to the increase in the water absorption of OSA, which

means that more capillary pores lead to higher water pressure during the freezing

process and to an increase in weight loss in the RCC and the RCGC (Fig. 4.6). The

loss in weight of RCGC reached the lowest quantity in the mixing of O-10%. As

the 10% OSA is replaced with cement, the reduction equals to 3% only. The highest

loss in weight of RCGC is at the mixing of O-40% because it consists of 40% OSA

and 60% cement and water and aggregate stack; it equals to 6.7% (Fig. 4.6).

The study faced the lowest frost durability in the mixing of the O-40% of RCGC at

300 cycles because the cement content is reduced up to 40% in the mixing of O-

40%. Apart from the mixing of O-0% of RCC the second highest frost durability is

in the mixing of O-10% of RCGC at all freezing and thawing cycles. The loss in

weight of O-20% of RCGC is the same with the loss in weight of O-30% and O-

40% of the RCGC at all freezing and thawing cycles (Fig. 4.6). For less severe con-

ditions of frost, good quality of RCC without OSA may not be sufficient. Table 4.1

gives the recommended maximum quantity of the water-to-cement ratio and the

minimum content of cementitious material, and Fig. 4.6 also gives the minimum

loss in the weight of the RCC and the RCGC after 300 cycles of freezing and thaw-

ing cycles. As shown in Table 4.1 and Fig. 4.6 the 10% OSA replacement with

cement is useful to slow the effect of frost conditions in the RCGC. Therefore the

Figure 4.6 The loss on weight after freezing and thawing cycles for RCC and RCGC.
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most effective OSA replacement percent with cement in RCGC is 10%, as deter-

mined by the study.

Compressive stress after freezing�thawing cycle
Fig. 4.7 shows regression equations between freezing�thawing cycle and compressive

stress, regression relationship degree (R2), and the compressive stress feature for each

OSA content at each freezing and thawing cycle. The reduction in the compressive stress

of RCGC reached the lowest quantity in the mixing of O-10% of RCGC in the frost

durability. As the 10% OSA is replaced with cement, the reduction equals to 45%. The

highest reduction in the compressive stress of RCGC is at the mixing of O-40% because

it contains 40% OSA replacement with cement, and the reduction compressive stress is

equal to 70%. Apart from the mixing of O-0% of RCC the second highest compressive

stress is in the mixing of O-10% of RCGC at 300 cycles of freezing and thawing. At 300

freezing and thawing cycles the compressive stress of O-20% of RCGC is approximately

the same as the compressive stress of O-10% of RCGC. A similar result is valid for the

compressive stress of O-30% and O-40% in the RCGC (Fig. 4.7).

Additionally the compressive stress decreases with increasing freezing and thaw-

ing cycles. The decrease in the compressive strength can be explained as the

increase in porosity with increasing OSA; the freezable water in the cement paste

will increase and will cause internal expansive pressure during freezing and will

increase cracks and weight loss in the specimens of RCGC. In addition to the result

of compressive stress of RCC and RCGC before and after freezing and thawing vul-

nerability a regression equation is developed to estimate the compressive stress of

RCC and the RCGC with 96% regression integrity (Fig. 4.7). The meaning of these

new equations is that if anyone replaces the OSA with cement as in the RCC and

the RCGC, the compressive stress of the RCC and the RCGC could be calculated

Figure 4.7 Regression equations between freezing�thawing cycle and compressive stress

for each OSA content at each freezing and thawing cycle.
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without a need for the freezing and thawing testing, and the equations give insight

on the frost resistance of RCC and RCGC and a significant regression relationship

between the content of OSA and of cement and the frost resistance.

4.3.4 Mechanical properties of the roller-compacted concrete
and the roller-compacted green concrete

4.3.4.1 Compressive stress

The study measured the compressive stress at 7th day and 28th day as these periods

were sufficient according to national and international standards used. Moreover,

other stress tests were continued until 90 days because there were several rules

regarding these tests and water curing periods in their national and international

standards. The compressive stress of RCC and of RCGC is determined using a test-

ing cylinder, with dimensions of 1503 300 (mm), according to the procedure

described in ASTM C 39 standard (ASTM C39/C39M-18, 2018). Each test was car-

ried out on nine cylinders for each curing day and each group in Table 4.1. Fig. 4.8

shows descriptive results related to the compressive stress at the 7th day and 28th

day for the RCC and the RCGC and a number of compressive stress results from in

situ applications of conventional RCC.

Figure 4.8 The compressive stress at the 7th day and 28th day for the RCC and the RCGC

and the substitution percent of the OSA for cement.
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The compressive stress was between 12 and 22 (MPa) at the 7th day and between 26

and 37 MPa at the 28th day. This means that this could be referred as a success for using

OSA as a supplementary latent hydraulic cementitious material in the RCGC. In a study

conducted by Uibu et al. (2016) for OSA backfilling in concrete and its strength develop-

ment the compressive stress was between 1 and 5 (MPa) at the 7th-day and the 28th-day

compressive stress reached the maximum value of 25 (MPa). As seen in Fig. 4.8 the

compressive stress decreased with the replacement of the OSA with cement because there

is no activator for the calcium oxide (CaO) in the chemical composition of the OSA

(Table 4.3). The decrease in compressive stress does not deal with the replacing percent

of the OSA with cement because the mixing of O-10% of RCGC reached the compres-

sive stress of 37 (MPa)—it complies with the compressive stress of CEM I 42.5N cement

mortar at the 28th day. Moreover the mixing of RCGC does not demonstrate a higher

success against the mixing of RCC because the RCC does not reduce cement content

similar to the mixing of RCGC. This means that the control specimens for O-10%, O-

20%, O-30%, and O-40% of RCGC should respectively include the cement content of

90%, 80%, 70%, and 60% in a constant water-to-mixing material ratio. According to

ACI.325.10-95 the minimum compressive stress for the RCC which would be used for

the public traffic depends on the slab thickness (ACI, 2001). The minimum requirement

for compressive stress of the RCC for the slab is nearly over 27.5 (MPa) as a main struc-

tural layer. However, the 28th-day compressive stress of O-10% and O-20% of RCGC is

greater than that of in situ applications of RCC, and the 28th-day compressive stress of

RCGC reached the satisfied criteria of ACI (2001) as well. Therefore the study could

suggest the mixing of the O-10%, the O-20%, and the O-30% as an upcycling example

of the OSA in the cement and RCGC mixing. Fig. 4.9 shows a strong relationship

between 7th-day compressive stress and the OSA-to-cement ratio.

Figure 4.9 Regression relationship between 7th-day compressive stress and the OSA-to-

cement ratio.
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A significant study published by Radwan et al. (2013) supports the infer-

ence in the current study. They agree with the inference that the OSA is an

essential activator for the RCC since it has plenty of chemical compounds such

as calcium oxide, silicon dioxide, aluminum oxide, ferrite oxide, and titanium

oxide. Therefore they used an alkali activator for the blended cement contain-

ing OSA, and in the absence of an alkali activator the blended cement contain-

ing OSA showed nearly 20% lesser compressive stress than the Portland

cement. With an alkali activator the compressive stress of cement-blended

OSA increased as in the Portland cement (Meddah, 2015). Fig. 4.10 shows a

strong regression relationship between 28th-day compressive stress and the

OSA-to-cement ratio.

Estimating the 7th-day compressive stress from the mixing ratio of concrete

material is always great interest in both science community and construction

industry because every stress gain process in concrete leans its mixing propor-

tion (Fig. 4.9). The equation in Fig. 4.8 also estimates the 7th-day compressive

stress of the RCC and the RCGC with 100% regression integrity. Fig. 4.10 esti-

mates the 28th-day compressive stress of RCC and of RCGC with 99% regres-

sion integrity. The meaning of the new equation is that if anyone replaces the

OSA with cement as in the RCC and RCGC, the 28th-day compressive stress of

the RCC and the RCGC could be calculated without repeating the compressive

stress testing, and the equation gives insight on the resistance of compression

force for the RCC and the RCGC and a significant regression relationship

between the content of OSA and of cement and the compressive stress at 28d.

Figure 4.10 Regression relationship between 28th-day compressive stress and the OSA-to-

cement ratio.
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Chhaiba et al. reported an important study that the cement paste containing OSA

and coal waste provides the highest compressive stress for the green concrete

composite (Chhaiba et al., 2018).

4.3.4.2 Splitting tensile stress

Fig. 4.11 shows the change in the splitting tensile stress of RCC and of RCGC.

The splitting tensile stress reflects the ability of concrete to resist the tension

force since the concrete is a brittle material and it will not be able to face the

tensile force significantly. The splitting tensile stress of the RCC reached the

highest quantity at the age of 90 days in standard water curing, 4.1 (MPa),

because it includes 100% cement content. The reduction quantity of splitting

Figure 4.11 The change in the splitting tensile stress of the RCC and the RCGC.
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tensile of RCGC reached the lowest quantity when 10% OSA is replaced with

cement; the reduction equals to 26.83%. The highest reduction in the splitting

tensile stress of RCGC is at 40% OSA replacement with cement, which is equal

to 36.6%, because the cement content was reduced up to 40% in the mixing of

O-40%. The second highest splitting tensile stress is in the mixing of O-10% of

RCGC at 7d. Its splitting tensile stress is 20% higher than that of other OSA

mixing systems in the RCGC (Fig. 4.11).

Similar results, like in the mixing of the O-10% at 7d, were observed in the mix-

ing of the O-10% at 28d and 90d (Fig. 4.11). At the 7th day and 28th day the split-

ting tensile stress of O-10% of RCGC is also greater than that of in situ

applications of RCC used in the projects of H. Barracks and of Ft. Campbell, and

the splitting tensile stress of RCGC reached the satisfied quantity as it exceeded the

splitting tensile stress measured by the ACI in in situ applications of RCC (ACI,

2001). This means that the most effective percent for the replacement of OSA with

cement is 10% in view of stress gain of splitting tensile. Fig. 4.12 shows a strong

regression relationship between 7th-day splitting tensile stress and the OSA-to-

cement ratio.

The equation in Fig. 4.12 estimates the splitting tensile stress of RCC and

RCGC with 99% regression integrity. Figs. 4.13 and 4.14 show a strong regression

relationship between 28th-day and 90th-day splitting tensile stresses and the OSA-

to-cement ratio.

Figure 4.12 Regression relationship between 7th-day splitting tensile stress and the OSA-to-

cement ratio.
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The equations in Figs. 4.13 and 4.14 estimate the 28th-day and 90th-day splitting

tensile stresses of RCC and RCGC with 90% and 96% regression integrity,

respectively.

Figure 4.13 Regression relationship between 28th-day splitting tensile stress and the OSA-

to-cement ratio.

Figure 4.14 Regression relationship between 90th-day splitting tensile stress and the OSA-

to-cement ratio.
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4.3.4.3 Flexural moment stress

One of the most important ways to understand this integrity for the structure is

application of the flexure load in the concrete material. The flexural load could

help to understand two important properties of concrete, which are the splitting

tensile stress and the flexural moment stress. There was little impact of the type

of aggregate on the direct and splitting tensile stresses, but the flexural moment

stress of RCC was greater as angular crushed aggregate was used compared to

that of the rounded natural gravel. The explanation was that the improved bond

of crushed aggregate, which has a rough surface, holds the materials together,

but this was ineffective in direct and indirect tension. Therefore the RCC and

the RCGC must be designed to be able to withstand high flexure load and the

repeated load, such as trucks and cars in the RCC pavement, and heavy water

load as in the RCC dam. Fig. 4.15 shows the flexural moment stress at the 7th

day, 28th day, and 90th day for the RCC and the RCGC and the substitution per-

cent of the OSA for cement.

Figure 4.15 The flexural moment stress at the 7th day, 28th day, and 90th day for the RCC

and the RCGC and the substitution percent of the OSA for cement.
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The flexural moment stress of RCC reached the highest quantity at the ages of 7

days, 28 days, and 90 days in standard water curing, with 6.4 MPa, 8.5 MPa, and

10 MPa, respectively. The reduction quantity of flexural moment stress of RCGC

reached the lowest quantity in the mixing of O-10% of RCGC. As the 10% OSA

was replaced with cement, the reduction equals to 10%. The highest reduction in

the flexural moment stress of RCGC is at the mixing of O-40% containing 40%

OSA replacement with cement; it equals to 43.7%. In this study the lowest flexural

moment stress in the mixing of the O-40% of RCGC is at 7d because the cement

content was reduced up to 40% in the mixing of O-40%. Apart from the mixing of

O-0% of RCC the second highest flexural moment stress is in the mixing of O-10%

of RCGC at 7d, 28d, and 90d. Its 7th-day flexural moment stress is 37.9% higher

than that of other OSA mixing systems in the RCGC (Fig. 4.15). At 7 days the flex-

ural moment stress of O-20% of RCGC is the same with the flexural moment stress

of O-30% of RCGC. The mixing of O-40% of RCGC demonstrated 10.5% lesser

7th-day flexural moment stress when compared with the mixing of O-20% and

O-30% of RCGC. At the 7th day and 28th day the flexural moment stress of

O-10%, O-20%, and O-30% of RCGC is greater than that of in situ applications of

RCC used in the projects of H. Barracks, of Ft. Campbell, and of Aberdeen Proving

Groung, and the flexural moment stress of RCGC reached the satisfied quantity as

it exceeded the flexural moment stress measured by the ACI in in situ applications

of RCC (ACI, 2001). This means that the most effective percent for the replacement

of OSA with cement is 10% in view of stress gain of flexural moment.

Figs. 4.16�4.18 give a strong regression relationship between 7th-day, 28th-day,

and 90th-day flexural moment stresses and the OSA-to-cement ratio.

Figure 4.16 Regression relationship between 7th-day flexural moment stress and the

OSA-to-cement ratio.
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Rooholamini et al. published an important study in 2019 (Rooholamini et al.,

2019). To evaluate the mechanical properties of the RCC, various tests were per-

formed, including the compressive stress, splitting tensile stress, semicircular bend-

ing moment stress, and three-point bending moment stress. The results revealed that

Figure 4.17 Regression relationship between 28th-day flexural moment stress and the oil

shale ash-to-cement ratio.

Figure 4.18 Regression relationship between 90th-day flexural moment stress and the oil

shale ash-to-cement ratio.
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fine and coarse steel slag from an electric arc furnace (EAF) as aggregate in the

RCC had different impacts on the mechanical properties of the RCC. Moreover,

they indicated that the flexural moment stress of RCC including EAF steel slag

aggregate was related to the broken aggregate fraction of fracture face exponen-

tially (Rooholamini et al., 2019). Kasu et al. reported an interesting study in 2019,

which explained the effect of aggregate size on the flexural moment stress of con-

crete composites under repeated loading (Kasu et al., 2019). In their study the

authors evaluated the effect of nominal maximum aggregate size under different

stress levels between 80% and 90% and different loading frequencies between 2

(Hz) and 10 (Hz), and they chose to carry out the flexural moment stress as fatigue

test on concrete beam specimens.

The results of the flexural moment stress pointed out that a smaller nominal

maximum aggregate size was more beneficial for the flexural moment stress as

the fatigue performance of concrete composites in repeated loadings such as

traffic and thermal (Kasu et al., 2019). The flexural moment stress reached 10,

9.4, 6.7, 6.2, and 3.9 MPa at 0%, 10%, 20%, 30%, and 40% OSA replacement

levels, respectively. After 10% OSA, significant reduction in flexural strength

was noticed; it reached maximum 60% at 40% OSA replacement level. The

equation in Fig. 4.18 estimates the 90th-day flexural moment stress of RCC and

RCGC along with 93% regression integrity. The meaning of the new equation is

that if anyone replaces the OSA with cement as in the RCC and the RCGC, the

90th-day flexural moment stress of RCC and RCGC could be calculated without

a need for the flexural moment testing, and the equation gives insight on the

90th-day flexural force resistance of RCC and of RCGC, a significant relation-

ship between the content of OSA and cement, and the 90th-day flexural moment

stress gain. Zhang et al. published an important study and its results in 2019

(Zhang et al., 2019). According to their study, results pointed out that the use of

both polymer latex and an expansive agent in the CA and concrete composite

increased the interfacial bonding stress owing to the dense microstructure.

Because of the increase in the bonding between interlayers, the failure modes of

CA and concrete composite transformed from an incompatible failure to a com-

patible failure, and their flexural moment stress significantly increased. After

careful consideration of its results and making inferences the authors suggested

that the use of polymer latex and an expansive agent would be very useful to

enhance the mechanical properties and the serviceability of cement and concrete

composite in practices, such as slab track (Zhang et al., 2019).

4.3.4.4 Modulus of elasticity

Fig. 4.19 shows the stress�strain curves of elasticity for the RCC and the RCGC,

various replacement percent of OSA with cement, and identification of the modulus

of elasticity at the 90th day.
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The curves in Fig. 4.19 show two stages. The first one is a linear behavior stage;

then it is followed by a nonlinear behavior stage due to the brittle behavior of RCC

and RCGC. As the OSA replacement content is increased, the linearity in the

stress�strain diagram also decreases; it provides nonlinearity for the RCGC through

a relatively low stress gain. The decrease in linearity with an increase in the OSA

replacement with cement is due to the decrease in ultimate flexural moment stress,

which also relates to reduction in modulus of elasticity. In addition to the result,

increasing the OSA content in the specimens of the RCGC gives much more ductil-

ity, where the brittle failure is obvious in the specimens of RCC. On the other hand,

it was observed in the experiment that the specimen of O-40% does not have obvi-

ous cracks on its surface until it fails.

The modulus of elasticity of RCC reached the highest quantity at the age of 90

days, 37 (MPa), because it includes 100% cement content. The reduction quantity

of modulus of elasticity reached the lowest percent in the O-10% of RCGC as the

10% OSA was replaced with cement; this reduction equals to 41%. The highest

reduction in the modulus of elasticity of RCGC is in the specimens containing 40%

OSA replacement with cement; it equals to 64% (Fig. 4.19). The study faced the

lowest modulus of elasticity in the mixing of the O-40% of RCGC at 90d because

the cement content was reduced up to 40% in the mixing of O-40%. Apart from the

mixing of O-0% of RCC the second highest modulus of elasticity is in the mixing

Figure 4.19 Stress�strain curves for the RCC and the RCGC at various replacement percent

of OSA with cement.
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of O-10% of RCGC at 90d. Its modulus of elasticity is 40% higher than that of

other OSA mixing systems in the RCGC (Fig. 4.19). At 90 days the modulus of

elasticity of O-20% of RCGC reached the same quantity with the modulus of elas-

ticity of O-30% of RCGC. The mixing of O-40% of RCGC demonstrated 17%

lesser modulus of elasticity when compared with other OSA mixing systems in the

RCGC. The meaning of these quantities of elasticity modulus is that the most effec-

tive percent for the replacement of OSA with cement is 10% in view of the modu-

lus of elasticity gain (Fig. 4.19).

4.3.5 Microstructure analysis of the roller-compacted concrete
and roller-compacted green concrete

4.3.5.1 Microstructure analysis with scanning electron microscopy

The SEM micrographs in Fig. 4.20, which had been taken at the curing age of the

90th day of the RCC and the RCGC, show the ettringite which was increasing with

increasing OSA content; ettringite is formed in the early age of concrete to reduce

the flash setting of cement, but its formation means that the hydration of the mix

had not been completed, which will lead to expansion and therefore weaken the

specimen. It was observed that in hydration of cement with the OSA, angular

cement grains were surrounded by radiating fibers of calcium-silicate-hydrate (C-S-H)

resembling patterns of C-S-H of ordinary cement. Randomly oriented portlandite (CH)

crystals and prismatic ettringite crystals were widely dispersed through paste of O-0%,

O-10%, O-20%, O-30%, and O-40% (Fig. 4.20).

However, in the O-40% at the curing age of the 90th day, it was found that

the OSA grains were covered with amorphous (with respect to C-S-H) layered

CH hydration products. The matrix phase is mainly composed of short radicular

outgrowths of C-S-Hs around cement grains and needle-shaped ettringite crys-

tals (Fig. 4.20). The microstructure of hydrated paste of RCGC at the curing age

of the 90th day was presented by amorphous gel filling spaces between hydrated

particles. In pastes of RCGC, layered accumulations of the CH crystals of about

12 μm in width are intermingled through paste (Fig. 4.20). There is a visible

densification around the ordinary cement grain due to partial hydration of the

OSA grain, leading to formation of additional C-S-H. At the curing age of 90th

day the OSA grains were well located in the matrix and were sunk in a layered

CH. Observation of paste based on the RCGC demonstrated that the OSA grains

turned out to be amorphous reaction prisms. In CH phase the matrix of RCGC is

found to be richer in calcium than the paste of RCC. At the curing age of 90th

day the microstructure of RCGC was further densified with respect to RCC paste

(Fig. 4.20) (Kırgız, 2014).
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Figure 4.20 The SEM micrographs for the RCC and the RCGC at the curing age of 90th

day; SEM image of O-0% (A), SEM image of O-10% (B), SEM image of O-20% (C), SEM

image of O-30% (D), and SEM image of O-40% (E).
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4.3.5.2 Mineralogical phase analysis with X-ray diffraction

The study had made the XRD analysis for the RCGC specimen containing the 20%

OSA at the curing ages of 3rd day, 14th day, and 90th day, as seen in Fig. 4.21.

At 3 days, there are the contents of calcite (CaCO3), calcium oxide (CaO), sili-

con dioxide (SiO2), and calcium-silica-hydrate (C-S-H), which is a major com-

pound, as well as the content of ettringite and calcium-aluminate-hydrate (C-A-H)

as a minor compound in the O-20% of RCGC paste. Apart from the calcium oxide

content, at 14 days, it is analyzed that there are the same major compound and

minor compound in the O-20% of RCGC paste. There is a difference between the

major compound and minor compound in the O-20% of RCGC paste at 90 days.

This difference is due to the magnesium silicate (MgO.SiO2.H2O) hydrate (M-S-H).

At 90 days in the O-20% of RCGC paste, all other major and minor compounds are

3 days curing

14 days curing

0 15 30 45 60 75 90 105
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Figure 4.21 The XRD analysis for O-20% specimen at the curing ages of 3rd day, 14th day,

and 90th day. CC stands for calcite (CaCO3), E means ettringite, S stands for SiO4, C stands

for calcium oxide (CaO), CA stands for calcium-aluminate-hydrate (CaO.Al2O3.H2O), CS

stands for RCGC calcium silicate (Ca2SiO4.H2O) hydrate, and MS stands for magnesium

silicate (MgO.SiO2.H2O) hydrate.
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the same with the major and minor compounds of the O-20% of RCGC paste at 3

days and 14 days.

The mineral composition in the O-20% of RCGC paste is due to the chemical

composition of OSA in Fig. 4.2 (Table 4.3). The chemical composition of OSA

has a high quantity of silicon oxide (SiO2) and calcium oxide (CaO) as well as the

oxides of aluminum and ferrite, which are very important compounds in the

hydration reaction of cement to turn out new hydration products, such as calcium-

aluminum-hydrate (Fig. 4.21). It is clear to infer that the CaO and the SiO2 would

be consumed by the CH, which is the biggest hydration product of cement with

time to form calcium-silicate-hydrate (Fig. 4.21). It leads to the increase in the

demand of water and the ettringite, which enhances strength gain in the RCGC.

The increase in the water absorption of the OSA leads to an increase in the water

demand of the RCGC, and therefore the study uses a water reducer to prevent

being unhydrated cement particles, which results in the decrease in stress gain

(Kırgız, 2014, 2018, 2019).

4.4 Conclusion

Based on the results of this experimental research the following conclusions are

summarized:

� The study suggests that the OSA, which includes the shapes of various amorphous and

geometrical particles along with rough and porous surfaces and has a specific gravity of

2.69 (g/cm3), is the SCM and the latent hydraulic additive for cement and cement-based

materials because of its precious chemical compounds, such as silicon oxide, aluminum

oxide, iron oxide, and calcium oxide as well as titanium oxide, which is not within the

chemical compound of conventional cement.
� The OSA lightens the fresh and hardened density of RCGC because its specific gravity

and the specific gravity of cement are not equal to each other.
� As the OSA increases the porosity of RCGC the study suggests that the OSA is a supplemen-

tary material to turn out lightweight RCGC, which is as effective as conventional RCC.
� As the O-10% of RCGC shows the same durability property as the durability property of

the O-0% of RCC, the study offers that the OSA is the SCM for protecting the harmful

effect of freezing and thawing.
� The O-40% of RCGC mixing prescription shows the least performance among the OSA

substitutions for cement evaluated here against strength development as well as freezing

and thawing resistance.
� It is also evident that the substitution of OSA with cement produces new hydration pro-

ducts for the RCGC, such as the magnesium-silicate-hydrate, which may increase the

strength gain and durability development.
� The study also suggests that the best mixing prescription of RCGC is the mixing propor-

tion of the O-10% of RCGC as the O-10% of RCGC mixing prescription shows the best

performance in terms of both the strength gain and durability development and elasticity.
� The effort carried out in the study should be used to find out the possible ways to sustain

the manufacturing of RCGC with the OSA and conventional cement. The results of such

studies would directly benefit the construction industry as well.
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5.1 Introduction

Various mineral additions have been used as partial substitution of cement to reduce

the environmental impact of cement production by decreasing energy consumption

and CO2 emissions during clinker manufacture and consequently reducing the cost

of cement production. These include fly ash (FA), ground granulated blast furnace

slag (GGBS), silica fume or microsilica, desulphurised waste, ground glass and cal-

cined clay. Also, natural pozzolan (NP) which is available in some regions of the

world in large quantities and could be used as a cement replacement material.

Recycled aggregate, derived from various processes such as demolition waste, can

be used instead of natural/virgin aggregate in the production of concrete. Recycled

aggregates include recycled concrete, recycled brick, recycled glass, recycled poly-

styrene, recycled plastic, bottom ash, and waste granular cork. This chapter reviews

the effect of NP on the rheological, mechanical, and durability properties of mortar

and concrete.

5.2 Rheological properties

There is noticeable change in the rheological properties of NP in concrete including

slump flow and the resistance to segregation. The reduction in workability is proba-

bly because of the lower density of NP compared to cement, the angular shape and

rough surface structure of NP particles, the higher water absorption on the surface

of the more porous NP particles, and its reactivity, which might increase the cohe-

siveness of the mix (Belaidi et al., 2012; Juenger & Siddique, 2015). This is con-

trary to the positive effect at 15% and 30% substitution of cement by slag which

was found to increase the workability of self-compacting concrete (SCC) mixes
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with and without recycled aggregates (Boukhelkhal et al., 2018; Kouider-Djelloul

et al., 2018). SCC mixes with 15% NP showed higher stability with laitance of only

2.3% and hence higher resistance to segregation and bleeding as compared to mixes

with 15% slag or 15% of limestone (Boukhelkhal et al., 2018).

Slump flow is usually reduced in comparison to control concrete. A slump flow

reduction from 755 to 654 mm is reported when the NP content increases from 0%

to 25% as can be seen in (Table 5.1) (Guettaf et al., 2020), whereas comparable

slump flow is reported for up to 15% NP (Omrane et al., 2017).

The increase in plastic viscosity and yield stress with the increase in NP content

has been reported by other researchers with good correlation between viscosity and

yield stress on one side and slump flow on the other side (Adjoudj et al., 2014;

Guettaf et al., 2020). The combination of NP and marble powder (MP) has a benefi-

cial effect on slump flow, which is increased for a mixture with 10% of mineral

addition. The flow time is also reduced, and the viscosity and the sieve stability are

improved (Belaidi et al., 2016).

Hammat et al. (2021) investigated the effect of fineness of natural pozzolan by

grinding it to three different finenesses of 350, 420, and 500 m2/kg with a substitu-

tion rate of 15% and 20 % (by weight). They concluded that NP affects negatively

the rheological properties of self-compacting mortar regardless of the fineness. The

V-funnel and plastic viscosity were almost doubled at the highest fineness used of

500 m2/kg (Table 5.2).

The use of 15%�20% of NP, as partial cement replacement, in mixes with 50%

recycled aggregates gave comparable slump flow to the control mix, however, for

25% NP replacement, the slump flow was slightly reduced (Fig. 5.1). The V-funnel

Table 5.1 Fresh properties of SCC mixtures with various NP replacements.

SCC-0 SCC-15 SCC-25 ENFRAC

guidelines

Slump flow

test

Diameter (mm) 755 732 654 550�850

SF2 660�750

Time T500 (s) 2.86 3.52 4.15 2�5

J-ring test Diameter (mm) 745 729 651 550�850

V-funnel test Time TVf (s) 7.86 8.16 9.65 6�12

L-box test H2/H1 ratio 0.88 0.84 0.81 0.80�1.00

T200 (s) 0.68 0.86 1.10 �
T400 (s) 1.22 1.43 2.13 �

Sieve stability

test

Laitance (%) 9.22 6.15 4.11 0�15

Rheometer

test

Yield stress (τ)
(Pa)

09.21 20.54 25.14 �

Plastic viscosity

(μ) (Pa.s)
06.26 09.93 11.55 �

Reprinted from Guettaf, Y., Kenai, S., Khatib, J., & Yahiaoui, W. (2020). Effect of wet curing and hot climate on
strength and durability of SCC with natural pozzolan. Current Materials Science, 13(1), 58-73. Copy right (2023),
with permission from Bentham.
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flow time increases with the NP content, and J-ring decreases for both mixes with

natural and recycled aggregates (Omrane et al., 2017). Debbih et al. (2020) con-

firmed the reduction in slump flow and the increase of segregation resistance of

15% NP on mixes with 50% of recycled aggregates.

5.3 Mechanical properties

5.3.1 Compressive and flexural strength

The compressive strength of NP mortar and concrete mixes is usually lower at an

early age because the pozzolanic reaction is slow but becomes comparable in the

Table 5.2 Results of fresh mortars tests (SCM with NP) Hammat et al. (2021).

Fineness of natural pozzolan (m2/kg)

350 420 500

Content

(%)

Slump

flow

(mm)

V-Funnel

time (s)

Slump

flow

(mm)

V-Funnel

time (s)

Slump

flow

(mm)

V-Funnel

time (s)

NP0 296.5 2.52 296.5 2.52 296.5 2.52

NP15 296.0 3.65 283.5 3.86 279.0 4.88

NP30 281.5 4.20 278.0 4.25 273.0 9.93

850 Maximum limit:800 mm

Minimum limit : 660 mm
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Figure 5.1 Slump flow on natural and recycled aggregate concrete with various NP contents

(Omrane et al., 2017).
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long term as is the case with other mineral admixtures such as slag and fly ash.

Hammat et al. (2021) reported a reduction of compressive strength at 1, 7, and 28

days of 49%, 39%, and 6%, respectively . At 90 days the highest strength was

obtained for mixes with 15% NP whereas at 180 days an increase of 3 MPa was

obtained for mortar with 15% and 30% NP . The increase was higher with the

increase of the fineness of NP (Fig. 5.2). The enhancement of the long term com-

pressive strength has been confirmed by other researchers (Guettaf et al., 2020).

The compressive strength could be improved the short term and long term through

the combination of NP with other admixtures such as limestone (Ghrici et al., 2007).

Belaidi et al. (2016) combined NP with MP with a ratio of MP/NP of 3 and obtained a

comparable compressive strength of SCC with OPC at 90 days with 40% of NP and MP.

The beneficial effect of NP under hot climate conditions was proved if proper humid cur-

ing is provided (Guettaf et al., 2020). The strength for SCC concrete is satisfactory even

at higher temperatures curing of 40�C and 80�C (Boukhelkhal et al., 2018). Omrane

et al. (2017) combined 50% of recycled coarse and fine aggregates and NP in SCC mixes

and showed the beneficial effect of NP on the 120 days compressive strength and hence

the possibility of producing concrete with less environmental impact.

5.3.2 Flexural strength

The flexural strength development of self compacting concrete with NP is similar to

that of the control. A reduction of 39% at 3 days of curing for SCC mixes with 15%

NP has been reported, but at 90 days the decrease was only 4% indicating more poz-

zolanic reaction in the presence of NP (Boukhelkhal et al., 2018). The same authors
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Figure 5.2 Effect of natural pozzolan fineness on compressive strength of SCM at 15%

replacement level.

104 Advance Upcycling of By-products in Binder and Binder-Based Materials



indicated that at high temperature curing of 40�C, the reduction in flexural strength

for NP mixes is reduced and the flexural strength is comparable to that of the con-

trol mixes.

5.3.3 Elastic modulus

Due to the slow pozzolanic reaction, the elastic modulus is slightly reduced for NP

mixes as compared to ordinary cement mixes. The 28 days modulus of elasticity

was reduced by 6% for NP mixes as compared to reference mixtures at 20�C of cur-

ing, and no negative effect was noticed for a temperature curing of 40�C and 80�C
(Boukhelkhal et al., 2018).

5.3.4 Shrinkage

Total shrinkage increases slightly with the NP content at early age, probably

because of the formation of capillary porosity due to the slow pozzolanic reaction.

The long term shrinkage is lower than that of reference mortar due to the densifica-

tion of the hydrated cement paste in the presence of NP, which slows the water

evaporation. Hammat et al. (2021) reported an increase of about 14% of the total

shrinkage for mixes with 30% NP at 10 days, but beyond 14 days the shrinkage

was lower compared to reference mortar (Fig. 5.3). The increase in NP fineness

increases the total and autogenous shrinkage as compared to control mortar.
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Figure 5.3 Total and autogenous shrinkage of SCM with natural pozzolan (SSB: 350 m2/kg).
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5.4 Durability

5.4.1 Permeability

Several studies reported the beneficial effects of NP on the permeability of concrete

compared to control mixtures depending on many parameters, including quality and

quantity of pozzolan, time of curing, and concrete constituents (Cyr, 2013). The reduc-

tion of permeability is mainly attributed to the pore structure refinement due to the poz-

zolanic reaction and the pore continuity (Mehta, 1981). In this context, Ramezanianpour

et al. (2015) investigated the use of natural zeolite (NZ) on the concrete permeability.

Concretes with water-to-cementitious material (w/cm) ratios of 0.35, 0.40, 0.45, and

0.50 were prepared, and cement was replaced with up to 15% NZ. Use of NZ led to

considerable reduction in water permeability and capillary absorption regardless of the

w/cm ratio. An increase in the w/cm ratio led to an increase in both the permeability

and the rate of absorption by capillary action. Likewise, Samimi et al. (2018) found an

improved durability performance of SCC with NPs. Zeyad et al. (2020) showed that the

high-strength concrete produced by partially replacing the cement with volcanic pumice

powder(PC) exhibited higher durability indicated by the low water absorption and initial

surface absorption compared with the control mixture. In addition, Najimi et al. (2012)

studied the properties of concrete containing the same NZ from Iran, with 15% and

30% replacement of cement, and reported lower water penetration depths at 28 and 90

days for higher replacement levels. On the other hand, water absorption of the concrete

mixtures containing NZ was higher than that of the control concrete (Table 5.3). This

was attributed to the finer pore structure in the presence of NZ.

Ghrici et al. (2007) reported on the efficiency of an Algerian NP on the sorptiv-

ity of mortar. They found that at 28 days of curing the sorptivity coefficient of con-

crete containing 30% of natural pozzolan diminished by 29% and 56% compared

with the control concrete for water-to-binder (w/b) ratios of 0.4 and 0.6, respec-

tively. Similarly and at 90 days of age the sorptivity coefficient was 34% lower

than that of the corresponding OPC mortar for both (w/b) ratios of 0.4 and 0.6. In

this case, there are pores in the bulk paste or in the interfacial zone between aggre-

gate and cement paste. The capillary pores are reduced by the formation of second-

ary C�S�H gel due to the pozzolanic reaction and hence the reduction in the

capillary sorption of concrete. The reduction of water permeability and water

Table 5.3 Effect of natural zeolite on the transport properties (Najimi et al., 2012).

Mixture identification Water penetration

depth (mm)

24 h water

absorption (%)

28 days 90 days 28 days 90 days

NZ0 (control) 15 15 6.88 6.50

NZ15 13 11 7.97 7.95

NZ30 9 10 7.75 7.60
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capillary absorption have been confirmed by other researchers as NP refines the

pore structure if humid curing is applied for at least 7 days and the lowest water

permeability was obtained for 15% NP mixtures (Guettaf et al., 2020).

Masood et al. (2020) reported that water absorption of recycled aggregate con-

crete (RAC) was higher than that of natural aggregate concrete (NAC) by more

than 23% due to the higher water absorption capacity of recycled aggregates. This

increase in absorption could be due to porous/permeable matured cement paste in

RCA. In addition, bentonite (low-calcium pozzolan) addition by up to 20% in both

NAC and RAC decreased the water absorption. For both types of concrete, NAC

and RAC, the maximum reduction was observed for the replacement level of 20%

bentonite. They concluded that bentonite is beneficial for both NAC and RAC in

terms of reducing the water absorption.

Mehrabi et al. (2021) investigated the feasibility of using RCA and supplemen-

tary cementitious materials (SCMs) including PC and nanoclay (NC) as a partial

replacement of natural coarse aggregate and Portland cement in pervious concrete,

respectively. For this purpose the normal coarse aggregate (NCA) was replaced

with 10%, 25%, 50%, and 100% RCA and the Portland cement was replaced with

10%, 25%, and 50% pumice in addition to 1% to 3% NC. They reported that PC

incorporating recycled aggregates exhibits higher water permeability compared to

the control mix. Generally, adding pumice and NC densifies the pore system due to

their pozzolanic reactivity and microfilling ability. However, the permeability coef-

ficient of PC mixes incorporating pumice increased with the increase in pumice

content due to the porous and rough texture of the pumice stone, which has

increased air trapped in the matrix. Moreover the use of NC in mixtures prepared

with RCA and pumice resulted in a marginal reduction in the void content and the

permeability coefficient.

5.4.2 Carbonation

The presence of carbon dioxide levels in the atmosphere above 0.04% by volume

diffuses through the unsaturated concrete open pores or cracks, dissolves in the

pore water, and then reacts with the hydrates of cement to form calcium carbonate

(CaCO3) and silica gels (Dunster, 1989). The main carbonation reaction is that of

calcium hydroxide and can be described as shown in Eq. (5.1):

CO2 1Ca OHð Þ2 ! CaCO3 1H2O (5.1)

Other constituents in the concrete can also carbonate, particularly cal-

cium�silicate hydrates (C�S�H), which are the major constituents of hydrated

cement paste. Peter et al. (2008) suggest that the C�S�H phases start carbonating

as soon as the available calcium hydroxide has been depleted. Carbonation reac-

tions have two main functions (Cyr, 2013):

� A reduction of global concrete porosity and a modification of the pore size distribution. The

decrease of the porosity can lead to the improvement of some mechanical performances.
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� The consumption of portlandite, causing a decrease in the pore solution pH, from 12.5 or 13.5

to around 9. At that level of pH the passivating layer is not stable and dissolves, causing corro-

sion to start. This generally leads to a strong reduction in the durability of the structure.

The depth of carbonation is usually proportional to the square root of time,

which means that it is driven by the process of gas diffusion (Cyr, 2013). Thomas

(2013) reported that carbonation of mortar and concrete increases as SCM

increases, w/cm increases, strength decreases and curing decreases.

In addition to the parameters, the depth of carbonation attains maximum values at rel-

ative humidity (RH) levels of between 50% and 70% (Hewlett & Liska, 2019) because

RH must be sufficiently low to allow the permeation of CO2 into the concrete but also

sufficiently high for the carbonation reaction to be achieved in an aqueous phase.

It should be noted that SCMs influence the carbonation of mortar and concrete by the

consumption of portlandite due to the pozzolanic reaction, which implies that a smaller

amount of CO2 is required to carbonate the remaining hydrates. On the other hand, Bier

(1986) has shown that the depth of carbonation increased as the portlandite content in the

cementitious material (CM) decreased. Consequently, the presence of SCMs could result

in more rapid carbonation. The overall trend found in the literature is that the depth of

carbonation increases with the use of pozzolan in concretes (Neville, 2011).

Ramezanianpour et al. (2015) investigated the use of NZ on the concrete carbon-

ation. In this study, for w/cm ratios of 0.35, 0.40, 0.45, and 0.50, concrete mixtures

containing 0%, 10%, and 15% replacement of cement with NZ were made. The

results showed that the carbonation depth of specimens measured at different ages

of 28, 90, and 270 days increased with the increase in w/c and NZ replacement

level. However, the depth of carbonation decreased by increasing the curing time

due to the continuation of the hydration process, thus improving pore structures as

presented in Table 5.4.

Table 5.4 Results of accelerated carbonation test on the selected concrete mixtures

(Ramezanianpour et al., 2015).

Mixture ID w/c Natural zeolite

replacement

level (%)

Carbonation depth (cm)

28 days 90 days 270 days

A0 0.35 0 1.5 1.2 0.1

A10 � 10 2.5 3.2 0.3

A15 � 15 2.5 3.7 1.4

B0 0.40 0 2.1 1.4 0.3

B10 � 10 5.2 3.9 1.6

B15 � 15 6.0 4.2 2.9

C0 0.45 0 3.0 3.1 0.9

C10 � 10 6.9 5.1 2.8

C15 � 15 8.3 5.2 3.0

D0 0.55 0 3.3 3.3 1.0

D10 � 10 7.1 5.4 3.9

D15 � 15 8.8 6.0 5.1
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Recently, Al-Amoudi et al. (2019) measured the accelerated carbonation for a

period of 90 and 180 days on mortars containing NPs obtained from three differ-

ent sources in Saudi Arabia. They showed that after both exposure periods the

depth of carbonation was relatively higher in the specimens prepared with NP-

concrete mixtures as compared with that of OPC concrete. This is in agreement

with the fact that concretes containing pozzolanic admixtures possess lower

resistance to carbonation as compared to the concrete mixtures containing

Portland cement alone due to the fact that the amount of available Ca(OH)2 is

reduced because of the lower cement content and its consumption in the pozzo-

lanic reaction. Furthermore, C-S-H gel as a result of the pozzolanic reaction is

more prone to carbonation compared with C-S-H gel from cement hydration

(Thomas et al., 2014). In this way the C-S-H gel in pozzolanic concrete will be eas-

ily carbonated.

According to many studies the carbonation depth of RAC increased with the

increase in coarse and fine RA content as a consequence of higher porosity of RA

as well as an increase in effective w/c ratio, as shown in Fig. 5.4 (Tam et al., 2021).

This may be attributed to the higher adhered mortar of RA, which increases the

total cement content and slows down the carbonation rate. Silva et al. (2015) found

that the relative carbonation depth of RAC with 100% coarse RA was 2.5 times

higher than that of NAC. For the concrete with the same incorporation of fine RA

the carbonation depth was 8.7 times, probably due to the higher water absorption

capability of fine RA. When the replacement ratio of coarse RA increased the RAC

can achieve similar strength and carbonation depth as NAC by lowering the w/c

ratio of RAC (Silva et al., 2015).

Based on the literature, Guo et al. (2018) summarized the influence of different

parameters on the carbonation resistance of RAC as presented in Table 5.5.

Figure 5.4 Carbonation depth relative to coarse and fine RA content (Tam et al., 2021).
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Chakkamalayath et al. (2020) carried out an accelerated carbonation test, accord-

ing to BS 1881�210 (2013), after 28 days of curing in water, on six concrete mixes

with different compositions, including the replacement of ordinary Portland cement

and NCAs with 30% volcanic ash (VA) and 30% RCA, respectively. The control

mixes (VCC and SCC) were not affected by carbonation. Also, the carbonation was

not affected by the replacement of natural aggregates with RCA as in the case of

SR30 (mix containing 30% RCA), maybe because the old mortar adhered to recycled

aggregates causes higher alkaline content, which may be shielding the concrete sur-

face against carbonation. However, the carbonation depth was increased with the

replacement of OPC with VA and granulated glass blast furnace slag (GGBS). The

reduction in carbonation resistance for binary and ternary mixes containing VA and

GGBS may have been due to the predominant effect of reduction in calcium hydrox-

ide because of the pozzolanic nature, more than the effect due to pore refinement.

5.4.3 Resistance to chloride attack

Chloride binding by cement-based materials is very complex and influenced by many

factors. Also it is a function of the amount of C-S-H gel in the concrete. NP increases

the formation of more gel, thus providing more surface area available for adsorption.

In addition, chloride binding capacity depends on the pH value or OH� concentration
in the pore solution of concrete. In fact the higher the pozzolanic activity, the higher

the decrease in OH�and the lower the rapid chloride penetration value.

Ramezanianpour et al. (2015) measured the rapid chloride penetrability accord-

ing to ASTM C1202 (2010) at different ages of 28, 90, and 270 days. The concrete

mixes were designed with four w/cm ratios, 0.35 (A), 0.40 (B), 0.45 (C), and 0.50

(D), and the replacements of 10% and 15% in Portland cement weight per NZ.

Their results are presented in Fig. 5.5. As can be seen that the use of NZ led to con-

siderable reduction in chloride ion penetration, measured as passing charge through

Table 5.5 Influence of different parameters on the carbonation resistance of RAC (Guo

et al., 2018).

Parameter Change Effect

RA content m Strong negative

w/c ratio m Strong negative

Size of RA k Mild negative

Adhered mortar m Strong negative

Exposure time m Negative

Pozzolanic materials m Negative

Superplasticizers � Positive

Pretreatment RA � Mild positive

Mixing method � Mild positive

Remarks: m—increase, k—decrease.
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the specimens. In addition, these improvements were more significant for mixtures

having a higher w/cm ratio.

Ahmadi and Shekarchi (2010) reported that concretes made with 10%�20% NZ

showed a significant decrease in diffusion coefficient compared to control concrete.

However, silica fume (SF) concretes had a better effect on improving diffusion

characteristics of concrete than NZ concretes at the same level of replacement. This

confirms the results obtained by Chan and Ji (1999), which indicate that the NZ

was more effective than pulverized fuel ash in terms of chloride diffusion into con-

crete, but it was less effective than SF. Several researchers (Celik et al., 2014;

Hossain & Lachemi, 2004; Najimi et al., 2012; Uzal et al., 2007) also found higher

reduction in chloride ion penetration with NPs. Recently, Al-Amoudi et al. (2019)

investigated the chloride profiles obtained by testing the powdered samples col-

lected at different depths from the specimens of OPC and NP concretes after six

months of exposure of the specimens to the 5% NaCl solution. They found that

with the incorporation of NPs into the mixtures as a partial replacement of the OPC

the coefficient of chloride diffusion has clearly decreased by about more than two

times.

There is a consensus in the literature that RAC tends to exhibit greater chloride

ion penetration than the corresponding NAC and that the magnitude of the differ-

ence depends on several factors related to the use of RA which are discussed by

several researchers.

Figure 5.5 Rapid chloride penetrability test results of the selected concrete mixtures

(Ramezanianpour et al., 2015).
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Jalilifar et al. (2020) studied the durability of recycled concrete made of coarse

RAC containing silica fume and NP. They found that the rapid penetration of chlo-

ride ions remained nearly constant up to 50% RAC, whereas it increased dramati-

cally when the RAC incorporation levels increased to 100%. Masood et al. (2020)

studied the chloride migration coefficient in concretes made with 0%�20% of ben-

tonite (i.e. low-calcium pozzolan) by mass replacement of Portland cement in both

NAC and RAC. A decrease in resistance to chloride migration was observed by

replacing RCA with NAC in concrete mixes. Due to the poor interfacial transition

zone (ITZ) and the high pore volume, RAC had a significantly higher chloride

migration coefficient than NAC. RAC mixes resulted in a 27% less resistance to

chloride penetration as compared with that of mixes of NAC. On the other hand,

increasing the dosage of bentonite improved the resistance to chloride penetration

in NAC and RAC mixtures. In another study, Chakkamalayath et al. (2020)

reported that the mixture with 30% RCA (SR30) showed a higher passing charge at

90 days when conducting the rapid chloride ingress test. The conductivity decreased

with the increase of the curing time. On the other hand the higher conductivity at

90 days was also compensated by the incorporation of VA. In addition, it was con-

firmed that the incorporation of GGBS resulted in finer microstructures as mixes

containing GGBS showed very low permeability at 90 and 180 days. It should be

noted that the same findings were obtained by other researchers (Al-Swaidani &

Al-Hajeh, 2017; Soldado et al., 2021).

5.4.4 Resistance to sulfate attack

Sulfate salts are harmful to concrete as they can cause expansion, loss of strength,

and eventually transform the material into a mushy mass (Hewlett & Liska, 2019).

The sulfates can come from different sources and are found in the form of sodium

sulfate (Na2SO4), potassium sulfate (K2SO4), magnesium sulfate (MgSO4), and cal-

cium sulfate (CaSO4), and these salts are highly soluble. The sulfate attack is gener-

ally attributed to the formation of gypsum (CaSO4�2H2O) and delayed ettringite

formation, which must be distinguished from primary AFt resulting from the reac-

tion of C3A with calcium sulfate. Ettringite eventually transforms to monosulfate

hydrate, C4ASH18, which makes the concrete vulnerable to sulfate attack. The rate

of sulfate attack depends on the permeability and the amount of calcium hydroxide

and reactive alumina phases present (Mehta & Monteiro, 2006). C3A is the main

compound of cement responsible for the sulfate resistance, whereas C4AF and CH

can also affect the sulfate resistance of low C3A (González & Irassar, 1998).

Several studies have shown that the partial replacement of Portland cement by

SCMs improves the sulfate resistance of mortar and concrete by a number of

mechanisms (Thomas, 2013). Kasaniya et al. (2021a, 2021b) studied the effect of

several cementitious additions on the sulfate resistance of mortar according to the

ASTM C1012 standard. The obtained results indicate that all raw NPs (five pumices

and one perlite) and three ground glasses demonstrated a significant improvement

in sulfate resistance (Fig. 5.6). Also it can be seen in Fig. 5.6 that all mortars pro-

duced with these cementitious additions behaved in a similar manner upon exposure
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to the sodium sulfate solution and the pozzolanic reactivity of these materials did

not indicate their contribution to the enhancement of sulfate resistance.

Shahmansouri et al. (2021) conducted an experimental investigation on the effect

of NZ as cement replacement on durability of mortars under sulfate attack. The

deterioration level was determined by measuring the compressive strength loss of

mortar specimen after 90 and 180 days of immersion in the 5% Na2SO4 solution at

20�C. Several mix designs cover an extensive range of w/cm ratios, different CM

contents, and different rates of NZ (0, 5, 7, 5, 10, 15, and 20%). The incorporation

of NZ in the mixtures increases the sulfate resistance of the concrete. As the per-

centage of NZ increases, the sulfate resistance is improved. However, an increase

in the CM content and the w/cm ratio reduces the sulfate resistance of concrete.

Some researchers (Ghrici et al., 2006; Martı́nez-Rosales et al., 2020) reported

that the strength of the mortar samples containing NPs usually increases at early

ages in sodium sulfate solution but reduces at longer ages. In addition the sulfate

attack of magnesium sulfate is considered to be more severe than that of sodium

sulfate. Ramezanianpour (2014) reported that the use of different amounts of NPs

usually increases the resistance of concretes and mortars in sodium sulfate expo-

sure, but they may worsen the performance of sulfate resisting Portland cements in

magnesium sulfate solutions. This opposite action depends on the type and proper-

ties of NPs.

Boudali et al. (2016) investigated the performance of SCC and self-compacting

sand concrete incorporating recycled concrete aggregate and fine recycled concrete

in different sulfate environments. Similar mixtures incorporating natural aggregates

and natural pozzolan were also tested for comparison. The obtained results indi-

cated that mixtures incorporating recycled concrete aggregate and fine recycled

Figure 5.6 Sulfate attack-induced expansion results for ground glasses, pumices, and perlite

(note: 25% PC replacement level unless otherwise specified) (Kasaniya et al., 2021a, 2021b).
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concrete exhibited a better sulfate resistance behavior than those with natural aggre-

gates and natural pozzolan.

Omrane et al. (2017) reported that the incorporation of 15% and 20% of NP in

NSCC and RSCC, respectively, has a beneficial effect on the resistance to sulfuric

acid (H2SO4) attack. The comparison between NSCC and RSCC confirms that the

mass loss of RSCC is less than 23% compared to NSCC, which shows the benefi-

cial use of recycled aggregates. Recently, Masood et al. (2020) studied the effect of

various levels of bentonite (0, 5, 10, 15, and 20%) on the sulfuric acid attack resis-

tance of both NAC and RAC. It was concluded that the significant improvement in

the acid attack resistance of RAC was noticed with the inclusion of bentonite.

Moreover, improvement in acid attack resistance was observed to be enhanced for

both NAC and RAC mixes with increasing level of bentonite.

5.4.5 Alkali�silica reaction

Alkali-silica reaction (ASR) is one of the major durability concerns of concrete

structure. ASR gels are formed when reactive silica in the aggregate reacts with

hydroxyl ions (OH2) in the pore solution of cement paste. Alkali metal ions (Na1

and K1) contribute toward the high concentration of hydroxyl ion and then the for-

mation of expansive alkali-silica gel (Mo et al., 2021). This can cause volume

expansion internally within concrete and in severe cases can cause cracking and

spalling of concrete. The three essential conditions for the formation of ASR gels

are the presence of reactive silica, high alkali content, and sufficient moisture.

One possible measure of controlling expansion due to ASR is the use of SCMs

to partially replace the Portland cement in the mixture. SCMs can mitigate ASR

mainly by reducing the amount of alkalis available for the reaction with the aggre-

gate, and the ability of SCMs to bind alkalis appears to be strongly related to the

CaO/SiO2 ratio of the SCM (Thomas, 2011).

A research study on the ASR showed a reduction in the expansion at 1 year of

age from 0.28% to 0.02% with a 30% replacement of OPC with NP by mass (Saad

et al., 1982). Moreover, Bektas et al. (2005) investigated the influence of calcined

perlite powder (CPP) in suppressing the expansion resulting from ASR. They found

that CPP can effectively limit the expansion of mortars.

Seraj (2014) studied the ability of NPs to control expansion due to ASR by per-

forming tests in accordance with ASTM C 1567 (2013) with reactive sand. The

replacement amount of cement with SCM was varied to determine the minimum

amount of SCM necessary to control expansion. The minimum amount of SCM

needed to control expansion varied between 15% and 25%.

Mahyar et al. (2018) studied the ASR expansion of mortars prepared using one

of two different Portland cements, a reactive siliceous fine aggregate, and SCMs.

The SCMs comprised six fly ashes, two ground granulated blast furnace slags, and

three NPs. They found that all tested SCMs are able to mitigate the ASR expansion

of cement mortars. They concluded that about 15%�27% replacement with any of

the three NPs was needed to reduce 14-day expansion to 0.1% according to ASTM

C 1567 (2013). These results corroborate those found by Seraj (2014).
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In the study conducted by Kasaniya et al. (2021a, 2021b) a high-alkali Portland

cement and a highly alkali�silica reactive borosilicate glass aggregate were used to

prepare mortar prisms in accordance with the ASTM C441 ASR test. They found

that all the pozzolans tested (pumice and perlite) reduced the expansion of mortar

bars containing reactive Pyrex glass. The reduction in expansion due to ASR by the

incorporation of pozzolans is due to the decrease in the concentration of alkali

hydroxides (Na1, K1, and OH2) in the interstitial solution and the increase in bind-

ing alkaline by C-S-H, which has a higher calcium-to-silica (Ca/Si) ratio than the

C-S-H produced by PC alone (Glasser & Marr, 1985). According to Guo et al.

(2018), since the microstructure and interface characteristics of RAC are more com-

plex than those of NAC, it becomes more difficult to quantify and clearly under-

stand the ASR mechanism in the RAC system. Cassiani et al. (2021) summarized

the main factors affecting the ASR in RCA as presented in Table 5.6.

McCarthy et al. (2015) pointed out that the expansion of fine RA was slightly

greater than that of coarse RA when mixed with reactive aggregate in a new concrete

in high-alkaline environment. It should be noted that there is a lack of studies on the

effect of NP on ASR of RAC. However, the study conducted by Adams and Ideker

(2020) demonstrated that ASR in concrete made with RCA can be effectively

reduced using SCMs. Ternary blends containing Portland cement, a class F fly ash,

and metakaolin were most effective in reducing expansions for RCAs used in this

study. The amount of a particular SCM replacement needed in a mixture to reduce

expansions to acceptable amounts depends on several factors. These include (1) the

replacement level of RCA, (2) whether the coarse or the fine original natural aggre-

gate was the reactive component in the RCA, and (3) access to the reactive compo-

nent. The amount of adhered mortar in a particular RCA may also play an important

Table 5.6 Factors affecting the alkali�silica reaction in recycled concrete aggregates

(RCAs) (Cassiani et al., 2021).

Factor Factor description Result in ASR expansions

Natural aggregate reactivity More reactive

Reactive RCA proportion More content

Crushing process Recrushing

Extent of ASR damage demolition More damage

Residual mortar amount More content

RCA—water absorption High

SCM addition Higher
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role. It was found that the use of SCMs has the ability to reduce the alkalinity of pore

solution, and the amount of SCMs needed for RAC with ASR-affected RA was high-

er than that of concrete prepared with the virgin reactive aggregate.

5.5 Microstructure

The microstructure and porosity of mortars and concretes are closely correlated

with strength. They mainly depend on the degree of hydration and the w/c ratio.

Cyr (2013) reported that the microstructure of the cementitious paste plays an

important role in determining the properties of mortars and concretes under certain

conditions (e.g., active pozzolan, a long curing time). Mehta (1981) found that the

addition of NP to Portland cement causes pore refinement by transformation of

larger pores into fine pores (Fig. 5.7).

From Fig. 5.7, one may observe that there is a great difference between the charac-

teristics of the pore system of a pozzolanic cement paste compared to that of a

Portland cement. Hence mortar with Portland cement generally has a higher total

porosity than that with blended cement. Within the hydration process the reduction of

larger volume pores is more pronounced for mortar containing NP than for mortar

with Portland cement. Furthermore, this reduction is more significant at a later age. It

was also found that the incorporation of NP considerably reduces the average pore

radius and increases the number of smaller pores, especially for a high amount of NP.

The microstructure of concrete has three phases: bulk hydrated cement paste phase,

aggregate phase, and the ITZ between aggregate particles and cement mortar. Due to

the higher porosity of the matrix formed near the aggregates the ITZ is usually known
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Figure 5.7 Pore size distribution of hydrated cement pastes (Mehta, 1981).
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to be the weakest zone of the concrete associated with negative impacts on mechanical

and durability characteristics of concrete. In comparison with natural aggregates,

recycled aggregates are more porous and usually partially carbonated due to the adhe-

sion of old cement pastes on the aggregate surface. Poon et al. (2004) indicated that the

ITZ microstructure of the RAC will be different from that of the NAC. However,

Medina et al. (2012) found that the ITZ between RCA and new cement mortars is

denser with fewer pores than the ITZ between natural aggregates and cement mortars.

Some researchers believe that the water absorbed in RCA during the hydration process

leads at a later age to internal curing in RC which will eventually improve the quality of

the ITZ in this area (Jalilifar & Sajedi, 2021). In addition the use of a mineral admixture

is an effective method to improve the interface structure and the performances of RAC.

This is because in an alkaline environment, mineral admixtures could promote pozzola-

nic reaction to generate secondary C-S-H gel and refine pore structures.

Recently, Jalilifar and Sajedi (2021) investigated the microstructure of 100%

recycled concrete (RC) containing recycled coarse concrete aggregates (RCA). After

180 days of hydration the results showed that there was still a large amount of pores

and discontinuities at the mortar surface and the ITZ of RC without pozzolan. In

contrast the use of 10% of SF in RC significantly reduced the pores and compressed

the ITZ by bridging the hydration products, and the ITZ of this concrete was very

close to that of conventional concrete (CC). The slow pozzolanic reactions in the fly

ash as well as the low reactive capacity of the NZ resulted in the RC containing

these two pozzolans with relatively porous and less dense microstructures.

5.6 Environmental and economical aspects

Cement manufacture is an energy-intensive process. For every ton of cement pro-

duced, there is up to 1 ton of carbon dioxide emitted into the atmosphere, partly due

to the energy input for the calcination temperature and partly due to the decomposi-

tion of calcium carbonate. Therefore any reduction in the amount of cement in the

production of concrete, through partial replacement of cement with naturally occur-

ring material, is highly advantageous in that it reduces the amount of carbon dioxide

emitted into the atmosphere and the unit cost of concrete. NPs are one of these natu-

ral materials, and their usage in concrete can offer environmental and economic ben-

efits. Also replacing cement with NP can improve the durability of the structures,

thus extending their lifespan, and further contribute to the reduction in cost and

economy. Government legislations are a key to allowing construction professionals

to a wider utilization of cement replacement materials including natural pozzolan.

5.7 Conclusion

Using NP in concrete to partially replace the cement can offer adequate fresh,

mechanical, and durability properties. For example, using natural pozzolan to
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partially replace cement can increase the resistance to sulfate attack and alkali

aggregate reaction, thereby improving the long-term performance of concrete sub-

jected to sulfate environment or concrete containing reactive aggregate. Also, the

compressive strength of concrete containing natural pozzolan is acceptable which

allows its usage in many concrete applications. Therefore where NP is present, it is

important to use it in concrete production.
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6.1 Introduction

Waste is a remnant of production that does not contribute to human life. In particu-

lar, waste is seen as something that does not have a positive impact on people, but

it has a huge influence on the continuation of human life. Improper waste handling

would lead to unhealthy environmental patterns and damage the ecosystem. At

present the problem of waste becomes a world problem, and since two decades, var-

ious ways have been tried by people as a step to save the environment from nega-

tive effects that can be caused by waste. About 60% of the waste production is

estimated to be human-based household waste (HW) in Indonesia. Integrated waste

management from the source to downstream could minimize the impacts arising

from waste, such as the emergence of various diseases and environmental contami-

nation, including in water, air, and soil. With its good management the waste would

actually be a useful resource of raw material for various industries such as cement,

tile, brick, and also energy (Yustikarini, 2017). Makassar, as one of the major cities

in Indonesia, has generated waste of 4000 m3/d (Oktavianus, 2015). Another mate-

rial that does not contribute to human life is the Mediterranean soil, which is often

known as rocky soil. This is due to its lime content that is high enough to make it

very difficult for plants to grow. Increased demand for housing and infrastructure

automatically increases the need for building materials. Growth related to building

material demand requires to be addressed by conducting research on the utilization

and development of new building materials that are capable of being alternative

materials. The current experimental research relates to this matter by substituting

Mediterranean and clay soils with waste in a recycling system of waste that uses

HW and coal waste (fly ash and bottom ash) to form new cement and new cement

paste composites, which would be alternatives to Portland cement. The following
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paragraphs summarize the aforementioned wastes and materials as constituent mate-

rials for new cement and paste composites.

Mediterranean soils, forming under a Mediterranean climate, are variously called

the Terra Rossa Soil on hard limestone and Red Mediterranean Soil. However,

whole soils are not classified as such in a Mediterranean environment because sig-

nificant erosion, the lack of clean water, unfavorable mineral characteristics, coher-

ence, and permeability may hamper the development of regular Mediterranean soil

formation process (Verheye & Rosa, 2005). The variety of soils is very wide in the

Mediterranean region, but the carbonaceous soils seem to be the most common land

materials. Throughout the Mediterranean Sea the calcareous sedimentary soils such

as limestone soils, dolomitic soils, and marl soils have various features in terms of

hardness, mineralogical composition, and permeability. In South Africa and

Australia, noncalcareous sedimentary soils including sandstone, mudstone, and

shale are well known. In addition, granite as plutonic mac, basalt as volcanic mac,

and quartzite and gneiss as metamorphic macs are abundant in the region. The soils

have various chemical structures, and each behaves differently in terms of solubility

when subject to disintegration and weathering (Verheye & Rosa, 2005). The miner-

alogical structures in carbonaceous soil start with a chemical attack and dissolution

of calcium carbonate by penetrating rain water and freeze-thawing cycles, espe-

cially when enriched by CO2 and the plant root system:

CO2 1H2O ! H2CO3

k
CaCO3 1H2CO3 ! Ca HCO3ð Þ2

(6.1)

The insoluble calcium carbonate (CaCO3) first meets with carbonic acid (H2CO3)

in the environment, and the carbonate is converted into soluble calcium bicarbonate

(Ca(HCO3)2), which is then removed by drainage water in the foundation, as shown

in Eq. (6.1). The dissolution of the soil leaves behind a fresh product from the

CaCO3, whose properties depend on the natural environment, the hardness of the sub-

strate, and the level of chemical aggressiveness of the water that leaches through the

soil (Verheye & Rosa, 2005). This would be referred to as decrease of soil pH from

8�8.2 range to 7�7.2 range, and a reduction tendency towards a desaturation of the

caution exchange complex. On non-carbonaceous and acid layer, like granites, gneiss

or sandstones, as natural leaching and plant acid root system escalate the acidity and

desaturation during the winter period, the soil pH is between 6 and 7 (Verheye &

Rosa, 2005). Fig. 6.1 illustrates various materials—for example, the Mediterranean

pozzolanic soil, the HW, the calcined clay, the fly ash, and the bottom ash, and the

scheme of the plot manufacturing of new clinker and cement.

In addition to the Mediterranean soil, the amount of HW increased very rapidly

because of rapid growth in urbanization and industrialization. In addition to the

growth, in near future, since people continue to increasingly generate the HW and

because of the lack of landfill regions for the HW, together with the increase of cost

for landfill operation of the HW, its disposal is becoming a very significant problem
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for most communities. With the increase of environmental awareness and the poten-

tial hazardous effect of the HW the recycling of HW is gaining immense interest,

instead of the disposal of HW. Ash from energy power stations (EPSs) could possibly

be used in concrete manufacturing. There are plenty of paper reports with further

details about the physical, chemical, and mineralogical compositions and elemental

analysis of the ash of EPS. They include the effect of EPS ash on the compressive

strength, chloride resistance, and shrinkage of concrete. They also deal with the

leachate analysis of ash of EPS (Siddique, 2010). A study, entitled “Recycling of

municipal solid waste for cement production: pilot-scale test for transforming inciner-

ation ash of solid waste into cement clinker,” carried out by Kikuchi in 2001 showed

that the quality of the resulting cement is sufficient to enable the cement to be put to

practical use in construction. Furthermore the tested process does not result in sec-

ondary pollution. Consequently the study reported that approximately 50% of the raw

material used in cement manufacturing would be obtained from the incineration ash

of HW (Kikuchi, 2001). Another study published by Joseph et al. in 2018 explained

that huge amounts of HW were being generated, and even though the incineration

process reduced the mass and volume of the HW to a large extent, a massive quantity

of residue of HW still remained. On average, out of 1.3 billion tons of HW generated

per year, around 130 million tons were incinerated in the world. About 400 kT of bot-

tom ash residues was generated in Flanders the previous year, out of which only

102 kT was utilized, and the rest was exported or landfilled due to nonconformity to

environmental regulations. The landfilling makes the valuable resources in the HW

unavailable and results in large quantities of primary raw material being used,

increasing mining activities and related hazards. Identifying and employing the right

Mediter-
ranean 

Soil

Clay

Fly Ash
Bottom 

Ash

Household 
Waste

Various Wastes and Natural Raw Materials

Heat New Type Cement (A)

Plot Manufacturing of New Clinker and 

Cement

The Portland cement (B)

Figure 6.1 A process of plot manufacturing of new cement from various wastes and natural

raw materials; new type cement (A) and the Portland cement (B).
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pretreatment techniques for HW are the key to attaining a circular economy. Uses of

HW in the cement industry as a binder and cement raw meal replacement are identi-

fied as possible effective utilization options for large quantities of bottom ash of HW.

With all the research evidence available, there is now a need for combined efforts

from incineration and the cement industry for technical and economic optimization of

the process flow of HW (Joseph et al., 2018).

However, there are many reports on the use of the calcined clay for cement

manufacturing. It is reported that the cement industry could substitute the pozzola-

nic and latent hydraulic cementitious constituents for Portland cement clinker to

provide a holistic approach for reduction of CO2 emission effect on the environ-

ment. It is clear that due to a significant increase in demand for cement, calcined

clay is becoming more important for the cement manufacturing as a valuable poz-

zolanic constituent. It is possible to use calcined clay in cement as the main constit-

uent in regard to EN 197-1 if the percent of the reactive silicon dioxide is not lower

than 25% by mass. Particularly the effect of the chemical and mineralogical compo-

sitions of the clay on their suitability as a main constituent in cement has not yet

been sufficiently evaluated. The compressive strength tests on CEM II/A-Q were

carried out with a water-to-cement ratio of 0.5 and on CEM IV/B (Q) with a water-

to-cement ratio of 0.6 for process-related reasons. The strengths of CEM II/A-Q

were between approximately 21 MPa and approximately 29 MPa at the age of 2

days and between approximately 48 MPa and approximately 66 MPa at the age of

28 days. The strengths of CEM IV/B (Q) were between approximately 9 MPa and

approximately 13 MPa at the age of 2 days and between approximately 24 MPa and

approximately 49 MPa at the age of 28 days. The highest levels of compressive

strength were reached with the kaolinite clays (European Cement Research

Academy, 2014). Therefore another objective of the study is, through experimental

laboratory research and development, to better explain the suitability of the calcined

clay for use in cement making process.

Pulverized fuel ash (PFA) is also used in the study. The manufacturing of Portland

cement composite concrete uses PFA as a supplementary cementitious material

(SCM) (Kırgız, 2015a). The use of SCM overcomes various negative chemical pro-

blems and contributes to the physical and mechanical features of the hardened

cement-based material through enhancement of its hydraulic and pozzolanic activity.

PFA is defined as an SCM and is classified differently in regard to various institu-

tions such as the American Standard Testing and Material (ASTM) and the CSA in

various countries. The specification of the ASTM depends on the chemical composi-

tion of the PFA. The standard stipulates that the sum of SiO2 1 Al2O3 1 Fe2O3 has

to be more than 70%. Anthracite or bituminous coal fuel ash is referred to as Class F

fuel ash. If its SiO2 1 Al2O3 1 Fe2O3 sum is less than 50% in composition, the lig-

nite or sub-bituminous coal fuel ash is referred to as Class C fuel ash. While the

ASTM evaluates PFA as two classes, the CSA lays down PFA as three classes.

According to classification of PFA by the CSA, F type fuel ash contains a calcium

(CaO) oxide content lower than 8%. The second type, called CI fuel ash, includes a

CaO content between 8% and 20%. The last type is CH fuel ash and comprises a
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CaO content of more than 20%. PFA has notable benefits on cement-based composite

materials (CBCMs). The following paragraphs summarize its benefits on CBCM sys-

tems (Kırgız, 2015b, 2018). PFA reduces the water demand of CBCM, and thus

accordingly the use of good quality fuel ash along with the high fineness and low

CaO content may allow the composite concrete to be mixed at a lower water quantity

when compared to the Portland cement composite concrete manufactured at the same

workability. High-dosage level fuel ash by mass of total cement binder along with a

low water content may eliminate the bleeding and segregation because of pozzolanic

activity of PFA. The substitution level of the low-CaO Class F fuel ash for the

Portland cement increases the early-age compressive strength gain decreasing in the

CBCM, but it shows a positive effect on the compressive strength gain in the long

term (Kırgız, 2015b, 2018). The benefit list of PFA is long. Coal burning results not

only in PFA but also in bottom ash that is generated by various industries that require

high temperatures in their manufacturing. The bottom ash’s mechanical properties are

thoroughly studied in several countries. There is a regular need to consider the quality

of the bottom ash in order to enhance its use as a suitable substitution material for

fine aggregate and course aggregate in CBCM as well as a subground material for

infrastructure. Because of mineralogical and geochemical changes, bottom ash’s pH

varies between 8 and 11. For all possible types of utilization of bottom ash, it is very

beneficial for the mechanical properties to consider a heavy metallic content prior to

utilization. Removing all metals creates a homogeneous and mechanically strong

material. Furthermore, other uses are being investigated. An example of other uses is

low-tensile strength composite concrete, such as outdoor tiles. The use of bottom ash

for composite concrete is quite substantial in modern society; hence large markets for

bottom ash utilization exist (Kırgız, 2015b, 2018).

The need for new building materials due to growth in population must be

addressed with the use and discovery of new building materials that are capable of

being alternatives to current building materials. Cement is the newest alternative for

Portland cement, according to the experimental research that has been made utilizing

various forms of recycling and utilization of waste. The aim of the new cement is to

use ingredients such as HW, PFA, bottom ash, Mediterranean soil, and calcined clay.

The lack of research on the making of new cement with coal waste such as PFA and

bottom ash inspires the researchers all over the world to conduct new experimental

studies that showcase how the waste can be utilized for human interest in construc-

tion and development of structures and infrastructure. PFA and bottom ash are the

examples of waste that can be utilized in cement production. It is, however, necessary

to pay attention to the properties and content of cement used in composite concrete.

Research suggests that the use of fly ash that is extensive in cement clinkerization

and its partial replacement for cement will lead to reduction of heat of hydration.

Therefore it slows down the chemical reactions in the hydration of cement, and it

accelerates the setting time of cement as well (Sebayang et al., 2012).

The combination of the PFA as an additional material and the SCM is often

referred to as composite cement in the Portland cement industry. The use of PFA is

a wise step in the cement manufacturing because it has an amorphous silica content
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and its reuse provides limitless recycling opportunities for both composite cement

and energy. With a high silica content, PFA meets the characteristics of cement and

pozzolanic latent material (Tumingan et al., 2016). The use of saturated PFA is one

of the ways to reduce high exposure in the hydration process against the density of

cement in composite concrete (Victor, 2012). The setting time of cement is the

starting process of a chemical compound reaction that occurs in cement just after

the cement reacts with water so that the composite cement can become hard and

withstand pressure. The use of PFA leads to a reduction in air pollution that impacts

the economy negatively. It has been observed that 0.9 tons of CO2 are produced per

ton of cement production. In addition the cement composition is 10% by weight in

cubic units of composite concrete. Thus the use of PFA, bottom ash, HW,

Mediterranean soil, and the calcined clay makes new composite cement possible to

help reduce atmospheric CO2 emissions as a form of ecofriendly engineering and

design (Chirag & Jain, 2014). The effect of adding a certain quantity of the waste

will increase the strength of cement-based composites (Marthinus et al., 2015).

6.2 Research methodology

In testing and evaluating of new clinker concentrates a comparative study is used to

analyze chemical compounds of the Mediterranean pozzolanic soil, the HW, the

calcined clay, the PFA, the bottom ash, and new cement clinkers manufactured

from the waste and measure the physical properties of new cement to examine the

level of similarity and difference between Portland cement and new cement. In

every new cement study the testing of chemical properties must be done on each

raw material that has been processed to concentrate and form cement. After that,

physical testing on new cement concentrate was carried out. To obtain optimum

results the methods used are based on the reference to ASTM in testing and evaluat-

ing the chemical properties of the Mediterranean pozzolanic soil, the HW, the cal-

cined clay, the PFA, the bottom ash, and the new cement clinker manufactured

from the wastes and such physical properties of the new cement as density and fine-

ness as well as the setting time of new cement composite paste.

6.2.1 Tools and materials used

New cement concentrate is formed by utilizing the management of waste recycling,

such as utilization of HW by substitution of Portland cement using Mediterranean

soil, clay, fly ash, and bottom ash. Fig. 6.2 illustrates the clinkerization from the

waste concentrate used in the study.

The combustion of raw material is conducted in a box fire machine that can

withstand heat up to 1800�C. The temperature control of combustion was carried

out using a TI-1500 infrared sanfix thermometer tool. Fig. 6.3 shows the cement

raw material before the combustion process to become the cement concentrate.
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To analyze the setting time of new cement composite paste the Vicat tool was

used. To analyze the fineness of new cement the Blaine tool was used. The exami-

nation of chemical compounds of the wastes and new cement was conducted at a

chemistry laboratory, while the physical properties of new cement were established

in a construction material laboratory in Indonesia.

6.2.2 Research procedures

In order to form a new cement concentrate, all the main waste ingredients were heated to

a temperature of 1375�C. After all ingredients are burnt for 4 hours, cooling and refine-

ment were performed. The concentrate-shaped cement material was then subjected to test

for examining its chemical structure. In order to assess the compatibility of new cement

Figure 6.2 The clinkerization from the waste concentrate used in the study.

Figure 6.3 The cement raw material before the combustion process to become the cement

concentrate: (A) the Mediterranean soil; (B) the household waste; (C) the calcined clay; (D)

the pulverized fuel ash; and (E) the bottom ash.
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Figure 6.4 The mineral graph of the XRD equipment, which was used to identify the major

part and definition of the diffraction angle 2θ in the study.

the ability to achieve the chemical structure, the fineness, the density, the initial and final

setting times, and the normal consistency were measured. The empirical Eq. (6.2) of the

concentrate-forming of new cement can be derived as follows:

The empirical Eq. (6.2) of the concentrate-forming of cement can be derived as

follows:

XRIf
5

PS 1
PIPNPAPR

100
(6.2)

where
P

RIf5Cement concentrate (kg),
P

S5Mediterranean soil concentrate (%),P
I5 Soil concentrate (%),

P
N5Household waste concentrate (%),

P
A5 Fly ash

concentrate (%),
P

R5Bottom ash concentrate (%).

6.2.2.1 Chemical analysis of the wastes and new cement

Before mixing of the wastes together to make a new cement concentrate a recent study

established the chemical composition of the Mediterranean pozzolanic soil, the HW, the

calcined clay, the fuel ash, and the bottom ash in accordance with the ASTM C114-07

standard wet chemical analysis method (ASTM C114-07, 2007). The chemical composi-

tion of the new cement composition was determined using the energy-dispersive X-ray

fluorescence (XRF) method suggested by Wheeler in 1983 (Wheeler, 1983).

6.2.2.2 X-ray powder diffraction analysis of new cement
manufactured

Using ASTM C1365-18, numerous comprehensive studies were carried out on the

mineralogy of cement (ASTM C1365-18, 2018). Fig. 6.4 illustrates the mineral

graph of the XRD equipment, which was used to identify the major part and defini-

tion of the diffraction angle 2θ in the study.



Theoretical equations of Bogue calculation and such Bogue chemical compounds as

C3S, C2S, C3A, and C4AF have created some debate regarding on the strength mecha-

nism of Bogue chemical compounds. In the light of the debate the studies evaluate the

mineralogy of new cement using XRD in accordance with ASTM C1365-18 standard

method (ASTM C1365-18, 2018). Diffraction deals with constructive interference of

X-ray scattering from a sample and follows Bragg’s law through Eq. (6.3).

θ5 arsin
nλ
2d

� �
(6.3)

where θ is the diffraction angle indicated in the study, n is a constant, λ is the

wavelength of the X-ray scattered from new cement, and d is the distance between two

adjacent parallel lattice planes in the inner crystal structure (ASTM C1365-18, 2018).

6.2.2.3 Fineness of new cement

In order to determine the quantity of cement particles lower than 200 μm in size the

fineness test of new cement was carried out using the sieve of 200 μm mesh. The fine-

ness of the new cement was determined in accordance with ASTM C 204-18e1 stan-

dard method (ASTM C204-18e1, 2018). The study applied the following summary

steps: (1) A representative sample of new cement is obtained; (2) the new cement is

rubbed between the hands to break up the lumps; (3) 100 g sample of new cement is

weighed and recorded as W1; (4) 100 g of new cement is poured onto the sieve of

200 μm mesh, and the lid is placed; (5) the sieve is shaken for 15 minutes, with plane-

tary and linear movements; (6) the residue retained on the sieve of 200 μm mesh is

weighed and recorded as W2; (7) the percentage of weight of cement retained on the

sieve (Wt) is calculated as in Eq. (6.4) (ASTM C204-18e1, 2018). The study repeated

the above steps of fineness experiment with three different samples of new cement and

recorded the fineness results to calculate the average value.

Wt 5
W2

W1

3 100 (6.4)

6.2.2.4 Density of new cement

In order to establish the density of new cements and the Portland cement the study

used the rules of the standard method specified in ASTM C 188-95 (ASTM C

188-C195, 1995). For that aim the following steps were engaged in the test: (1) A

clean and dry Le Chatelier flask (W1) is weighed; (2) the new cement sample is

filled up to half of the flask (about 50 mg); (3) the Le Chatelier flask is weighed

along with the sample (W2); (4) kerosene is put in the flask until the flask is about

half full; (5) the contents are mixed thoroughly with a glass rod to remove the

entrapped air; (6) the mixing is continued, and more kerosene is added until

the flask is flushed up to the graduated mark; (7) the outside is dried, and the mix-

ture is weighed again (W3); (8) the flask is removed and dried and filled with
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kerosene up to the graduated mark; (9) the flask outside is dried, and the weight is

taken (W4) (ASTM C 188-C195, 1995). Eq. (6.5) calculates the density as it is:

γ5
W2 2W1ð Þ

W2 2W1ð Þ2 W3 2W4ð Þ3 0:79½ � (6.5)

In Eq. (6.5) the symbol of γ stands for the density of cement as g/cm3, and the

number of 0.79 stands for the density of the kerosene used.

6.2.2.5 Consistency of new cement paste

The consistency of cement paste test is performed to determine the water demand

that is to be added in cement to attain normal consistency of cement paste com-

posite. The study used the ASTM C 187-04 standard method (ASTM C187-04,

2004) to assess the consistency of new cement composite paste. Its steps may be

summarized as follows: (1) 400 g of new cement is obtained and placed in a bowl

to prevent humudity; (2) the standard consistency of water is assumed to be 28%,

and the same quantity of water is added in cement and mixed; (3) the cement

composite paste is mixed thoroughly between 3 and 5 minutes; (4) the cement

composite paste is filled in the Vicat mold correctly; (5) then the Vicat mold is

placed on the glass plate; (6) it should be checked that the plunger should touch

the surface of Vicat mold gently; (7) the plunger is released and allowed it to sink

into the test mold; (8) the penetration of the plunger is recorded from the bottom

of the mold indicated on the scale; (9) the same experiment is repeated by adding

different percentages of water until the penetration of the plunger is in between 5

and 7 mm on the Vicat apparatus scale (ASTM C187-04, 2004). The study

repeated the above steps of consistency experiment using three different samples

of cement composite paste and recorded the consistency results to calculate the

average value accurately. The importance of the consistency test stems from the

fact that when water is mixed with cement, its hydration process starts. Surplus

addition of water in cement leads up to an increase in water-to-cement ratio, and

the increased water reduces the strength of cement paste after it hardens. If less

water is added than required, the cement paste composite is not properly hydrated,

and the insufficient water content leads up to the loss on strength, especially com-

pressive strength.

6.2.2.6 Setting time of new cement paste

When cement is mixed with water, it makes cement paste that results in hydration

products. The paste can be molded into any desired shape due to its workability.

Within its setting time the cement composite paste proceeds with reaction; further

mixing the water, slowly the cement composite paste starts losing its workability to

set and harden. This whole cycle is called the setting time of cement composite

132 Advance Upcycling of By-products in Binder and Binder-Based Materials



paste. There are two periods known as initial and final setting times. The study

used the ASTM C 191-19 standard method (ASTM C191-19, 2019) to measure the

setting time of cement composite paste as summarized as follows: (1) 400 g of new

cement is weighed and placed in a bowl to prevent humudity; (2) water is added by

three fifths (3/5) milliliter of weight of cement in the bowl; (3) the water and

cement sample are mixed in the bowl; (4) the Vicat mold is filled with the mix; (5)

then the Vicat mold is placed on the special glass plate; (6) it should be checked

that the plunger of Vicat equipment should touch the surface of Vicat mold gently;

(7) the plunger is released and allowed to sink into the test mold; (8) the penetration

of the plunger is recorded from the bottom of the mold indicated on the scale; (9)

the same penetration is repeated at different positions on the mold until the plunger

stops penetrating 5 6 2 mm from the bottom of the mold. At 5 6 2 mm penetra-

tion, this time is recorded as the initial time of setting of the cement composite

paste (ASTM C191-19, 2019). After starting setting time of cement composite paste

the plunger is replaced with one with an annular attachment. The time period

between the moment water is added to the cement and the time at which the needle

makes an impression on the surface of the cement composite paste, while

the attachment fails to do so, is recorded as the final setting time of cement com-

posite paste (ASTM C191-19, 2019).

6.3 Results and discussion

The new research that has been conducted includes XRF and XRD analyses on new

cement concentrates as well as some physical properties such as granular fineness,

specific surface, bulk density, consistency, and setting-time of new cement.

6.3.1 Chemical composition of the wastes

Wet chemistry, also known as the brench method and wet analysis, is the current

and certain method to determine chemical compositions of bulk materials such as

waste, cement, lime, and gypsum. It conventionally uses such reagents and tools as

acids, beakers, and flasks to decompose the solid and/or bulk sample in a liquid and

identifies and quantifies the elements in the sample through various calculation

techniques and instrumentation. If it is necessary, the technique of separation and

isolation is applied to the sample. Stoichiometric methods, such as the gravimetric

method and the volumetric method, are used in wet chemical analysis, enabling the

chemical analysis of the sample quantatively. There are two wet chemical analysis

types; qualitative analysis identifies which elements exist in the sample, and quanti-

tative analysis determines the quantity of elements in the sample. The chemical

analysis results of various wastes used in the manufacturing of cement concentrate

is shown in Table 6.1.
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Almalkawi et al. in 2019 reported a very significant study on the industrial

waste for using new geopolymer binders as green construction materials. The

authors needed to identify the chemical composition of the new geopolymer

binder as the chemical composition of the waste plays a significant role in the

properties and development of new hydraulic geopolymer binders. Results of the

study show the science community that a ternary blend of combustion ashes could

be used to manufacture hydraulic geopolymer binders of targeted strength and the

upcycling of wastes safely (Almalkawi et al., 2019). A similar study has been per-

formed on waste packing glass bottles and reported by Ibrahim and Meawad in

2018 (Ibrahim & Meawad, 2018). Researchers in the current study needed to

determine the chemical composition of waste, and they applied wet chemistry to

the waste. The study contributes to a better understanding of the powder of unco-

lored, green, and brown soda-lime glass types that are available to be used as

SCMs, and the ions responsible for their color do not have an effect on their

performance.

ASTM C 618 defines that fly ash pozzolana utilized should contain silicon oxide

(SiO2)1 aluminum oxide (Al2O3)1 iron oxide (Fe2O3) $ 70 wt.% (ASTM C618-

19, 2019). In the current study the contents of SiO2, Al2O3, Fe2O3, and calcium

oxide (CaO) suggest valuable chemical compositions and potential for latently

hydraulic materials and will enable slow strength development for clinkers, cement,

and cement-based materials. Other studies stand for the necessity of the chemical

composition identification for new cement and conventional cement. One of them

is a current study published by Ruiz-Sánchez et al. in 2019, entitled Waste marble

dust: An interesting residue to produce cement (Ruiz-Sánchez et al., 2019). This

study makes six clinker types with waste marble dust. To understand their chemis-

try the study performs wet chemical analysis on them. Its results reveal that the

Table 6.1 The chemical analysis results of various wastes used in the manufacturing of

cement concentrate.

Chemical

compound (%)

Mediterranean

soil

Household

waste

Calcined

clay

Fly

ash

Bottom

ash

SiO2 60.93 46.65 30.63 22.14 15.2

Al2O3 0.44 2.28 3.41 3.84 2.99

Fe2O3 0.15 0.18 0.2 0.2 0.2

CaO 19.35 11.09 0.51 6.87 1.41

SO3 1.66 1.01 0.36 0.89 0.15

Na2O 0.01 2.24 0.01 0.37 1.03

K2O 0.09 11.98 0.23 0.58 0.17

MgO 0.018 0.02 0.02 0.03 0.02

P2O5 N/A 0.47 N/A N/A N/A

LOI N/A N/A N/A N/A N/A

LOI, loss on ignition; N/A, not available.
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mineralogical composition of waste marble dust is based on the presence of CaO,

and its physicochemical analysis confirmed its feasibility as a pure and clean

byproduct. Moreover, one of the authors (Kırgız, 2015b) in the article published an

interesting and valuable article entitled “Use of ultrafine marble and brick particles

as raw materials in cement manufacturing.” These two studies and the current study

are in agreement with each other because all studies support the manufacturing of

new hydraulic cements from human-based wastes.

6.3.2 Chemical composition of new cement

The chemical analysis results of cement concentrate and Portland cement and their

comparison are shown in Table 6.2

Analyses using XRF are performed based on identification and enumeration of

X-ray radiation occurring from the photoelectric effect event. The photoelectric

effect occurs because the electrons in target atoms (samples) are hit by high-energy

collisions (gamma radiation, X-rays). The guideline used in this test is ASTM C

114-07 standard method (ASTM C114-07, 2007), where the references are norma-

tive references which are considered highly relevant in the process of testing chemi-

cal compounds of cement. Table 6.2 shows the chemical content of Portland

cement according to ASTM C 114-07 standard rules (ASTM C114-07, 2007). The

main forming ingredients of the new cement are, as shown by the testing result of

concentrate chemical elements in Table 6.2, CaO and SiO2, greater than 89.7% in

total. Because of the abundance of C3S, new hydraulic cement could be classified

as alite type cement along with the belite, the tricalcium aluminate, and the

brownmillerite.

Table 6.2 Comparison of the chemical analysis results of the new cement concentrate and

that of Portland cement.

Chemical compounds (%) New cement Portland cement

C3S 69 65

C2S 7.3 15

C3A 10.3 8

C4AF 3.1 12

Silicon oxide (SiO2) 21.2 20.6

Aluminum oxide (Al2O3) 7.8 5

Iron oxide (Fe2O3) 4.4 2.9

Calcium oxide (CaO) 68.4 63.9

Sulfur oxide (SO3) 3.2 2.5

Sodium1 Potassium oxide Na2O1K2O 1.5 0.8

Magnessium oxide (MgO) 4.8 1.5

Loss on Ignition (LOI) Not available 1.5
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6.3.3 X-ray powder diffraction analysis of new cement

Brownmiller and Bogue made the first application of XRD on Portland cement

particles in 1930 (Brownmiller & Bogue, 1930), only discovering the X-rays 35

years later. At the time of 1930, Portland cement clinker was considered to be

composed mainly of either a complex single compound made of lime, alumina,

and silica or separate silicate compounds including various amounts of lime. In

their breakthrough study, Brownmiller and Bogue compared X-ray diffraction pat-

terns obtained from a commercial Portland cement clinker to those obtained from

individually synthesized phases (Brownmiller & Bogue, 1930). The comparison

demonstrated the presence of tricalcium silicate (alite) as the primary clinker

phase, as suggested previously by Le Châtelier (1882, 1905) and analyzed by

Törnebohm (1897). Furthermore the concentrate is tested using XRD. The X-ray

diffraction test results are then analyzed by search and matching. From the results

of the analysis, it has been observed that the chemical composition of cement

indicates such similar compounds as those existing in the Portland cement of the

same quantity. Of all the chemical elements present in the Portland cement, the

most important chemical elements are Ca3SiO5 (alite/C3S5 tricalcium silicate),

Ca2SiO5 (belite/C2S5 dicalcium silicate), Ca3Al2O6 (aluminate/C3A5 tricalcium

aluminate), and Ca3Al2FeO10 (ferrite/C4AF5 tetra calcium alumino ferrite). In

new cement, these four chemical elements have been obtained after combustion at

high and controlled temperatures between 1375�C and 1400�C.

6.3.4 Physical properties

6.3.4.1 Fineness of new cement—sieve passing method and
specific surface method

It is the total surface area of cement that makes the material available for hydration

because the hydration of the cement-based material starts at the surface of the

cement particle. Therefore hydration depends on the fineness of the cement particle,

and for a rapid development of strength, such high fineness as in the current study

is necessary. However, the cost of grinding and the effect of fineness on other prop-

erties, such as workability issues of fresh cement-based materials, long-term

strength, and gypsum demand, must be considered. Fineness is a significant prop-

erty of cement and is necessary to measure through the specific surface method

(m2/kg) in regard to BS and ASTM standards. The specific surface of cement could

be determined by the air permeability method, which measures the pressure drop

when dry air flows at a constant velocity through a bed of cement of known poros-

ity and thickness. Nath and Kumar (2020) reported in their current study that the

finer particles provided better properties and microstructures for cement-based

materials in 2020 (Nath & Kumar, 2020). Kan et al. (2019) published a scientific

study that mentioned the fineness activity property for cement-based bulk materials

(Kan et al., 2019). Table 6.3 gives the fineness of new cement and the Portland

cement measured in the experimental study.
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The fineness value for the new cement in the current study passes through the 200

mesh sieve by 56% with a solid weight of 1200 kg/m3, while for the equivalent quan-

tity for Portland cement, it is 52% with a solid weight 1250 kg/m3. The smoother the

cement, the greater will be the surface of the granules so that the hydration with water

will be faster and will have a large demand for water. Fig. 6.5 shows a process of mea-

suring the fineness and the density of new cement (A) and the Portland cement (B).

In a cement-based mixture the ratio of water to cement is defined as (water weight)/

(cement weight) and often abbreviated as w/c. The w/c ratio has a strong influence on

the strength of the concrete. For certain mixtures, increasing the ratio w/c will decrease

strength at all ages, and a lower w/c ratio will increase the strength of the concrete

(Nicholas, 2014). Ghasemi et al. (2019) presented a current study that examined a rela-

tionship between the specific surface of mortar constituent and the flow of mortar in

Table 6.3 The fineness of new cement and the Portland cement measured in the

experimental study.

Type of fineness measure Type of material

New cement Portland cement

200 μm sieve passing (%) 56 52

Specific surface (kg/m3) 1200 1250

Figure 6.5 A process of measuring the fineness and the density of cement: (A) new cement

and (B) the Portland cement that is used as a comparator in testing the physical properties.
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2019 (Ghasemi et al., 2019). This significant study reveals that the water demand of

mortar depended on the surface area of the mixture ingredients; estimation of the spe-

cific surface area was improved by accounting for angularity, while water content and

paste film thicknesses were vital for predicting the flowability (Ghasemi et al., 2019).

6.3.4.2 Density of new cement

The adjustment of the bulk density in conjuction with compression and a water reducer

could ease workability of concrete as suspension (Servais et al., 2002). Many studies

which consider optimization of the final properties of concrete and cement-based mate-

rials have been carried out on the bulk density, and a number of theoretical models are

developed to predict the bulk density of granular materials (Alexander & Mindess,

2010; Chateau, 2011; Fennis & Walraven, 2012; Larrard, 1999). The density of

Portland cement is 3.15 g/mL, while the density of the new cement is 3.05 g/mL, as

determined in the current experimental research. In this case the density test refers to

the ASTM C 188-95 formulation (ASTM C 188-C195, 1995). The result of physical

characteristic test of the new cement in the form of density of fresh concrete unit is

2081 kg/m3 with its dry weight of 2032 kg/m3, which is lower than the fresh weight of

concrete using Portland cement, which is 2525 kg/m3. Moreover, these models are

related to the curve optimization of bulk density, compression of bulk density, and the

quantity calculation. First, selection of the concrete and cement-based material has to

be started with the selection of side edge space of formwork for construction elements

so that the rust ratio could be placed in the space. This selection needs the bulk density

of concrete mixture used. Last the bulk density model depends on the theoretical den-

sity of the concrete and cement-based material mixture. This theoretical density could

be calculated mathematically by measuring the bulk density of different mean sizes of

the particles in the cement (Fennis & Walraven, 2012; Kırgız, 2019).

6.3.4.3 Consistency and setting time of new cement

The cement setting time is the starting process of a chemical compound reaction

that occurs in cement just after the cement reacts with water so that the cement can

become hard and withstand pressure. Table 6.4 presents the consistency of new

cement and Portland cement and the penetration depth and the water demand.

In this experimental research, the measured setting time of the new cement and the

Portland cement is as shown in Fig. 6.6. The cement that has been mixed with water or

Table 6.4 Consistency properties of the new cement and of Portland cement and the

penetration depth and the water demand.

Types of

cement

Consistency

(%)

Penetration depth

(mm)

Water demand

(mL)

New cement 37 25 185

Portland cement 25 24 130
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the cement at a humid temperature causes a chemical reaction in the form of setting of

cement particles. The time required by the cement during the setting process shortly

after a chemical reaction with water or a humid temperature causes the cement to

harden; the reference used in this test is the ASTM C 191-19 standard method (ASTM

C191-19, 2019). The initial and final setting times of the new cement and Portland

cement were tested using a 1 mm diameter Vicat needle method for the Portland cement

that penetrated the cement paste as deep as 24 mm in the 90th minute after the needle

was removed. The water content used for the setting test of the Portland cement was

25% water content with normal consistency. The standard used for normal consistency

is ASTM C 187-04 standard method (ASTM C187-04, 2004). The initial setting time of

new cement penetrating for the cement paste was 25 mm deep after 105 minutes. The

water content used for this initial setting test was the 37% water content with normal

consistency. By ASTM C 191-19 standard (ASTM C191-19, 2019) the initial setting

time should not be less than 45 minutes. The final setting time of Portland cement is at

180 minutes, while for new cement, it is at 225 minutes. The obtained time of setting

results for both the new cement and the Portland cement comply with ASTM C 191-19.

6.4 Conclusions

From the results of examination of fineness, density, and chemical properties of the

new cement, there is resemblance with Portland cement chemical compounds. This can

be seen from the XRF and XRD test results. The test results of physical properties of

cement based on empirical studies approach the normative references on ASTM. Based
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Figure 6.6 Initial and final setting time.
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on the results of the cement feasibility test, it can be assumed that the cement investi-

gated can be used for structural and nonstructural work as well as for the installation of

brick walls and stucco walls. This is demonstrated by the ability of the new cement to

undergo chemical setting and binding of fine aggregate as a support material in a con-

struction work process. However, in order to obtain a more optimal approach to cement

as an alternative cement, it is deemed necessary to undertake advanced experimental

studies to ensure that the quality of cement can be as expected based on the reference

of ASTM. So in the end the problem of waste and the effort of saving the environment

from the accumulation of waste can be thought of handling wisely through the

approach of experimental study as an alternative building material, which in this case

is as an alternative cement other than Portland cement.
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7.1 Introduction

Conventional Portland cement increases significantly the global CO2 release:

Between 2022�2030 years the calculated quantity will be 1.546 0.2 Gt CO2, that

is, approximately 7% of the total anthropogenic CO2 emission (Kırgız et al., 2021).

Although the cement industry could develop energy efficiency importantly, increas-

ing cement demand has resulted in failure of much of the positive influence

(Schneider et al., 2011). Additionally the CO2 release, which is from the calcination

of farina at 1400�C�1450�C, is approximately 55%�60%. This calcination process

could not be influenced by improving energy efficiency in the production of

Portland cement (Damtoft et al., 2008). Consequently, research and development of

alternative ecology-friendly binders should be reorganized as a great opportunity to

reduce CO2 release (Flatt et al., 2012; Gartner & Hirao, 2015). Geopolymers, which

are sometimes taken into account as a subgroup of materials activated by alkali, are

promising materials in this case (Provis, 2014). While undoubtedly conventional

cement can be completely replaced, it may serve as an ecology-friendly binder

related to the local raw materials suitably (Provis, 2018). Geopolymer-based materi-

als can be mixed to have tailored properties when compared to cement-based mate-

rials, namely, better durability against effects naturally and artificially (Aiken et al.,

2017; Albitar et al., 2017; Bakharev, 2005), better heat insulation (Kong &

Sanjayan, 2010; Sarker et al., 2014; Sarker & McBeath, 2015), lower creep and dry-

ing shrinkage (Sagoe-Crentsil et al., 2013), and higher strength for forces (Al Bakri

et al., 2013). Nevertheless, the formation of efflorescence can be considered as a

potential problem if it is not properly controlled by, for example, mix design

(Zhang et al., 2014). In terms of reactions of dangerous alkali aggregate,

geopolymer-based materials have often demonstrated better performance than

cement-based materials (Garcı́a-Lodeiro et al., 2007). Nevertheless, attention should

be canalized for the proper selection of the type and dose of alkali activator, the
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type of binder, and the type of aggregate stack in the geopolymer-based material

production (Shi et al., 2015). Technology in alkali-activated materials also permits

waste disposal for a number of industrial byproducts (Mehta & Siddique, 2016),

such as slag, fly ash (Kırgız, 2018), marble powder (Kirgiz, 2016), calcined clay

waste, and so on (Awoyera et al., 2020; Biricik et al., 2021).

In addition, since plenty of comprehensive works are performed on the conven-

tional cement-based material use, the geopolymer-based material does not come to

the fore (Douglas Hooton, 2015). Nevertheless, in such countries as Ukraine

(DSTU B V.2.7-181, 2009) the use of alkaline cement is already accepted in the

mainstream. However, blending the byproduct and its ratio and chemical admix-

tures for geopolymer-based materials and the testing process are still inadequate

(Biricik et al., 2021). In the light of information mentioned, it is expected that the

book chapter could fill the gap between geopolymer-based materials and industrial

byproducts. For that aim, manufacturing of geopolymer-based materials with

ground granulated blast furnace slag (GGBFS) and physicomechanical testing of

the geopolymer-based material and their current data were discussed in the current

comprehensive chapter.

7.2 Materials and methods

7.2.1 Materials

Constituent materials of high-performance geopolymers (HPGs) are in the GGBFS

as supplementary binder materials, a combination of NaOH and NaS as an alkali

activator, standard mortar sand, and water in this chapter. The chemical composi-

tion of the GGBFS is shown in Table 7.1.

Table 7.1 Chemical composition of the GGBFS.

Chemical composition

(%)

Types of ground granulated blast

furnace slag

6000 Blaine

(cm2/g)

4000 Blaine (cm2/g)

Silicon oxide (SiO2) 38.4 37.7

Aluminum oxide

(Al2O3)

10.2 10

Iron oxide (Fe2O3) 1.5 1.5

Calcium oxide (CaO) 37.7 37.5

Magnesium oxide

(MgO)

7.8 8

Sulfur oxide (SO3) 0.6 0.65

Clor (Cl2) 0.038 0.25

Sodium oxide (Na2O) 0.3 0.3

Potassium oxide (K2O) 0.8 0.8

Loss on Ignition (LOI) 2 2.6
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7.2.2 Mixing, handling, placing, and molding of high-
performance geopolymers

The HPG was prepared with a blending of NaO and NaS, sand, water, and GGBFS

to evaluate mechanical properties—compressive and flexural strengths—and physi-

cal properties—change in weight and capillary water absorption. To initiate activa-

tion between the GGBFS and water and alkalis, compounds of the geopolymer

specimen were prepared with 1 (NaO1NaS): 4.16 (GGBFS 400 m2/kg): 2.08

(water): 12.5 (sand) or 1 (NaO1NaS): 4.17 (GGBFS 600 m2/kg): 1.96 (water):

12.5 (sand). Table 7.2 summarizes preparation of the HPG with constituent materi-

als and their portions.

7.2.3 Methods

The test of capillary water absorption was performed on the 28th- and 56th-day

with prism samples of 403 403 50 mm with the standard rules of ASTM C 1585-

13. To establish the capillarity coefficient as K a regression analysis among Q/F

and t was performed. With the correlation equation (Eq. (7.1)), K was determined

as the capillarity coefficient (cm2/seconds).

K5
Q2

F2 3 t
(7.1)

where K stands for the capillarity coefficient (cm2/seconds), Q indicates the water

quantity (cm3) absorbed by the specimen, F stands for the cross-section surface of

specimen absorbed capillary water (cm2), and t indicates the water absorption time

of specimen (seconds) through capillarity.

Tests of change of mass were performed on prism samples with dimensions of

403 403 160 mm according to the rules of ASTM C1792-14 standard.

W 5
Wsh 2Wk

Wk

� �
3 100 (7.2)

where W is the mass change ratio (%), Wsh is the sample mass (gr) at (t) time, and

Wk is the initial sample mass (gr).

Table 7.2 Preparation of HPGs with constituent materials and their portions.

Types of

geopolymer

Constituent materials and their portions for one cubic meter

GGBFS

(kg)

Water

(L)

Sand

(kg)

NaO

(kg)

NaS

(kg)

HPG-400 462 231 1386 32.3 78.5

HPG-600 463 218 1390 32 79
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Test of flexure was carried out on prism specimens, which were molded in size

of 403 403 160 mm according to the rules of BS EN 196-1:2016 standard. To the

rules of BS EN 196-1:2016 standard, test of compression was conducted on speci-

mens, fractured in the test of flexure, with the size of 403 403 50 mm. For each

type of mortar the test of flexure and compression was performed at the 3rd, 7th,

28th, and 56th day of water curing.

7.3 Results and discussion

7.3.1 Capillary water absorption

The results of capillary water absorption of HPG are given in Table 7.3. The mini-

mum quantity of water absorption is determined in the HPG-4000 containing the

GGBFS and the combination of NaOH/NaS, and its capillary water absorption

reaches 0.002428 g on the 56th day at the 56th minute.

The maximum quantity of water absorption is determined in the HPG-6000 con-

taining the GGBFS and the combination of NaOH/NaS, and its water absorption

reaches 0.002672 g on the 56th day at the 56th minute. There are current results pub-

lished, which recommended that the capillarity of water in porous media is untypical,

Table 7.3 The results of capillary water absorption of HPG.

Property Duration High-performance

geopolymer

Day Minute HPG-400 HPG-600

Capillary water absorption 28 0 0.0024 0.0025

1 0.002405 0.002503

4 0.002414 0.002510

9 0.002429 0.002520

16 0.002446 0.002538

25 0.002468 0.002561

36 0.002495 0.002591

49 0.002525 0.002625

64 0.002560 0.002662

56 0 0.00239 0.00251

1 0.002397 0.00251

4 0.002397 0.002520

9 0.002397 0.002530

16 0.002397 0.002548

25 0.002397 0.002571

36 0.002428 0.00260

49 0.002428 0.00263

64 0.002428 0.002672
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such as HPG. This certainly means that the capillarity of water in porous media is

not related to the time square root. This is inconsistent with laboratory results. This

relationship between the time square root and capillarity of water is not with regard

to each other, as would be expected. In other words, it is independent of the capillar-

ity mechanism which we tried to understand by capillarity of water or diffusion of

water: There could be correlation via a mathematical model in which the fluidity of

wet is proportional to the water saturated. This proportion is known as the capillarity

coefficient. For capillarity of water the capillarity coefficient is the hydraulic diffusiv-

ity. Its unit is (length)2 multiplied by (time)21 and depends on the square of the

absorption of water (Hall & Hoff, 2009). From the practical point of view the result

reveals that the difference in Blaine fineness and days of test leads to reducing the

absorption of capillary water in the HPG (Table 7.3).

7.3.2 Coefficient of capillarity

Table 7.4 shows the coefficient of capillarity of HPG at the age 28 and 56 days.

There were plenty of comprehensive works on coefficient of capillarity reported by

numerous researchers. The works recommended that coefficient of capillarity and

pore were linked with each other on different scales and sizes.

The pore size distribution could be on the pores among the hydrates of geopoly-

mers that are on the nanosize, 0.5�100 nm. Gajewicz-Jaromin et al. recommended

that the pore structure of the material is extensively linked to the smaller void of

interlayer between the hydrates (Gajewicz et al., 2016; Maruyama et al., 2014,

2019). Moreover, in 2019, Hall reported a current suggestion for the coefficient of

capillarity in the material changing phase with time via a powerful relationship

between capillarity coefficient and coefficient of diffusivity (Hall, 2019).

Previously the first suggestion on the coefficient of capillarity was given by

Lockington and Parlange (Lockington & Parlange, 2003). A huge difference

between them is that the suggestion of Lockington and Parlange has a diffusivity of

coefficient varying with time, while Hall’s one does not include the time depen-

dence; it observes at the duration of moving of the water in the material. The result

of coefficient of capillarity is much closer in the line of Hall’s suggestion in the

chapter. Hall suggests that in the test of ingress of water the moment rises by a

healing of the porosity (Hall, 2019). As can be seen and understood in Table 7.4

the difference in coefficient of capillarity relates to the days of test and the Blaine

fineness. In other words, it is clearly proved that the higher coefficient of capillarity

is due to the lower Blaine fineness of GGBFS used in the HPG.

Table 7.4 The coefficient of capillarity of HPG at the age 28 and 56 days.

Types of test Duration HPG-400 HPG-600

Coefficient of capillarity 28 days 1.1 1.25

56 days 1.02 1.25
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7.3.3 Flexural capacity

Table 7.5 shows the results of flexural capacity of HPG at the age of 3, 7, 28, and 56 days.

At a constant NaOH-to-NaS ratio of 1:2.12 and a Blaine fineness of 600 m2/kg, HPG-600

demonstrated the greatest flexural capacity as 7 MPa at 56 days. The flexural capacity of

HPG-600 at the age of 56 days is, respectively, over 22%, 19%, and 1% greater than that

of both HPG-400 and HPG-600 at the age of 3, 7, and 28 days, Table 7.5.

A few comprehensive studies were published to better understand the link among

geopolymerization and flexural capacity in much respected outlets. For example the

mechanism of geopolymerization starts with the next four initial stages in the mix-

ing of geopolymer materials: (1) giving and taking of ions, (2) electrolyzing, (3)

overcoming the barrier of matrix web, and (4) release of elements of Si and Al

(Matalkah et al., 2017). After the initial stages the formation of a geopolymer most

probably follows the next main stages: union, gelling, regrouping, and geopolymeri-

zation (Duxson et al., 2007). Li et al. and Hajimohammadi et al. have discussed on

geopolymerization since 2010 (Hajimohammadi et al., 2011; Li et al., 2010). A sig-

nificant dissimilarity between the geopolymerization of silicate (Si) and aluminate

(Al) is related with the releasing ratio and reaction capacity of the Si and the Al

with hydrates in the geopolymer material. Especially the solid-based silica particle

reacts slower than the colloid silicate microbubble in the polymerization stage in

the mixing. Hajimohammadi et al. have studied on a novel trend for activators of

silicon through blending a solid silicon particle from geothermal resources and a

sodium silicon microbubble, including solid sodium�aluminum as a resource of

aluminate. They have unveiled some significant results; for example a solid silicon

particle from geothermal resources resulted in the formation of an insoluble high-

silicon-ratio crystalline matrix known as analcime (NaAlSi2O6 �H2O); most of its

bulk happened near the silicon particles reacted with nothing; they specified that

the microstructure of geopolymer was much more heterogeneous than that of the

control sample (Hajimohammadi et al., 2011).

7.3.4 Uniaxial compression strength

Table 7.6 shows the results of uniaxial compression strength at the age of 3, 7, 28,

and 56 days. At a constant NaOH-to-NaS ratio of 1:2.1 and a Blaine fineness of

600 m2/kg, HPG-600 obtained the greatest uniaxial compression strength as

63.6 MPa at 56 days.

Table 7.5 The results of flexural capacity of HPG at the age of 3, 7, 28, and 56 days.

Type of test Duration (day) HPG-400 HPG-600

Flexural capacity 3 2.8 5.7

7 4.3 5.8

28 5.8 6.8

56 6.5 7
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The uniaxial compression strength of HPG-600 at the age of 56 days is, respec-

tively, over 231%, 133%, and 5.4% greater than that of HPG-600 at the age of 3, 7,

and 28 days. At a constant Blaine fineness of 400 m2/kg, HPG-400 obtained the

second greatest uniaxial compression strength as 58.5 MPa at 56 days. The uniaxial

compression strength of HPG-400 at the age of 56 days is, respectively, over 479%,

311%, and 172% greater than that of HPG-400 at the age of 3, 7, and 28 days. A

similar trend of the uniaxial compression strength feature of the geopolymer mate-

rial was published by various researchers. For example, Purdon recommended that

the most useful solid is alumina�silicate polymer in the geopolymerization stage

for the fuel ash from coal combustion, either alone or in combination with GGBFS

(Purdon, 1940). Heitzmann et al. utilized the GGBFS as a calcium-rich alumina�
silicate byproduct in the geopolymer material activated by a combination of NaOH-

NaS alkali (Heitzmann et al., 1987). The GGBFS, which is the byproduct of

manufacturing of pig iron in a high-temperature furnace, includes oxides of silicon,

aluminum, and minor impurities with regard to the source of iron ore and coke. In

previous and current works the masonry units used the alkali-activated system to

get the durability purpose grow as well (Ahmari & Zhang, 2015). According to Li

et al., use of calcium-rich alumina�silicate or calcium hydroxide led to rapid set-

ting and high strength at early ages (Li et al., 2013). Nevertheless, the replacement

of GGBFS with calcium hydroxide resulted in a retardation of both strength and

workability in the inner system of the geopolymer (Nematollahi et al., 2015).

7.4 Conclusions

In this chapter the effect of two different Blaine fines of GGBFS on the physical

and mechanical properties of HPG activated by a combination of NaOH/NaS alkali

content is evaluated. A combination of GGBFS and alkali and water is mixed to

make cost-effective and sustainable HPG systems develop. The summarized results

are as below:

Capillary water absorption is retarded approximately 50% since the temperature

of water curing increases from ambient to 22�C. Capillary water absorption growth

is between 3% and 3.5% as HPG is cured at the same temperature range under labo-

ratory conditions. Therefore the water curing saturated lime at 226 2�C is favor-

able if the lower capillary water absorption is required in HPG system. In regard to

the Blaine fineness the coefficient of capillarity would be reduced from 28 to 56

Table 7.6 The results of uniaxial compression strength at the age 3, 7, 28, and 56 days.

Type of test Duration (day) HPG-400 HPG-600

Uniaxial compression strength 3 12.2 27.5

7 21.1 47.7

28 38 60.3

56 58.5 63.6
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days in HPG-400. There is no difference in the coefficient capillarity of HPG-400

with the coefficient capillarity of HPG-600 at both 28 and 56 days. The GGBFS

and alkali-based HPG system demonstrated an increase in the flexural capacity con-

tinuously. This increase was carried out in a broad range of 2.8�7 MPa between

the ages of 3 and 56 days. The GGBFS and alkali-based HPG system obtained an

increase in the uniaxial compression strength continuously. This increase was car-

ried out in a broad range of 12.2 and 63.8 MPa between the ages of 3 and 56 days.

This increase supported the conclusion in the test of flexural capacity. This devel-

opment unveiled that wet curing is a must for HPG systems made of the GGBFS

and the combination of NaOH/NaS alkali in the chapter.
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8.1 Introduction

Bitumen is used mainly as a binder in asphalt pavements for road construction in

many developing countries. In recent times, more roads are being constructed for

the speedy delivery of goods and services in in the world. There has also been a

general increase in vehicle ownership, resulting in increased pressures from vehicle

tires. These pressures have led to a high level of stresses exerted on asphalt sur-

faces, which are exhibited as deformation, surface cracking, fatigue, and reflective

cracking, which can result in dangerous road traffic conditions. Ghana depends on

imported bitumen, which costs averagely $250 km21 in constructing bituminous

roads. Since 2020 the country has been importing averagely 6000 metric tons of

bitumen for road construction yearly (UN Statistics Division, 2021).

Bitumen in asphalt pavement generally softens easily, and this situation may

become worse due to the relatively high temperatures experienced in some months

during the year in a typical tropical country like Ghana. Thus vehicle tires could

easily penetrate the softened asphalt pavement and cause damages such as road

cracks and severe road potholes of bituminous roads (Khodary & Abd El-Sadek

HSE-S, 2014). Therefore there is a need to modify bitumen so as to increase the

softening point temperature as well as decrease the penetration point for better per-

formance and more durable asphalt roads.
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Polymer modification of bitumen is generating a great deal of research inter-

est worldwide due to the fact that polymers contribute viscoelastic characteris-

tics to the rheological properties of bitumen. It has been reported that the

application of polymer materials improves the quality of bitumen by reducing

cracks caused by traffic loads, weakness in cohesion of binders caused by expo-

sure to moisture and temperature effects, and so on (Ali et al., 2013). Polymers

normally used as modifiers are styrene butadiene rubber, styrene butadiene sty-

rene (SBS), polychloroprene, natural rubber, and ethylene vinyl acetate (Zhu

et al., 2014). However, natural rubber has a major advantage compared to other

polymers in an emulsion formulation because it can be used in liquid form

(Forbes et al., 2001).

Addition of rubber to bitumen provides an elastic property to the bitumen, which

increases the viscosity and softening point temperature as well as decrease the pene-

tration value (Nuha et al., 2011). The rubber particles swell in the bitumen to form

a gel which causes an increase in viscosity. At high temperature a rubber-modified

asphalt pavement under load stretches without ripping and returns to its original

position when the applied load is released. This prevents deformation as well as

stripping of asphalt pavement (Swetha, 2014). Rubber also introduces a self-healing

property onto the asphalt pavement by forming a three-dimensional network around

asphalt binder under load when cracks develop. The binder then softens and cracks

fuse back as the temperature increases. Rubber in asphalt road improves skid resis-

tance of vehicles. Incorporation of natural rubber into bitumen would increase the

softening point and viscosity, thereby making it less susceptible to temperature

(Nuha et al., 2011).

Though Ghana has large plantations of rubber trees which are used in the pro-

duction of rubber, the use of rubber to modify bitumen is relatively uncommon;

meanwhile, it is common to find bituminous roads in deplorable state due to

early deterioration. This report forms part of results from preliminary studies

conducted on locally available natural rubber and AC 10 bitumen to generate

scientific data which may contribute to promoting its use in the construction of

bituminous road.

8.1.1 Objective

The objectives of the study were to prepare a natural rubber�bitumen binder-based

composite with different percentages of natural rubber latex and to study the effect

of various percentages of natural rubber latex on the rheological properties of the

bitumen-based binder. The change in functional properties of the natural rub-

ber�bitumen-based binder composite was measured by using Fourier-transform

infrared (FTIR) spectroscopy.
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8.2 Materials and method

8.2.1 Bitumen-based binder

The bitumen-based binder used for this study is AC 10 grade bitumen obtained

from a local road contractor in Kumasi, Ghana.

8.2.1.1 Natural rubber latex

Natural rubber latex, manufactured locally, was obtained from Ghana Rubber

Estate Limited, Eastern Region, Ghana. The rubber was stored in 5% liquid ammo-

nia to prevent coagulation of the latex.

8.2.1.2 Sample preparation

The blends were prepared using the melt blend techniques. The bitumen was

weighed into a stainless steel bucket and heated to a temperature of 160�C on a

Sybron Thermolyne HP-A1915B hot plate. Under fluid conditions the latex was

slowly added at percentages of 1, 2, 3, 4, 5, and 10, while the speed of the mixer

was maintained at 120 rpm and the temperature was kept at 160�C. Mixing contin-

ued for 1 hour to produce homogeneous mixtures. The blends were then transferred

to 500 g tin containers labeled and stored for rheological testing. No samples were

prepared for 6%�9% due to inadequate funding and also because earlier studies

reported optimum performance between 4%�5% (Abdulrahman et al., 2019;

Krishnapriya, 2015). However, 10% replacement was prepared, and studied results

of these will inform future studies.

8.2.1.3 Laboratory analysis

The following analyses were carried out on the prepared composite of bitumen

binder.

Penetration point
Penetration is used to measure the hardness or softness of a binder. This test was

done in accordance with ASTM D5-97 (ASTM D5-97, 1997).

Softening point temperature
The ring and ball apparatus is used to determine the temperature at which a bitumen

sample can no longer support the weight of a 3.5 g steel ball. The test was done

according to method described in ASTM D36/D36M-142020 (2020).

Kinematic viscosity
Viscosity is a measure of fluid deformation due to shear stress or tensile stress.

Measurements were made at 135�C according to the test method stated in ASTM

D2170/D2170M-10 (ASTM D2170/D2170M-10, 2010).
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Specific gravity
The specific gravity of the bituminous mixture was measured according to the test

protocol described in ASTM D 70-97 (ASTM D70-97, 1997). This is the ratio of

mass of a given volume of bitumen to the mass of an equal volume of water at

27�C, and this is done by preparation of a cube sample in the semisolid or solid

state.

Short-term aging test
Short-term aging determines the effects of heat and atmospheric oxygen during

mixing, storage, and laying of asphalt binder. This test was done using the rotating

cylinder aging test according to the procedure stated in ASTM D1754/D1754M-20

(ASTM D1754/D1754M-20, 2020).

Flash point
The flash point test is useful in determining that an asphalt binder has been pre-

pared with solvents that meet the desired range of flammability. The flash point test

was done according to the test procedure described in ASTM D3143/D3143M-19

(ASTM D3143/D3143M-19, 2019).

Fourier-transform infrared spectroscopy test
FTIR analysis was conducted on the crude bitumen, natural rubber latex, and the

blends. FTIR spectra were measured using an Interspec 200-X. All spectra were

obtained at wavenumbers ranging from 4000 to 400 cm21.

Penetration index and temperature susceptibility
Penetration index and temperature susceptibility were calculated using the equation

below:

PI5
19522 ð5003 logðPen 25Þ � 203 SPÞ

503 logðPen 25Þ � SP� 120

A5
ðlogPEN@25�C � log800Þ

ð25� ASTM softening pointÞ

where PI is the penetration index, Pen25 is penetration at 25�C in tenth of milli-

meters, SP is the softening point temperature in �C, and A is temperature suscepti-

bility. Table 8.1 gives further information on the tests conducted on the various

samples with their respective codes.
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Table 8.1 Tests, specimen number, size of specimens, identification of specimen, code tests, specimen number, size of specimens,

identification of specimen, and codes.

Test/reference Justification No. of

specimens

tested

Size of

specimen

Sample

ID

Codes

Penetration test

(ASTM D5-

97)

The test determines the softness or

hardness of bitumen

Three each 500 g of each

specimen

was

prepared

for all the

tests

PBL (PBL01, PBL02, PBL03), (PBL11,

PBL12, PBL13), (PBL21,

PBL22, PBL23), (PBL31,

PBL32, PBL33), (PBL41, PBL42

PBL43), (PBL51, PBL52,

PBL53) and (PBL101, PBL102,

PBL103)

Softening point

temperature

(ASTM D

36�70)

The temperature at which a bitumen

sample can no longer support the

weight of a 3.5 g steel ball

Three each SPBL (SPBL01, SPBL02, SPBL03),

(SPBL11, SPBL12 SPBL13),

(SPBL21, SPBL22, SPBL23),

(SPBL31, SPBL32, SPBL33)

(SPBL41, SPBL42, SPBL43),

(SPBL51, SPBL52, SPBL53), and

(SPBL101, SPBL102, SPBL103)

Kinematic

viscosity

(ASTM D-

2170�10)

Measures the deformation of fluid

due to shear stress or tensile stress

and is a basic parameter used to

investigate the rheological

properties of bitumen

Three each KVBL (KVBL01, KVBL02, KVBL03),

(KVBL12, KVBL12), (KVBL13),

(KVBL21, KVBL22 KVBL23),

(KVBL31, KVBL32, KVBL33),

(KVBL41, KVBL42, KVBL43),

(KVBL51, KVBL52, KVBL53)

and (KVBL101, KVBL102,

KVBL103)

(Continued)



Table 8.1 (Continued)

Test/reference Justification No. of

specimens

tested

Size of

specimen

Sample

ID

Codes

Specific gravity

(ASTM D

70-76)

The ratio of mass of a given volume

of bitumen to the mass of equal

volume of water at 27�C

Three each SGBL (SGBL01, SGBL02, SGBL03),

(SGBL11, SGBL12, SGBL13),

(SGBL21, SGBL22, SGBL23,

(SGBL31, SGBL32, SGBL33),

SGBL41), (SGBL42, SGBL43),

(SGBL51, SGBL52, SGBL53), and

(SGBL101, SGBL102 SGBL103)

Flash point

(ASTM

D3143)

Determines if asphalt binder has

been prepared with solvents that

meet the desired range of

flammability and that the product

has not been contaminated with

lower-flash point solvents

Three each FPBL (FPBL51, FPBL52, FPBL53) and

(FPBL101, FPBL102, FPBL103)

Short-term

aging (ASTM

D 1754)

Determines the loss of volatile or

oily components which result in

change in mass. It can also result

from incorporation of oxygen into

the asphalt binder

Three each SABL (SABL51, SABL52, SABL53) and

(SABL101, SABL102, SABL103)

FTIR (Interspec

200-X

Fourier-

transform

infrared

spectrometer)

Determines the change in functional

group of the blends

Three each FTIR (FB1, FB2, FB3), (FL1, FL2, FL3),

and (FBL51, FBL52, FBL53)



8.3 Results and discussion

The results of the various tests as well as spectroscopy test are presented in

Table 8.2.

Ghana Highway Authority has outlined specification for bitumen binder used for road

construction in Ghana, which is represented in Table 8.2. Also included in the table are

results of tests conducted on the conventional bitumen binder used in this study.

8.3.1 Penetration point

Fig. 8.1 is a representation of results obtained for the penetration test, penetration

quantity, and latex percentage in modified bitumen binder.

Table 8.2 Specification and physical analysis of unmodified bitumen binder. Specification

and physical analysis of unmodified bitumen binder.

Property of bitumen binder Standard specification for

bitumen binder by GHA

Result analysis

of AC 10

Softening point temperature(�C) 48�59 53

Viscosity at 135�C (Cs) 300 356

Penetration � 140

Specific gravity (g/cm3) 1.01�1.06 1.01

Loss in mass after aging (%) � �
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Figure 8.1 The penetration test results—penetration quantity and latex percentage in

modified bitumen binder.
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Penetration depends on the stiffness of the binder. From Fig. 8.1, addition of 1% natu-

ral rubber latex to the bitumen binder caused a decrease in the penetration values. This

suggests that the penetration value of the modified bitumen binder is highly dependent on

the natural rubber concentrations. Addition of 1%, 2%, 3%, 4%, and 5% natural rubber

latex to the bitumen binder decreases the penetration value by 25, 48, 70, 84, and

85 dmm, respectively, as compared to the crude bitumen binder. A decrease in penetration

value as latex concentration increases results from the interaction and swellings of the rub-

ber particles which impart elastic properties onto the blend, therefore increasing the viscos-

ity. This trend in penetration values was observed by Cai et al. (2010) when assessing the

performance of SBS latex at different concentrations in bitumen binder emulsion. Nuha,

Asim, Mohamed, and Mahrez (2011) also observed a similar trend when analyzing the

effect of crumb rubber on the physical and rheological properties of bitumen binder. The

rubber-modified bitumen binder shows the least penetration value between 4% and 5%

rubber concentrations, which then increases as rubber concentration increases. The

increase might have resulted from the coagulation of rubber particles, which then

decreases the elastic effect of the blends. Ten (10%) of latex loading increased the pene-

tration value to 127 dmm, representing an overall change of 13 dmm as compared to the

unmodified bitumen binder. This indicates that a further increase of rubber may cause an

increase in the penetration, in which case the blends would be highly susceptible to tem-

perature and would cause deterioration when applied on the road.

8.3.2 Softening point temperature (�C)

The results from the softening point temperature test are represented in Fig. 8.2. The soft-

ening point temperatures of the blends occur in a reverse direction of the penetration

point as the rubber content increases after 1%. From the results the softening point tem-

perature decreased to 46�C at 1% latex loading form 53�C and increased with concentra-

tion of latex and peaked between 4% and 5% latex concentrations.
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Figure 8.2 Softening temperature point (�C) and latex (%) in modified bitumen binder.

Softening temperature point (�C) and latex (%) in modified bitumen binder.
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The increase in softening point temperature as the rubber level increases is simi-

lar to the results obtained by Swetha (2014) in their research into the effect of natu-

ral rubber on bitumen binder properties. From Fig. 8.2 a steep decrease after 5%

latex concentration is observed with a change in temperature of 20�C. The increase

is as a result of the introduction of elastic properties of the rubber causing the

blends to be highly viscous, therefore increasing the temperature at which the mate-

rial becomes soft. The decrease in softening point temperature between 5% and

10% latex levels may have resulted in increased latex particles, leading to coagula-

tion instead of blending and hence a decrease in elasticity of the blend.

8.3.3 Viscosity analysis

The results of the viscosity test are presented in Fig. 8.3. Fig. 8.3 shows the trend

of viscosity of the modified bitumen binder blends as the percentage of rubber

increases. Addition of 1% latex to bitumen binder decreases the viscosity to about

30% as compared to the unmodified bitumen binder, which then increases as latex

concentration increases.

This could be ascribed to the fact that the elastic effect at 1% rubber loading

was limited and as rubber concentration increases, elasticity also increases, hence

resulting in a highly viscous blend. Zhang et al. (2009) observed a trend similar to

the above when rubber concentration to the bitumen binder increases. This may

have resulted from the dissolution and dispersion of natural rubber in the bitumen

binder matrix, leading to an enhanced viscosity. The decrease in viscosity after 5%

rubber levels could be due to an increase rubber particles resulting in coagulation

instead of swelling, thereby limiting the elastic effect on the blend.
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Figure 8.3 Viscosity at 135�C and latex (%) in modified bitumen binder. Viscosity at 135�C
and latex (%) in modified bitumen binder.
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8.3.4 Specific gravity test

Fig. 8.4 represents results obtained for the specific gravity test on the blends. The

density and specific gravity of bituminous materials are affected by the chemical

composition, temperature, and the presence of impurities. Fig. 8.4 shows an

increase in the specific gravity of the blend as the latex concentration increases.

The specific gravity increases to 2% latex, remains constant, and peaks at 5% latex

concentration.

The increase in specific gravity may have resulted from a decrease in pore size

of the bitumen binder as rubber was introduced hence reduced void. The reduction

in void would decrease permeability of moisture and air. Also the bitumen binder

content in the blends reduces as rubber is increased, resulting in an overall

increase in specific gravity (Blazejowski et al., 2014). This signifies that the rub-

ber has a significant effect on the bitumen binder. Therefore their use in construc-

tion may contribute to a decrease penetration to moisture and air and therefore a

reduction in aging.

8.3.5 Temperature susceptibility and penetration index

Table 8.3 represents the calculated temperature susceptibility and penetration index

of the latex bitumen binder blends and the conventional bitumen binder. The

table depicts an increase in temperature susceptibility as rubber levels increase,

which was within the range of 0.027�0.042. The penetration index of modified

bitumen binder was within the ranges of 20.2 and 12.4, which are lower than that

of the unmodified bitumen binder, that is, 12.7.
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Figure 8.4 Specific gravity and latex (%) in modified bitumen binder. Specific gravity and
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The penetration index should be within the range of 21 and 11 to make it

suitable for pavement construction (Abir, 2015). This indicates that the blends con-

taining 3%, 4%, and 5% natural rubber could be suitable for pavement construction.

Blends containing 1%, 2%, and 10% of natural rubber did not meet the standard

required stated in (BS EN 12591:2009, 2009) and therefore may not be suitable for

pavement construction.

8.3.6 Flash point, aging, and viscosity of selected blends

The results obtained for aging, flash point, and viscosity after aging for 5% and

10% natural rubber bitumen binder blends are presented in Table 8.4. Table 8.4

shows the viscosity after aging, flash point, and change in mass after aging. It is

observed that the viscosity of the 10% binary blend before aging was 120 Cst as

compared to 1705 Cst, giving an aging index of 14.208.

This suggests that modification of bitumen binder using 10% natural rubber latex

may be highly susceptible to cracks under loading. Also a higher flash point of the

blend containing 10% natural rubber suggests an increase of powdered components

in the blend. A viscosity increase of 15% after aging with loss in mass of 0.112%

for the blend with 5% natural rubber indicates that the blend would have high stor-

age stability than the blend containing 10% natural rubber.

Table 8.3 Temperature susceptibility and penetration index.

Blend Penetration

value

Softening

point

Temperature

susceptibility

Penetration

index

0 140 53 0.027034 2.756633

1 115 46 0.030085 1.979531

2 90 48 0.033887 1.134326

3 70 50 0.037785 0.383241

4 54 60 0.041811 20.29292

5 55 59 0.041526 20.24802

10 127 39 0.028546 2.359427

Table 8.4 Flash point, aging, and viscosity of selected blends.

Blends Flash

point

(�C)

Viscosity

before aging

(Cst)

Viscosity

after aging

(Cst)

Change in

mass after

aging (%)

Aging

index

5% latex 356 660 760 0.112 1.152

10% latex 377 120.5 1705 0.135 14.208
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8.3.7 Fourier-transform infrared analysis

From Fig. 8.5 it was observed that the peak display at 1639 cm21 corresponding to

sp2 C5C or C5O stretching vibration, which is found on the rubber spectrum,

could not be seen on the spectrum of the modified bitumen binder. The strongest

peak at 3369 cm21, which is a stretching vibration of N-H from ammonia, also dis-

appeared after blending.

This indicates that addition of rubber has no influence on the functional structure

of the blend. However, there was a shift to a higher wavenumber of the blend as

compared to the conventional bitumen binder. This resulted from inhibition of

hydrogen bonding due to evaporation of water molecules during blending. There

was also no change in peak intensity of the spectrum of the blend (BL) as compared

to the spectrum of the crude bitumen binder (B), indicating that blending proceeded

physically.

8.4 Conclusions

The study analyzed the change in rheological properties when natural rubber latex

was added to bitumen binder at percentage concentrations of 1, 2, 3, 4, 5, and 10.

The properties tested are penetration point, viscosity, softening point, specific grav-

ity, and change in mass after aging. The FTIR spectroscopy test was used to deter-

mine change in functional groups of the blends. The results of this study show a
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Figure 8.5 FTIR spectroscopy analysis of conventional bitumen binder (B), latex (L), and

blend (BL); B—spectrum for crude bitumen binder, L—spectrum for natural rubber latex,
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general decrease in rheological properties of bitumen binder upon addition of 1%

rubber, which increases as the percentage rubber increases for all the properties

tested except penetration point. No change in functional group was observed for the

blend tested when compared with the spectrum of the unmodified bitumen binder,

but there was a shift of IR spectrum to a higher wavenumber. Short-term aging test

results indicate that addition of 5% natural rubber latex to bitumen binder showed

significant improvement on the rheological properties tested. The calculated pene-

tration index had shown a significant change in temperature susceptibility of the

blends. The study has revealed that addition of 4%�5% natural rubber latex to bitu-

men binder could serve as an alternative binder for asphalt pavement.
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9.1 Introduction

Waste recycling is an important part of sustainable development because reusing

waste materials can reduce environmental impact and save natural resources, energy,

and total cost. Because of its large consumption capacity, the construction industry

is one of the best targets for solid waste reutilization. Among the solid waste materi-

als, marble waste generated during the cutting process should not be overlooked due

to its large quantity and the serious environmental problems encountered (Rana

et al., 2015; Li et al., 2019). Marble powder (MP) has a negative impact on people’s

social and industrial activities. When it dries, it becomes airborne and contributes to

severe air pollution. It causes occupational health issues and has an impact on

machines and instruments installed in industrial zones. It also reduces land produc-

tivity by reducing porosity, water absorption, and percolation and affects water qual-

ity during the rainy season, reducing storage capacity and harming aquatic life.

Marble is a metamorphic stone formed by the transformation of limestone, which

is composed solely of calcite (CaCO3). It is distinguished by its beauty, great variety,

and smooth and shiny appearance, making it one of the most noble rocks that can

exist. According to previous research, 30%�40% of processed marble in factories

corresponds to production waste (Tugrul Tunc, 2019). Utilizing the aforementioned

potential in the industry yields significant returns in terms of economic and environ-

mental performance (Uygunoglu et al., 2014). Reutilization of such a large quantity

of marble waste is not an easy task. Usually, marble waste is reused as a cement

replacement or aggregate replacement in the production of concrete. When used as a

cement replacement, MP is added to replace a portion of the cement or cementitious

materials, and this addition of MP as a cement replacement has been found to have

significant effects on the fresh, hardened, and durability properties of concrete.

9.2 Advantages of marble powder

MP can be used as a filler in concrete and paving materials and helps to reduce total

void content in concrete. It can be used as an admixture in concrete so that mechan-

ical strength and durability of concrete can be improved. The use of MP for the

Advance Upcycling of By-products in Binder and Binder-Based Materials. DOI: https://doi.org/10.1016/B978-0-323-90791-0.00011-1
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production of other products can reduce the environmental pollution. MP could be

mixed with concrete, cement, or synthetic resins to make building stones. It can

also be used as a paint filler or for the manufacture of white cement.

9.3 Applications of marble powder

Marble production involves several stages, including extraction, sawing, shaping,

and polishing, all of which generate waste, including MP. The MP can be used in

many applications such as coating, decorative plaster, paint, ceramic industry, glass

industry, and manufacture of paper and plastic materials.

9.4 Properties of marble powder

9.4.1 Particle size

One of the most significant factors for the purpose of use of MP is particle size. The

particle size of MP varies greatly depending on the marble source and the MP’s

intended use in concrete or mortar. MP can be used to substitute fine aggregate or a

portion of the cement. Typical particle sizes of MP and cement are given in Fig. 9.1.

Cement and MP have more or less the same granular distribution (Dada et al., 2021).

The morphology, particle size, and shape of materials studied using scanning

electron microscopy (SEM) are given in Fig. 9.2. It can be seen that the MP has

granular uniformity (Dada et al., 2021).

Figure 9.1 Particle size distributions of marble powder and cement (Dada et al., 2021).
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9.4.2 Physical properties

Specific gravity and fineness are the most widely measured physical characteristics

of MP. The physical parameters of the marble wastes studied in the literature are

summarized in Table 9.1.

The MP specific gravity and fineness range from 2.19 to 2.87 and from 215 to

928 m2/kg, respectively (Uysal & Yilmaz, 2011; Ergün, 2011; Gesoǧlu et al., 2012;

Belaidi et al., 2012; Vijayalakshmi et al., 2013; Aliabdo et al., 2014; Rana et al., 2015;

Rodrigues et al., 2015; Tennich et al., 2015; Boukhelkhal et al., 2016; Choudhary et al.,

2016; Alyamac et al., 2017; Djebri et al., 2017; Toubal Seghir et al., 2018; Singh et al.,

2019; Alyousef et al., 2019; Kumar, Singla, et al., 2020; Benjeddou et al., 2020;

Safiddine et al., 2021; Dada et al., 2021).

Figure 9.2 SEM analysis of marble powder (Dada et al., 2021). SEM, Scanning electron

microscopy.

Table 9.1 Physical properties of marble powder.

References Specific

gravity

Fineness

(m2/kg)

References Specific

gravity

Fineness

(m2/kg)

Ergün (2011) 2.68 596 Boukhelkhal

et al. (2016)

2.7 360

Uysal and

Yilmaz (2011)

2.71 888 Djebri et al.

(2017)

2.68 550

Gesoǧlu et al.

(2012)

2.71 519 Alyamac et al.

(2017)

2.71 392

Belaidi et al.

(2012)

2.7 350 Toubal Seghir

et al. (2018)

2.74 387

(Continued)
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9.4.3 Chemical properties

The chemical composition of the MP differs according to the origin and the deposit

of the bedrock. X-ray diffraction is commonly used to perform chemical analysis

and quantitative mineralogical characterizations of the MP.

The chemical compositions of different MPs used in many studies are reported

in Table 9.2. It can be noticed that the highest present element in the MP is calcium

oxide (CaO), which varies between 28.63% and 83.22% (Uysal & Yilmaz, 2011;

Ergün, 2011; Gesoǧlu et al., 2012; Belaidi et al., 2012; Aliabdo et al., 2014; Rana

et al., 2015; Rodrigues et al., 2015; Tennich et al., 2015; Boukhelkhal et al., 2016;

Choudhary et al., 2016; Alyamac et al., 2017; Djebri et al., 2017; Toubal Seghir

et al., 2018; Singh et al., 2019; Alyousef et al., 2019; Kumar, et al., 2020;

Benjeddou et al., 2020; Dada et al., 2021).

Table 9.1 (Continued)

References Specific

gravity

Fineness

(m2/kg)

References Specific

gravity

Fineness

(m2/kg)

Vijayalakshmi

et al. (2013)

2.38 351 Singh et al.

(2019)

2.67 350

Aliabdo et al.

(2014)

2.5 399 Alyousef et al.

(2019)

2.69 946

Tennich et al.

(2015)

2.42 653 Kumar (2020) 3.73 381

Rodrigues et al.

(2015)

2.71 215 Benjeddou

et al. (2020)

2.7 386�928

Rana et al.

(2015)

2.87 736 Dada et al.

(2021)

2.69 240

Choudhary et al.

(2016)

2.87 238 Safiddine et al.

(2021)

2190 393

Table 9.2 Chemical properties of marble powder.

References SiO2 CaO MgO Al2O3 Fe2O3 SO3 K2O TiO2 Na2O LOI

Ergün (2011) 0.18 51.70 0.4 0.67 0.44 � 0.21 � � 46.04

Uysal and Yilmaz

(2011)

0.70 55.49 0.23 0.29 0.12 � 1.80 � 2.44 42.83

Gesoǧlu et al.

(2012)

1.29 52.45 0.54 0.39 0.78 � 0.11 � � 43.90

Belaidi et al.

(2012)

1.00 52.6 2.1 0.2 0.2 0.07 0.04 0.01 0.06 43.63

Aliabdo et al.

(2014)

1.12 83.22 0.52 0.73 0.05 0.56 0.09 � 1.12 2.50

Tennich et al.

(2015)

1.69 49.07 4.47 1.04 0.21 � � � � 43.46

Rodrigues et al.

(2015)

1.39 54.20 0.64 0.32 0.14 � � � 0.04 42.60

(Continued)
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9.5 Effect of marble powder on fresh properties of
cement/mortar/concrete

9.5.1 Workability

Workability can be defined as the suitability of the material or how easy it is to

set up. It can be determined by slump test, spreading test, flow time with an

LCPC workabilimeter (mortar), and V-funnel flow time tests (mortar and

concrete).

Dada et al. (2021) investigated the effect of MP substitution on the fresh proper-

ties of concrete equivalent mortar. They noted that introducing 5%�30% MP

increases slump and decreases flow time. On the other hand the substitution of 40%

of cement by PM has a reverse effect (Cf, Fig. 9.3). The MP has a filling power as

well as a diluting effect, making the cement grains more mobile. Furthermore, its

inert action releases a portion of the mixing water at an early stage of hydration,

lubricating the grains and improving the workability of the combination (Belaidi

et al., 2012; Dada et al., 2021).

Boukhelkhal et al. (2016) studied the effect of replacing cement with MP in self-

compacting concrete fresh properties, where they replaced the cement with 5%,

10%, 15%, and 20% of MP. They found that all the mixtures had good filling abil-

ity, with slump flow values ranging from 70 to 74 cm, and when cement is replaced

with MP the slump flow values increases and the V-funnel flow time decreases

(Boukhelkhal et al., 2016).

Table 9.2 (Continued)

References SiO2 CaO MgO Al2O3 Fe2O3 SO3 K2O TiO2 Na2O LOI

Rana et al. (2015) 44.1 42.13 3.72 2.2 2.98 � � � 0.08 3.50

Choudhary et al.

(2016)

0.61 30.41 21.67 0.28 0.58 0.03 0.08 44.26

Boukhelkhal et al.

(2016)

0.42 56.01 0.12 0.13 0.06 0.01 0.01 0.01 0.43 42.78

Djebri et al. (2017) 0.48 54.91 0.72 0.10 0.12 0.46 0.05 � 0.08 43.55

Alyamac et al.

(2017)

28.35 40.45 16.25 0.17 9.7 0.02 0.01 � 0.05 4.84

Toubal Seghir

et al. (2018)

0.05 56.94 0.92 0.05 0.02 0.32 0.01 � � 41.63

Singh et al. (2019) 3.86 28.63 16.9 4.62 0.78 � � � � 43.30

Alyousef et al.

(2019)

3.00 52.28 0.50 0.14 0.39 � � � � 42.60

Kumar et al.

(2020)

5.96 38.56 15.27 0.53 0.82 0.07 0.03 � 0.05 �

Benjeddou et al.

(2020)

3.00 52.28 0.50 0.14 0.39 � � � � 42.60

Dada et al. (2021) 0.42 56.01 0.12 0.13 0.06 0.01 0.01 0.01 0.06 43.43
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Kırgız (2016) used MP as a replacement for fine aggregates in concrete, while

Rashwan et al. (2020) used it as a replacement for cement in concrete. The results

are summarized in Table 9.3. They found that increasing the percentage of MP

decreases concrete slump when MP is used as fine aggregate replacement (Kırgız,

2016). On the other hand, when it is used as cement replacement, it has a reversed

effect (Rashwan et al., 2020).

Most other researchers have reported that the use of MP increases workability

(Belaidi et al., 2012; Bostanci, 2020; Chahour & Safi, 2020; Prokopski et al., 2020;

Safiddine et al., 2021). On the other hand a reduction in slump was also obtained

by other authors (Vijayalakshmi et al., 2013; Rana et al., 2015; Talah et al., 2015;

Vardhan et al., 2019a).

9.5.2 Setting time

The use of MP delays the setting time. Initial and final setting times increase with

the increase in MP amount (Singh et al., 2017a; Ashish, 2019). On the other hand

the normal consistency decreased with the increase of MP.

40
%

 M
P

30
%

 M
P

20
%

 M
P

10
%

 M
P

Con
tro

l O
PC

14

Slump
Flow Time

4

3

2

Fl
ow

 T
im

e 
[s

]

1

0

Substitution rate (%)

13

12

11

10Sl
um

p 
[c

m
]

9

8

Figure 9.3 Effect of MP on workability of mortar (Dada et al., 2021).

Table 9.3 Effect of marble powder in slump of concrete.

References MP (%) Slump (mm) Applications

Kırgız (2016) 0 65 MP replacement as fine aggregate

in concrete10 60

15 40

20 30

Rashwan et al. (2020) 0 175 MP replacement as cement in

concrete10 180

20 185

30 230

40 245

MP, Marble powder.
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Rashwan et al. observed an acceleration in the initial and final setting times at a

lower amount of MP up to 20%. The use of MP up to 40% delayed the initial set-

ting times and accelerated the final setting times. On the other hand the normal con-

sistency increased with increasing MP (Rashwan et al., 2020). Standard consistency

and initial and final setting times of the investigated studies are reported in

Table 9.4.

9.5.3 Rheological behavior

The rheological parameters (plastic viscosity and the yield stress) are very impor-

tant to control the placement of mortar and concrete and also to ensure the quality

of the filling of the formwork. Many researchers found that the inclusion of MP

as a substitution of cement decreases both the yield stress and the plastic viscosity

of mortar and concrete (cf. Fig. 9.4). This is due to the MP particles being less

angular and coarse as well as the lesser requirement for superplasticizers and also

the increase in the volume of paste caused by the difference in the density of the

cement and that of the MP (Belaidi et al., 2012, 2016; Boukhelkhal et al., 2016;

Dada et al., 2021; Safiddine et al., 2021).

Table 9.4 Consistency and setting time.

References MP

(%)

Consistency (%) Initial setting

time (s)

Final setting

time (s)

Singh et al. (2017b) 0 32.5 107 224

10 31.5 120 235

15 30.25 125 249

20 30 132 270

25 29.75 140 285

Ashish (2019) 0 28.5 120 240

10 28 164 268

15 28 198 297

Rashwan et al. (2020) 0 24.5 175 260

10 25.5 160 220

20 26.5 165 230

30 27.5 185 250

40 28.5 185 250

MP, Marble powder.
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9.5.4 Hydration heat

The hydration heat of concrete is primarily related to the amounts of C3S, C3A,

and C4AF in Portland cement (PC). The presence of these components in cement

increases hydration heat, but the blended pozzolanic additives delay cement

hydration. Prošek et al. (2020) investigated the hydration of PC pastes with MP

ranging from 5% to 50% as a replacement for cement. Hydration heat flow was

measured using an eight-chamber TAM Air isothermal calorimeter; each mix-

ture occupied two chambers, and hydration heat flux was measured for 7 days at

a constant temperature of 20�C. Each container was inserted into a chamber con-

taining a sample weighing between 25 and 38 g after compaction. The cumula-

tive hydration heat was calculated by integrating the heat flow over the

measurement time. Calorimetry results revealed that the more MP in a mixture,

the more cumulative heat was released during the first 7 days of hardening. Péra

et al. (1999) found similar results when studying the effects of CaCO3 on C3S

hydration. In this study, PC with a high C3S content (74.6 wt.%) was used with

MP, which is mostly CaCO3 (95 wt.%). The presence of MP influenced not only

cumulative heat but also heat flow development. The absolute heat/heat flux

values plotted in Fig. 9.5 show that the presence of MP inhibits rapid hydration

of C3S. Heat flux, on the other hand, was slightly accelerated by the presence of

MP for the 20�40 hours period.
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Figure 9.4 Effect of marble powder on the rheological behavior of mortar. Source: Dada,

H., Belaidi, A. S. E., Soualhi, H. et al. (2021) Influence of temperature on the rheological

behaviour of eco-mortar with binary and ternary cementitious blends of natural pozzolana

and marble powder. Powder Technologyogy, 384, 223�235. https://doi.org/10.1016/j.

powtec.2021.02.019.
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9.6 Effect of marble powder on the hardened properties

9.6.1 Strength activity index of mixtures incorporating marble
powder

Abbas et al. (2020) determined the strength activity index (SAI) for mixtures incorporat-

ing various proportions of MP ranging from 0% to 50% at ages of 7, 14, 28, and 56

days. ASTM C311 (ASTM 2018) (Standard Test Methods for Sampling and Testing Fly

Ash or Natural Pozzolans for Use in Portland-Cement Concrete) was used to calculate

SAI values. SAI results for MP mixtures incorporating various proportions of MP. At 28

days, mixtures containing 5%, 10%, and 15% MP had SAI values of 91%, 83%, and

77%, respectively. However, for mixtures with higher MP dosages (. 20% by cement

weight) the SAI was less than 75%. SAI was found to be higher at later ages for tested

mixtures containing MP. For example the mixture incorporating 5% of MP achieved SAI

of 91% and 94% at 28 and 56 days, respectively.

9.6.2 Thermal analysis of mixtures incorporating marble powder

Abbas et al. (2020) used thermogravimetric analysis (TGA) and differential thermal anal-

ysis (DTA) to investigate the hydration kinetics in mortar mixtures containing MP.

Changes in mineralogical composition and mass loss were investigated for mixtures con-

taining 15% MP and control mixtures without MP. Small fragments were extracted from

specimens and ground into powder. A crucible containing approximately 10 mg of pow-

der samples was placed in a furnace. Thermal analysis was carried out at a rate of 20�C

Figure 9.5 Hydration heat flow (solid lines) and cumulative heat (dashed lines) (Prošek

et al., 2020).
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per minute. The testing was terminated at 1200�C. For the control specimen the DTA

curve exhibited an endothermic peak at approximately 79�C. This is most likely due to

the elimination of absorbed water. Another peak was observed at 575�C due to decompo-

sition of calcium hydroxide (CaOH2). An endothermic peak was also observed at around

835�C due to decomposition of calcium carbonate (CaCO3). (Abbas et al., 2017;

Almeida & Sichieri, 2006; Moropoulou et al., 2004).

According to the TGA graph the mass loss in the control specimen without WMP

was approximately 30% and most of it occurred between 600�C and 850�C, primarily

related to the decomposition of CaOH2 and CaCO3 (Moropoulou et al., 2004).

The DTA curve for the mixture containing 15% MP presented an endothermic

peak at approximately 70�C due to the removal of absorbed water. At 330�C an

exothermic peak occurred, which is related to CSH (Almeida & Sichieri, 2006). An

endothermic peak was observed at approximately 560�C due to CaOH2 decomposi-

tion. Another endothermic peak was observed at 847�C, primarily due to calcium

carbonate decomposition. The TGA curve up to 1100�C showed a mass loss

of approximately 33% for the mixture containing 15% MP. A significant portion of

this mass loss occurred between 650�C and 900�C.

9.6.3 Compressive strength

Compressive strength is the most required mechanical property in concrete and mortar.

Compressive strength decreases with increasing MP as a replacement for cement in all

ages of 3, 7, 28, and 65 days (Toubal Seghir et al., 2018). Table 9.5 summarises the

results of Rodrigues et al. (2015), Yamanel et al. (2019), and Rashwan et al. (2020).

The majority of the previous researchers have observed a decrease of compressive

strength with substitution of MP as cement. This reduction is attributed to the phe-

nomenon of dilution of pozzolanic reactions (Heikal & Morsy, 2000; Ergün, 2011;

Belaidi et al., 2012, 2016; Aliabdo et al., 2014; Rana et al., 2015; Yamanel, 2015;

Mashaly et al., 2016; Yamanel et al., 2019; Belouadah et al., 2021; Dada et al., 2021).

9.6.4 Flexural tensile strength

Ergün (2011) found a loss of flexural tensile strength of concrete which becomes

greater with higher replacement rates (Ergün, 2011; Rodrigues et al., 2015).

The majority of studies have shown that the flexural strength decreases with the

increase in the rate of substitution of cement by MP (Yamanel, 2015; Mashaly

et al., 2016; Yamanel et al., 2019; Rashwan et al., 2020). Table 9.5 gives the results

of the effect of MP on flexural tensile strength of concrete from Rodrigues et al.

(2015), Yamanel et al. (2019), and Rashwan et al. (2020).

9.6.5 Splitting tensile strength

Splitting tensile strength of concrete decreases with increasing rate of replacement

of cement by MP. Rodrigues et al. (2015) obtained maximum reduction of 30% in

concrete splitting tensile strength. Aliabdo et al. (2014) found that for higher
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substitution ratios of MP, they obtained lower splitting tensile strength values than

those of the reference mix without MP. Ergün (2011) obtained results comparable to

those of other researchers, with lower values at higher replacement rates. Table 9.5

gives the results of mechanical properties from Rodrigues et al. (2015) and Rashwan

et al. (2020).

9.6.6 Modulus of elasticity

Rodrigues et al. (2015) studied the influence of the rate of substitution of cement

by MP in concrete on the modulus of elasticity with percentages ranging from 5%

to 20% with steps of 5% (cf. Fig. 9.6). Their results show that the modulus of elas-

ticity decreases as the replacement rate increases, with a maximum loss of 10.3%

with a rate of 20% of MP. However, the addition of superplasticizers increased the

values of the modulus of elasticity. This can be explained by the increase in the

compactness of the granular mixture (Rodrigues et al., 2015). Other researchers

have obtained comparable results for static and dynamic moduli of elasticity (Uysal

& Yilmaz, 2011; Tennich et al., 2015).

Table 9.5 Effect of marble powder on mechanical properties of concrete.

References MP

(%)

Compressive

strength at 28

days (MPa)

Flexural

strength at 28

days (MPa)

Tensile splitting

strength at 28

days (MPa)

Rodrigues et al. (2015) 0 47.1 � 3.1

10 43.7 � 2.5

20 43.2 � 2.4

30 34.4 � 2.3

Yamanel et al. (2019) 0 52.7 8.6 �
5 52.1 8.6 �
10 48.7 8.0 �
15 46.3 7.7 �
20 42.8 7.2 �

Rashwan et al. (2020) 0 55.41 5.70 5.3

10 52.56 5.60 4.8

20 47.76 5.30 4.5

30 37.46 4.12 3.5

40 35.70 4.00 3.1

MP, Marble powder.
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9.7 Microstructure

SEM images in Fig. 9.7 illustrate the microstructure characteristics of some MP-

modified cement pastes. It is shown that MP-blended cement specimens are denser

and less porous than control specimens. The microstructure of pastes is composed

of amorphous particles of calcium silicate hydrate (CSH) and calcium hydroxide

(CH) crystals that appear in massive layers. Ettringite (E) needles are located

in pores; then the paste is totally hydrated, and all voids are completely filled

(Aliabdo et al., 2014; Alyousef et al., 2018).

Figure 9.7 SEM analysis for paste samples containing marble powder (Aliabdo et al., 2014).

SEM, Scanning electron microscopy.
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SEM analysis of specimens with and without MP performed by (Kumar, et al.,

2020) indicated that the morphology is distinct in terms of pore structure (cf.

Fig. 9.8). The matrix of control mix is heterogeneous with the presence of cracks

and large pores (Demirel, 2010). In addition, there are large crystals of calcium

hydroxide (CH) distributed irregularly in the matrix. In comparison, with substitu-

tion of cement by 5.0% of MP the matrix seems to be comparatively more homoge-

neous with a lesser number of pores and negligible cracks. This is due to the filling

effect of MP particles in the concrete (Rodrigues et al., 2015; Wu et al., 2020).

Thus the porosity of hardened concrete is minimized due to the presence of MP. In

addition, smaller and well-distributed crystals of calcium hydroxide are observed

in the matrix of specimens containing MP. This is due to the occupation of pores

by MP particles leaving almost no space for growth of calcium hydroxide crystals

(Kırgız, 2016). Other researchers also reported densification of matrixes by intro-

ducing MP particles (Rana et al., 2015). The presence of ettringite needles in the

pores, which minimize pores’ size and cracks, has been reported (Aliabdo et al.,

2014). MP particles are also supposed to control the reaction between alkali and sil-

ica in the matrix and hence minimize the expansion (Munir et al., 2017). Thus opti-

mal use of MP leads to strength enhancement with improved microstructures.

SEM analysis performed by Vardhan et al. (2015) as shown in Fig. 9.9 revealed

that hardened paste of control mortar is fully matured and voids are filled up. In

cement mortar containing 10% MP, equant grain type morphologies of CSH gel

and needles of ettringite are observed. However, SEM images of cement paste con-

taining 30%, 40%, and 50% MP as a cement replacement reveal the presence of a

large number of voids. SEM images of mortar containing 40% and 50% MP show

long and slender needles of ettringite and fibrous crystals of CSH. CSH fibrous

crystals started to fill the voids. This type of morphology of CSH gel is formed

at the early age of cement paste hydration. In other words the presence of fibrous

crystals of CSH gel in SEM images of cement paste containing 40% and 50% MP

Figure 9.8 Micrographs of (A) control mix and (B) specimen in the presence of 5.0% MP

(Kumar, et al., 2020). MP, Marble powder.
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as replacement of cement indicates delay in hydration process. SEM images of

cement mortar containing 20%, 40%, and 50% MP show the presence of crystals

of calcium hydroxide (CH). The results of compressive strength test of cement

mortar mixtures also confirm the formation of less dense microstructures when MP

is used in cement mortar. Formation of an imprecise CSH gel and a higher percent-

age of voids in mortar mixtures might have affected their compressive strength

(Rana et al., 2015).

Figure 9.9 SEM morphology of mortar containing MP as replacement of cement (Vardhan

et al., 2015). CH, Calcium hydroxide; CSH, calcium silicate hydrate; E, ettringites; MP, marble

powder; SEM, scanning electron microscopy; V, voids.
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9.8 Durability properties of concrete made with marble
powder

Durability refers to the ability of concrete to withstand weathering, chemical attack,

and abrasion without losing its engineering properties. The lower the volume of

pores in concrete, the more durable it is because it reduces the intrusion of air,

water, or chemicals into the aggregate bonding.

9.8.1 Permeability

Permeability is essential for the durability of concrete in harsh environments such

as frost damage, acid attack, sulfate attack, corrosion, and alkali�aggregate reac-

tion. Concrete permeability is critical in determining the rates of mass transport rel-

evant to destructive chemical action. Concrete permeability is primarily determined

by the size, distribution, and continuity of the pores in the hydrated paste of the con-

crete. The degree of hydration and water�cement ratio are important factors that

influence the pore structure of the paste. Because MP is finer, it affects the capillary

pores of the concrete matrix by obstructing voids and gaps. The reduced permeabil-

ity of these concrete mixes is due to the reduction in pore continuum and volume.

According to the results of Khaliq et al., 2016, increasing the proportion of MP

from 0% to 10% reduces the permeability of concrete; this is because MP acts as a

filler, filling up all the gaps inside the concrete during the hardening process. However,

beyond the 10% limit, all of the cavities are filled with MP, and this latter no longer

acts as a filler but rather as an overburdening additive. When the 10% limit is exceeded

and 15% is reached the water flow through the concrete mass increases dramatically.

This is due to the reduction of cement amount that reduces the CHS (calcium hydro sil-

icate) component, which is responsible for reducing gel pores. Furthermore, beyond the

15% limit the permeability was negatively affected, and increasing the percentage fur-

ther would not affect the permeability but would have an effect on the compressive and

split tensile strengths and consistency of the concrete (Talah et al., 2015).

Singh et al. (2019) reported that mixes containing 10%�15% MP replacement

showed better permeability results than the control mix, but further addition of MP

resulted in increasing permeability. Rana et al. (2015) also concluded that the addi-

tion of MP up to 15% enhanced resistance to water penetration and reduced

the penetration depth considerably. The volume of permeable voids was found to

reduce due to refinement in pore filling trend of concrete. However, beyond 15% of

MP replacement an increase in volume of permeable voids was observed. A further

increase in MP increased the depth of penetration due to reduction in porosity and

an increase of fines in blended mixes (Demirel, 2010; Arel, 2016). According to the

rating given by Cather et al. (1984) the concrete mixtures with MP are rated under

the “good” category. The improvement in resistance to air permeability is attributed

to the filler effect of MP as it reduces the permeable pores in concrete. The reason

for this could be improper bonding of aggregates due to a lesser amount of cement

available for the hydration process (Singh et al., 2017b).
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Binici et al. (2007) and Binici and Aksogan (2018) also concluded that the

addition of MP up to 15% reduces the water penetration depth significantly. The

permeability of concrete depends upon the pore size, pore distribution, and their

interconnectivity. MP being finer than cement might have filled the capillary pores

of concrete matrix and blocked their connectivity. The reduction in pore continuity

and volume might have resulted in reduced permeability of these concrete mixes.

Comparable results were found by Singh et al. (2017b). However, concrete contain-

ing 20% and 25% MP displayed poor resistance to permeation. At high replacement

levels the filler effect could not compensate for poor microstructures of concrete

due to reduced cement content.

9.8.2 Water absorption

The performance of concrete exposed to harsh environments is determined by

how permeable the pore system is. Surface absorption in concrete is determined

by a number of factors, including mix proportions, the presence of admixtures,

voids, the degree of hydration, the type of placement, and the chemical properties

of the cementitious material. Water is the main cause of the degradation of build-

ing materials. It penetrates into porous media, transports harmful substances, and

freezes inside. When a homogeneous porous material has a constant hydraulic

potential at its wet surface, liquid can reach significant heights due to the capil-

lary absorption (Hanžič & Ilić, 2003). It has been shown that MP as substitution

to cement reduces concrete water absorption values at lower W/C ratios (Sardinha

et al., 2016; Khodabakhshian et al., 2018; Li et al., 2018; Selim et al., 2020;

Zhang et al., 2020).

Li et al. (2018) studied the effectiveness of using MP as a paste replacement in

reducing water absorption. As a result, adding MP as a paste replacement always

reduced the water absorption rates at any given W/C ratio. For example, at a W/C

ratio of 0.55, increasing the MP volume from 0% to 20% reduced water absorption

rates by 72.7% and 78.7%, respectively, whereas at a W/C ratio of 0.40, increasing

the MP volume from 0% to 20% reduced water absorption rates by 45.5% and

32.4%, respectively. As a result, using MP as a paste replacement has been shown

to be an effective way to improve mortars’ water resistance.

Boukhelkhal et al. (2017) found that that the increase in the amount of

substituted MP leads to an increase in the water absorption. The incorporation

of MP at substitution levels of 5%, 10%, 15%, and 20% increases the water

absorption rate by 9.26%, 9.47%, 9.9%, and 10.9%, respectively. It was noted

that all tested self-compacting concrete have low water absorption (less than

10%), except for mixes that include 20% of MP. On the other hand the obtained

water absorption values of MP mixtures are superior to those found in mortar

mixtures incorporating fly ash, silica fume, and metakaolin (1.8%�4.2%). This

may be attributed to the use of inert materials that have a low filling effect

because both cement and MP have approximately similar finenesses (Tasdemir,

2003; Siddique, 2013).
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Binici et al. (2007) reported that with 15% MP the concrete was considerably

more resistant to water ingress than concrete with limestone powder. Gameiro et al.

(2014) and Topçu et al. (2009) also showed that the incorporation of MP is benefi-

cial by reducing concrete water absorption.

9.8.3 Porosity

One of the most important parameters for both strength and durability in concrete is

porosity. Less voids in concrete provide a more compact structure as well as the desired

strength and durability values. The use of mineral or chemical additives, as well as low

w/c ratios, is among the most important factors in reducing porosity in concrete.

Aliabdo et al. (2014) studied the effect of MP as cement replacement on the

porosity of concrete. The replacement ratios, which have been studied, were 0%,

5%, 7.5%, 10%, and 15% by weight (Fig. 9.10). It can be seen that concrete poros-

ity improves with the increase of MP and is comparable to control specimens. This

improvement in porosity could be explained by the filler effect of marble dust

(Aliabdo et al., 2014; Rana et al., 2015; Ulubeyli et al., 2016; Aydin & Arel,

2019b; Atiyeh & Aydin, 2020; Prošek et al., 2020; Varadharajan, 2020).

According to Prošek et al. (2020), lowering porosity by adding MP is vital for

cementitious composites to achieve high compressive strength. This effect can be

achieved through a microfilling effect with low amounts of added MP (5�15 wt.%).

Total porosity increased by 5% for the 50 wt.% addition due to higher pore

volume peaks. These findings are consistent with those of other studies (Aliabdo

et al., 2014; Hebhoub et al., 2011; Uygunoglu et al., 2012). Several authors have
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Figure 9.10 Porosity values of concrete made with MP as a partial replacement of cement

(Aliabdo et al., 2014). MP, Marble powder.
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studied the impact of coarser fractions and concluded that regardless of the amount

incorporated, they are incapable of reducing the porosity of cementitious matrices,

supporting the assumption of microfilling effects (Rana et al., 2015; Talah et al.,

2015; Seghir et al., 2019).

9.8.4 Shrinkage

MP is an inert material, and shrinkage is known to be a function of cement hydra-

tion. When shrinkage is restricted, it causes internal tensile stress, which results in

shrinkage cracks; thus the drying shrinkage reduction property of MP is found to be

significant and advantageous. The drying shrinkage is affected by various factors

affecting the pore structure in concrete (w/c ratio, cement amount, mineral addi-

tions, etc.). Because of the improved pore structure of the concrete, there will be no

evaporation of water from the capillary pores, resulting in less drying shrinkage

and no deterioration of concrete. Low w/c ratios and the substitution of mineral addi-

tives for cement at certain ratios reduce drying shrinkage. Yamanel et al. (2019)

studied the effect of MP as cement replacement on the shrinkage of mortars. The

results given in Fig. 9.11 show that the shrinkage of all mortars increased with

increasing time because shrinkage is a function of cement hydration. However,

replacing MP with cement resulted in a partial reduction in shrinkage values when

compared to the control cement mortar. This reduction in shrinkage increases

with the increase of the level of substitution of cement with MP. This is due to a

decrease in cement content caused by the partial replacement of MP with cement.

Vardhan et al. (2019b), Li et al. (2018), Valdez et al. (2011), and Hlubocký and

Prošek (2017) found similar results of reduced drying shrinkage for conventional

and self-compacting concrete-based MP.

Figure 9.11 Shrinkage results of concrete mixtures containing MP as cement replacement

(Yamanel et al., 2019). MP, Marble powder.
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9.8.5 Sulfate resistance

Sulfate solutions can deteriorate concrete by attacking the hardened cement paste.

The precise chemical reaction depends on the type of sulfate present and the type

of cement used. Ground water in some clay soils is a source of magnesium and cal-

cium sulfates. These salts react in concrete with Ca(OH)2 and calcium aluminate

hydrate to form gypsum and calcium sulfoaluminate. These products have a much

higher volume than the compounds they replace, causing the concrete to expand

and crack. The rate and extent of sulfate attack are determined by the ease with

which sulfate ions penetrate the concrete as well as the chemical resistance of the

cement paste. Boukhelkhal et al. (2017) examined the MgSO4 sulfate resistance of

MP mortars. For mixes containing MP the strength gain increases until 180 days.

The strength gain of 5, 10, 15, and 20 MP mixes is about 13%, 26%, 28%, and

21% for immersion periods of 28, 56, 90, and 180 days, respectively. This demon-

strates that the inclusion of 10% of MP by partial replacement of cement is consid-

ered the optimum substitution rate. The strength gain might be attributed to the

continuous hydration of anhydrated cement products and the reaction of MgSO4

with Ca(OH)2 to form two elements (gypsum and ettringite) which fill in the micro-

pores, leading to a denser structure. The reduction in strength gain is due to the

expansion effect of the sulfate attack, which leads to the formation of microcracks

and softening of the cement matrix (Tian & Cohen, 2000; Ghrici et al., 2006; Uysal

& Yilmaz, 2011).

Aydin and Arel (2019a) investigated the sodium sulfate resistance of concrete

with different amounts of MP. The mass loss tended to increase with increasing

amount of MP in the mixture. The highest mass loss was obtained for the pure mar-

ble mixture. The mass loss increased by 23.84% when comparing pure cement with

pure marble mixtures at 90 days. This increase was 22.89% at 7 days, showing the

effects of hydration on the matrix composites. Binici et al. (2007) reported that

with the increase of percentage MP an increase in sulfate resistance of concrete is

observed. Sulfate resistance of concrete increased significantly with the increase in

the MP content for a period up to 12 months of exposure (Hameed et al., 2012).

Sodium sulfate resistance of concrete is found to improve for around 15% cement

replacement with MP (Boukhelkhal et al., 2019). According to the sodium sulfate

durability test the marble cement paste composites were classified as medium-to

high-sulfate-resistant [the mass loss de to sulfate should be between 6% and 16%

(ASTM C88)].

Durability properties of composites are directly related to their porosity

(Aydin & Doven, 2006; Aydin, 2016; Aydin & Arel, 2019b, 2019a): The lower

the porosity, the higher the durability that can be achieved. With continuous

hydration and reactions of the marble cement pastes the bonding between the

marble particles and marble cement interface improves. This can decrease the

porosity of the matrix and provide a tightly packed structure, thereby increasing

the strength of the composite (Douglas Hooton, 2015; Hewlett & Liska, 2019;

Lothenbach et al., 2011).
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9.8.6 Acid resistance

Concrete durability is primarily affected by aggressive chemical environments. The

most harmful acid solutions to concrete are sulfuric, nitric, and hydrochloric. Even

at low concentrations, their negative effects on building structures are faster and

more obvious than sulfate attack. The calcium hydroxide component is known to

be the most vulnerable to acid attacks (Makhloufi et al., 2012). Adding additional

cementitious materials appears to be appropriate because they consume calcium

hydroxide and densify the cement matrix and increase resistance to external sulfate

and acid attacks (Bertron et al., 2005; Oueslati & Duchesne, 2012; Senhadji et al.,

2014; Tennich et al., 2020).

Boukhelkhal et al. (2019) examined the variation of strength loss of mortars

stored in HCl acid solution and in H2SO4. The result shows that adding MP led to

lower strength loss and better resistance to HCl and H2SO4 attack. The positive

effect of MP may be due to the higher fineness of MP compared to cement, which

leads to a denser structure and consequently higher resistance to hydrochloric

acid attack. Furthermore the reduction in the cement amount decreases the calcium

hydroxide content, which is the most vulnerable component in the case of acid

attack. Another reason that can explain the best performance of MP is the presence

of high content of calcium carbonate (CaCO3) in MP mixtures, which increases the

ability of MP mixtures to consume more aggressive acid (Senhadji et al., 2014).

Comparable results were found by Raghunath et al. (2019). The chemical attack

by sulfuric acid is more deleterious than sulfate attack, where the former involves

the sulfate ions for attack besides the hydrogen ions for dissolution (Bassuoni &

Nehdi, 2007).

9.8.7 Alkali�silica reaction

Alkali�silica reaction (ASR) is a chemical reaction that occurs between alkalis in

PC and certain types of silica in aggregates. It causes the formation of expansive

gels, which causes the concrete to crack. The cycle is repeated until the concrete is

no longer usable. The presence of ASR will initially cause a measurable expansion

of concrete.

Munir et al. (2017) studied the efficiency of waste MP in controlling ASR of

concrete. ASR expansion test was performed on concrete specimens incorporating

MP in various dosages. As per ASTM C1260 the aggregate source can be consid-

ered as ASR if expansion reaches more than 0.1% and 0.2% after 14 and 28 days,

respectively. Based on observed results, a reduction in mortar bar expansion after

replacing cement with MP was obtained. For instance, 28% and 50% reduction in

expansion was observed for mortar bars with 10% and 40% MP as substitution to

cement, respectively. The highest reduction in expansion was observed for mortar

bars incorporating 40% MP. After 28 days, all the mortar bar specimens incorporat-

ing MP showed expansion less than 0.2%. Previous studies reported that the forma-

tion of CSH is effective in reducing ASR expansion (Beglarigale & Yazici, 2014;

Abbas et al., 2017; Kazmi et al., 2017).
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Mortar with 10% MP as substitution to cement showed reduction in expansion

due to formation of CSH as shown by mineralogical analysis (Munir et al., 2017).

Furthermore, the amount of alkalis was also reduced after replacing cement with

MP. For instance the amount of alkalis observed in cement and MP was 0.84%

and 0.48%, respectively. Therefore the reduction in the amount of alkalis played a

key role in reducing expansion after replacing cement with MP. Thomas (2011)

reported that ASR expansion can be controlled by reducing the amount of alkalis.

In the examined study, specimens incorporating 10% MP in replacement of cement

showed 28% reduction in expansion.

Water demand of mortar mixtures increased with increasing replacement ratio of

MP to achieve the constant flow. Therefore in order to examine the effect of

increased water demand on the performance of ASR distress, mortar bars with an

increased water�cement ratio (corresponding to a constant flow of 110 mm) were

also examined. Reduction in expansion was observed after replacing cement with

MP. For instance, specimens incorporating 10% MP and 40% MP in replacement

of cement showed expansion of 0.164% and 0.111%, respectively. Mortar bars

incorporating 40% MP showed the highest reduction in expansion. Mortar bars with

varying water�cement ratios showed more expansion than mortar bars with a con-

stant water�cement ratio. For example, mortar bars incorporating 20% MP showed

an expansion of 0.123% for constant water�cement ratios and 0.154% for varying

water�cement ratios. However, all the mortar bars incorporating MP in replace-

ment of cement showed an expansion less than the ASTM C1260 specified limit

for reactiveness. Mortar with a constant W/C ratio showed decreased expansion as

result of shrinkage due to high water demand. In previous studies, ASR expansion

was also controlled using other waste materials (Shafaatian et al., 2013; Kandasamy

& Shehata, 2014; Afshinnia & Rangaraju, 2015; Munir et al., 2017).

Abbas et al. (2020) also explored the potential of using MP as partial replace-

ment for cement for controlling the ASR expansion and cracking. Mortar bars tests

were performed incorporating various proportions of MP for a constant w/c ratio.

The results revealed a progressive decrease in ASR expansion with the incorpo-

ration of MP. A high MP dosage appears to be effective in controlling ASR and

limiting the associated expansion. MP was added as partial cement replacement

and because MP has a lower alkali content (0.13%) in comparison with that of the

cement (0.58%); significant dilution effect of alkalis in the pore solution occurs

with higher MP dosage, which can lead to mitigating ASR damage (Thomas, 2011).

Furthermore, due to its low silica content, MP is not pozzolanic. As a result the

cement dilution effect may result in increased porosity. This additional porosity

may temporarily relieve pressure from the ASR gel, contributing to the observed

decrease in ASR expansion and cracking. The formation of carboaluminates may

also help to reduce ASR.

9.8.8 Carbonation

Carbonation occurs in concrete when the calcium-containing phases are attacked by

carbon dioxide from the air and converted to calcium carbonate. Cement paste
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contains 25�50 wt.% calcium hydroxide (Ca(OH)2), implying that the fresh cement

paste has a pH of at least 12.5. A fully carbonated paste has a pH of around 7.

When Ca(OH)2 is removed from the paste, hydrated CSH releases CaO, which car-

bonates. The rate of carbonation is affected by the concrete’s porosity and moisture

content.

Rana et al. (2015) reported that increasing MP content in mixes yielded rising

carbonation depths. Permeability and other durability properties of mixes prepared

with MP were found to improve up to 10% MP content. However, resistance to

carbonation of these mixes was observed to be reducing. The bicarbonate alkalinity

of MP (89 mg/L) was found to be low, compared to that of cement (113 mg/L).

This could be the reason for high carbonation depths for these mixes (Singh et al.,

2017b).

Li et al. (2018) investigated the effectiveness of adding MP as paste replacement

in reducing the carbonation depth. The result revealed that adding up to 20% MP as

paste replacement always reduced the carbonation depth. Moreover, at a lower W/C

ratio the percentage reduction in carbonation depth was larger. For instance, at a

W/C ratio of 0.55, increasing the MP volume from 0% to 20% decreased the car-

bonation depth by 31.3%, whereas at a W/C ratio of 0.40, increasing the MP

volume from 0% to 20% decreased the carbonation depth by 42.9%. Therefore the

addition of MP as paste replacement is proven to be an effective way to improve

the carbonation resistance of mortar.

Singh et al. (2017b) found that mixes with MP showed less resistance to carbon-

ation as compared to the control mix. Mixtures with 25% MP content showed the

highest carbonation depth of around 19 mm as compared to the control mix. The

concrete carbonation depth depends on its porosity; higher MP content in mortar

already caused higher porosity, which causes higher ingress of CO2 into the sample,

which forms carbonation by reacting with portlandite. Yamanel et al. (2019) and

Gameiro et al. (2014) reported similar results on the behavior of concrete subjected

to carbonation effect (Topçu et al., 2009; Demirel, 2010; Yang et al., 2015).

9.8.9 Chloride permeability

The rapid chloride permeability test, as described in ASTM C 1202, is a well-

known test for determining concrete resistance to chloride ion penetration. This test

determines the charge passed (in Coulombs) through a concrete specimen, provid-

ing an indirect measurement of the concrete permeability to chloride. Sharobim

et al. (2017) studied the effect of MP on rating chloride permeability of SCC mixes.

Results are given in Fig. 9.12, which shows that the charge decreased at 10% MP

compared with the control one, but above 10% of MP the charge increased com-

pared to mix containing 10% MP. Permeability of concrete depends on the porosity

of concrete. Porosity of concrete decreases as MP percentages increase because MP

fills the voids between particles. However, increasing MP over 10% reduces cement

content, which makes the bond between particles weak, and hence the loss in thick-

ness increases.
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Rana et al. (2015) investigated chloride penetration for concrete with different

MP contents. They found that for all the mixes, very low diffusion coefficients

were observed. The chloride diffusion coefficients were found to decrease up to

10% of cement replacement by MP, but higher MP content resulted in increased

diffusion coefficients. The substitution of 5%�10% cement by MP might have

resulted in reduction of these capillary passages and led to reduced chloride ion

migration. However, replacement of more than 10% MP might have impaired the

bonding of concrete constituents due to the smaller available quantity of cement.

The poor bonding of concrete might have resulted in an increased number of capil-

lary passages and increased chloride migration (Binici et al., 2007; Ergün, 2011;

Talah et al., 2015; Yang et al., 2015; Sharobim et al., 2017; Singh et al., 2017b;

Raghunath et al., 2019; Sancheti et al., 2020).

9.8.10 Corrosion

Corrosion is the degradation of a material as a result of a reaction with its environ-

ment. Degradation implies deterioration of the material’s physical properties. This

can be a material weakening due to a loss of cross-sectional area, or it can be a

metal shattering due to hydrogen embrittlement. Corrosion of steel reinforcement

causes concrete cracking and, eventually, spalling. Concrete deteriorates less in

adverse environmental conditions when it is of high quality. Steel in concrete ini-

tially and in most cases remains in a passive state for sustained long periods of time

due to the high alkalinity of the concrete pore fluid. Corrosion begins as a result of

either a decrease in alkalinity caused by carbonation or the breakdown of the pas-

sive layer caused by chloride ion attack. The time it takes for corrosion to begin is
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Figure 9.12 Effect of MP on rating of chloride permeability of concrete (Sharobim et al., 2017).

MP, Marble powder.
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largely determined by the thickness and quality of the concrete cover as well as the

permeability of the concrete.

Rana et al. (2015) carried out corrosion tests on concrete with different contents

of MP ranging from 0% to 25%. The results showed that less corrosion was

observed in the mixes with 5% and 10% of MP in contrast to other mixes. The min-

imum corrosion and maximum corrosion were observed for mixes with 5% and

25%, respectively. After 6 cycles, each specimen was broken and all three rebars

were taken out. No corrosion was observed in rebars of mixes with 5%, whereas a

little corrosion was observed in one rebar of the control mix. Corrosion was wit-

nessed in two rebars for mixes with 25%. It is clear from the results that substitu-

tion of 5%�10% cement by MP enhances the corrosive resistance of concrete.

However, 15%�25% MP content in concrete damaged the corrosive resistance of

concrete (Hameed & Sekar, 2009).

9.8.11 Fire resistance (high temperature resistance)

Yamanel et al. (2019) investigated the fire performance of mortar containing

MP as cement substitution. Prismatic samples measuring 403 403 160 mm

were subjected to elevated temperature tests. Temperatures of 300�C, 600�C,
and 900�C were applied to specimens. After being exposed to high temperatures

the specimens were cooled in the furnace to room temperature. Specimens were sub-

jected to compressive and flexural tests following a cooling period. The results for

the compressive strength tests given in Table 9.6 show that all mortars gained

strength after being exposed to 300�C. The increase in strength ranged between 3%

and 9%. At 300�C, MP mortars performed as good as or better than cement mortar.

When the amount of MP in the mortar was increased, the performance of the mortar

improved at 300�C exposures due to thermal drying and thermal dehydration of

cement paste. All mortars lost their strength when the temperature was raised to

600�C and 900�C. At 600�C exposure, the reduction rate was in the order of 40%. At

900�C exposure, it was in the range of 65%. When control cement mortar and MP

mortar were compared, the MP mortar performed similarly or better than the control

cement mortar.

Table 9.6 Compressive strength test results after high temperature (MPa) (%) (Yamanel

et al., 2019).

Mix no 20�C 300�C/20�C 600�C/20�C 900�C/20�C

M-0 52.7 54.6(1.04) 31.9(0.61) 18.1(0.34)

M-5 52.1 53.7(1.04) 29.9(0.57) 18.6(0.36)

M-10 48.7 51.4(1.04) 27.8(0.57) 15.8(0.32)

M-15 46.3 49.1(1.04) 28.8(0.62) 16.4(0.35)

M-20 42.8 46.7(1.04) 27.2(0.64) 15.5(0.36)
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9.8.12 Resistance to freeze and thaw cycling

Freezing�thawing resistance of concrete depends on the adequacy of air void sys-

tem, the soundness of aggregate, degree of hydration and strength of binding paste,

and maturity and moisture content of concrete. Freeze thaw durability is evaluated

using the test procedure given by ASTM C666. The resistance to freeze and thaw of

concrete incorporating marble dust was investigated by Ince et al. (2020). It is note-

worthy that the concrete specimens were water cured for 28 days before they were

placed into the freeze and thaw chamber. The results demonstrate that concrete

control specimens subjected to freeze and thaw cycles yielded a greater strength loss

compared to the concrete specimens with marble dust. The use of marble dust

enhanced the freeze and thaw resistance of concrete significantly. These results are

in good agreement with the compressive strength loss of concrete. As the number of

freeze and thaw cycles increases, the subsequent hydraulic pressure in the matrix

system increases, which results in a progressive development of microcracks and

hence leads to a mass loss of the concrete specimen. The formation of cracks and

hence the mass loss of the concrete specimens obviously lead to a greater loss of

strength in those samples. The significant decrease in the compressive strength loss

demonstrated the substantial contribution of marble dust on the increased resistance

to freezing and thawing of concrete (Binici & Aksogan, 2018; Bakis, 2019).

9.8.13 Abrasion resistance

Abrasion of concrete occurs as a result of object scraping, rubbing, skidding, or

sliding across its surface. Concrete abrasion resistance is influenced by several fac-

tors, including compressive strength, surface finish, aggregate properties, hardener

types, and curing. Concrete abrasion resistance is primarily determined by its com-

pressive strength. As a result, air entrainment, water�cement ratio, and aggregate

types and properties, which influence compressive strength of concrete, should also

influence abrasion resistance of concrete. Hardened paste has a low abrasion resis-

tance in general. The use of hard aggregates and a low water-to-cement ratio has

been found to be very effective in increasing concrete abrasion/erosion resistance

(Singh et al., 2019).

Available literature studies show that the replacement of cement with MP

reduced abrasion resistance, meaning an increased abrasion value of sample in com-

parison to control cement mortar. A higher replacement ratio results in a higher

abrasion value (Yamanel et al., 2019). This is found to be comparable to the results

of Koçyiğit & Çay (2018), Singh et al. (2019). A higher abrasion value of marble

containing mortar versus control cement mortar can be explained by the nature of

marble itself. It is known that hardness of marble is lower than that of siliceous

materials. Replacing cement particles with somewhat softer materials might result

in higher abrasion.

Sharobim et al. (2017) found that the loss in abrasion resistance increases as MP

percentages increase, except at 10% MP, where a loss in abrasion resistance was

observed. The decrease of loss in abrasion resistance at 10% MP may be explained
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by possible binding activity caused by MP, which fills the voids and confers an

abrasion resistance. Increasing MP over 10% reduces cement content, which makes

the bond between particles weak, so loss in abrasion resistance increases. Binici

et al. (2007) reported that the abrasion results were better for the replacement of

sand with MP as compared to limestone dust. Even with limestone dust, no signifi-

cant decrease was observed for up to 15% inclusion. Rodrigues et al. (2015) and

Singh et al. (2019) also found a decrease in abrasion resistance with an increase in

MP content. The incorporation of superplasticizers resulted in an increase in the abra-

sion resistance, which is mainly due to the water reduction power of these plastici-

zers, which leads to an increase in the compactness of concrete (Singh et al., 2017a).

9.9 Economic aspect

Many authors have studied the cost efficiency analysis of MP-based concrete. MP

is a waste material and therefore is freely available, except for the transportation

costs. Results obtained by Ince et al. (2020) showed that incorporating MP resulted

in a slight decrease in the cost efficiency factor of concrete incorporating MP. The

slight decrease observed in the cost efficiency factor of concrete is mainly due to

the decrease in compressive strength of concrete incorporating MP. Incorporating

MP in concrete led to a substantial increase in the calcium oxide (CaO) content

(Arel, 2016).

Singh et al. (2017a) analyzed the costs for 1 m3 concrete with 15% cement

replacement by MP and with 25% sand replacement by MP. The first case (MP as

cement replacement) indicates a benefit of 9.08%, while the second case (MP as

sand replacement) incurs a loss of 3.4%. However, it must be noted that the environ-

mental impacts of sand replacement by MP are huge. Moreover the availability of

sand in future for construction activities will be very difficult, and its cost will be

very high. Replacement of cement reduces the cost of concrete production, reduces

the consumption of cement, and also provides better strength and durability.

Most studies concluded that replacing cement with MP at ratios of 5%�10%

enhances the mechanical properties of concrete with no negative impacts. According

to Ergün (2011), MP replacement of 5% increases the compressive and flexural

strengths of concrete by 12% and 5%, respectively. A compressive strength increase

of 12% reduces the cost by US$4 m23. Rodrigues et al. (2015) reported that the

compressive strength is retained up to an MP substitution ratio of 10%. They stated

that 10% substitution decreases the cost by 7 US$ per cubic meter with no remark-

able change in compressive strength. Uysal and Yilmaz (2011) similarly reported

that replacing cement with MP at 10% preserves the compressive strength.

In contrast, MP at 20% replacement ratio reduces the cost by 12 US$ per cubic

meter because it decreases the compressive strength by 10%�20%. Gesoǧlu et al.

(2012) found that 20% replacement of cement with MP reduces the compressive

strength by 13.46%. Topçu et al. (2009) determined that 40% MP substitution

reduces the compressive strength by 42%. Arel (2016), Khodabakhshian et al.
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(2018), Aydin and Arel (2019b) reported that the incorporation of MP as substitu-

tion for high amounts of cement may significantly improve the material cost effec-

tiveness of concrete. As waste materials the costs of MP are not prohibitively high.

From this viewpoint, MP brings no additional cost to producers and can be effec-

tively employed in concrete applications (Uysal & Sumer, 2011).

9.10 Environmental performance

Replacing cement with alternative materials would minimize its negative environ-

mental effects. The recycling of MP in mortar/concrete production has two major

ecofriendly advantages, namely, environmental sustainability. First, using MP in

mortar/concrete, a widely used construction material, would significantly reduce

the amount of MP disposed of in landfills. The dumping of MP into landfills has

resulted in a rapid depletion of the limited landfill capacity, particularly in densely

populated areas where new landfill sites are difficult to find. Due to the rapid deple-

tion of landfill capacity, stonework factories are required to pay high fees for dump-

ing MP into landfills. MP recycling would help to alleviate the environmental

impact of waste disposal.

Second, adding MP to mortar/concrete reduces the required amount of cement

production. The main contributor to the carbon footprint of mortar/concrete produc-

tion is the cement content (Purnell & Black, 2012; Yang et al., 2015). The cement

content accounts for more than 90% of the carbon footprint of mortar/concrete (the

manufacture of 1.0 ton of cement generates about 0.9 ton of CO2). Because of the

addition of MP, the reduction in cement content would significantly reduce the car-

bon footprint and thus improve the environmental sustainability (Li et al., 2019).

According to Ergün (2011), Uysal and Yilmaz (2011), Gesoǧlu et al. (2012),

Rodrigues et al. (2015), Arel (2016), replacing 10% of the cement with MP would

reduce the cement production from 65.52 to 62.73 million tons and the CO2 release

from 69.7 to 58.96 million tons. Worldwide the cement production would fall from

its 2014 levels (4.2 billion tons) to 3.78 billion tons; correspondingly the CO2

release would fall from 3.95 to 3.55 billion tons (Çankaya & Pekey, 2018). A simi-

lar analysis of the CO2 emissions can be found in other studies (Ergün, 2011; Uysal

& Yilmaz, 2011; Gesoǧlu et al., 2012; Arel, 2016; Maddalena et al., 2018; Aydin &

Arel, 2019b).

According to Arel (2016), using MP in concrete production reduces environmen-

tal pollution and benefits the economy. The author reported that replacing cement

with 5%�10% MP improves the mechanical properties of concrete and reduces the

costs of concrete production and the CO2 emissions of cement production by about

17% and 12%, respectively (Khodabakhshian et al., 2018).

Li et al. (2019) reported that up to 20% MP by volume of mortar may be added

as paste replacement to the mortar to reduce the cement content by 33.3%. In prac-

tice, therefore, it may be better to limit the MP volume at 15%, in which case the

cement content would be reduced by 25.1%. On the other hand, with MP added as
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cement replacement, up to 10% MP by volume of the original cement content may

be added to the mortar to reduce the cement content by 10.0%. Hence, in terms of

both waste utilization and carbon footprint reduction, the paste replacement method

is more effective than the cement replacement method.

9.11 Conclusion

One of the primary goals of sustainability is to profitably utilize waste materials

while reducing the use of natural resources as much as possible. The technical sig-

nificance of using wastes and byproducts in concrete production is expressed by con-

crete performance improvement. When industrial wastes are recycled, not only are

CO2 emissions reduced but also residual products from other industries are reused,

resulting in less material being dumped as landfill and more natural resources being

saved. Because the cement industry emits a large amount of CO2 as a result of clin-

ker calcinations, the use of waste MP as an additive material in cement production

can help to reduce CO2 emissions as well the cost of cement production.

Workability of concrete with MP was reduced due to the large surface area

of waste MP. The mechanical and durability properties can be achieved using MP

as cement replacement. The high levels of replacement lead to delayed hydration of

the mix and porous microstructures, as is visible from the microstructure studies on

the materials.

Moreover, reduction of cement decreases the cost as cement is an expensive

component and replacement of cement can lead to development of economical as

well as sustainable concrete. The use of MP could lead to better economic and envi-

ronmental performance and hence to more sustainable concrete industry and more

sustainable development. The effect of chemical properties of MP and the combina-

tion of MP with recycled aggregates and/or pozzolanic materials on the properties

of concrete mixtures need further investigations. Numerical studies for the predic-

tion of properties of concrete mixtures with MP and life cycle assessment of MP-

based products compared to other systems need also to be studied.
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10.1 Introduction

Currently, various industries would like to transform materials into construction

materials with the help of nanotechnology (Raki et al., 2010). To make

nanomaterial-reinforced cement-based composites with tailored mechanical proper-

ties the blending of different sorts of nanomaterials into Portland cement (PC) is a

major success provided by nanotechnology for material science. Especially carbon-

based nanomaterials, for example, carbon black, carbon nanofibers (De Jong &

Geus, 2000; Zhou et al., 2009), graphite nanoparticles (GNPs) (Kirgiz, 2015, 2018;

Kırgız, 2018), graphene (Compton & Nguyen, 2010; Geim & Novoselov, 2007;

Gómez-Navarro et al., 2010; Zhu et al., 2010), graphene nanoplates (Geim &

Novoselov, 2007), graphene oxide (Geim & Novoselov, 2007; Marcano et al.,

2010; Zhu et al., 2010), and reduced graphene oxide (Compton & Nguyen, 2010;

Gómez-Navarro et al., 2010), have attracted enormous amounts of research effort

(Kırgız 2015a, 2015c, 2015b; Kirgiz, 2014, 2016) because of improvement effect of

the carbon-based nanomaterials on physico-mechanico-chemical properties of PC.

Carbon nanomaterial mainly consists of metallic carbon atoms which have powerful

interfrictions between each other as well as a low density, a high Blaine specific

surface area, and chemical properties which activate physicomechanical properties

of cement-based materials (Kirgiz, 2018). However, carbon nanomaterials, especially

GNPs, provide unique properties, for example, interfacing thermally/electrically

(Bandaru et al., 2017; Compton & Nguyen, 2010; Zhu et al., 2010), self-cleaning

(Compton & Nguyen, 2010; Wan et al., 2016; Zhu et al., 2010), self-sensing (Compton

& Nguyen, 2010; Power et al., 2018; Zhu et al., 2010), and shielding electromagneti-

cally (Compton & Nguyen, 2010; Zhu et al., 2010) for cement-based construction

materials.

To make cement-based construction materials develop in terms of mechanical

properties (Chen et al., 2011) and durability (Shamsaei et al., 2018), carbon-based

nanopowders and fibers could be blended to cement parcel and mixing design of

cement-based construction materials. This blending will provide novel properties,
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for example, noticing of strength (Du et al., 2013) and monitoring of temperature

changing (Han et al., 2015; Xu et al., 2018). The aim of this chapter is to transform

PC, white cement, gypsum, and lime-based conventional mortars into high-

technology mortars modified through GNPs.

10.2 Materials and methods

The materials used are PC, white cement, gypsum, lime, mortar sand, drinkable

water, and GNPs. Table 10.1 gives details related to the materials.

10.2.1 Transforming of conventional binder into binder and
mortar including graphite nanoparticles

Table 10.2 explains transforming of conventional binder into binder and mortar

including GNPs. With the addition of GNPs, four mortar mixes were prepared.

Also, four more mortar mixes were prepared without addition of GNPs. This means

that the mortar without the addition of GNPs is the control specimen for the mortar

made of the addition of GNPs.

Table 10.1 Details related to the materials used; chemical components of the materials.

Chemical

component (%)

Materials

Portland

cement

White

cement

Gypsum Lime Graphite

nanoparticles

C � � � � 99.9

CaSO4 0�5 � . 94 � �
CaO 60�66 65�67 , 1 for

free

lime

, 56 �

CO2 � � � , 44 �
SiO2 18�25 20�22 , 1 � �
Al2O3 4�6 4�4.5 � � �
Fe2O3 1�3 0.2�0.3 � � �
MgO 0.5�1 1.5�2.5 � � �
SO3 1�2 2�2.5 � � �
Na2O 0.5�1.5 0.1�0.4 � �
K2O 0.3�1 � � � �
Cl-1 , 0.0001 � , 0.01 � �
Loss on ignition , 0.5 , 0.1 , 0.3 , 1 0.1
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The mix proportions were 1 (binder): 3 (sand): 2 (water). Therefore the water to

binder ratio was 0.5. The binder was PC, white cement, gypsum, or lime in the mor-

tars. The quantity of GNPs used was 1.3 kg/m3 in the mixes (Table 10.2).

10.3 Casting, mixing, and specimen preparation

Target assets were chosen. The bending moment should not be less than 0.1 MPa on

the 28th day and 0.3 MPa on the 180th day, and the compressive strength should not

be less than 3 MPa on the 28th day and 3.5 MPa on the 180th day in both traditional

binder mortar and binder mortar including GNPs. The size of the specimen was kept

constant as prism 50 3 100 3 200 mm. Before putting the specimen in the mold the

binder and sand or the binder and sand and GNPs in Table 10.2 were first mixed for

30 seconds in a steel bowl with a mixer at low speed. After that dry mixing, water was

added into the bowl while the mixer was working to produce the mortar specimen. The

mixer was mixed with the fresh mortar specimen at low speed for another 30 seconds

and at high speed for a third 30 seconds. Then the mixer was stopped for 15 seconds to

scrape down the mortar specimen from the inner side of the bowl. At the last stage of

mixing the mixer was operated at high speed for 60 seconds. Later, with the mixing of

the specimen the prism mold was filled with fresh mortar specimen (BS EN 197-

1:2011, 2019). Subsequently the hardening process of the specimen occurred in the

humidity cabinet for 24 hours; all mortar specimens were demolded and cured in a cur-

ing cabinet of water until characterization.

Table 10.2 Transforming Conventional Binder into Binder and Mortar Including Graphite

Nanoparticles.

Types of binder Portland

cement

(%)

White

cement

(%)

Gypsum

(%)

Lime

(%)

Graphite

nanoparticles

(%)

Conventional

binders

Portland cement 100 0 0 0 0

White cement 0 100 0 0 0

Gypsum 0 0 100 0 0

Lime 0 0 0 100 0

High-

technology

binders

Portland cement

modified through

graphite nanoparticles

100 0 0 0 0.22

White cement modified

through graphite

nanoparticles

0 100 0 0 0.22

Gypsum modified

through graphite

nanoparticles

0 0 100 0 0.22

Lime modified through

graphite nanoparticles

0 0 0 100 0.22
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10.4 Characterization

The mechanical properties, which are the bending moment strength, the compres-

sive strength, and the splitting tensile strength, were analyzed on the 28th day and

180th day in the temperature-controlled laboratory, where there are two computer-

controlled-strength sets for the measurement of compressive strength, bending

moment strength, and splitting tensile strength. The process in BS EN 197-1 and

ASTM C1006/C1006M-20a for determination of the compressive strength, bending

moment strength, and splitting tensile strength was followed (ASTM C1006/

C1006M-20a, 2020; BS EN 197-1:2011, 2019). For each mixture at each age, five

mortar specimens were tested and the average was taken to be the representative

strength. To evaluate relationships between the properties of mortar and present

math equations, regression analysis was used.

10.5 Results and discussion

10.5.1 Compressive strength

As shown in Fig. 10.1, mortars including up to 0.22% GNP have greater compres-

sive strength than the mortar with 0% GNP for a curing period of 28 days. As the

water-to-binder ratio of 0.50 is constant for all mortars and is sufficient for the

quantity of mixture constituents, the mortar with 0.22% GNP showed higher 28th-

day compressive strength results than the mortar without the GNP (Fig. 10.1)

Figure 10.1 The 28th-day relative compressive strength of mortar, the GNP content, and

control mortar.
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This means that there is a significant increase in the compressive strength

because of the 0.22% GNP supplement. This could also be attributed to the GNPs’

powerful effect on calcium hydroxide (CH) to make the CH transform into calcium

carbon hydroxide. Fig. 10.2 shows the 180th-day relative compressive strength of

mortar, the GNP content, and control mortar. The same strength gain trend at the

28th-day continued at the 180th-day compressive strength. The mortar including the

GNPs has greater compressive strength than the mortar specimen which includes

CEM type I 32.5N cement, the white cement, the gypsum binder, and the lime

binder without the GNP at 180 days.

Moreover, based on the compressive strength results the 0.22% GNP supplement

produced a maximum compressive strength of 35.1 and 40 MPa for the CEM type I

32.5N mortar at 28 and 180 days, respectively. Therefore from the practical and eco-

nomical point of view, it can be concluded that the 0.22% GNP is a significant acti-

vator for both the PC binder and the gypsum binder and the lime binder. The

compressive strength in the mortar containing the GNPs is referred to both the contin-

ued hydration of PC and the activation reaction between the GNP and the CH compo-

nent of the binder, regardless of binder type. The above results support the findings

of Khayat and Meng, who reported that ultra-high-strength concrete containing the

GNP supplement yields ultrapowerful compressive strength. The data indicate that

the unit weight decreases with an increase in ash content. This is because of the low

specific gravity of the incinerator ash compared to the sand replaced. However, the

decrease beyond 20% incinerator ash is insignificant (Meng & Khayat, 2016).

Figure 10.2 The 180th-day relative compressive strength of mortar, the GNP content, and

control mortar.
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10.6 Mathematical model for estimation of compressive
strength

In a current paper, Popovics et al. recommended a clear experimental evidence that com-

pressive strength is dependent on the composition of cement-based materials. Various

materials need various calibration curves, and additional regression results addressed the

complex properties of mortar, such as compact ability and dispersion ability of the compo-

sition (Popovics et al., 1990). The conclusion of Popovics’s research on regressions

between the properties of cement-based materials is that some additional properties have

to be measured, for example, compressive strength, bending moment, and splitting tensile

strength. Recently, several studies on relationships between compressive strength and

bending moment of cement and concrete materials have been published (ACI Committee,

1997; Ahmed et al., 2008; Geron & Paultre, 2000; Mindess et al., 2003). In those studies,

compressive strength is estimated from bending moment, whose mathematical models are

of either power law or exponential function. It is pointed out that the suggested regression

should be just used for similar compositions of cement-based materials. In the presence of

the literature overview on strength estimation, it is pointed out that there exist some limita-

tions regarding the possibility of establishing a general relation between compressive

strength and bending moment for cement, lime, and gypsum-based materials in terms of

change in mixture constituents, different curing conditions, different binder types, and

different SCMs added. Therefore the chapter could fill the gap in strength estimation of

various conventional binders as well as conventional binders including the GNPs.

Fig. 10.3 shows the regression relationship between compressive strength and bending

moment at 28 days, estimation of the math equation of compressive strength from bending

moment, and r square for math models of binder mortars including the GNPs.

Figure 10.3 Regression relationship between compressive strength and bending moment at

28 days, estimation of the math equation of compressive strength from bending moment, and

r square for math models of binder mortars including the GNPs.
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Fig. 10.4 shows the regression relationship between compressive strength and

bending moment at 180 days, estimation of the math equation of compressive

strength from bending moment, and r square for math models of binder mortars

including the GNPs. Furthermore, it is possible to use the equations in Figs. 10.3

and 10.4 to validate future works in relation to the strength estimation. Figs. 10.3

and 10.4 also solve the need for standard correlation between the compressive

strength and bending moment of binder-based mortar with the GNPs.

Here, x is the relative bending moment of mortar and y stands for the 28th-day/

180th-day relative compressive strength. Maximum r2 is 1 at the age of both 28 and

180 days. The degree of regression is a forceful indicator for the presence of a reli-

able relationship and the degree of relationship. As could be understood from equa-

tions the fourth-degree mathematical equations depend on the compressive strength

results of mortar obtained at 28 and 180 days.

10.7 Bending moment

Mortar is a highly complex heterogeneous material whose answer to moment

related to not only the answer of the individual constituents but also the friction

between those constituents. The microstructure of mortar in the presence of a broad

Figure 10.4 Regression relationship between compressive strength and bending moment at

180 days, estimation of the math equation of compressive strength from bending moment,

and r square for math models of binder mortars including the GNPs.
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dispersion of aggregate pieces can differ from bulk pieces to binders and supple-

mentary particles, which turns out to be the interfacial transition zone (ITZ). The

ITZ is a key feature for hardness, bending moment, and capillarity of binder-based

mortar including fine mortar sand due to its generally lower density and decreased

strength when compared to that of provided bulk binder cement matrix (Kırgız,

2020). Fig. 10.5 shows the relative bending moment of mortar made of the addition

of GNPs and the relative bending moment of control mortar with no addition of

GNPs at 28 days and the content of the GNP.

Supplementing of 0.22% GNP increases the 28th-day bending moment from 1.4,

1.5, 1.7, and 0.1 MPa to 2.7, 3.4, 2.6, and 0.5 MPa for the PC mortar, the white

cement mortar, the gypsum mortar, and the lime mortar, respectively (Fig. 10.5). At

28 days, adding 0.22% GNP for mortars made of 100% CEM I 32.5N cement leads

to 92% increase in the bending moment, and beyond this increase a remarkable

hardness is observed. The bending moment of mortar containing white cement gets

increased up to 266.67% with the addition of 0.22% GNP. The comparative incre-

ments in bending moment of 100% gypsum and 100% lime mortars with 0.22%

GNP are recorded as 52.9% and 500%, respectively. Fig. 10.6 shows the relative

bending moment of the mortar with the addition of the GNPs and the relative bend-

ing moment of control mortar with no addition of the GNPs at 180 days and the

content of the GNPs.

Figure 10.5 Relative bending moment of mortar made of the addition of the GNPs and

relative bending moment of control mortar with no addition of the GNPs at 28 days and the

content of the GNPs.
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Additionally, similar growth of the 28th-day bending moment is provided by the

GNP supplement for the 180th-day bending moment of mortar. The 0.22% GNP

also increases the 180th-day bending moment strength from 1.6, 1.8, 2.3, and

0.3 MPa to 3.8, 4.2, 3.2, and 0.7 MPa for the PC mortar, the white cement mortar,

the gypsum mortar, and the lime mortar, respectively (Fig. 10.6). At 180 days, add-

ing 0.22% GNP for mortars made of 100% CEM I 32.5N cement leads to 237.5%

increase in the bending moment, and similar to this increase a remarkable growth is

observed. The bending moment of mortar containing white cement gets increased

up to 233.3% with the addition of 0.22% GNP. The comparative increments in

bending moment strength of 100% gypsum and 100% lime mortars with 0.22%

GNP are recorded as 39.1% and 233.3%, respectively. For better understanding the

effect of 0.22% GNP on the bending moment strength of mortar the work presented

a comparison between the results of 28th-day bending moment and 180th-day bend-

ing moment in Figs. 10.5 and 10.6. The effect of addition 0.22% GNP on bending

moment from 28 to 180 days in water curing is measured as 40.7% increment for

100% CEM I 32.5N mortar, 23.5% increment for 100% white cement mortar, 23%

increase for 100% gypsum mortar, and 40% growth for 100% lime mortar. This

increment argument is in line with other research studies where the GNPs led to a

higher bending moment than zirconium-based (Phrompet et al., 2019; Fattahi et al.,

2020) and titanium-based (Nayebi et al., 2020; Shahedi Asl et al., 2020) high-

performance ceramics due to the metallic structure of GNPs (Istgaldi et al., 2020;

Pourmohammadie Vafa et al., 2020; Shahedi Asl et al., 2019). Additionally the

observed highest bending moment strength of mortar composite with 0.22% GNP

addition is also in line with other existing results, demonstrating better bending

Figure 10.6 Relative bending moment of mortar made of the addition of the GNPs and

relative bending moment of control mortar with no addition of the GNPs at 180 days and the

content of the GNPs.
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moment properties through the GNP addition for high-performance ceramic compo-

sites. The authors evaluated the properties of Al-Mg-Si alloy-based composites

modified with steel, steel�graphite hybrid mixing, and SiC powder (Alaneme et al.,

2019). Their results revealed that the stiffness of the composite rose by about 11%

along with a rise in steel powder from 4% to 8% and the stress in the composite

with 8% steel powder and compressive, bending, and splitting tensile strengths was

greater than that of the composite modified with 8% SiC powder. The results are

attributed to the fact that SiC is tailored by steel powder, which also contains car-

bon element and could enhance grain refinement and interface bonding and the

inherent ductility of solid. The last study carried out by Kurian et al. is on the need

of multifunctional flexible and stretchable graphite�silicone rubber composites

(Kurian et al., 2020). They have studied mechanical properties of graphite (GRP)

flakes and an elastomer�silicone rubber to manufacture conductive flexible films

electrically. They have found the fact that the GRP develops not only mechanical

properties of flexible films but also electrical conductivity and thermal conductivity

positively.

10.8 Mathematical model for prediction of bending
moment

Fig. 10.7 shows correlation between the 28th-day bending moment and the splitting

tensile strength measured. The suggested math model for prediction of 28th-day

bending moment from splitting tensile strength is demonstrated in Fig. 10.7.

Figure 10.7 Regression relationship between bending moment and splitting tensile strength

at 28 days, estimation of the math equation of bending moment from splitting tensile

strength, and r square for math models of binder mortars including the GNPs.
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Maximum r2 is 1 at the age of 28 days. The degree of regression as r2 is a force-

ful indicator for the presence of relationship and the degree of relationship. As

could be understood from the equation in Fig. 10.7 the fourth-degree mathematical

equation depends on the bending moment results of mortar obtained. Fig. 10.8

shows correlation between the 180th-day bending moment and the splitting tensile

strength measured. The suggested math model for prediction of 180th-day bending

moment from splitting tensile strength is demonstrated in the equation in Fig. 10.8.

Maximum r2 is 1 at the age of 180 days. The degree of regression as r2 is a

forceful indicator for the presence of relationship and the degree of relationship. As

could be understood from the equation in Fig. 10.8 the fourth-degree mathematical

equation depends on the bending moment results of mortar obtained at 180 days.

Considering the activation effect of the GNPs on the conventional binder and mor-

tar the GNP is developed for the aggregate interlock, thereby increasing the early

and overall bending moment. The bending moment of the mortar including the

GNPs was found over the range of those of the conventional mortar made of PC,

white cement, gypsum, and lime. This pointed out that the aggregate interlock,

along with the compressive strength, helps in improving the bending moment in

mortar structures. The polynomial-type equations were found to be suitable in pre-

dicting the bending moment of the mortar. A significant development was observed

in the estimation of bending moment when a number of curing days were consid-

ered. Further study on the effect of other factors such as strength levels, aggregate

properties and mineralogy, admixture types, specimen moisture content, compaction

Figure 10.8 Regression relationship between bending moment and splitting tensile strength

at 180 days, estimation of the math equation of bending moment from splitting tensile

strength, and r square for math models of binder mortars including the GNPs.
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and curing conditions, and specimen geometry on the bending moment of the mor-

tar should be conducted to better understand their effects and achieve more accurate

estimating equations.

10.9 Splitting tensile strength

As shown in Fig. 10.9, mortars including up to 0.22% GNP have greater splitting

tensile strength than the mortar with no the addition of the GNPs for a curing period

of 28 days. As the water-to-binder ratio of 0.50 is constant for all mortars and is

sufficient for the quantity of mixture constituents, the mortar with 0.22% GNP

showed higher 28th-day splitting tensile strength results than the mortar without the

GNPs (Fig. 10.9).

At 28 days, adding 0.22% GNP for mortar made of 100% CEM I 32.5N cement

leads to 103.2% increase in the splitting tensile strength, and beyond this increase a

remarkable hardness is observed. The splitting tensile strength of mortar containing

white cement gets increased up to 144.4% with the addition of 0.22% GNP. The

comparative increments in splitting tensile strength of 100% gypsum and 100%

lime mortars with 0.22% GNP are recorded as 33.2% and 500%, respectively. This

means that there is a significant increase in the splitting tensile strength because of

the 0.22% GNP supplement. This could also be attributed to the GNPs’ powerful

effect on calcium hydroxide (CH) to make the CH transform into calcium carbon

Figure 10.9 Relative splitting tensile strength of mortar made of the addition of the GNPs

and relative bending moment of control mortar with no addition of the GNPs at 28 days and

the content of the GNP.
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hydroxide. Fig. 10.10 shows the 180th-day splitting tensile strength of mortar, the

GNP content, and control mortar. The same strength gain trend at the 28th day con-

tinued at the 180th-day splitting tensile strength. The mortar including the GNPs

has greater splitting tensile strength than the mortar specimen which includes CEM

type I 32.5N cement, the white cement, the gypsum binder, and the lime binder

without the GNPs at 180 days.

Additionally, similar growth of the 28th-days splitting tensile strength is pro-

vided by the GNP supplement for the 180th-day splitting tensile strength of mortar.

At 180 days, adding 0.22% GNP for mortar made of 100% CEM I 32.5N cement

leads to 143.6% increase in the splitting tensile strength, and similar to this increase

a remarkable growth is observed. The splitting tensile strength of mortar containing

white cement gets increased up to 111.7% with the addition of 0.22% GNP. The

comparative increments in splitting tensile strength of 100% gypsum and 100%

lime mortars with 0.22% GNP are recorded as 20% and 140.9%, respectively. For

better understanding the effect of 0.22% GNP on the splitting tensile strength of

mortar the work presented a comparison between the results of 28th-days splitting

tensile strength and 180th-days splitting tensile strength in Figs. 10.9 and 10.10.

The effect of adding 0.22% GNP on splitting tensile strength from 28 days to 180

days in water curing is measured as 22.7% increment for 100% CEM I 32.5N mor-

tar, 15.6% increment for 100% white cement mortar, 10.8% increase for 100% gyp-

sum mortar, and 40% growth for 100% lime mortar.

Figure 10.10 Relative splitting tensile strength of mortar made of the addition of the GNPs

and relative bending moment of control mortar with no addition of the GNPs at 180 days and

the content of the GNPs.
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10.10 Mathematical model for estimation of splitting
tensile strength

Fig. 10.11 shows regression relationship between splitting tensile strength and com-

pressive strength at 180 days, estimation of the math equation of splitting tensile

strength from compressive strength, and r square for math models of binder mortars

including the GNPs. In the current paper, plenty of studies on the relationship

between splitting tensile strength and compressive strength of cement-based materi-

als are summarized (ACI Committee 318, 1999; Carino & Lew, 1982; Carneiro &

Barcellos, 1953; Comite European du Beton, 1990; Gardner et al., 1988; Oluokun

et al., 1991; Raphael, 1984). In those studies, splitting tensile strength is estimated

from compressive strength, whose mathematical models are of either power law or

exponential function. It is pointed out that the suggested regression should be just

used for similar compositions of cement-based materials. In the presence of the lit-

erature overview on strength estimation, it is pointed out that there exist some lim-

itations regarding the possibility of establishing a general relation between splitting

tensile strength and compressive strength for cement, lime, and gypsum-based

materials in terms of change in mixture constituents, different curing conditions,

different binder types, and different SCMs added. Therefore the chapter could fill

the gap in splitting tensile strength estimation of various conventional binders as

well as conventional binders including the GNPs.

Figure 10.11 Regression relationship between splitting tensile strength and compressive

strength at 180 days, estimation of the math equation of splitting tensile strength from

compressive strength, and r square for math models of binder mortars including the GNPs.
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Maximum r2 is 1 at the age of 180 days. The degree of regression as r2 is a forceful

indicator for the presence of relationship and the degree of relationship. As could be

understood from the equation in Fig. 10.11 the fourth-degree mathematical equation

depends on the compressive strength results of mortar obtained at 180 days. Considering

the activation effect of the GNPs on the conventional binder and mortar thes GNPs are

transformed from CH to CCH, thereby increasing the early and overall splitting tensile

strength. The splitting tensile strength of the mortar including the GNPs was found over

the range of conventional mortars made of PC, white cement, gypsum, and lime. This

pointed out that the type of binder, along with the compressive strength, helps in improv-

ing the splitting tensile strength in mortar structures. The polynomial-type equations were

found to be suitable in predicting the splitting tensile strength of the mortar. A significant

development was observed in the estimation of splitting tensile strength when a number

of curing days were considered.

10.11 Conclusion

In this work, various mortar mixtures were employed, which helped obtain com-

pressive strength, bending moment, and splitting tensile strength relatively as well a

general trend in the relationship between compressive strength and bending moment

and splitting tensile strength of the cement-based materials in the literature and the

relationships between the compressive strength and bending moment and splitting

tensile strength of mortars with and without the addition of the GNPs.

The effect of activation of the GNPs on the binder and mortar is significant as

the ITZ can be improved, thereby increasing the early and overall strengths. The

compressive strength, bending moment, and splitting tensile strength of the mortar

with the GNPs were found over the range of those of the conventional mortar with-

out addition of the GNPs. This pointed out that the transforming effect of the GNPs

from CH to CCH helps in developing the strengths in the structure of mortar. The

polynomial-type equation was found to be suitable in estimating the compressive

strength, bending moment, and splitting tensile strength of the mortar. Considering

the estimation of the equation of the strengths the curing day was found to be nec-

essary. The most significant development was observed in the compressive strength

since the GNPs increased the compressive strength from 32.5 MPa to 40 MPa in

the PC mortar from the curing day of 28�180. This means that CEM I 32,5N

cement can be used instead of CEM I 42.5N cement.
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11.1 Introduction

Concrete has been widely used in the construction industry due to its simple pro-

duction process, low price, and generally good performance. However, the cement

industry consumes high energy and emits a high amount of CO2 into the atmo-

sphere, which is estimated at about 7% of carbon dioxide production worldwide.

The partial replacement of cement by mineral admixtures such as fly ash, silica

fume, blast furnace slag, or natural pozzolana in cementing materials (mortar or

concrete) would help to overcome these problems and lead to improvement in the

workability, strength, and durability of cementing materials.

Calcined clays are more promising than other mineral additions such as slag, fly

ash, and natural pozzolana as their global suppliers are limited compared to cement

production worldwide (Avet et al., 2016). Clay is widely available and if calcined it

could be used as a cement substitution. When heated to about 600�C�800�C, kao-
linite clay produces a reactive amorphous phase (Fernadez et al., 2011). Calcined

clay could be obtained from different types of clay, such as kaolinitic clay, but also

could be obtained from waste calcined brick and can be used in concrete as cement

or fine aggregate replacement (Khatib, 2005).

In Europe, according to the European Union report presented in 2011 the amount

of construction and demolition waste generated annually in Europe is approximately

1 billion tons, including waste calcined clay brick (Manfredi et al., 2011). Pacheco-

Torgal and Jalali (2010) also found that the amount of waste generated by the

European ceramic industry was typically 3%�7% by weight of red clay brick total

production, suggesting that millions of clay brick wastes were generated every year.

Therefore the ground calcined bricks has the potential to be used as eco-type

cementitious materials, which could benefit the environment by increasing con-

struction waste consumption and reducing CO2 emission by cement industries

(Zhao et al., 2020). It is widely reported that sintered clay brick can be used as a

pozzolanic material, which is rich in pozzolanic ingredients. Recently, Olofinnade

et al. (2018) found that various research efforts have examined the possibility of

reusing comminuted clay brick waste generated by ceramic and brick industries and
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from construction waste as pozzolanic material to partially replace cement in mortar

and concrete.

This chapter describes the research carried out by several researchers to evaluate

the effects of calcined clay either from kaolinite clays or from brick powder on the

properties of fresh and hardened pastes, mortars, and concrete.

11.2 Materials

Clay is a widely spread material in the world, cheap, and easily accessible (Hewlett

& Liska, 2019). At the same time, it is a material with a great diversity in terms of

mineralogical composition; hence numerous literature items are devoted to the anal-

ysis of the possibility of using clays from specific deposits for the production of

cement, bricks, and tiles.

Clay bricks are produced by the drying and firing of clay or shale raw material,

forming a sintered porous structure. Clays are mixtures of clay minerals that are

hydrated aluminosilicates from the chemical point of view. Kaolinite, illite, chlorite,

halloysite, and montmorillonite are the most important clay minerals as far as

ceramic technology is concerned (Navrátilová & Rovnanı́ková, 2016). High-grade

kaolinitic clays, that is, clays with a composition to be useful in the ceramic (white-

ware and refractory) industry and the paper industry, are expensive, and their avail-

ability is limited. Therefore more recent research on the use of clays in brick

making has investigated low-grade kaolinitic clays (i.e., kaolinitic clays that are not

in demand from the ceramic industry, often because of too high concentrations of

minor elements and/or an insufficient kaolinite content) as well as clays with illite

or smectite as the dominating clay mineral (Msinjili et al., 2021).

Alujas et al. (2015) indicated that most of the studies on calcined clays focused

on the relationship between specific clay minerals (mainly kaolinite, montmorillon-

ite, and illite), calcination temperatures, and pozzolanic reactivity. These studies

have shown that kaolinite has the highest pozzolanic activity and a lower activation

temperature, followed by montmorillonite, whereas illite, mixed layer illite/smec-

tite, and sepiolites exhibit only moderate to low pozzolanic reactivity, even at high

calcination temperatures.

The maximum firing temperature reached by most brick manufacturers is

1100�C, and depending on demand the bricks usually require between 36 and

48 hours in the kiln. In addition, Baronio and Bindat (1997) found that the tempera-

ture and duration of the treatment must be chosen very carefully as a function of

the minerals contained in the clay. The heating during the brick production resulted

in the altering of the primary composition of the raw clay by breaking down the

crystalline structure and forming of silica and alumina in amorphous state.

The new trend to recycle clay brick waste is grinding it into clay brick powder

(CBP). Previous research results have demonstrated the feasibility to use CBP as an

eco-type supplementary material for its potential. CBP is generated by grinding and

sieving crushed waste brick as shown in Fig. 11.1.
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After grinding the amorphous Al phase and Si phase in CBP can react with alka-

lis from cement hydration to form calcium silicate hydrate (CSH) and calcium alu-

minosilicate hydrate (Shao et al., 2019). In addition, Zhao et al. (2020) concluded

that the reactivity of CBP was enhanced with the decrease of particle cement

replacement size, and the finer CBP could accelerate the early-age hydration of

cement.

The American Concrete Institute in its report ACI 232.1R-12, 2012 defines poz-

zolanic material as “siliceous and aluminous material, which in itself possesses little

or no cementitious value but will, in finely divided form and in the presence of

moisture, chemically react with calcium hydroxide at ordinary temperatures to form

compounds possessing cementitious properties.” In order for the CBP material to be

considered a pozzolanic material, it must meet the chemical and physical require-

ments of pozzolanic materials required by various countries (Table 11.1).

(A) The original CCB (B) The crushed CCB (C) The powder CCB 

Figure 11.1 Various cases of calcined clay brick (CCB). (A) The original CCB; (B) the

crushed CCB; (C) the powder CCB.

Table 11.1 Chemical and physical requirements of pozzolanic materials.

Chemical and physical properties ASTM

C618

(2018)

CSA

A3001-08

(2010)

JG/T

315

(2011)

SiO21 Al2O31 Fe2O3 (min, %) 70.0 / 70.0

SO3 (max, %) 4.0 3.0 3.5

Chloride content (max, %) / / 0.06

Moisture content (%) (max, %) 3.0 / 1.0

Loss on ignition (max, %) 10.0 10.0 8.0

Fineness: amount retained when wet-sieved

on 45 μm sieve (max, %)

34.0 34.0 20.0

Strength activity index: with Portland

cement, at 7 days (% of control) (min, %)

75.0 / /

Strength activity index: with Portland cement,

at 28 days (% of control) (min, %)

75.0 / 60.0

Water requirement: percent of control (max, %) 115.0 / /

Soundness: autoclave expansion or

contraction (max, %)

0.8 0.8 0.8
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A study was performed on different types of clay brick samples obtained from

various parts of European countries and pulverized into powder and used to replace

the cement. Results from the chemical tests for pozzolanic activity found that all

the tested clay brick samples exhibited good pozzolanic activity (Olofinnade et al.,

2018). Moreover, several authors (O’Farrell, 1999; Bektas et al., 2008; Olofinnade

& Ogara, 2021) reported on the suitability of using finely brick powder as partial

cement replacement in both concrete and mortar for sustainable construction.

11.3 Fresh concrete properties

11.3.1 Consistency

The influence of adding CBP in cement paste on the normal consistency has been

studied by many researchers (Bektas et al., 2008; Ma et al., 2021; Pitarch et al.,

2021; Nasr et al., 2020), and the results indicate that water requirement increases

with the increase in CBP contents, which can be attributed to the irregular shapes

and rough surfaces of CBPs. On the other hand the CBP particle size also has a

great influence on the water requirement of cementitious composites. The fineness

of CBP affects the water demand of the mixture when CBP replacements are the

same. Zhao et al. (2020) analyzed the effect of CBP with four different particle

sizes (Table 11.2) on the water requirement for a normal consistency when repla-

cing 30% of the cement.

As shown in Fig. 11.2 the incorporation of CBP could increase the water require-

ment of normal consistency depending upon the particle size of CBP. Compared

with M0 the water requirement of normal consistency for M1 increases by 15.4%,

while that for M4 increases by only 4.6%. This is due to the initial pores in CBP

being destroyed after increased grinding, and some irregular edges of the CBP parti-

cle can be further polished; in this case the microstructure of the CBP is improved,

which can provide an obvious lubricating effect and offset the increase in the

amount of required water caused by an increase in the specific surface area (Ma

et al., 2021).

Table 11.2 Physical properties of binder materials (Zhao et al., 2020).

Type Cement CBP1 CBP2 CBP3 CBP4

D10 (μm) 3.1 5.0 1.6 1.0 0.6

D50 (μm) 13.1 27.1 15.8 10.5 3.4

D90 (μm) 45.8 91.1 55.3 33.3 24.1

Density (g/cm3) 3.15 2.73 2.72 2.71 2.68

Specific surface area (m2/kg) 384.1 253.3 367.2 554.4 795.4
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11.3.2 Setting time

The proportion of CBP replacement has a significant effect on the values of initial and

final setting times of cementitious composites. Several researchers (Bektas et al., 2008;

Kırgız, 2016; Olofinnade et al., 2018; Nasr et al., 2020; Pitarch et al., 2021; Wu et al.,

2021) found that when the dosage of CBP increases the initial and final setting times of

cementitious composites were prolonged. On the other hand, Zhao et al. (2020) indicated

that replacing part of cement with CBP has a double-sided effect on the setting of paste

(Fig. 11.3). On one hand the replacement of cement produces the dilution effect and

reduces the cement hydration products, which delays the setting time. On the other hand

the CBP particles will act as nucleation centers which accelerate the formation of hydra-

tion products. When the nucleation effect of RBP is dominant the setting time of cemen-

titious composites is decreased.
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Figure 11.2 Water requirement of cement mixture with and without RBP (Zhao et al., 2020).

Figure 11.3 Setting time of cement pastes with and without CBP (Zhao et al., 2020).
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11.3.3 Workability

Ge et al. (2015) studied the influence of substitution level (0%�30%) and particle

size of CBP on the workability of fresh concrete. Three groups of concrete mixtures

were designed: Type A, Type B, and Type C with varied particle size distribution

of the clay brick particles. Type A CBP had a smaller particle size and higher

absorption. Type C CBP had a larger particle size and lower absorption. Type B

CBP is in the middle. They concluded that the slump of the mixture decreases with

increasing CBP content, and the reduction in the mixture slump is more significant

with high-volume CBP incorporation. However, the increased CBP fineness leads

to an increase in the slump when the CBP replacement ratios are the same.

Moreover, this result was also reported in the studies of Ma et al. (2021), as shown

in Fig. 11.4.

In addition, several researchers (Heidari & Hasanpour, 2013, Kırgız, 2016;

Olofinnade et al., 2018; Castillo et al., 2020; Nasr et al., 2020; Wu et al., 2021;

Msinjili et al., 2021) have found that the fluidity of cementitious materials

decreases with the increased substitution rates of CBP. The reduction in flow rate

can be attributed to the ability of the CBP to absorb water, the roughness of its sur-

face, and the angularity, which led to the loss of a part of the mixing water and thus

reduced the flow rate (Nasr et al., 2020).

Figure 11.4 Effect of waste brick powder (WBP) on slump (Ge et al., 2015).
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11.4 Mechanical properties

11.4.1 Effect of type and content of clay minerals

The type of clay minerals has a large effect on the performance of cement with cal-

cined clay. Kaolinite is the most reactive material. Fernadez et al. (2011) stated that

kaolinite has more enhanced pozzolanic activity compared to illite and montmoril-

lonite as it has a different decomposition process, resulting in more important loss

of crystallinity. The pozzolanic activity of the calcined kaolinite resulted in higher

compressive strength than ordinary cement paste.

Hollanders et al. (2016) tested eight clay types with four kaolinitic, three smec-

titic, and one illitic clay and calcined them in tempertaures ranging from 500�C to

900�C and studied the pozzolanic reactivity at 3�90 days. They found that the kao-

linitic calys are the most reactive compared to smectitic and illite clays, which

show poor pozzolanic activity. Avet et al. (2016) studied the pozzolanic activity of

calcined clay of different kaolinite contents ranging from 0% to 95%. Comparable

compressive strength of mortar was obtained after 3 days for a very high kaolinite

content of 95% and after 7 days for 40% kaolinite content.

Poussardin et al. (2020) studied the effect of calcined natural argillaceous-

carbonate containing palygorskite, smectite, and dolomite as partial substitution of

cement and proved its potential as a cement replacement material.

11.4.2 Compressive strength

Replacement of cement with 5%�10% of calcined kaolinite [metakaolin (MK)] has

been shown to improve the mechanical properties of mortar and concrete at the

early stage and long term as well as the durability because of its pozzolanic reactiv-

ity (Khatib & Wild, 1996; Singh & Garg, 2006; Siddique & Klaus, 2009; Khatib,

2008; Khatib, 2009). Other researchers reported that up to 15% of substitution of

OPC with MK improves the mechanical properties of mortar and concrete, but

beyond 15% replacement level the strength decreases (Parande et al. (2008)).

Similar results were also reported by Said-Mansour et al. (2011) with an increase in

the compressive strength of mortar up to 20% substitution level, but a decrease in

strength at 30% of MK was observed. The optimum compressive strength was

observed at 10% substitution level.

Barkat et al. (2019) combined MK and limestone to produce self-compacting

mortar with improved rhelogical properties and improved mechanical and durability

perfomance. At 25% of MK substitution level the increase in compressive strength

as compared to reference mortar was 21% and 23% at 90 and 180 days,

respectively.

Waste fired ground brick is widely available in construction sites and brick fac-

tories. It has been used as cement replacement and found to give comparable per-

formance to OPC mortar and concrete. Si-Ahmed et al. (2018) stated that at

substitution rates of 5% and 10%, long-term-comparable strength of waste ground

brick-based mortar is obtained as compared to reference mortars.
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11.4.2.1 Effect of combination of limestone and calcined clay

A combination of MK and limestone was attempted and found to lead to a better

performance as a synergetic effect of both limestone and calcined clay is obtained.

Compressive strength for this binder seems to be comparable to that for ordinary

cement concrete beyond 7 days of age. The highest compressive strength at early

ages up to 7 days was for 10% MK and 10% limestone, but at 28 days the highest

strength was obtained at higher metakaoiln (15%) and low limestone (5%) contents

(Said-Mansour et al., 2011).

Diaz et al. (2017) combined a clinker, calcined clay, and limestone with a

replacement level of clinker of up to 50%. They found that the cost production is

reduced by 15%�25% and that the ecological impact of cement production is

reduced as greenhouse gas emissions are reduced by 20%�23% as compared to

conventional solutions. The combination of both calcined clay and limestone allows

higher substitution (up to 50%) and hence reduces cost without affecting the

mechanical properties and with improvement in some aspects of durability

(Scrivener et al., 2018).

Reddy et al. (2021) compared the limestone calcined clay cement (LC3)-based

concrete to ordinary and pozzolana cement M40 grade concrete. They concluded

that LC3 concrete with 50% replacement level is beneficial in terms of both

strength and durability with an average increase in strength of 5%. The 7 and 28

days compressive strengths for LC3 concrete were better than those of OPC and

pozzolana-based concretes. The early strength up to 7 days was higher for LC3

mixes as compared to pozzolana mixes.

Although the quality of kaolinite affects the perfomence of LC3 concrete, it has

been shown that the use of low or inetrmedaite kaolinite content could produce

acceptable concrete performance. It should be noted that high-grade kaolinite clays

are expensive, whereas medium- and low-grade kaolinite clays are low cost and

more vailable and could be used in most parts of the world. Alujas et al. (2015)

showed that good performance could be obtained with low-grade clays.

Maraghechi et al. (2018) studied the performance of LC3 cement and mortar

using five different clays with different kaolinite contents of 17%�95%. LC3 mixes

were with 50% cement replacement level, and the calcined clay to limestone ratio

was 2:1. At 1 day of curing the strength of LC3 mixes was lower than that of ordi-

nary cement, but at 3 days of curing the strength of LC3 mixes of clay with 95%

kaolinite was comparable. At 7 days, LC3 mortars showed comparable or higher

compressive strength for mixes with more than 40% kaolinite content, and at 28

and 90 days of curing, all the mixes showed higher compressive strength, except

those with a very low kaolinite content of 17%. The increase in 28 days compres-

sive strength was 9%�34%.

Akindahunsi et al. (2020) performed an experimental investigation on some cal-

cined clays from Nigeria at 800�C for 1 hour and chose two of them with more

than 30% kaolinite content as partial substitution of cement. The level of substitu-

tion was either 35% or 50% with a ratio of calcined clay to limestone of 1:1 and a

water/binder ratio of 0.5. They concluded that the calcined clay with 50% kaolinite
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content performed better than that of 35% clay content, though the later could still

be used in cementitious blends. The strength of LC3 concrete was lower than that

of reference at 2 days of curing, but remarkable improvement in strength was

observed at 7 days and beyond with comparable or superior strength for mixes with

50% kaolinite content. The mixes with 32% kaolinite content led to a compressive

strength higher than 25 MPa at 28 days, showing the potential of using low kaolin-

ite content clays in concrete production.

Antoni et al. (2012) showed that LC3 cement with 5% limestone and 10% MK

has higher compressive strength than the reference mix at all ages. 30% (10% lime-

stone and 20% MK) and 45% (30% MK and 15% limestone) of clinker substitution

led to better compressive strength at 7 and 28 days than plain clinker cement. The

60% substitution (20% limestone and 40% MK) presented 93% of the ordinary

cement 28 days compressive strength. The study showed that gypsum addition

should be carefully balanced as it has a considerable effect on early age strength

and the reaction of the aluminates.

Tironi et al. (2012) studied mortar with 30% substitution of cement with two differ-

ent calcined clays from different deposits in Argentina which have different kaolinite

contents (48% and 76%) and proved the better performance in terms of compressive

strength of the clay with a higher kaolinite content of 76%. The compressive strength

for the high-kaolinite mix was comparable to that of 100% ordinary Portland cement at

7 days and higher at 28 days (49 MPa as compared to 31 MPa). The increase in

strength is due to the pozzolanic reaction and lower pore size distribution.

Dixit et al. (2021b) studied the feasibility of low-grade kaolinite marine clays

with 20%�40% of kaolinite content from five sources of waste from excavation

works. The clays were calcined at 700�C and used as 30% by weight of cement

substitution with a ratio of calcined clay to limestone of 2:1. The reduction in com-

pressive strength was in the range of 10%�20%.

Dhandapani et al. (2018) reported that limestone calcined clay cement was found

to have a better durability than ordinary Portland and fly ash-based blended cement.

The strength development was better than fly ash mix and comparable with the con-

trol (i.e., 100% cement). For a similar water/binder ratio and similar mixture pro-

portions the strength of LC3 mixes was higher than that of OPC and fly ash mixes

at all ages. The superior performance was explained by the more compact and

dense microstructure of the LC3 binder due to the pozzolanic reactivity of the cal-

cined clay and the complementary reaction between calcined clay and limestone

(Antoni et al., 2012).

Rodriguez and Tobon (2020) reported a lower compressive strength at an early

age (less than 7 days) and similar compressive strength beyond 28 days of curing,

compared with the control, when using low-grade calcined kaolinite clay as partial

cement replacement. The sulfate content (SO3) has only a marginal effect on the

early age compressive strength. The type of calcined clay and its reactivity affect

the mechanical performance of LC3 concrete. Tironi et al. (2017) reported similar

28 days compressive strength for LC3 mortar at 20% replacement level for flash

calcined clay, but 40% replacement level for low-grade calcined clay led to a lower

compressive streength even at 90 days of age.
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Nguyen et al. (2020) studied the performance of limestone calcined clay cement

concrete using two types of calcined clay of different chemical and mineralogical

compositions and from different calcination processes. They found that the early

age compressive strength of LC3 concrete was comparable to that of concrete with

ordinary Portland cement. The best performance for 28 days compressive strength

was at 20% by weight of cement replacement for the flash calcined clay with an

amorphous content of 50.9/% by weight and at 44% of cement replacement for

rotary kiln calcined clay with an amorphous content of 78.8%.

Du and Dai Pang (2020) studied the high-performance concrete properties incor-

porating 30% and 45% calcined kaolinite clay and limestone cement replacement

and confirmed the synergetic effect of both on the performance of concrete.

Calcined clay was obtained by calcining local clay at 800�C. Compressive strength

was found to be lower than that of OPC mixes at an early age but improves sub-

stantially and becomes comprable from 7 days onward, particularly for 30% cement

replacement level. The low early stength compared to OPC mix is due to the

cement dilution effect. The improvement in compressive strength at a later age was

explained by the pozzolanic reaction of calcined clay, which produces C-A-S-H

gels and carboaluminate phases. This shows the possibility of using LC3 binder in

particular applications that require high-strength concrete such as highway bridges,

high-rise buildings, and prestressed concrete. The substitution level of 30% was

found to be superior to that of 45%.

11.4.2.2 Combination of calcined clay with other additions

Calcined clay has been combined with other mineral additions to improve success-

fully some aspects of mortar and concrete at the fresh and hardened states. Calcined

clay was combined with other pozzolanic materials such as 20% of clay-palm ker-

nel shells, and improvement in strength was reported as additional CSH were

formed (Bediako et al., 2017).

Dixit et al. (2021a) combined limestone with calcined clay and fly ash and

replaced 40% and 60% of cement with 3:1 ratio of clay:limestone and 2:1:1 ratio of

clay:fly ash:limestone. The mixes with fly ash achieved better workability and com-

parable strength from 28 days up to 1000 days for 40% cement replacement and

30% lower strength for 60% replacement level as compared to binary mixes with

calcined clay and limestone.

Syarif et al. (2021) studied a quinary cement by combining calcined clay waste

with fly ash, bottom ash, mediterranean soil, and household waste ash and con-

cluded that the new binder has comparable mechanical properties to OPC-based

mixes and could be used for structural and nonstructural applications.

11.4.3 Splitting tensile and flexural strengths

Little data are available on splitting tensile and flexural strengths, but the tendency

is similar to that of compressive strength. LC3 mixes showed comparable splitting

tensile strength to OPC mixes and higher splitting tensile strength than the
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pozzolana mixes (Reddy et al., 2021). The flexural strength was also found to

improve with LC3 mixes as compared to OPC and pozzolana mixes for M40 grade

concrete with an average increase of 7% due to the dense compact morphology

(Reddy et al., 2021). Khatib and Hibbert (2005) found that there is an improvement

in the flexural strength of slag concrete in the presence of MK, especially at high

slag content. Using 60% slag and 20% MK as partial cement replacement increased

the flexural strength well above that of the control.

11.4.4 Elastic and dynamic moduli

The effect of LC3 on elastic modulus is less sugnificant than that of compressive

strength. The elastic modulus was comparable for LC3 mixes as compared to other

conventional mixes and higher for 50% replacement level (Dhandapani et al.,

2018). The effect of kaolinite content seems to be less on the elastic modulus than

the compressive strength. Akindahunsi et al. (2020) found comparable elastic mod-

uli for mixes with 35% and 50% levels of substitution with calcined clay and lime-

stone as compared to reference concrete for both calcined clays with 32% and 50%

of kaolinite content.

The elastic modulus of LC3 concrete was 10.9% and 31.8% higher than that of

ordinary cement conctete for flash calcined clay and low-grade calcined caly,

respectively (Tironi et al. (2017)). Other researchers using the same flash calcined

clay reported an increase in the elastic modulus for LC3 concrete (Nguyen et al.,

2018). Du and Dai Pang (2020) also reported improvement in the elastic modulus

for LC3 high-performance concerete at long term because of the reduced pore con-

nectivity and the capillary porosity refinement due to the reaction among

Portlandite, limestone, and calcined clay, leading to a comparable or slightly super-

ior elastic modulus to OPC mix.

Khatib and Hibbert (2005) conducted an experimental study on the effect of MK

on the properties of concrete containing slag. The dynamic modulus of elasticity

was found to increase with the increase in MK content up to 20% as partial cement

replacement. Replacing 10% and 20% cement with MK yielded similar dynamic

moduli. The presence of MK in slag concrete mixes has led to an increase in

dynamic modulus.

11.5 Shrinkage

MK has been reported to lower the early age autogenous shrinkage and drying

shrinkage and increase the long-term autogenous shrinkage when the MK content is

increased from 5% to 15% (Brooks & Johari, 2001). This is in agreement with

results reported elsewhere on mortar (Khatib et al., 2009). The presence of fly ash

and MK in cement mortar has led to further reduction in drying shrinkage (Khatib

et al., 2009).
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Du and Dai Pang (2020) noted a higher autogenous shrinkage for high-

perfromance concrete with LC3 binder and a low water/binder ratio of 0.3 due to

the pozzolanic reaction of calcined clay and the C-A-S-H gels produced. However,

drying shrinkage is reduced because the reaction of calcined clay and limestone

will reduce the amount of water available to escape from concrete and also due to

the refined pore structures in LC3 mixes, which hinders the movement of moisture

onward. The drying shrinkage for mixes with 30% and 45% cement replacement

was 240 microstrains at 182 days as compared to 365 microstrains for reference

concrete.

Dhandapani et al. (2018) reported a marginal increase or comparable shrinkage

for LC3 mixes when compared with other OPC and fly ash mixes, probably because

of the higher water/binder ratio of 0.42 for LC3 mixes, but the shrinkage was com-

parable for mixes with the same water/binder ratio.

11.6 Durability properties

11.6.1 General

Sabir et al. (2001) indicated that using MK and calcined clay in cementitious sys-

tems can lead to an improvement in some durability properties. These include the

refinement in pore structure, reduction of water transport, and ingress of aggressive

species such as chloride and sulfate ions. Also they indicated that the high cost of

MK may be prohibitive for construction professionals to use, but if the demand

increases, the cost is bound to reduce. Sharma et al. (2021) conducted a review on

using limestone calcined clay cement in construction. They reported on the durabil-

ity properties of concrete containing limestone calcined clay cement and concluded

that there are economic and environmental benefits in using the materials in cemen-

titious systems. Also they recommended further areas of research on the use of cal-

cined clay in concrete, including rapid tests to assess the quality of calcined clay,

the effect of impurities and calcining temperature, the most suitable admixtures to

be used when calcined clay is present, creep and shrinkage in traditional and pre-

stressed concrete, effects of carbonation on pore structure, fire resistance, and the

effect of harsh environmental conditions.

11.6.2 Absorption, porosity, and pore structure

Khatib and Wild (1996) conducted an experimental study on the pore size distribu-

tion of cement paste containing up to 15% MK as partial cement replacement. They

found that although the total pore volume of the paste increases, there was a sys-

tematic increase in the pore refinement when MK is included in the paste. This

refinement is demonstrated by the decrease in the threshold diameter and the

increase in the percentage of small pores. Tironi et al. (2012) used 30% clay, cal-

cined at 700�C, as partial cement replacement in the production of mortar. The

water to binder ratio and the proportion of binder to sand were 0.5 and 1:3,
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respectively. The specimens were subjected to water curing after 24 hours in the

molds. Also, they found that there is reduction in the total pore volume in the pres-

ence of calcined clay. Also the percentage of small pores was found to increase

when calcined clay is included in the mortar. This was attributed to the pozzolanic

reaction which caused a refinement in the pore structure.

Khatib and Clay (2004) reported the results on an experimental investigation on

the water absorption by total immersion and capillary rise for concrete containing

between 0% and 20% MK as partial cement replacement for up to 90 days of cur-

ing. The water absorption by capillary action decreases with the increase in MK

content. However, there was a slight increase in absorption by total immersion

when the content of MK increases. For all MK mixtures, there was a slight increase

in absorption by total immersion and capillary rise between 14 and 28 days of cur-

ing. The water absorption by total immersion and capillary rise follow the same

trend for total pore volume and the refinement in pore structure of MK paste

reported in a previous investigation (Khatib & Wild, 1996), in that the water

absorption by total immersion is related to the total pore volume and the capillary

water uptake is affected by the size of pores. Similarly, Musbau et al. (2021)

reported that using high-content limestone calcined clay in concrete leads to both a

higher initial surface water absorption and total water absorption. However, with

the increase in curing age the difference in absorption is much reduced and at 90

days of curing the absorption of calcined clay concrete is somewhat similar to the

control. A reduction in water absorption by capillary action (i.e., sorptivity) was

observed by Dhandapani et al. (2018) for concretes containing calcined clay at all

ages of curing. Moreover, Meddah et al. (2020) conducted a study on the use of cal-

cined clay sourced locally on the properties of cement hydrated lime mortar. They

replaced the cement with up to 80% calcined clay. All mortar mixes containing cal-

cined clay had more porosity and water absorption. The interesting finding about

the research was that at 50% and 80% calcined clay the porosity was noticeably

lower than those at 10% and 25%. Also the water absorption at 50% calcined clay

was much lower than those at 10% and 25% replacement. This was attributed to the

filling effect of calcined clay particles at higher dosages. Du and Dai Pang (2020)

carried out an experimental study on the liquid transport of high-performance con-

crete incorporating calcined clay. The cement was replaced with 30% and 45% cal-

cined clay and limestone fines. The clay was calcined at 800�C. The calcium

hydroxide production is substantially less in pastes containing calcined clay, which

in turn may have a positive effect on certain durability properties. There was a

sharp reduction, more than 100%, in concrete sorptivity when calcined clay is pres-

ent. The sorptivity at 30% and 45% replacement of cement with calcined clay and

limestone was nearly the same. This reduction in liquid transport in the presence of

calcined clay was explained by the refinement in pore structure and the more tortu-

ous pathways.

Zhang et al. (2020) produced engineering-based composites (i.e., mortar) based

on fly ash, cement, calcined clay (i.e., MK), and limestone fines. PVA fiber was

added to all mixes. They determined the porosity and pore size distribution for the

composites as well as the mortar and paste portions. The presence of calcined clay
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seems to have resulted in an increase in porosity, critical diameter, and average

pore diameter in the presence of calcined clay. This is in agreement with the results

reported by Khatib and Wild (1996), where a noticeable improvement in the pore

refinement was observed, indicated by the reduced critical pore diameter and the

higher percentage of small pores.

Dixit et al. (2021a) conducted an experimental study on the effect of calcined

clay on the properties of concrete. Limestone and fly ash were included in some of

the mixtures. The proportion of calcined clay to limestone and the calcined clay to

fly ash to limestone were 3:1 and 2:1:1, respectively. These materials replaced 40%

and 60% of the cement. Although the porosity may increase in the presence of cal-

cined clay, there is a noticeable decrease in the threshold diameter and an increase

in the percentage of small pores when calcined clay is included in the system, indi-

cating a refined pore structure. The water absorption data were similar to those of

the total pore volume.

Sun et al. (2021) reported the results of an experimental investigation on chloride

penetration of ultra-high-performance concrete containing calcined clay tailing.

Other cementitious materials were used in mixes including limestone powder, silica

fume, and gypsum. The total pore volume was found to increase in the presence of

calcined clay. However, there is a higher proportion of small pores for mixes con-

taining calcined clay than the control mix. Also from the scanning electron micros-

copy observation, it was concluded that the interfacial transition zone was denser

when calcined clay is included in the mix. This confirmed the results obtained by

Khatib and Clay (2004) on absorption by capillary action.

Olofinnade and Ogara (2021) examined the microstructure of concrete contain-

ing 10% calcined clay as partial replacement of cement and up to 50% crushed clay

brick as replacement of sand with a low water to binder ratio of 0.25. Generally the

presence of calcined clay and 10% crushed clay brick led to the formation of more

CSH gel and a dense aggregate paste matrix. This caused an increase in strength

and would lead to a better durability performance due to the refinement of pore

structure. However, at 50% crushed clay brick, replacement caused a more porous

interfacial zone, which would lead to reduced durability.

Reddy et al. (2021) compared the effect of using calcined clay on the perfor-

mance of concrete grade M40. The control mix had a proportion of 1 (cement):

1.65 (sand): 2.95 (coarse aggregate): 0.4 (water/cement). In the calcined clay mix

the cement was partially replaced with 30% calcined clay and 15% limestone. The

rest of the ingredients remained constant. The presence of calcined clay resulted in

a substantial reduction in chloride ion penetration in that the charge passed in cou-

lombs was 2553 and 412 for the control mix and the calcined clay mix, respec-

tively. The total and the rate of water absorption were lower in the concrete

containing calcined clay.

11.6.3 Permeability, chloride ingress, and carbonation

Dhandapani et al. (2018) conducted a comprehensive experimental study on the

effect of including calcined clay on the durability properties of concrete. Concrete
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mixes were cured for 28, 56, and 90 days. It was concluded that the presence of cal-

cined clay resulted in a denser microstructure of concrete, which led to a reduction

in chloride penetration and higher resistivity and oxygen permeability index.

Du and Dai Pang (2020) conducted an experimental investigation on the liquid

transport of high-performance concrete up to 30% calcined clay as partial cement

replacement. There was a substantial reduction in chloride ion diffusion into con-

crete in the presence of calcined clay. The chloride resistance varied from nearly

63 10212 m2/s for the control to about 1.8 and 23 10212 m2/s for mixes with 20%

and 30% calcined clay replacement. The refinement in pore structure is likely to

have been the reason for the reduced chloride penetration in the presence of cal-

cined clay.

Dixit et al. (2021a) reported that the chloride resistance of concrete increases in

the presence of calcined clay. This was attributed to the refined pore structure and

the formation of discontinuous pores in the presence of calcined clay. This refine-

ment will continue as long as there is calcium hydroxide in the pore for the densifi-

cation of the matrix. Sun et al. (2021) reported the results of an experimental

investigation on pore structure and chloride penetration of ultra-high-performance

concrete containing calcined clay tailing. Other cementitious materials were used in

mixes, including limestone powder, silica fume, and gypsum. Results similar to

those by Dixit et al. (2021a) were obtained.

Rathnarajan et al. (2021) examined the extent of carbonation of concrete con-

taining limestone calcined clay and found that the long-term carbonation depth can

be similar to that of the control concrete if an appropriate design method is

adopted.

11.6.4 Sulfate resistance

Khatib and Wild (1998) examined the sulfate resistance of mortar containing up to

25% of MK as partial cement replacement. The binder to cement ratio and the

water to binder ratio for all mixes were 1:2.5 and 0.55, respectively. Two types of

cement were employed, containing different C3A contents of 7.5% and 11.7%.

Sulfate resistance was assessed by the length and the weight change of mortars

immersed in 5% sodium sulfate solution for 520 days. Also visual assessment of

specimens was used to complement the length and weight changes. Replacing

cement with more than 10% MK increased the sulfate resistance. At 20 and 25%

MK, there is hardly any damage to the specimens after 520 days of exposure. Using

high-C3A cement led to a noticeable sulfate attack compared to that of lower C3A

cement. The increased sulfate resistance was mainly attributed to the consumption

of calcium hydroxide and the refinement of pore structure in the presence of MK

(Wild et al., 1996; Khatib & Wild, 1998).

A similar study was conducted by Wild et al. (1997) on the sulfate resistance of

cement mortar containing ground clay brick calcined (GCBC) at temperatures rang-

ing from 600�C to 1100�C. The cement was partially replaced with 10 and 20%

GCBC. The water to binder ratio and the binder to sand content were similar to

those reported by the authors in a different investigation (Khatib & Wild, 1998). At
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10% cement replacement the sulfate resistance was higher for mortar containing

10% ground brick calcined at temperatures above 800�C, whereas at 20% replace-

ment, there is an improvement in sulfate resistance at temperatures above 700�C.
The reduced sulfate resistance below 800�C was attributed to the activated clay and

the high sulfate level in the clay calcined at these temperatures. However, the

increased sulfate resistance beyond 800�C calcining temperature was attributed to

the lower sulfate content of the clay and the presence of active glass phase.

11.6.5 Abrasion and skid resistance

Awolusi et al. (2021) examined the effect of including calcined clay on the abrasion

and skid resistance of concrete for pavement and flooring applications. Cement was

replaced with 0 to 5% calcined clay. There was a slight increase in water absorption

of concrete with the increase in calcined clay content. At 5% cement replacement

with calcined clay the skid resistance was higher than that of the control, whereas a

slight reduction is obtained at 2.5% replacement. However, the abrasion resistance

is slightly lower in the presence of calcined clay. They concluded that the optimum

calcined clay replacement for skid and abrasion resistance was found to be 5%.

11.6.6 Fire resistance

Gunjal and Kondraivendhan (2021) compared the fire resistance of traditional con-

crete with that containing calcined clay. The binder of the calcined clay concrete

consisted of 30% calcined clay, 15% limestone, 5% gypsum, and 50% clinkers. The

concretes were exposed to a temperature up to 800�C. There was a decrease in

compressive strength at 200�C. The decrease was substantial beyond a temperature

of 400�C, where tiny cracks appeared on the surface of specimens for traditional

concrete and concrete containing calcined clay.

11.7 Economic and environmental aspects

Producing calcined clay requires nearly half the calcining temperature compared to

that for Portland cement. Therefore partial replacement of cement with calcined

clay should have economic and environmental benefits. Compared to cement, the

reduction in calcining temperature should reduce the carbon dioxide emission into

the atmosphere and the associated cost. MK (i.e., calcined clay) is still expensive to

produce depending upon the purity of the calcined clay and the processing involved

in the preparation before calcining. With more large-scale utilization of calcined

clay the cost of production should reduce. The durability of cementitious systems

containing calcined clay is improved, and consideration should be made when con-

sidering life cycle analysis. Using calcined clay in construction should play a role

in sustainable development and addressing the challenges discussed at the recent

COP26 conference which was held in Glasgow-UK, in November 2021 in terms of
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reducing harmful gases into the atmosphere (COP21, 2021). Generally, clay is

available locally, so the transportation cost will be reduced and this will cause fur-

ther reduction in carbon dioxide emission. The local economy and society would be

supported through the creation of local employment, thus improving the livelihood

of inhabitants.

11.8 Conclusions

The combined effect of calcined clay and limestone improves the mechanical prop-

erties of concrete and mortar beyond 7 days of age because of the refinement of the

pore structure due to pozzolanic reaction and filling effect. Comparable mechanical

properties to ordinary cement concrete could be achieved with the appropriate

replacement rate. Generally, using calcined clay as partial replacement of cement in

cementitious systems leads to a lower permeability, a lower rate of water absorption

by capillary action and more pore structure refinement. This in turn will improve

the durability performance in that less chloride ion penetration, higher sulfate resis-

tance would be obtained. More research on the effect of calcined clay in concrete

on alkali-aggregate reaction, depth of carbonation, abrasion, and fire resistance

would be useful.

Further studies are needed for calcined clay limestone and limestone/calcined

clay cement concrete for long-term durability tests under aggressive environments

such as sulfate attack, chloride attack, acid attack, freeze/thaw resistance, and per-

formance under hot climate conditions. Calcined clay is obtained from local materi-

als. Therefore it is expected to be more environmentally friendly through the

reduction in transportation cost and the less energy required compared to cement.

Local employment would be enhanced, thus contributing to the local economy and

the welfare of the society.
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The use of coal bottom ash (CBA) as a partial cement substitute on the effect of

concrete workability is studied.

12.1 Introduction

Concrete is a flexible substance that is produced using natural resources with

cement as a binding agent. The use of natural resources rises every year owing

to urban and rural growth. Cement manufacturing requires the use of large amounts

of raw materials, energy, and heat. World Business Council for Sustainable

Development International Energy Agency Technology Roadmap: Low-Carbon

Technology for the Indian Cement Industry (2013) projected in 2050 the demand

for cement in the range of 780�1361 million tons. Argiz et al. (2018) observed that

when 1 ton of Portland cement is manufactured, it releases approximately 0.8 tons

of carbon dioxide. The calcination process and combustion for energy generation

during cement production are the processes with the greatest effect to the environ-

ment (Durastanti & Morretti, 2020). Alternative sustainable materials are needed

to enhance the performance of concrete to minimize the use of natural resources

(Jayakumar et al., 2021). Utilizing the freely available locally generated waste to

replace the harvesting of natural resources for cement production would also con-

tribute to preservation of natural nonrenewable resources and reduce degradation of

the environment and wildlife.

At the same time the expanding population with their growing needs and flour-

ishing industries causes an increase in energy demand in many parts of the world.

Coal became one of the materials to generate energy in thermal power production
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(Park et al., 2020). It is one of the biggest energy sources in the world, fueling

nearly 40% of the world’s electricity. In Malaysia, since 1988, seven of its power

plants utilize coal as their raw material for electricity production (Marto & Tan,

2016). Coal combustion products have increased significantly throughout the years

when gas plants have been replaced by a coal-fired electricity plant in Malaysia

(Foo, 2015). The total capacity of coal-fired power plants in Malaysia is estimated

at approximately 15,000 MW by 2020, with an estimated 0.657 million tons of

coal-fueled ash per year (Tobias, 2020). According to Ramakrishna et al. (2018),

coal ash generated from the combustion was estimated about 1 billion tons yearly

globally. Yao et al. (2015) stated that the majority of the nonrecycled coal ash

would be disposed at landfill sites and thus increase the amount of waste material

and raise the treatment cost. Furthermore, PSR (2015) stated that the GCBA

includes heavy metals, and if eaten, drank, or breathed, they may cause cancer and

nervous system effects such as cognitive impairments, developmental delays, and

behavioral issues. Generally the option of throwing this byproduct at the landfill

poses threat to the living things and pollutes the environment. Besides that, continu-

ous discarding of this industrial byproduct would consume larger spaces of land

which can be used for community development purposes.

The approach of inventing concrete products by utilizing waste materials such

as ground CBA as a mix component would decrease manufacturing cost, environ-

mental protection, and landfill (Muthusamy et al., 2020). In view of sustainable

environment, many researchers (Balapour et al., 2020; Roberto et al., 2021; Singh

& Siddique, 2016; Singh et al., 2019; Siddique, 2013) have investigated the poten-

tial use of CBA as aggregate replacement in concrete. Realizing the pressing envi-

ronmental issues due to harvesting of limestone and processes of cement production

the option of channeling the CBA for cement production would be rewarding to the

environment. Thus the present research investigates the effect of CBA as partial

cement replacement on fresh and mechanical properties of concrete.

12.2 Methodology

12.2.1 Preparation of raw materials

Concrete was made in this study using ordinary Portland cement, tap water, sand,

coarse aggregate, and CBA. As fine aggregate, local river sand was utilized. The

modulus of fineness and the absorption of water are 2.87 and 6.22, respectively.

We utilized crushed granite aggregate from a nearby source. Tap water was utilized

to mix and cure the concrete. CBA was collected from a coal-fired power station on

Malaysia’s west coast. As shown in Fig. 12.1 the collected CBA was coarse and inap-

propriate for use as a partial cement substitute. It was processed using a Los Angeles

abrasion machine to produce a fine powder that met the (ASTM C618, 2019) fine-

ness standard. The outcome of a wet sieve test indicates that the majority of finely

ground CBA particles flow through a 45 μm sieve with just 13.9% remaining on the

sieve fulfilling the requirement stated in ASTM C618-19 (2019). The ground CBA is

shown in Fig. 12.2. Table 12.1 shows the chemical composition of the CBA used.
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Figure 12.1 Raw CBA. CBA, Coal bottom ash.

Figure 12.2 Ground CBA. CBA, Coal bottom ash.

Table 12.1 Chemical composition of coal bottom ash.

Chemical composition Percentage

Al2O3 19.30

SiO2 60.14

P2O5 0.24

SO3 0.42

K2O 1.19

CaO 3.56

TiO2 1.26

MnO 0.21

Fe2O3 13.59
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12.2.2 Preparation of concrete and testing

A total of five concrete mixtures have been prepared with different CBA percen-

tages as shown in Table 12.2. The control specimen is of 100% Ordinary Grade

30 Portland cement. Other mixes were produced by integrating 10%, 20%, 30%,

40%, and 50% of ground CBA as a partial cement substitute. All specimens were

cured by immersing it in water until the testing date. The workability of concrete

mixture was measured through slump test conducted in accordance with BSEN

12350�2 (2019). The compressive strength test and splitting tensile strength test

were conducted following the procedure stated in BS EN 12390-3 (2009) and BS

EN 12390-6 (2009), respectively. The hardened concrete testing was conducted at

7, 28, and 56 days.

12.3 Result and discussion

12.3.1 Workability

The use of CBA as a partial cement substitute affects concrete workability on the

basis of Fig. 12.3. The concrete mixtures exhibit slump values between 135 and

190 mm. The use of CBA at 20% and above increases the workability of concrete

mixture. The difference in the fineness of cement and CBA is one of the factors

that affect the mix workability. The wet sieve test result shows that about 13.9%

CBA is retained on the sieve as compared only 1.2% of cement. This result indi-

cated that the larger-sized CBA possesses a lower surface area, which reduces the

water requirement to coat it as compared to finer-size cement. The same trend

shows that workability is increased when coal ground ash is used as a cement sub-

stitute for mortar (Kim, 2015).

Table 12.2 Concrete mixture proportion.

Replacement level (%) Mix proportion (kg/m3)

Cement CBA Aggregates Water

Fine Coarse

0 400 0 751 996 260

10 360 40 751 996 260

20 320 80 751 996 260

30 280 120 751 996 260

40 240 160 751 996 260

50 200 200 751 996 260
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12.3.2 Compressive strength

The compressive strength result of concrete with various contents of CBA is illus-

trated in Fig. 12.4. All concrete specimens exhibit a continuous concrete strength

increment throughout the curing age. The use of continuous water treatment allows

for an enhanced hydration process that contributes to densification of internal struc-

tures, resulting in enhancement of concrete bearing capacity. The inclusion of CBA

disturbs the concrete strength. Concrete with 10% CBA experiences 15% strength

declination as compared to the reference specimen. Concrete exhibits a continuous

drop in strength as a larger content of CBA is used. Concrete produced using 50%

CBA demonstrates the lowest compressive strength. A similar trend in terms of

drop of concrete strength upon incorporation of CBA has also been reported by

researchers elsewhere, Kim, 2015 and Argiz et al., 2017.
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Figure 12.4 Compressive strength result.
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Figure 12.3 Effect of ground coal bottom ash content on concrete workability.
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12.3.3 Splitting tensile strength

From Fig. 12.5, it has been noticed that the impact of the crushed CBA as cement

substitution in concrete has led to a reduction of concrete splitting tensile strength.

The plain specimen shows the greatest splitting tensile strength. The strength of

concrete with 10% of CBA substitution level is 5.83% lower compared to control mix.

Similar to the compressive strength result the splitting tensile strength value of con-

crete continues to drop gradually as a larger amount of ash is integrated in the mix.

Concrete is made with 50% ground CBA. Rougher ground CBA is hard for activation

of the pozzolanic reaction when replaced with cement. Last a similar tendency has

been observed by Mangi et al. (2018), who reported the decrease of concrete strength

with the growing quantity of CBA used as a cement substitute in concrete mixture.

12.4 Conclusion

Several conclusions could be drawn from the experimental test results. The conclu-

sions are as follows:

1. The use of ground CBA which is less fine than cement affects the workability and com-

pressive strength concrete.

2. Excessive use of ground CBA reduces compressive strength and splitting tensile strength

significantly.

3. The use of a coarser size of CBA disturbs the pozzolanic reaction that could have contrib-

uted to concrete strength enhancement.

4. The strength performance of concrete containing CBA after it is ground to nanosize is

recommended for future research.
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13.1 Introduction

Construction demolition waste (CDW) enabled a considerable economic growth for

both the developed countries and underdeveloped countries in the world. In recent

decades, CDW was gathered from the roads and the highways being out of service

and the reinforced concrete buildings collapsed, which contained an excess quantity

of solid waste, such as recycled asphalt aggregate and recycled concrete aggregate

(RCA), because the CDW was the largest waste stream in the world. According to

the 2008/98/EC EU directive an average European resident generates more than

160 tons of CDW in a lifetime, and it reported that this waste would not get

reduced through time (EU Directive 2008/98/EC, 2008). The international experi-

ence on CDW shows that 10% RCA has been used within concrete mixing in UK

(de Vries, 1996; Collins, 1996); the concrete has mixed with 154,000 tons of RCA

in Holland, and 40% of recycling of CDW has been used by Germany in various

applications in construction since the beginning of 1991 (Acker, 1996). However,

much of its quantity is still put on earth with the aim of the landfilling, so this land-

filling process causes a higher cost in the construction technology (Azevedo

Azevedoa et al., 2020). On the other hand the concrete composite needs an excess

aggregate source, cement, and water to build high-quality roads and highways,

dams, buildings, and other types of construction based on cement and concrete, for

example, roller-compacted concrete (RCC). It is a special dry and slumpless con-

crete, made of aggregate stack, water, and a low quantity of cement content and

laid down through roller compaction method in roads and highways, like being in a

foundation of a building. The RCC that was mostly used in the construction systems
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had massive structures and large horizontal surfaces such as dams (Abdel-Halim

et al., 1999), airport runways (ACI, 2001), and highways (ACI, 2001; Debieb et al.,

2010) because of its easy workability, rapid setting time, and high compressive

strength gain with a low content of cement and water. The difference between RCC

and conventional concrete depended on the grading of aggregate stack, the types of

mineralogical admixture, and the consistency. It is essential that the RCC has to be

dry enough to be compacted by vibration rollers but wet enough to prepare and

achieve the homogeneity between ingredients of concrete in the mixing and com-

paction (ACI, 2001). The workability of RCC is affected by relative volume, quan-

tity of the cement paste, and the grading of aggregate stack combined.

Usually, construction activities consume several materials such as concrete, steel,

stone, and other waste materials. However, the cost of these materials is very high

in addition to the environmental impact. Many of the structures get damaged in the

Middle East region due to the effect of sunlight and high temperature. The build-

ings may experience severe damages and hence need to be demolished. As such the

recycled or waste materials from damaged structures can be used to replace coarse

and fine aggregate, such as recycled asphalt pavement aggregate (RAPA) (Courard

et al., 2010), RCA (Debieb et al., 2009), crumb rubber (Fakhri & Amoosoltani,

2017), silica fume (SF) (Fakhri & Saberi, 2016; Adamn et al., 2018), fly ash, glass

powder, and tire rubber (Ahmed et al., 2017; Ferrebee et al., 2014). Aghabaglon

and Ramyar (Aghabaglou & Ramyar, 2013) used high-volume fly ash (HVFA) to

evaluate the properties of RCC mixtures in 2013. It was concluded that the use of

fly ash increased the optimum water content and decreased the solid compactness

in the RCC mixtures. As the replacement of fly ash with cement increased, the

strength was decreased. However, the replacement of fly ash with aggregate stack

increased the strength in the RCC system. Adamn et al. (2018) studied the mechani-

cal properties and performance of the RCC made of the replacement of fine aggre-

gate by crumb rubber and the substitution of HVFA and nanosilica by cement in

2018. The results showed that the fresh density of RCC increased with the increase

of nanosilica; however, it decreased with increasing crumb rubber in the RCC mix-

ture. On the other hand the replacing of fine aggregate with the HVFA decreased

the compressive strength, the splitting tensile strength, the flexural strength, the

modulus of elasticity, and abrasion resistance in the RCC mixture containing high-

content crumb rubber. Finally the result showed that with the increase of substitu-

tion ratio between nanosilica and HVFA the mechanical properties improved. The

impact of resistance increased in the HVFA included in RCC made of 10% crumb

rubber and nanosilica as well.

Courard et al. (2010) evaluated the mechanical performance and durability of

RCC mixtures with concrete road recycled aggregates (RCA) in 2010. The results

showed that the RCC made of RCA exhibited very good performance. However,

the RCA led to reduce approximately 60% in the compressive strength in the RCA.

Debieb et al. (2010) studied the effect of using RCA polluted in chloride and sulfate

solution on the mechanical properties and durability of RCC mixtures in 2010
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years. The results showed that the mechanical properties of RCC containing 100%

coarse and fine recycled aggregates reduced about 30% when compared to the RCC

with 100% of natural aggregate (NA) stack. On the other hand the oxides of chlo-

ride and sulfate in the RCA did not affect the properties of RCC containing 100%

of coarse and fine recycled aggregate stack; nevertheless, the RCC polluted in sea

water (RRCC-Sw) presented losses of mass of approximately 100% when compared

to the RCC that was not polluted in sea water. Instead of mass loss the swelling

was high, more than 200%, because of the delayed ettringite formation in the RCC.

In 2015, Chafika et al. evaluated the effect of mechanical properties and durability

on three series of RCC mixtures with RAPA (Chafika et al., 2015). These series

include 100% of coarse and fine aggregate stack, 50% fine and 50% coarse RAPA

combination, and 100% of coarse RAPA. The results showed that the replacing of

NA aggregate with RAPA reduced the compressive strength between 32% and

55%, the splitting tensile strength approximately 56%, and the modulus of elasticity

approximately 30%. Lam et al. reported the feasibility of the use of electric arc fur-

nace (EAF) slag as aggregate in RCC mix in 2018 years. They concluded that the

compressive strength, the splitting tensile strength, and the modulus of elasticity

decreased with the increasing of EAF slag aggregate. However, they noted that

20% replacement of EAF slag aggregate with fly ash in RCC pavement (RCCP)

mixture improved the mechanical properties in the long term (Lam et al., 2018). In

another study in 2017 years, Lam et al. examined the effect of EAF slag aggregate

and fly ash on the mechanical properties and durability of RCC. The EAF was used

instead of the NA with three substitution ratios (0%, 50%, and 100%), and the

cement was replaced by fly ash at three ratios (0%, 20%, and 40%) (Lam et al.,

2017). The results showed that the compressive strength and the sulfate resistance

of the RCCP mixture was slightly affected by EAF, although the water absorption

and abrasion resistance of RCCP increased with EAF slag aggregate. The addition

of 20% of fly ash improved the compressive strength and durability in the mixtures.

However, the compressive strength of RCCP mixtures continued to decrease even if

the fly ash was increased more than 20%. The expansion of the interfacial zone of

RCCP was greater than that of the control specimen because of the different hydra-

tion process between calcium oxide (CaO), water, cement, and the EAF slag aggre-

gate used (Lam et al., 2017).

In 2017 years, Fakhri and Amoosoltani studied the mechanical properties of

RCC designed with reclaimed asphalt pavement and crumb rubber at different per-

centages, that is, between 25% and 100% for RAPA and between 5% and 25% for

crumb rubber (Fakhri & Amoosoltani, 2017). The experimental program included

preparation of three beam specimens (70 mm3 70 mm3 240 mm), which were fab-

ricated for each mix combination of RCC. The results showed that the workability

and compaction effort of the RCC mixture increased with a decrease in optimum

moisture content and dry density because of the lower water absorption ratio of
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RAPA and addition of crumb rubber. Use of RAPA in the mix design of RCC

decreased the compressive strength of RCC, especially once RAPA was used more

than 50%, because of the lower adhesion between cement and aggregate in the mix-

ture. However, the use of 5% crumb rubber increased the compressive strength in

the RCC mix. Incorporating of RAPA and crumb rubber also increased the energy

absorbency of RCC, nevertheless; this combination of aggregate stack was not pro-

ficient to heighten the stiffness and the modulus of elasticity in a level wanted by

the scientists (Fakhri & Amoosoltani, 2017). Modarres and Hosseini studied the

mechanical properties of RCC designed with NA, RAPA, and rice husk ash (RHA)

at different percentages, which were between 3% and 5% in 2014 (Modarres &

Hosseini, 2014). The results showed that RHA affected the energy absorbency and

resiliency of the RCC which carried out the reduction in the modulus of rupture.

On the other hand, RCC mixes containing RAPA as aggregate had a lower fatigue

life than conventional RCC. There was a meaningful relationship between the

energy absorbency and fatigue response of the RCC. The higher stress ratios indi-

cated that the mix showed higher energy absorbency and better behavior under

repeated loadings. There was a reverse relationship between fatigue life and mate-

rial porosity. As the RCC with RAPA contained 3% RHA, the porosity decreased,

and the fatigue increased. However, as it included 5% RHA, the RHA ratio resulted

in higher porosity and lower fatigue in the RCC with RAPA.

Ashteyat et al. evaluated the effect of using white cement bypass dust (WCBPD)

and polypropylene fiber (PPF) on the mechanical properties and durability of RCC.

Fifteen RCC mixes were prepared with the replacement of cement by 10%, 20%,

30%, and 40% of the WCBPD and addition of PPF in two percentages of 0.25%

and 0.5% (Ashteyat et al., 2019). It was concluded that the compressive strength for

the mixes exceeded 27.6 MPa, except for the mix prepared with 40% replacement

of cement by WCBPD. The modulus of elasticity for the mixes decreased signifi-

cantly as the WCBPD replacement ratio increased, when compared to the control

specimen. The water absorption for the mixes was between 3% and 5%, and the

increase of the WCBPD for mixes increased the water absorption. The dynamic

modulus of elasticity decreased with the addition of WCBPD, but the use of the

PPF improved the dynamic modulus of elasticity. After freezing and thawing the

weight loss for the RCC mixes increased with use WCBPD, and the use of PPF

decreased the loss of weight significantly.

Arabiyat et al. studied the influence of RAPA and RCA on shear features of con-

crete beam in 2021. They unveiled that for the RAPA beams, experimental shear

capacity increased as the RAPA replacement levels decreased; for RAPA�RCA

beams, experimental shear capacity decreased when the RCA replacement levels

increased, and for RCA beams, experimental shear capacity increased as RCA

replacement levels decreased. However, they concluded that the capacity of theoret-

ical shear strength was more conservative than that of the experimental results.

Therefore the theoretical shear equations can be applicable to the beams constructed

with recycled aggregates. Recently the use of RAPA and RCA in roller-compacted

beams could be taken into account as an efficient method (Arabiyat et al., 2021).

Shatarat et al., in 2019, presented a significant study related to the influence of
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RAPA and RCA on axial compressive strength of reinforced concrete columns. The

use of RAPA and RCA in reinforced concrete columns resulted in a retardation in

the ability of compression force carrying. They concluded that experimental results

are greater than the theoretical strength calculated (Shatarat et al., 2019). In 2018,

Shatarat et al. evaluated the effect of using RAPA and RCA on the properties of

old concrete. They prepared samples made of replacement of NA with RAPA and

RCA wholly. Their results displayed that using RCA, RAPA, and RAPA�RCA

combination developed both the physical properties of old concrete and the

mechanical properties of old concrete significantly (Shatarat et al., 2018). In 2017,

Katkhuda et al. reported the effect of SF on mechanical properties of concrete con-

taining RAPA. Their results demonstrated that the mechanical properties decrease

since the content of RAPA increases; the greatest decrease in the compressive

strength is in the fine RAPA mixture, while the decrease in the splitting tensile and

flexural strengths is almost the same in both fine RAPA mixture and coarse RAPA

mixture (Katkhuda et al., 2017). From these previous studies, it can be concluded

that the replacing of cement mass with the SF was not evaluated in the RCC with

the aggregate stack combination of RCA and RAPA. Therefore the aim of this inno-

vative study is evaluating the effect of substitution of SF with common cement on

the properties of RCC with RCA and RAPA. This research also examines the effi-

ciency of using RCA, RAPA, and SF in manufacturing of RCC. To achieve this

aim, 27 RCC mixes were cast, in which NA stacks were totally replaced by the

combination of RCA and RAPA stacks at 90%, 80%, 70%, 60%, 50%, 40%, 30%,

20%, and 10%, and common cement was partially replaced by SF at three percen-

tages of 0%, 2.5%, and 5%. The most important innovation presented by the study

is that the RCC was prepared without NA. Therefore the study also copes with the

surplus consumption of natural resources and the surplus emission of carbon

dioxide.

13.2 Experimental work

This section provides a summary of the experimental program implemented. It pro-

vides information on the types and the source of the materials used, mix design,

test setup, laboratory tests, and the characteristics of the casted specimens. Many

tests were carried out on fresh and hardened properties of RCC, including the com-

pressive strength, the splitting tensile strength, the static modulus of elasticity, the

flexural strength, the density, and the water absorption.

13.2.1 Materials

Portland pozzolanic cement CEM II/B-P 42.5N, which complies with the European

and Jordanian standard specifications JS 30-1 and European standard specifications

EN 197-1:2011, was used along with three types of coarse and fine aggregate in all
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mixtures (BS EN 197-1:2011, 2011). Of all these aggregate types the RCA obtained

from crushed cubes and specimens has been used as a base for heavy machinery for

10 years, with the RAPA obtained from a highway project for Greater Amman

Municipality. The aggregates were supplied in two size groups of 4.75�19 mm and

75 μm�4.75 mm. The well-graded combined aggregate stack was produced by

combining 45% coarse aggregate stack and 52% fine aggregate stack. Sieve analy-

sis was done for all types of aggregate starting with a sieve size of 25 mm and end-

ing with 75 μm. Both RCA and RAPA stacks also have angular, circular, cubic, and

rectangular shape grains and have no grain amorphous. Because of crushing process

applied for RCA and RAPA, the aggregate stack has a rough surface with the previ-

ous binder. The fineness modulus of RCA is similar to the fineness modulus of

RAPA, 4.09. Additionally the maximum grain size of both RCA and RAPA was

19 mm. Daracem SP6RR (AA) was used as a chemical admixture during mixing of

fresh RCC in the dosage of 1%�2.5% by weight of cement in order to increase the

workability of RCC. Daracem SP6RR (AA) was used as a chemical admixture dur-

ing mixing of fresh RCC in the dosage of 1%�2.5% by weight of cement to

increase the workability of RCC. SF, which is formed from the condensed gas

escaping from EAFs from the production of elemental silicon or alloys containing

silicon, was used as a replacement material for common cement in the mixtures of

RCC. The grain size of SF used varies from 0.1 to 0.2 μm. The blaine surface area

of SF is approximately 20,000 m2/kg, and the bulk density of SF is 250 kg/m3. The

chemical composition of SF consists of 87% SiO2, 1.17% Al2O3, 0.63% Fe2O3,

0.9% CaO, 4.4% MgO, 1.2% K2O, 1.3 Na2O, 1% SO3, and 5.4% LOI.

13.2.1.1 Mix design

The mixture content and proportions were calculated according to soil compaction

method based on establishing a relationship between the dry density and the mois-

ture content of the RCC (ACI Committee 211, 2002). Regularly the cementitious

content varies between 10% and 17% in the RCC pavement. With the varying

cementitious content the RCC samples include 210 and 360 kg cement per cubic

meter. However, three different cement contents (10%, 11%, and 12%) for the low

cement content of the RCC and four moisture contents for each cement content

(4.5%, 5%, 5.5%, and 6%) were used in this research. According to the results of

compressive strength, it was found that the highest compressive strength of RCC

was achieved with the cement content of 250 kg/m3 and the optimum water content

of 5.2% at 7 days. Therefore this cement content and optimum water content will

be used in the mixes of the RCC. Table 13.1 shows the groups, the title and mixture

proportion, the optimum water content, and the maximum dry density for each mix.

The RCC used in Bullmoose Coal Mine was used as the control mix because it con-

sisted of RCA, RAPA, and SF and is a very good example of industrial application

of RCC.

256 Advance Upcycling of By-products in Binder and Binder-Based Materials



Table 13.1 The groups, title and mixture proportion, the optimum water content, and the

maximum dry density for each mix.

Group Mixture Optimum water

content (%)

Maximum dry

density (kg/m3)

A 90%RCA 110% RAPA 5.8 2042

80% RCA1 20% RAPA 5.8 2225

70% RCA 130% RAPA 5 2228

60% RCA1 40% RAPA 5.4 2204

50% RCA1 50% RAPA 6 2038

40% RCA 160% RAPA 5.8 2086

30% RCA 170% RAPA 5.3 2079

20% RCA1 80% RAPA 5.5 2044

10% RCA1 90% RAPA 5.5 2028

B 90%RCA 110%

RAPA1 2.5%SF

5.4 2018

80% RCA1 20%

RAPA1 2.5%SF

5.3 2137

70% RCA 130%

RAPA1 2.5%SF

5 2075

60% RCA1 40%

RAPA1 2.5%SF

5.4 2096

50% RCA1 50%

RAPA1 2.5%SF

4.6 1964

40% RCA 160%

RAPA1 2.5%SF

5.5 2028

30% RCA 170%

RAPA1 2.5%SF

5 2068

20% RCA1 80%

RAPA1 2.5%SF

5.4 2028

10% RCA1 90%

RAPA1 2.5%SF

5.5 2042

C 90%RCA 110%

RAPA1 5%SF

5.5 1964

80% RCA1 20%

RAPA1 5%SF

5 1936

70% RCA 130%

RAPA1 5%SF

5 1920

60% RCA1 40%

RAPA1 5%SF

5.5 1836

50% RCA1 50%

RAPA1 5%SF

4.5 1952

40% RCA 160%

RAPA1 5%SF

5.4 1932

30% RCA 170%

RAPA1 5%SF

5.1 2068

20% RCA1 80%

RAPA1 5%SF

5.4 2000

10% RCA1 90%

RAPA1 5%SF

5.4 2060
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13.2.1.2 Concrete mixing, casting, and curing

A tilting drum mixer of 0.18 m3 was used for mixing the ingredients. The following

steps summarize the mixing, the casting, and the curing of the RCC specimens.

First, coarse aggregate was added with a part of water. Second, cementitious mate-

rials (cement and SF) and fine aggregate were added gradually. Finally the remain-

ing amount of water was added. The RCC specimens were prepared using

cylindrical molds with dimensions of 150 mm3 300 mm and prism molds with

dimensions of 100 mm3 100 mm3 500 mm, as shown in Fig. 13.1. Before casting

the molds were cleaned and oiled to avoid concrete sticking to the internal faces of

the molds. After mixing, concrete was poured into three layers in the cylinders and

prisms and then compacted according to ASTM C 1435 by a vibrating compaction

hammer (ASTM C1435/C1435M-20, 2020). The hammer had a minimum mass

(without a tamping plate) of 10 6 0.2 kg. It also had a minimum power input of

900 W and could provide at least 2000 impacts per minute. This vibrating hammer

was attached to a circular steel plate attached to a metal shaft, which inserts into

the vibrating hammer chuck (see Fig. 13.2). The diameter was 1406 3 mm and has

a mass of 36 0.1 kg according to ASTM C 1435. The vibrating hammer was placed

on the concrete, and then it was started and the concrete was allowed to consolidate

under the plate. The vibrating hammer was stopped after a maximum of 20 seconds

vibration period for each layer according to ASTM C 1435 (Ashteyat et al., 2019;

ASTM C1435/C1435M-20, 2020).

Figure 13.1 Prism mold with the specimen of the RCC. RCC, Roller-compacted concrete.
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The casted specimens were left in molds for 24 hours, covered with a wet burlap.

After that the molds were removed, and specimens were placed in a water tank to

cure for 28 days. For each mix, 15 cylindrical specimens and three prisms were cast

for testing of the physical properties, the mechanical properties, and durability.

13.2.2 Testing procedure

13.2.2.1 Compressive strength

Ninety cylinders with 150 mm diameter and 300 mm height were cast and tested to

measure the 28 days compressive strength. The test was performed according to

ASTM C 39 (Ashteyat et al., 2019; ASTM C39/C39M-21, 2021) after the curing

period ended. The results of these cylinders were used to evaluate the effect of

using RCA, RAPA, and SF on the compressive strength of RCC mixture.

13.2.2.2 Splitting tensile strength

The splitting tensile strength is an indirect method to determine the tensile strength of

concrete by placing a concrete cylinder at the horizontal axis between plates of a testing.

Ninety cylindrical specimens sized 150 mm3 300 mm were tested to evaluate the split-

ting tensile strength according to ASTM C496 (Ashteyat et al., 2019; ASTM C496/

C496M-17, 2017) using an MFL Prüf-systeme Universal Testing Machine for cylindrical

specimens with different percentages of RCA, RAPA, and SF, as shown in Fig. 13.3.

Figure 13.2 Cylindrical molds with the specimens of the RCC. RCC, Roller-compacted

concrete.
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13.2.2.3 Flexural strength

In order to study the effect of RCA, RAPA, and SF on the flexural strength of the

RCC, 90 prism specimens sized 500 mm in length, 100 mm in height, and 100 mm

in width were cast and tested after curing of 28 days. The test was carried out

according to ASTM C293 (Ashteyat et al., 2019; ASTM C293/C293M-16, 2016)

using a simple beam with center loading (uniaxial load) for a prism, as shown in

Fig. 13.4. The length of the prism is equal to 500 mm, and the distance between the

centers of the support equals to 300 mm for the prism.

13.2.2.4 Static modulus of elasticity

The static modulus of elasticity of RCC mixture was measured by using cylindrical

specimens sized 150 mm3 300 mm. The modulus of elasticity of RCC was evaluated

after 28 days of curing according to ASTM C469 (Ashteyat et al., 2019; ASTM C469/

C469M-14e1, 2014). A linear variable differential transformer (LVDT) is connected to

Figure 13.3 Failure of the cylinder after the splitting load was applied.

Figure 13.4 Flexural strength test with one-point loading method.
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the concrete specimens to determine deformation, as shown in Fig. 13.5. The readings

of the stress and strain were recorded to establish a new relationship between stress and

strain. Then the modulus of elasticity was calculated by the ratio between stress and

strain in the elastic part before the yield point. For brittle materials, like concrete, the

elastic area can be taken from zero stress to 0.45 f,c.

13.2.2.5 Density

The wet and dry densities are very important factors for RCC to achieve high com-

pressive strength with low cement and water content. The maximum density is

found for RCC at optimum water content by soil compaction method for all mixes.

The wet density determined according to ASTM C 138/C138 (ASTM C138/

C138M-17a, 2017).

13.2.2.6 Water absorption

The concrete water absorption is a fast durability evaluation test that can give us

information to estimate the pore structure in a concrete element. In this test the per-

centage of water absorption from aggregate and fill with pores is evaluated by put-

ting the specimens in the oven at 110�C6 5�C for not less than 24 hours; then they

are submerged in water for 48 hours. The equation used to calculate the absorption

percentage includes W1 (representing the oven-dry specimens) and W2 (represent-

ing the saturated mass after immersion in water) according to ASTM 642-13

(ASTM C642-13, 2013) to calculate the water absorption percentage according to

Eq. (13.1).

Figure 13.5 Modulus of elasticity test for cylindrical specimens and the reading of stress

and strain with the LVDT. LVDT, Linear variable differential transformer
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Absorption percent %5
W22W1

W1
(13.1)

13.3 Results and discussion

13.3.1 Compressive strength

Fig. 13.6 and Table 13.2 present the compressive strength of RCC mixes at differ-

ent RCA and RAPA aggregate percentages and replacement of common cement

through the SF at two percentages of 2.5% and 5%.

Table 13.2 Compressive strength test results for the RCC mixes containing RCA, RAPA,

and SF.

Group Types of specimen Compressive strength (MPa)

28 days

A Control 15.2

90%RCA1 10%RAPA 11.80

80%RCA1 20%RAPA 11.35

70%RCA1 30%RAPA 11.32

60%RCA1 40%RAPA 10.63

50%RCA1 50%RAPA 15.25

40%RCA1 60%RAPA 14.22

30%RCA1 70%RAPA 14.68

20%RCA1 80%RAPA 13.07

10%RCA1 90%RAPA 12.97

B 90%RCA1 10%RAPA1 2.5%SF 10.06

80%RCA1 20%RAPA1 2.5%SF 10.13

70%RCA1 30%RAPA1 2.5%SF 10.30

60%RCA1 40%RAPA1 2.5%SF 14.33

50%RCA1 50%RAPA1 2.5%SF 12.99

40%RCA1 60%RAPA1 2.5%SF 15.53

30%RCA1 70%RAP1 2.5%SF 10.42

20%RCA1 80%RAPA1 2.5%SF 12.06

10%RCA1 90%RAPA1 2.5%SF 10.99

C 90%RCA1 10%RAPA1 5%SF 8.70

80%RCA1 20%RAPA1 5%SF 9.11

70%RCA1 30%RAPA1 5%SF 9.69

60%RCA1 40%RAPA1 5%SF 9.40

50%RCA1 50%RAPA1 5%SF 13.55

40%RCA1 60%RAPA1 5%SF 11.75

30%RCA1 70%RAPA1 5%SF 16.44

20%RCA1 80%RAPA1 5%SF 10.98

10%RCA1 90%RAPA1 5%SF 9.00

NA, Not available.
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As seen in Fig. 13.6 the compressive strength of the RCC with RCA,

RAPA, and SC is comparable to that of control RCC used in the Bullmoose

Coal Mine. Use of RCA and RAPA in the RCC mixes significantly reduced

the compressive strength for the mixes, except for 50%RCA1 50%RAPA,

40% RCA1 60%RAPA1 2.5%SF, and 30% RCA1 70% RAPA1 5%SF

(Table 13.2). It can be seen from Table 13.2 that the reduction in the

compressive strength is between 3.4% and 40% when compared with the

compressive strength of the RCC. In contrast to previous negative growth,

50%RCA1 50%RAPA, 40% RCA1 60%RAPA1 2.5%SF, and 30%

RCA1 70%RAPA1 5%SF increased the compressive strength between 0.32%

and 8.15%.

Considering the effect of SF content on the compressive strength of the

RCC the replacement of 2.5%SF with common cement reduced the compres-

sive strength from 62.7% to 76%, except for 40%RCA1 60%RAPA1 2.5%SF.

The reduction of compressive strength as a result of the replacement of 5%SF

with common cement was from 63.5% to 80.7% in the RCC, except for

30%RCA1 70%RAPA1 5%SF. Although RCA and RAPA were used in the

RCC, the replacement of 2.5%SF with cement increased the compressive

strength, more than 1.5%. The growth of compressive strength was 8.15% in

30%RCA1 70%RAPA1 5%SF because of the replacement of 5%SF with

cement.
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Figure 13.6 Average compressive strength and standard errorrs for the RCC with RCA and

RAPA and for the RCC with and without SF after 28 days of curing. RCC, Roller-compacted

concrete; RCA, recycled concrete aggregate; RAPA, recycled asphalt pavement aggregate.

263Upcycling of recycled aggregate



It could be noted that the increase of SF in these mixtures would lead to an

important decrease in compressive strength because of the low water-to-cement

ratio and the manufacturing process of common RCC. Nevertheless, 40%

RCA1 60%RAPA1 2.5%SF and 30%RCA1 70%RAPA1 5%SF showed the

most promising result for future studies and applications of RCC. The reduction in

the compressive strength may be due to the amount of bitumen and cement attached

to the RAPA and RCA particles. Hence use of the coarse and fine aggregate combi-

nation of RAP and RCA had adverse effects on the compressive strength in the

RCC. Settari et al. noticed a similar trend, where since RAPA was used in the pro-

duction of RCC, its aggregate stack reduced the compressive strength of the RCC

(Settari et al., 2015). Modarres and Hosseini reported an increase in compressive

strength of RCC made of rubber and the replacement of 7% SF with common

cement (Modarres & Hosseini, 2014). Fig. 13.7 shows the failure shape for RCC

specimens under the load of compression.

13.3.2 Splitting tensile strength

Table 13.3 presents the splitting tensile strength of RCC mixes at different RCA

and RAPA aggregate percentages and replacement of common cement through SF

at two percentages of 2.5% and 5%. The splitting tensile strength of RCC mixture

made of the aggregate combination of RCA and RAPA and the replacement of

cement with SF was tested at the curing age of 28 days.

Figure 13.7 Failure shape for RCC specimens under the load of compression. RCC, Roller-

compacted concrete.
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In reference to Table 13.3 and Fig. 13.8, it was noted that the splitting strength

of RCC reduced, although it was prepared with the replacement of 2.5% and 5% SF

with common cement, except for the mixture of 30%RCA1 70%RAPA1 5%SF.

The replacement of %5SF with common cement increased the splitting tensile

strength in the mixture of 30%RCA1 70%RAPA1 5%SF. Therefore the highest

splitting tensile strength was obtained from the mixture of 30%RCA1 70%

RAPA1 5%SF. This means that the replacement of 5%SF with cement led to the

growth between 25% and 32%.

Table 13.3 Splitting tensile strength test results for the RCC mixes containing RCA,

RAPA, and SF.

Group Types of specimen Splitting tensile strength (MPa)

28 days

A Control NA

90%RCA1 10%RAPA 1.95

80%RCA1 20%RAPA 1.85

70%RCA1 30%RAPA 1.44

60%RCA1 40%RAPA 1.61

50%RCA1 50%RAPA 1.74

40%RCA1 60%RAPA 1.58

30%RCA1 70%RAPA 1.87

20%RCA1 80%RAPA 1.40

10%RCA1 90%RAPA 1.33

B 90%RCA1 10%RAPA1 2.5%SF 1.87

80%RCA1 20%RAPA1 2.5%SF 1.66

70%RCA1 30%RAPA1 2.5%SF 1.46

60%RCA1 40%RAPA1 2.5%SF 1.40

50%RCA1 50%RAPA1 2.5%SF 1.60

40%RCA1 60%RAPA1 2.5%SF 1.42

30%RCA1 70%RAP1 2.5%SF 1.94

20%RCA1 80%RAPA1 2.5%SF 1.33

10%RCA1 90% RAPA1 2.5%SF 1.30

C 90%RCA1 10%RAPA1 5%SF 1.82

80%RCA1 20%RAPA1 5%SF 1.54

70%RCA1 30% RAPA1 5%SF 1.64

60%RCA1 40%RAPA1 5%SF 1.23

50%RCA1 50%RAPA1 5%SF 1.56

40%RCA1 60%RAPA1 5%SF 1.31

30%RCA1 70%RAPA1 5%SF 2.05

20%RCA1 80% RAPA1 5%SF 1.37

10%RCA1 90%RAPA1 5%SF 1.22

NA, not available.
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The splitting tensile strength of other mixtures with RCA and RAPA was

lower than that of 30%RCA1 70%RAPA1 5%SF. According to the literature

results the splitting tensile strength for RCC with RCA and RAPA did not

exceed 2 MPa at 28 days. According to the results of Ferrebee et al. and Saadi

the splitting tensile strength evaluated did not exceed 2.5 MPa at 28 days

(Ferrebee et al., 2014; Saadi, 2010). Debieb et al. reported that the decrease in

the splitting tensile strength was approximately 56% (Debieb et al., 2010).

According to the results of Shafigh et al. (2012) the ratio of the splitting tensile

strength to compressive strength was between 8% and 14% for normal concrete;

most of the mixes satisfied the criteria.

13.3.3 Flexural strength

Fig. 13.9 and Table 13.4 show the effect of the replacement of SF with cement on

the flexural strength of RCC with the combination of RCA and the RAPA

aggregate.
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Figure 13.8 Average and error bar of the splitting tensile strength for RCC made of the

combination of RCA and the RAPA aggregate, and the replacement of SF with cement after

28 days of curing. RCC, Roller-compacted concrete; RCA, recycled concrete aggregate;

RAPA, recycled asphalt pavement aggregate.
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The flexural strength of RCC with the aggregate stack of RCA and RAPA

was greater than that of the RCC with SF at 28 days. The greatest flexural

strength was in the 30%RCA1 70%RAPA specimens. As noted the flexural

strength decreased significantly since the RCA and RAPA content increased

(Table 13.4 and Fig. 13.9). The greatest quantity of modulus of rupture in modi-

fied RCC reached 8.11 MPa at 30%RCA1 70%RAPA,0%SF. However, when

the replacement ratio of SF in mixtures is more the modulus of rupture quantity

increases slightly.

Table 13.4 Flexural strength test results for the RCC mixes containing RCA, RAPA, and

SF.

Group Types of specimen Flexural strength (MPa)

28 days

A Control NA

90%RCA1 10%RAPA 4.58

80%RCA1 20%RAPA 4.65

70%RCA1 30%RAPA 4.75

60%RCA1 40%RAPA 7.65

50%RCA1 50%RAPA 4.86

40%RCA1 60%RAPA 5.22

30%RCA1 70%RAPA 8.11

20%RCA1 80%RAPA 7.01

10%RCA1 90%RAPA 6.89

B 90%RCA1 10%RAPA1 2.5%SF 4.65

80%RCA1 20%RAPA1 2.5%SF 4.79

70%RCA1 30%RAPA1 2.5%SF 6.13

60%RCA1 40%RAPA1 2.5%SF 6.22

50%RCA1 50%RAPA1 2.5%SF 5.51

40%RCA1 60%RAPA1 2.5%SF 5.01

30%RCA1 70%RAP1 2.5%SF 6.49

20%RCA1 80%RAPA1 2.5%SF 6.25

10%RCA1 90%RAPA1 2.5%SF 6.10

C 90%RCA1 10%RAPA1 5%SF 4.88

80%RCA1 20%RAPA1 5%SF 4.94

70%RCA1 30%RAPA1 5%SF 7.3

60%RCA1 40%RAPA1 5%SF 5.32

50%RCA1 50% RAPA1 5%SF 6.24

40%RCA1 60%RAPA1 5%SF 4.52

30%RCA1 70%RAPA1 5%SF 5.55

20%RCA1 80%RAPA1 5%SF 5.13

10%RCA1 90%RAPA1 5%SF 5.03

NA, not available; RCC, Roller-compacted concrete; RCA, recycled concrete aggregate; RAPA, recycled asphalt
pavement aggregate.
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As noted the modulus of rupture of 70%RAC1 30%RAPA mix increased to

7.30 MPa at 5%SF, similar to the quantity of 7.46 MPa for N.A,0%SF (Table 13.4). The

modulus of rupture of modified RCC with NA replacement by using 60%RAC1 40%

AP and 30%RAC1 70%RAPA at 0%SF had a higher modulus of rupture compared to

conventional RCC concrete. Therefore using RCA and RAPA in RCC mixtures slightly

has improved the modulus of rupture with 2.5% at 60%RAC1 40%RAPA and 8.7% at

30%RAC1 70%RAPA compared to the modulus of rupture of control mixtures.

According to the results of the study carried out by Hamad et al. the replacement of NA

with different percentages of RCA did not adversely affect the flexural strength of RCC

(Hamad et al., 2018). Refaie et al. reported that the flexural strength of RCC with RCA

was greater, over 4%, than that of RCC with NA (Refaie et al., 2010).

According to the results of the study carried out by Hamad et al. the replacement

of NA with different percentages of RCA did not adversely affect the flexural

strength of RCC (Hamad et al., 2018). Refaie et al. reported that the concrete flex-

ural strength of RCC with RCA was higher by approximately 4% compared to that

of RCC with NA (Refaie et al., 2010).

13.3.4 Modulus of elasticity

The modulus of elasticity of RCC varies in the same way as the compressive

strength, and the results are shown in Fig. 13.10 and Table 13.5.
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Figure 13.9 Average and error bar of the flexural strength for RCC made of the

combination of RCA and the RAPA aggregate, and the replacement of SF with cement after

28 days of curing. RCC, Roller-compacted concrete; RCA, recycled concrete aggregate;

RAPA, recycled asphalt pavement aggregate.
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Figure 13.10 Average and error bar of the modulus of elasticity for RCC made of the

combination of RCA and the RAPA aggregate, and the replacement of SF with cement after

28 days of curing.

Table 13.5 Modulus of elasticity results for the RCC mixes containing RCA, RAPA, and

SF.

Group Types of specimen Modulus of elasticity (GPa)

28 days

A Control NA

90%RCA1 10%RAPA 15.86

80%RCA1 20%RAPA 14.58

70%RCA1 30%RAPA 13.98

60%RCA1 40%RAPA 12.10

50%RCA1 50%RAPA 21.45

40%RCA1 60%RAPA 20.15

30%RCA1 70%RAPA 20.68

20%RCA1 80%RAPA 16.37

10%RCA1 90%RAPA 16.10

B 90%RCA1 10%RAPA1 2.5%SF 11.11

80%RCA1 20%RAPA1 2.5%SF 11.25

70%RCA1 30%RAPA1 2.5%SF 11.67

60%RCA1 40%RAPA1 2.5%SF 11.45

50%RCA1 50%RAPA1 2.5%SF 20.37

40%RCA1 60%RAPA1 2.5%SF 16.13

30%RCA1 70%RAP1 2.5%SF 22.47

20%RCA1 80%RAPA1 2.5%SF 15.97

10%RCA1 90%RAPA1 2.5%SF 13.61

(Continued)
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As noted the modulus of elasticity increased significantly as the SF replacement ratio

increased in conventional RCC. However, the replacement of SF with cement retarded

the compressive strength in the RCC mixtures with the aggregate stack of RCA and

RAPA. As a result the modulus of elasticity decreased, except for the mixture of 30%

RCA1 70%RAPA. The modulus of elasticity increased with the increase of the SF

replacement ratio in mixes of RCC with RCA and RAPA. The highest modulus of elas-

ticity was obtained from the specimens of the 30%RAC1 70%RAP, over 24 MPa

(Table 13.5). At 2.5% SF the reduction of modulus of elasticity was in the range of

53.22%�76.86%. While there was replacement of 5%SF with cement in the RCC mix-

tures, the reduction was between 54.48% and 85% in the RCC with the RCA and the

RAPA aggregate stack. Fig. 13.10 shows the average results and error bars of the modu-

lus of elasticity test of cylinderical specimens at 28 days. The retardation of modulus of

elasticity is related to a decrease in the compressive strength due to the bitumen and the

cement paste attached with aggregate stack. This is probably due to poor adhesion

between the new cement paste with the new aggregate stack in the RCC. According to

the results of the study carried out by Settari et al. the reduction of modulus of elasticity

reached 53% in the RCC because of the use of RAPA as aggregate stack (Settari et al.,

2015). This decrease in modulus of elasticity is confirmed by other research studies,

which means that the reduction of modulus of elasticity was acceptable at 50%

RCA1 50%RAPA,0%SF, 40%RCA1 60%RAPA,0%SF, 30%RCA1 70%RAP,0%SF,

30%RCA1 70%RAP,2.5%SF, and 30% RCA1 70%RAPA,5%SF.

13.3.5 Water absorption

Fig. 13.11 shows the water absorption of all RCC prepared. The concrete water

absorption is a fast durability evaluation test that can provide information including

the pore structure and durability for readers, even under freeze�thaw conditions,

and eliminate seepage in the pavement through the RCC mixtures.

Table 13.5 (Continued)

Group Types of specimen Modulus of elasticity (GPa)

28 days

C 90%RCA1 10%RAPA1 5%SF 8.90

80%RCA1 20%RAPA1 5%SF 10.45

70%RCA1 30%RAPA1 5%SF 10.97

60%RCA1 40% RAPA1 5%SF 10.61

50%RCA1 50%RAPA1 5%SF 17.68

40%RCA1 60%RAPA1 5%SF 15.75

30%RCA1 70%RAPA1 5%SF 24.26

20%RCA1 80%RAPA1 5%SF 12.47

10%RCA1 90%RAPA1 5%SF 9.10

NA, not available; RCC, Roller-compacted concrete; RCA, recycled concrete aggregate; RAPA, recycled asphalt
pavement aggregate.
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The type, rate of absorption of aggregate, and use of pozzolanic materials may

have an influence on the water absorption of RCC specimens with RAPA, RCA, and

SF. It can be noted from Fig. 13.11 that the water absorption of specimens was

retarded with increasing SF content because the fineness modulus of SF is greater

than that of cement. This meant that the SF fills the gap between cement matrix and

aggregate stack very well. The highest water absorption ratio that was reached is

7.22% in the RCC consisting of 60%RCA1 40%RAPA and 5%SF. As would be

noted the water absorption of RCC mixes with a higher replacement ratio of RCA is

higher than that of the RCC with RAPA because the old cement matrix upper surface

of RCA absorbs much more water than that of RAPA covered with bitumen.

Also the research unveiled that the most water absorption of RCC is between 3% and

5%. The average water absorption ratio is similar in accordance with literature find-

ings (CEB-FIP, 1989; Olorunsogo & Padayachee, 2016) in the study. Therefore

mixtures have satisfied the criteria of minimum water absorption, except for the

water absorption of 90%RCA1 10%RAPA,0%SF, 80%RCA1 20%RAPA,0%SF,

90%RCA1 10%RAPA,2.5%SF, 80%RCA1 20%RAPA,2.5%SF, 60%RCA1 40%

RAPA,2.5%SF, 50%RCA1 50%RAPA,2.5%SF, 90%RCA1 10%RAPA,5%SF,

80%RCA1 20%RAPA,5%SF, 70%RCA1 30%RAPA,5%SF, and 60%RCA1 40%

RAPA,5%SF, which have exceeded the extreme limit. On the other hand, there are

mixtures that showed a water absorption ratio lower than the minimum water absorp-

tion ratio—70%RCA1 30%RAPA,0%SF, 30%RCA1 70%RAPA,2.5%SF, and 20%

RCA1 80%RAPA,5%SF. According to Settari et al. (Settari et al., 2015), water

absorption increased by about 20%�60% in comparison with the reference RCC. In
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after 28 days of curing. RCA, recycled concrete aggregate; RAPA, recycled asphalt pavement
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this research, when the water absorption of RCC is compared to that of research of

Settari et al. it was concluded that SF retarded the water absorption of RCC including

both RCA and RAPA. Olorunsogo and Padayachee (Olorunsogo & Padayachee,

2016) have found a 29% increase in water absorption of the concrete with 100%

RCA because it has contained no SF in the RCC.

13.3.6 Density

Fig. 13.12 shows the density of RCC with different replacement percentages of

RCA, RAPA, and SF. The wet density of RCC expresses the ratio of the fresh con-

crete mass to the volume of the mold. However, another important factor is the

optimum water content because it influences the dry density of RCC. This means

that there is a powerful relationship between the optimum water content and the dry

density of RCC. As would be noted from Fig. 13.12 the dry density of conventional

and modified RCC has decreased significantly since the SF replacement ratio

increased. Because of the specific gravity difference between the SF and the

cement, the unit weight in volume of RCC with the SF decreased when compared

to the unit weight in volume of RCC with cement only. Also, RCA and RAPA are

materials that are different from each other due to the bitumen and cement attached

with aggregate.

This different binder resulted in inducing a lower density and greater capacity of

water absorption in the RCC with RCA and RAPA. Therefore using RCA and

RAPA as replacement of NA in mixtures was not a heavy impact for the
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compactness and dry density of the RCC. The decrease in density of RCC prepared

was between 12% and 14% approximately. The greatest dry density is in the RCC

made of 80%RCA&20%RAPA,0%SF. With the average density measured in the

study the RCC made with RAPA, RCA, and SF is in the class of middle-density

construction materials. According to Settari et al. (2015) and Courard et al. (Debieb

et al., 2010) the dry density of RCC with RAPA and RCA depends on the compact-

ing ability of RCC strongly. In other words the replacement percentage of RAPA

and RCA influences both the compactness and the dry density.

13.4 Conclusions

An experimental program was conducted to evaluate the effect of the replacement of SF

with cement on the mechanical properties and modulus of elasticity of the RCC contain-

ing RCA and RAPA. The following conclusions could be drawn from the study:

1. The use of RCA and the RAPA as aggregate stack in the preparation of the RCC

decreases the mechanical properties of the RCC.

2. The decrease in the mechanical properties of RCC was compensated with the replacement

of 2.5% SF with cement at 28 days. The decrease in the mechanical properties of the

RCC is due to the bitumen and cement paste attached on the surface of RCA and RAPA,

which would affect the interlocking bond between the new cement paste and the recycled

aggregate stack.

3. Based on the results of the mechanical properties and the modulus of elasticity of the

RCC the combination of RCA and the RAPA aggregate stack with different percentages

can be used as a subbase for road pavements or some projects such as low traffic pave-

ments, rural roads, and the large areas of pedestrian. Also the use of RCA and RAPA

would considerably reduce the cost of RCC and would reduce the potential risk regarding

the effects of RCA and RAPA on the environment.

4. The most innovative result also depends upon the receipt of 30%RCA1 70%RAPA1 5%

SF mixture because its mechanical properties are the greatest in the study. Moreover,

since the RCC with 30%RCA1 70%RAPA1 5%SF is eco-friendly and a sustainable

highway material, its receipt could be used by construction industry in both road

manufacturing and highway manufacturing.
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14.1 Introduction

Road pavement is one of the major infrastructure, which plays a vital role in econ-

omy, study, security, hospitalization, and many other purposes of a country.

Recently, various issues such as increased traffic load and growth-permissible vehi-

cle pressure have increased tension in the pavement layers, therefore; it is needed

for reducing the useful life of asphalt pavements (Airey, 2004). The performance of

pavements is generally influenced by the loading magnitude, configuration, and

load repetitions by heavy vehicles. Road pavements must show satisfactory resis-

tance against fatigue cracking, rutting, creep, and slippage (Amini et al., 2021;

Mousavinezhad et al., 2019). Bitumen is a thermoplastic material of hydrocarbons

including paraffins, saturates, aromatics, resins, and graphitic bitumenenes. It is

extensively used as a very effective binder for mineral aggregates to form an effec-

tive mixture of pavement construction materials. At high temperature, it acts like a

viscous liquid, and at low temperature, it acts like an elastic solid. Bitumen can

play a significant role as one of the key materials used in asphalt mixtures, and

adjusting the properties of bitumen can impressively delay these failures and mini-

mize them in some cases (Mirsepahi et al., 2020). Though polymer-modified bitu-

men is known to have improved adhesion, impermeability, oxidation, aging

resistance, temperature sensitivity, durability, rutting, and fatigue resistance

(Bulatović et al., 2014), various methods and research studies and a wide range of

additives have been investigated to further improve the properties and performance
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of bitumen in asphalt mixtures. These materials include rubber, gilsonite, styre-

ne�butadiene�styrene, ethylene�vinyl acetate, and nanomaterials. Natural rubber,

a sustainable resource (Bindu et al., 2020), aids in dissipating developed stresses,

grips asphalt altogether, resists the asphalt flow, and enhances the shear resistance

(Wen et al., 2017). Its innate elastomer properties result in resistance to rutting,

fatigue cracking (Krishnapriya, 2015), stripping, and long-term pavement perfor-

mance of pavements (Shaffie et al., 2015). The discrete feature of natural rubber is

its high stability, excellent tear strength, fatigue resistance, and aptitude to extend

durability of asphalt pavements (Transportation Research Board, 2017). In addition,

natural rubber has excellent dynamic properties with a low hysteresis loss and good

low-temperature properties (Vasavi & Durga, 2014).

Additionally, nanomaterials are used as additives in polymer-modified bitumen

and used alone for modification. Clays are mostly used as nanomaterial additives.

Nanoclays are naturally occurring minerals that mainly include kaolinite clay, ver-

miculite, and montmorillonite (Százdi, 2006). The reasons for preference of nano-

clays are easy attainability from natural sources and being economic. Due to the

small size and the high surface area of clays (Yao et al., 2013), their addition solves

separation, storing, and transportation problems, while reducing the density differ-

ence between bitumen and polymer mix (Golestani et al., 2012). Nanoclay advances

the rheological performance and physical properties of binders and mixtures by dis-

persion between polymer chains and the formation of nanocomposite polymer�clay

(Abdelrahman et al., 2014). The chapter evaluates the effects of clay from two dif-

ferent sources on the properties of natural rubber�bitumen composite.

14.2 Materials and method

14.2.1 Bitumen

Bitumen used for this study is AC-10 grade base bitumen obtained from a local

road contractor in Kumasi, Ghana.

14.2.2 Natural rubber latex

Natural rubber latex, manufactured locally, was obtained from Ghana Rubber

Estate Limited, Western Region, Ghana. The rubber was stored in 5% liquid ammo-

nia to prevent coagulation of the latex.

14.2.3 Clay samples

Clay samples were mined from Anfoega clay site in the Volta Region and

Adankwame in the Ashanti Region of Ghana.
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14.2.4 Sample preparation

The clay samples from both sites were ground with a mortar and pestle, sieved with

500 μ sieve, and stored in plastic containers. The following test was conducted on

the clay samples.

14.2.5 Absorption test

Absorption of clay body is the quantity of water that can seep through fired clay irrespec-

tive of glaze or coating. This test was done according to ASTM C140-01 (2001).

14.3 Particle size distribution

Particle size distribution is stated as a fraction passing a particular sieve size. This

test was done according to test method stated in ASTM D7928-21e1 (2021).

14.3.1 Compaction

Compaction is the application of energy mechanically to solid samples in order to

rearrange the particles and also reduce the void ratio. Compaction test was con-

ducted with ASTM D698-12 standard method (ASTM D698-12, 2012).

14.3.2 Atterberg limit (plastic and liquid limit)

Plasticity is a property of materials that accrue nonrecoverable deformation when a

load is applied. The liquid limit and plastic limit were determined using the test

method stated in with BS 1377 (BS 1377-2:1990, 1990).

14.4 Hydrogen ion concentration (pH)

This is the negative log of hydrogen ion concentration in water-based solutions.

The pH of the clay samples was determined in accordance with BS 1377 (BS 1377-

3:20181A1:2021, 2021).

14.5 Preparation of blends

The blends were prepared by adding natural rubber latex at percentages of 1, 3, and

5 at 1% and 3% clay by weight to the base bitumen. The bitumen was weighed into

a stainless steel bucket and heated to a temperature of 160�C on a Sybron

Thermolyne HP-A1915B Hot plate. Under fluid conditions the latex was slowly

added, while the speed of the mixer was maintained at 120 rpm and the temperature

was kept 160�C. Mixing continued for 1 hour to produce homogeneous mixtures.
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The blends were then transferred to 500 g tin containers labeled and stored for rheo-

logical testing. The ternary blends were prepared at latex percentages of 0, 1, 3, and

5. Depending on the percentages the bitumen was heated to fluid conditions and the

clay added. To the homogeneous mixture the latex was added and blended for

1 hour. This is stored in a stainless steel container for further analysis.

14.5.1 Laboratory analysis

The following analyses were carried out on the prepared composite.

14.5.2 Penetration point

Penetration is used to measure the hardness or softness of a binder. This test was

done in accordance with ASTM D5-97 (1997).

14.5.3 Softening point temperature

The ring and ball apparatus is used to determine the temperature at which a bitumen

sample can no longer support the weight of a 3.5 g steel ball. The test was done

according to the method described in ASTM D36/D36M-12 (2012).

14.5.4 Kinematic viscosity

Viscosity is a measure of fluid deformation due to shear stress or tensile stress.

Measurements were made at 135�C according to test method stated in ASTM

D2170/D2170M-10 (2010).

14.5.5 Specific gravity

The specific gravity of the bituminous mixture was measured according to the test

protocol described in ASTM D70-03 (2003). This is the ratio of the mass of a given

volume of bitumen to the mass of an equal volume of water at 27�C, and this is

done by preparation of a cube sample in the semisolid or solid state.

14.5.6 Short-term aging test

Short-term aging determines the effects of heat and atmospheric oxygen during mixing,

storage, and laying of asphalt binder. This test was done using the rotating cylinder aging

test according to the procedure stated in ASTM D1754/D1754M-09 (2009).

14.5.7 Flash point

The flash point test is useful in determining that an asphalt binder has been prepared

with solvents that meet the desired range of flammability. The flash point test was

done according to the test procedure described in ASTM D3143/D3143M-19 (2019).
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14.6 Results

Results obtained from the analysis of clay and blends are presented below.

14.6.1 Atterberg limit and pH

Results of atterberg limit and particle size distribution and pH of the clay are pre-

sented in Table 14.1. The table depicts Anfoega (ANC) to be acidic, whereas

Adankwame (ADC) is alkaline. ANC has a higher plasticity index as compared to

that of ADC.

The pH value of a clay sample plays an important role in its properties. A high

pH value coagulates the particle of the binder, whereas a low pH value dissolves

the particle size of the binder (Allan & Qiong, 2012). From Table 14.1, ANC is

found to be acidic, whereas ADC is basic. Wet clay retains water and expands in

volume. This expansion is related to the ability of the clay to take up water. The

plasticity index of ANC and ADC samples differs significantly and suggests that

ANC sample can absorb water and shrink more as compared to ADC. From

Table 14.1, ANC sample is expected to have smaller particle sizes, well compacted,

and increase the ability to absorb physical water. This was confirmed in

Tables 14.2 and 14.3 as ANC had the least maximum dry density (MDD) value

with high optimum moisture content (OMC) and a high clay percentage when com-

pared with ADC. The ability of bitumen to flow at a reduced temperature is a favor-

able property during storage. Addition of high plastic clay reduces the viscosity by

reducing the particle size as well as the elastic effect, therefore enhancing flow of

bitumen during storage (Widyatmoko, n.d.). The concentration of hydrogen ion

(pH) also affects the binding properties for construction. A high pH value coagu-

lates the particle of the binder, whereas a low pH value dissolves the particle size

of the binder. The particle size of bitumen determines the viscosity; that is, a

reduced particle size increases the flow, whereas an increased particle size

decreases flow of the binder. From the results of the physical analysis, it can be

concluded that ANC has the ability to improve the storage stability of the modified

bitumen as compared to the ADC.

Table 14.1 Results of atterberg limit and pH.

Type of sample Atterberg limit pH

LL PL PI

ADC 39 25.1 13.8 9.06

ANC 54.3 26.9 27.4 4.67
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14.6.2 Compaction, moisture content, and specific gravity

Table 14.2 shows the results of compaction test moisture content and specific gravity

Table 14.2 illustrates clay from Anfoega having a higher OMC and the least

MDD when compared with ADC.

14.6.3 Particle size distribution

Fig. 14.1 is the result obtained for determination of individual particles. The results

show clay from ADC having a clay content less than 15% as against 65% of ANC.

None of the clays have gravel content.

Table 14.2 Results of compaction, moisture content (MC), and specific gravity (Gs) of

clay.

Type of sample Compaction Moisture content (%) Specific gravity

(g/cm3)
MDD OMC

ADC 1.71 16.5 1.24 2.77

ANC 1.63 18.5 2.4 2.78

MDD, Maximum dry density; OMC, optimum moisture content.
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Figure 14.1 Particle size distribution of the clay samples.
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14.6.4 Penetration point

The result for the penetration point of the blending of clay is presented in Fig. 14.2.

The below figure depicts a slight increase in penetration point between 1% and 3%

of rubber with blends containing 3% clay from Anfoega, whereas that of 1%

decreases with increasing rubber concentration. However, blends containing ADC

revealed an increase in penetration point after addition of 3% rubber at both

percentages.

Fig. 14.2 depicts a decrease in penetration values for all the blends tested

when compared with the unmodified bitumen. However, blends with ADC have

the highest decrease as compared with ANC blends. There was a continuous

decrease in penetration as the percentage of latex increases when 1% ADC was

added and started increasing gradually after addition of 5% latex. This indicates

that clay content in these blends has no/less significant effect on the elastic

property of the rubber (Widyatmoko, n.d.). However, there could be sand parti-

cle interference due to an increased penetration value of the blends containing

3% ADC. ANC blends behave different from the graph obtained for ADC. A

constant penetration value for 3% ANC between 1% and 3% rubber indicates a

balanced plastic�elastic effect on the blends. Increasing the elastic effect

beyond 3% rubber shows an increase in viscosity and subsequently a decrease in

penetration value. The plastic effect of 1% ANC was insignificant as compared

to 3% ANC; hence there was a decrease in penetration values as the rubber con-

centration increases.
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Figure 14.2 Penetration point for blends at different percentages of clay when rubber

concentration increases.
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14.6.5 Softening point

The result for the softening point of the blending of clay is presented in Fig. 14.3.

The figure exhibits a decrease in softening point for all the blends at 1% rubber

concentration, which then increases as the rubber percentage increases.

Observation from Fig. 14.3 indicates that the effect of clay content on the soften-

ing point was not linear. The variation of blends with ANC at both percentages was

very small as compared to that of the Adankwame. However, both clays have a

higher softening point at a lower clay concentration. This could be due to the fact

that at lower clay loading the particles were separated from one another and this

allows the bitumen-latex blend to flow as it would do without the clay. Also the

plastic effect at a low clay concentration was insignificant making the blend highly

elastic, leading to an increased temperature at which it softens. At 3% clay content,

plasticity and pH become enormous, which then decrease the elasticity as well as

viscosity, resulting in a reduced softening point.

14.7 Kinematic viscosity

The result for the softening point of the blending of clay is shown in Fig. 14.4.

There is an increase in viscosity of blends with ANC as the rubber concentration

increases. Blends containing 3% clay from ADC also increase lineally as the con-

centration of rubber increases. However, blends with 1% clay from ADC increase

to 3% and decrease as the percentage of rubber increases.
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Figure 14.3 Softening point for blends at different percentages of clay when the rubber

concentration increases.
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The purpose for the addition of clay was to decrease the elastic effect of the

added rubber, which would decrease the viscosities; thereby, pumping of the

blends becomes less easy and hence there is high storage stability. The lower

viscosities at a higher clay concentration (3%) indicate a decrease elastic effect

of the rubber as well as particle size of the bitumen compared to a lower clay

concentration (1%). ANC has lower viscosity than ADC because of its ability

to decrease the particle size of the rubber�bitumen blends and therefore

increasing flow. 1% ADC had the minimal effect on rubber bitumen, leading to

high viscosity. However, from the graph, ANC recorded the least viscosity at

increased rubber content. This suggests that acidic clay was able to decrease

the elastic effect of the rubber on the bitumen blend, as suggested by

Widyatmoko (n.d.).

14.8 Specific gravity

The result for the softening point of the blending of clay is shown in Fig. 14.5. The

figure depicts an increase in specific gravity for all the blends along with an

increase in concentration of rubber.
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From Fig. 14.5, it could be observed that addition of 1% clay samples gave a

higher specific gravity than 3% clay samples. This is as a result of high bitumen

content in the blend containing 1% clay compared to 3% clay. 3% ANC had the

least specific gravity values. This indicates that the clay was able to dissolve the

particle size of the bitumen, which resulted in a decrease in volume of the blend,

leading to an increase in density. The 3% ADC was supposed to have a high spe-

cific gravity resulting from coagulation of bitumen particles, leading to a decrease

in volume. However, high content of sand and silt acted as impurities, which then

increased the density, and hence there is a decrease in specific gravity. Rubber pro-

motes age hardening of bitumen as rubber bitumen road stretches under load without

ripping. As it stretches, it increases the pore size of the bitumen, which encourages

incorporation of water and oxygen which cause hardening (Widyatmoko, n.d.).

14.8.1 Aging and flash point

Table 14.3 shows the results of flash point and aging test of the selected blends. It shows

that blends with clay from Adankwame have lower change in mass after aging as com-

pared to blends with clay from Anfoega. The flash point test indicated that all the

selected blends have a flash point above the minimum for modified bitumen.
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Figure 14.5 Specific gravity for blends at different percentages of clay when the rubber

concentration increases.

Table 14.3 Results obtained for aging test and flash point analysis.

Type of composite Flash point Viscosity Change in mass

after aging (%)

Aging index

3% latex with 3% AD 363 808 0.121 1.004

5% latex with 1% AD 317 683 0.111 1.004

5% latex with 1% AN 335 675 0.132 1.007

5% latex with 3% AN 347.2 750 0.124 1.316
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Clay is expected to encapsulate the volatile component of the bitumen more

effectively and consequently lower loss in mass after aging (Widyatmoko, n.d.).

Clay from Anfoega is acidic and highly plastic; therefore it is expected to decrease

the pore size and elasticity of the blend as compared to clay from Adankwame.

This will then decrease incorporation of oxygen efficiently as the clay concentration

increases. Therefore it is expected that the aging index for ANC samples is lower

than that for ADC samples. However, from the table, it could be observed that 1%

ADC has a lower aging index value as compared to 1% ANC. This could be

ascribed to the fact that the lower clay concentration (1%) had no or little signifi-

cant effect on the elasticity during aging. Therefore incorporation of oxygen and

moisture was equal for both samples.

14.9 Conclusions

This chapter focuses on the effect of clay as an additive in natural rubber bitumen

modification. Clays from ANC in the Volta region and ADC in the Ashanti region

were used in the study. Laboratory tests such as Atterberg limit, particle size distri-

bution, water absorption, pH, and compaction were carried out on the clay. Blends

were prepared at natural rubber latex percentages of 0, 1, 3, and 5 and with clay

concentrations of 1% and 3%. Physical properties such as viscosity, specific grav-

ity, softening point, penetration point, flash point, and short-term aging were per-

formed on the modified bitumen. The pH values for ANC and ADC were 4.67 and

9.06, respectively. ANC was found to contain high clay content, a smaller particle

size, and a higher plasticity index as compared ADC. For the analysis of the blends,

ADC performed better at a latex concentration of 3%, whereas ANC performed bet-

ter at a latex concentration of 5%. The loss in mass after the aging test for the

selected blends indicated that blends with ANC have a higher aging index as com-

pared to blends with ADC. The flash points for the blends were within the maxi-

mum limit for modified bitumen. From the result, it can be concluded that the two

clay samples have different positive effects on the rubber-modified bitumen.
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15.1 Introduction

The history of construction is characterized by a number of trends. The most impor-

tant are the durability and strength of the material used in the construction. In

ancient times, construction materials were perishable, such as wood, grasses, and

animal fibers. However, with the evolution of time, materials that provide more

strength and durability were identified and developed, such as lime, gypsum, mud,

and gravel. Later, attempts were made to manufacture more strong and durable

binding materials such as cement. Cement gained popularity due to the rapid devel-

opment of its strength (of the order of a month) as compared to other competitive

binding materials like lime and clay, which take several months to even years for

full strength development. This makes cement a perfect material for situations

where more strength and/or early development of strength are required. Finally a

versatile and synthetic material, that is, concrete, is invented with higher strength

and long-term reliability (Anwar & Anwar, 2016). Concrete technology has now

become a gigantic field with many innovations during the past few decades. During

the course of time, several new types of concrete have been developed (Khitab

et al., 2015). Concrete is considered to be the first extraterrestrial construction

material (Khitab et al., 2016). While concrete is a useful versatile material, it has

also brought with it many hazards for the environment. It has also contributed to

global warming. For this reason, concrete researchers are in continuous efforts to

bring down its hazards and to make it greener and environment-friendly and no-to-

slight compromise over its strength and durability. One of the methods to make

concrete environment-friendly is the replacement of its ingredients like cement and

aggregates by green materials, which have a low environmental impact. In the last

few decades, many researchers have tried to find out ways to incorporate industrial
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wastes in concrete to make it more economical and pollution-free (Lee et al., 2014).

Recent advances also include the use of many alternatives (other than cement) in

cementitious composites with the aim that stronger and durable products are manu-

factured with lesser dependence on cement (Biricik et al., 2021; Kırgız et al., 2021;

Syarif et al., 2021).

Clayey bricks present another important building material owing to their ease of

manufacturing, handling, and transportation (United States Bureau of Standards,

2011). As a matter of fact, billions of clayey bricks are manufactured each year,

which are consuming a huge amount of fertile clay. This clay needs to be preserved

for protecting the ecosystem. Like concrete, many research groups are also occu-

pied exploring novel ways for replacing the clay in clayey bricks. The successful

recycling of waste materials as partial replacement of clay is reported by many

researchers worldwide. Wastes like coal ash, fly ash, sludge, spent grains, glass

grint, tea waste, kraft pulp, and many others have been reported by Kadir et al. in

their review work (Kadir & Sarani, 2012).

This chapter reiterates the importance of manufacturing greener cementitious

and clayey materials. The focus is on the recycling of two industrial wastes in these

materials, namely, waste brick powder (WBP) and waste crumb rubber. The WBP

is presented as a partial replacement of cement and clay in cementitious and clayey

materials, respectively. Waste rubber (particle form) is described as a partial

replacement of fine aggregates in cementitious composites.

15.2 Concrete

15.2.1 Ingredients

Concrete is one of the most widely used materials in the construction industry due

to its easiness, low expenditure, good performance, and versatile applications. Over

the past few years, more and more research has been done to produce concrete with

the desired characteristics. However, concrete features have changed so far with the

emergence of user needs (Anwar et al., 2014).

Conventional concrete is a mixture of cement, natural aggregates (fine and

coarse), and water. Besides these three principle constituents, there are some other

materials that are used to achieve or improve the quality of concrete or to provide

additional desired properties like the achievement of an earlier set time, retardation

of the setting time, workability with lower water content, and air entrainment

(Neville, 2012). These admixtures may be natural substances or mineral admixtures

like finely crushed glasses, silts, volcanic ash, silica ash, fly ash, and so on.

Another type of admixture may consist entirely of special chemical compounds,

which are further classified on the basis of their function; they are required to per-

form in the concrete mix. Chemical admixtures include accelerators, retarders, plas-

ticizers, and air-entertaining agents (Dodson, 2013). For instance, calcium chloride

can be used in mass concrete during winter to accelerate strength development.
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15.2.2 Environmental hazards

Carbon dioxide (CO2) emission is a challenging factor for our healthy environment.

Worldwide, cement production results in more than 1.63 109 tons of emissions

from all social activities (Shimoda, 2016). The cement industry is largely dependent

on coal, which leads to very high emission levels of nitrous oxide and sulfur. These

gases produce global warming, which is a major threat to the environment.

The increasing demand for construction throughout the world has increased the

demand for more production of concrete ingredients from natural resources such as

limestone, rocks, and other mines. Calcite and silica are the main components of

cement that are obtained from rocks, sand, and clay (Babor et al., 2009). These nat-

ural resources should be preserved and managed properly. Similarly, sand deposits

are also an asset and need proper management so that they are available to the com-

ing generations.

15.2.3 Greenization

Green concrete is defined as concrete which uses waste materials as constituents or

its manufacturing process leads to minimal environmental damage (Suhendro,

2014). It is expected to have a high performance and a sustainable life cycle. Waste

materials such as WBP, blast furnace slag, fly ash, silica fume, recycled glass, coal

bottom ash, wood ash, and many others are used as an alternative for cement in the

production of green concrete. Recycled concrete materials, waste plastic, demolition

waste, recycled glass aggregate, foundry sand, and stone crusher waste are used as

alternatives for aggregate in the production of green concrete. Therefore there can

be two types of replacements in cementitious materials: One is that of reactive

materials like cement, and the other is that of inert materials like aggregates.

15.2.4 Replacement of natural aggregates

Natural aggregate resources are diminishing universally due to their continuous use

in concrete. The unfavorable effect of nonstop fine and coarse aggregate withdrawal

from rivers is also a major concern. Finding new substituting materials for viable

growth so as to significantly decrease the depletion of natural resources is the need

of the day. It has now become imperative to protect the rights of the future genera-

tion. High depletion of natural resources directed to environmental degradation. To

incorporate this vision, waste material usage becomes a primary goal for the world-

wide construction industry. Some of the significant works in this regard are

highlighted in the following paragraphs.

15.2.4.1 Copper slag

Copper slag is a byproduct of copper quarrying and as such is a waste material.

During manufacturing, impurities become slag which floats on the molten metal.

Slag that is soaked in water produces scraps, as shown in Fig. 15.1. According to
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Al-Jabri et al., 40% of copper slag can be used as a replacement for sand in order

to manufacture high-performance concrete with enhanced characteristics (Al-Jabri

et al., 2009).

15.2.4.2 Iron powder

Waste iron powder is a residue of iron, a powder-like material, produced during

laser cutting of iron and steel. The waste iron slag in solid and powder form is

shown in Fig. 15.2 (Jalil et al., 2019). This waste material is a burden on society

and its environment. According to Ismail et al. the compressive strength and fresh

and dry densities increase, but slump values of the iron concrete decrease with an

increase of waste iron powder (Ismail & Al-Hashmi, 2008).

Figure 15.1 Copper slag as a replacement for sand to manufacture high-performance

concrete. Waste copper slag.

Figure 15.2 The waste iron slag in solid and powder forms. Waste iron slag: (A) powder

form and (B) solid form.

Source: From Jalil, A., Khitab, A., Ishtiaq, H., Bukhari, S. H., Arshad, M. T., & Anwar, W.

(2019). Evaluation of steel industrial slag as partial replacement of cement in concrete. Civil

Engineering Journal, 5(1), 181�190. https://doi.org/10.28991/cej-2019-03091236.
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15.2.4.3 Corn cub ash

Corn cub ash is a residue obtained from the open burning of corncobs. The raw and

powder forms are shown in Fig. 15.3. This waste material proves hazardous for

environmental health. Being an air pollutant, it stimulates global warming. By

incorporating this material as sand, green concrete can be produced. According to

Memon et al. the density, ultrasonic pulse velocity (UPV), and slump increase by

increasing waste corn cub ash. However, this lightweight concrete presents a slight

compromise on compressive strength (Memon et al., 2019).

15.3 Waste rubber tires

The rapid development of the vehicle industry has rendered a huge growth in dis-

carded waste tires, and this has created a critical problem, which has been called

“black pollution.” There are more than 1 billion waste tires generated annually (Liu

et al., 2016). Waste tires are nonbiodegradable solids wastes; when disposed into

landfills, they can affect soil fertility and vegetation (Batayneh et al., 2008). The

combustion of tires can pollute the environment very badly, creating air pollution

(Wakili et al., 2018).

15.3.1 Crumb rubber

Crumb rubber is produced by ambient grinding of the waste vehicular tires. The waste

rubber tires and ground waste are shown in Fig. 15.4. Several researchers have documen-

ted the use of crumb rubber as a partial of natural aggregates (Anwar & Khan, 2020;

Batayneh et al., 2008). According to Matsimbe, the compressive strength increases by

Figure 15.3 The raw form of corn cub and the powder form of corn cub ash. (A) Corn cub

before burning and (B) ash.
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replacing sand up to 5% WCR with a decrease in fresh and hardened density (Matsimbe

et al., 2020). This shows that lightweight concrete can be manufactured by using waste

crumb rubber without compromising the strength at lower dosages.

15.4 Rubberized concrete

Ordinary cementitious composites consist of two types of materials: reactive materials

such as cement and inert materials like aggregates. Waste rubber is an inert material.

As such, it can be used as a partial replacement for sand. Some researchers have tried

rubber particles as partial replacement of coarse aggregates, but owing to the very low

crushing strength of rubber, the resulting concrete was observed to possess very low

strength (Khitab et al., 2017). Atef et al. replaced cement (Type 42.5N) with crumb

rubber (0%�25% in 5% increment) in cement paste (Atef et al., 2021). They have

reported a drastic reduction in compressive strength. The strength of the cement

(a water to binder ratio of 0.3 with 5% replacement) was equivalent to that of the

control specimen using Type 32.5N cement. However, the partial replacement of fine

aggregates by waste rubber particles has gained some success over the past few dec-

ades, and some important work has been documented in this regard. Two types of stud-

ies are available at large in the literature. One corresponds to the use of untreated

rubber particles, and the second one deals with that of the rubber particles pretreated

with water and different chemical solutions.

15.4.1 Untreated rubber particles as replacement of fine
aggregates

Khan et al. used different proportions of crumb rubber as a partial replacement of sand

in concrete (Khan & Khitab, 2020). They have reported that the partial replacement of

sand via crumb rubber decreases the workability of concrete, primarily due to a

Figure 15.4 The waste rubber tires and the ground waste rubber tire. Waster rubber: (A) tires

(B) powder.
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decrease in viscosity of the concrete mix. Nevertheless, every time a true slump was

observed. The main features observed are mentioned as follows:

1. Reduction of slump

2. Reduction of weight

3. Enhancement in porosity

4. Enhancement of water absorption

5. Lowering of thermal conduction

6. Lowering of strength

The slump is reduced owing to the fact that rubber particles being shock absor-

bers hinder the compacting effort during the test. Compaction is vital for expelling

air bubbles out of the mix. Poor compaction also leads to more voids. On one hand,

rubber particles have a low density in comparison to the natural aggregates, and on

the other hand, they do not allow full compaction. The porous nature of the crumb

rubber is shown in Fig. 15.5. The voids present in the particles are highlighted with

red circles. Both these factors lead to a lower weight, higher porosity, and higher

insulation. It was also observed that the interstitial transition zone between the rub-

ber particles and the surrounding cementitious matrix was of poor quality having

cracks and voids. This led to the lower mechanical strength of the finished products.

Telmat et al. studied the effect of rubber particles as partial replacement of fine

aggregates on the strength and ductility of the concrete (Telmat et al., 2021). They

have reported that while the strength decreases, the ductility increases as a function

of rubber content (0%�25% as partial replacement of fine aggregates). Bandarage

et al. investigated the effect of rubber particles (passing through ASTM sieve # 4)

on the mechanical properties (compressive strength and modulus of elasticity) of

the concrete (Bandarage & Sadeghian, 2020). They have reported a decrease in

both the parameters with an increase in rubber content.

Figure 15.5 The porous nature of the crumb rubber and optical microscopy image of crumb

rubber particles.

297A clean approach through recycling of brick kiln dust



15.4.2 Treated rubber particles as replacement of fine
aggregates

Si et al. studied the durability properties of cementitious composites (mortars

and concrete) using rubber particles treated with NaOH solution as partial

replacement of fine aggregates (Si et al., 2017). They have reported enhanced

durability properties for concrete with 15% partial replacement and for mortar

with 25% partial replacement of fine aggregates by NaOH-treated rubber parti-

cles. Feng et al. also utilized NaOH1KH570 (methacryloxypropytrimethoxy)-

treated rubber particles as partial replacement of fine aggregates (10%, 15%,

and 20%) for examining the effect on abrasion resistance of concrete (Feng

et al., 2021). They have reported an enhanced abrasion resistance accompanied

by a lower compressive strength. They have further elaborated that the abrasion

resistance increases with an increase in replacement as well as the size of the

rubber particles. Khern et al. studied the effect of different pretreatment solu-

tions (tap water, NaOH, and calcium hypochlorite (Ca(ClO)2)) and the duration

of pretreatment on the strength and thermal conductivity of the concrete (Khern

et al., 2020). They have reported that the pretreatment enhances the strength

and the thermal conductivity owing to the stronger bond of the treated rubber

particles with the surrounding cement matrix. They have further emphasized

that the bond is stronger if the particles are treated for a longer duration. Xue

et al. studied the properties of the cement mortar containing rubber particles

treated with 1% polyvinyl alcohol solution (Zhang et al., 2017). Their findings

reveal the enhancement of impact resistance with an increase in the replace-

ment level from 0%�30% of fine aggregates by treated rubber particles.

Nevertheless, the compressive and flexural strengths decrease with an increase

in rubber content.

15.4.3 Rubber powder as an admixture

Apart from the partial replacement of fine aggregates by waste rubber parti-

cles, some researchers also emphasized the use of finely ground powder of

waste rubber as an admixture for concrete. Chylı́k et al. used fine crumb rub-

ber as an admixture to enhance the durability of the concrete in the European

environment (Chylı́k et al., 2017). Their study reveals that the admixture

enhances the void content and reduces the workability and mechanical

strength. They have reported that the admixture increases the resistance of the

concrete against the deicing chemicals. Segre et al. added untreated and

NaOH-treated rubber particles (max. size 35 μm particles with 10% by mass of

the cement) to cement pastes (Segre & Joekes, 2000). They have reported

enhancement of mechanical strength with treated rubber particles. They have

attributed this increase of strength to more adhesion associated with the sur-

face treatment.
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15.5 Waste brick powder

WBP is an appropriate material to partially replace cement in concrete due to its

pozzolanic nature (Arif et al., 2021). The manufacturing of clay bricks involves

exposure to higher temperatures, ranging from 600�C to 1000�C, which change the

structure of the silicates (in clay) from a crystalline phase to an amorphous phase

(Letelier et al., 2018).

Brick dust emitted from bricks kilns as well as demolished brick masonry creates

respiratory diseases and pollutes the environment. Tons of brick waste as shown in

Fig. 15.6 are generated each year, which needs to be handled properly. According

to Amakye et al., brick powder reacts with portlandite (Ca(OH)2) in hydrated

cement and converts it into calcium silicate hydrate gel (C-S-H) (Amakye et al.,

2021).

15.5.1 Use in concrete

Brick units can be collected from demolished and dumping sites. Grinding this

brick powder into fine powder produces WBP. For use as a replacement for cement

the ground powder must pass through a 75 μ sieve to get a particle size distribution

which is nearly equal to that of cement. WBP contains 30%�40%, 20%�30% sil-

ica (SiO2), 20%�25% alumina (Al2O3), 10%�20% iron oxide (Fe2O3), and a minor

quantity (0%�5%) of calcium oxide (CaO). This composition highlights that WBP

is an alumino-silicate supplementary cementitious material (SCM) (Pacewska &

Wilińska, 2020). As the cumulative percentage of alumina, silica, and iron in WBP

is more than 75%, it can be a pozzolana of high potential that can be used as a par-

tial replacement of cement in concrete. Before using WBP as SCM in concrete, it is

recommended to conduct a strength activity index test, for example, ASTM C11/

C311M (Bentz et al., 2011).

Figure 15.6 Brick waste and waste brick powder. Waste brick: (A) kilns, (B) demolition

sites, and (C) powder.
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15.5.1.1 Workability

Many researchers have reported an increase in workability when cement is partially

replaced by WBP. Ayaz et al. partially replaced cement by 0%, 5%, 10%, 15%, and

20% (by mass) of WBP. They concluded that when the concrete is prepared by

replacing the cement with WBP the workability of the prepared matrix is increased.

Their results showed that the slump was increased up to the replacement level of

15%. The increase in workability was attributed to the ball-bearing effect of WBP

particles (Arif et al., 2021). Also, pozzolanas take part in hydration at a later stage

(secondary hydration); as such, more water is present at the time of casting, which

increases the workability (Khitab et al., 2022). The effect of WBP on workability is

shown in Fig. 15.7. It can be seen that the addition results in a fluid concrete with a

true slump.

15.5.1.2 Fresh and hardened densities

WBP is lighter than cement. Its specific gravity is 1250 kg/m3, which is 40% that

of the cement (Arif et al., 2021). As such the partial replacement of cement by

WBP should result in lighter fresh and hardened cementitious composites. Arif

et al. have reported a 2% decrease in density when 10% cement was replaced by

WBP.

15.5.1.3 Compressive strength

The compressive strength of concrete is a measure of the durability of concrete. It

highlights the serviceability of the structure under different loading actions. This

test can be performed for 3, 7, 14, and 28 days (to examine the strength develop-

ment) according to ASTM C-39 (Standard Test Method for Compressive Strength

of Cylindrical Concrete Specimens, 2021).

Several works are on hand, which describe the enhancement of the compressive

strength of concrete if its cement is partially replaced by WBP. Wong et al.

Figure 15.7 The effect of WBP on workability of concrete. WBP, waste brick powder.
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performed an investigation on a few samples prepared by replacing cement with

WBP in different percentages (0%, 5%, 10%, 15%, 20%, and 50%) (Wong et al.,

2018). They reported that up to 20% of cement replacement the compressive

strength and some durability properties were enhanced due to potential pozzolanic

activity of brick dust particles with cement and other constituents of concrete.

15.5.1.4 Ultrasonic pulse velocity test

UPV test is an important nondestructive test for examining the quality of cementi-

tious composites. In this test an ultrasonic wave is passed through the given sample,

as shown in Fig. 15.8.

UPV is a measure of the quality of cementitious composites. A higher value

indicates a good-quality material in accordance with Table 15.1.

Figure 15.8 An ultrasonic wave velocity setup and sample. Ultrasonic pulse velocity testing

of concrete.

Table 15.1 Quality of concrete on the basis of ultrasonic pulse velocity (UPV).

Ultrasonic pulse

velocity

(3 103 km/s)

Concrete quality

Above 4.5 Excellent

3.5�4.5 Good

3.0�3.5 Moderate

2.5�3.0 Poor

2.0�2.5 Very poor
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The quality of concrete is affected by the presence of voids in the prepared sam-

ple (Caputo et al., 2017). Lower values of velocities are encountered when the qual-

ity of concrete is not good or is compromising. A higher velocity is achieved when

the quality is good in terms of homogeneity, density, and uniformity of the prepared

concrete sample. Arif et al. have reported that the inclusion of WBP in concrete

promotes the formation of ettringites in pores, which enhance the particle to particle

contact within the material, and UPV increases (Arif et al., 2021).

15.5.2 Use in clayey bricks

Clay is a natural material and is the principal ingredient of clayey bricks. The

increase in construction activities is demanding a huge quantity of clayey bricks

that in return are directly depleting the natural reserves of clay. Therefore the pro-

cess of recycling waste in brick manufacturing is required to preserve the natural

deposits of clay.

WBP is found in bulk near the brick manufacturing kilns as well as the demoli-

tion sites, as shown in Fig. 15.6. Such waste finds its suitable application for the

manufacturing of bricks. Many researchers have addressed this issue and proposed

different waste materials like rice husk ash, sugarcane bagasse, marble, ceramic

wastes, and so on. (Kazmi, Abbas, Munir et al., 2016; Kazmi, Abbas, Saleem et al.,

2016; Munir et al., 2018; Riaz et al., 2020).

This chapter focuses on the recycling of the WBP in manufacturing clayey

bricks by partially replacing the clay. The motivation arises from the fact that WBP

is a high-temperature transformed phase of the natural clay. The oxide compositions

of the two materials are presented in Table 15.2 (Khitab et al., 2021).

The oxide composition dictates that with a few minor variations, WBP may be

adapted as a partial replacement of clay in manufacturing the clayey bricks. Riaz

et al. have pointed out that WBP has a lower density than fresh clay owing to a

Table 15.2 Oxide composition of clay and WBP.

Oxides Clay Waste brick

powder

Recommended

for brick manufacturing

SiO2 59.2 46.4 50�60

Al2O3 16.6 29.7 20�30

Fe2O3 6.9 7.8 5�6

SO3 � 5.2 �
CaO 13.1 4.9 1�5

TiO2 0.9 3.9 �
K2O 2.9 1.8 �
Source: From Khitab, A., Riaz, M. S., Jalil, A., Khan, R. B., Anwar, W., Khan, R. A., Arshad, M. T., Kirgiz, M. S.,
Tariq, Z., & Tayyab, S. (2021). Manufacturing of clayey bricks by synergistic use of waste brick and ceramic
powders as partial replacement of clay. Sustainability, 13(18). https://doi.org/10.3390/su131810214.
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porous and thin structure (Riaz et al., 2019). They partially replaced the clay from

0%�25% by mass in 5% increments. They have reported that the replacement

decreases the crushing strength, unit weight, and thermal conductivity while

increasing the resistance to efflorescence, water absorption, and porosity. They

have recommended a partial replacement of 10% as optimum because the higher

replacement levels drastically reduce the bricks’ strength.

15.6 Conclusion

Based on the work related to the use of waste rubber particles in cementitious mate-

rials, it can be concluded that it is more imperative to use them as partial replace-

ment of fine aggregates. There are certain limitations, which should be looked at

before their incorporation. For example the pretreatment with some compatible

solutions like NaOH, calcium hypochlorite (Ca(ClO)2), or polyvinyl alcohol imparts

additional adhesion with the surrounding cement matrix. The compaction of rubber-

ized concrete is another problem the researchers should look forward to resolving.

Rubber particles are light and have shock-absorbing characteristics, which hinder

proper compacting efforts. As such, it becomes difficult to expel air with conven-

tional compaction methods. This also reduces the mechanical strength. However,

rubberized concrete to date is declared suitable vis-a-vis durability properties and at

the same time provides an efficient and green solution, where a lightweight, thermal

insulation, and low strength are required.

WBP increases the compressive strength of cementitious composites at lower

partial replacements (up to 20% by mass of cement). This is attributed to the pozzo-

lanic nature of WBP, which promotes more calcium-silicate-hydrate (C-S-H) gel.

WBP also decreases the density of the cementitious composites due to the lower

density of WBP as compared to cement. WBP also enhances the workability of the

cement mixes due to its ball-bearing effect and its pozzolanic nature, which pro-

vides more water for the lubrication of the mix.

WBP can also be used in manufacturing clayey bricks as a partial replacement

for fresh clay owing to the fact that the chemical composition of both materials

complies with each other to a large extent. WBP particles have porous and skinny

structures, which result in lighter bricks with lower strength but higher void content,

which provides more sustainability.
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16.1 Introduction

Concrete is an artificial composite of binding material, aggregates (fine and coarse

aggregates), and water. Concrete plays a major role in the construction field, espe-

cially in framed structures. Concrete has some limitations; for example, it needs

compaction accompanied with more open space for compaction as concrete cannot

maintain strength at congested areas. Due to these limitations, researchers are trying

to develop concrete that can be self-compacted with the utilization of mineral

admixtures (Manjula & Felixkala, 2018). A special type of concrete with excellent

deformability and high resistance against segregation developed in Japan around

the 19th century is known as self-compacting concrete (SCC). SCC is high-

performance concrete that does not require any compaction/vibration during placing

of concrete. However, it can easily flow through congested areas where heavy rein-

forcement is encountered (Okamura, 1997). The behavior of SCC to flow under

gravity is due to air bubbles present in the mixture. Hence SCC does not need any

type of compaction and settles downs quickly under its self-weight (Anjali et al.,

2015). Bleeding water from concrete mix and other common problems occurring

during mixing process are barred in the case of SCC. At the same time the mix cov-

ers the entire area uniformly (Jawahar et al., 2012). With the high flowability of

SCC the mixture can be pumped with high slump at a long distance (Iures & Bob,

2010). Moreover the use of this concrete will dramatically reduce concreting time

and noise pollution and on the other hand reduces vibration costs (Grdic et al.,

2008). Due to high flowability/liquidity properties of SCC, bleeding and segrega-

tion problems arise during mixing, transporting, and placing processes (Anjali

et al., 2015). To mitigate such problems the possible solution is enhancing the vis-

cosity of the mixture with use of additives (Correa-Yepes et al., 2018; Manjula &

Felixkala, 2018). Compared with traditional vibrated concrete, SCC has obvious

Advance Upcycling of By-products in Binder and Binder-Based Materials. DOI: https://doi.org/10.1016/B978-0-323-90791-0.00001-9

Copyright © 2024 Elsevier Ltd. All rights reserved.

https://doi.org/10.1016/B978-0-323-90791-0.00001-9


advantages in terms of reducing construction costs and improving the construction

environment, which are significant forward steps in the direction of sustainably

developed concrete. However, compared to the vibrated concrete, unit SCC often

requires higher volume binder levels (cement and cementitious materials) in the

present technology. This will not only increase the cost of SCC but also signifi-

cantly elevate its environmental burden. Therefore some researchers have recently

focused on the development of an ecofriendly version of SCC (Fantilli & Chiaia,

2013; Long et al., 2015; Proske et al., 2013; Şahmaran et al., 2011). Therefore the

use of Portland cement (PC) is reduced in the mixture of SCC to make an eco-

friendly version. PC occupies a major portion and is an integral constituent of con-

crete but not an ecofriendly material. There are serious environmental concerns

regarding the manufacturing process of PC as manufacturing processes discharge a

large amount of greenhouse gases including carbon dioxide CO2. According to a

previous report, it was estimated that 1 ton PC production requires 1.6 tons of raw

materials (Ahmed et al., 2011) and about 6.5 million BTUs of energy. At the same

time, approximately 1 ton of carbon dioxide is discharged into the atmosphere

(Naik & Kraus, 1999; Shafigh et al., 2013). It has been reported that cement indus-

try alone contributes annually about 1.65 billion tons and nearly 7% of total green-

house gases into the atmosphere (Hardjito et al., 2004; Hardjito et al., 2009;

Malhotra, 2002; McCaffrey, 2002). In order to negate the impacts of cement

manufacturing processes on the ecosystem, there is a need to discover new possibil-

ities and strategies to bring improvement in concrete materials for sustainable envi-

ronmental conditions by substituting PC with other alternative materials (Kong &

Sanjayan, 2008; Naik & Kraus, 1999). However, several experimental investiga-

tions are being carried out around the globe to form an ecofriendly atmosphere with

reduction in usage of PC and incorporating byproducts such as rice husk ash, wheat

straw ash, coal fly ash, and ground granulated blast furnace slag (GGBFS) and other

pozzolanic materials as alternatives to PC (Ariffin et al., 2013). The use of indus-

trial and agricultural waste byproducts possessing pozzolanic properties aids in

reducing utility of PC in concrete; thereby there is a decline in trend of greenhouse

gas emissions (Mehta, 2002; Naik & Kraus, 1999).

With awareness in the field of research, consumption of fly ash and GGBFS

industrial byproducts in concrete has acquired an extensive attractiveness around

the world as an effort to embrace sustainability in PC and concrete industry and as

a positive footstep toward creating cement industry environment-friendly (Park

et al., 2016). Rapid growth in population and industrialization has triggered power

requirements manifold. Similarly, power generation plants are causing a huge

amount of byproducts as fly ash (FA) because of increased consumption of pulver-

ized coal (Ramachandran, 1996). As FA stands at number 5 with respect to the

world’s largest source of raw material (Mukherjee et al., 2008). With industrial

developments, about 800 million tons of FA will be produced (Fernández-Jiménez

& Palomo, 2005). However, use of FA is just 20%�30% of total estimated quan-

tity, where the rest of the quantity is disposed off in landfills (Duxson et al., 2007;

Palomo et al., 1999; Roy, 1999). If this trend of waste deposition goes on, then it

has an ability to deteriorate human environment elements such as air, food, land,

310 Advance Upcycling of By-products in Binder and Binder-Based Materials



shelter, and water (Ahmaruzzaman, 2010; Mukherjee et al., 2008; Ramachandran,

1996; Shafigh et al., 2013). Investigations are being carried out to restore the eco-

friendly environment by utilizing FA in other avenues of life. Besides the FA parti-

cles, being very fine, possess pozzolanic and cementitious properties; hence they

have the ability to be admired and utilized as a mineral admixture in mortar and

concrete (Mukherjee et al., 2008). Favorable results revealed when researchers uti-

lized FA in concrete to examine its pozzolanic property in fresh and hardened

phases (Ahmaruzzaman, 2010; Mukherjee et al., 2008; Shafigh et al., 2013).

On the other hand, this trend of consumption of FA in concrete has environmental

and cost benefits as this reduces emission of greenhouse gases in the atmosphere, sav-

ings in energy consumption, and natural resources (Ahmaruzzaman, 2010; Mukherjee

et al., 2008). Furthermore, GGBFS is a waste of the metallurgical industry. The mixture

of iron ore, limestone, and coke enters the kiln at temperatures between 15,000�C and

16,000�C. The resulting slag is weighed in the pig iron. The slag comprises 35%�45%

silicon dioxide (SiO2) and about 45% calcium oxide. The oxide composition is nearly

similar to that of PC. After the removal of molten iron the slag comprising the sili-

con�aluminum slag is quickly immersed in the liquid with the formation of glassy par-

ticles (Elchalakani et al., 2014; Kumar Karri et al., 2015; Kuo et al., 2014; Parande

et al., 2008; Wang, 2008). Glass-like particles are dewatered and then pressed to the

required size (Shariq et al., 2010; Shoubi et al., 2013). This crushed slag is called granu-

lated blast furnace slag. Ground granulated blast is an ecofriendly building material. By

replacing cement with crushed blast furnace slag, it is possible to control carbon dioxide

emissions to a certain extent (Siddique & Kaur, 2012; Suresh & Nagaraju, 2015).

Moreover, GGBFS develops the impermeability, corrosion resistance, and sulfate

resistance of SCC mixture. Owing to these characteristics of GGBFS SCC mixture,

the service life of the assembly is amplified and maintenance costs are minimized.

The huge percentage of GGBFS by the weight of PC in the mixture of SCC not

only utilizes waste material but also protects the consumption of natural resources

and energy (Elchalakani et al., 2014; Hossain et al., 2018; Qiu, 2020). Therefore,

different researchers carried out the studies for utilization of FA as substitution of

cement and GGBFS as substitution of PC individually, but the combined usage of

FA and GGBFS as substitution of PC in the mixture of SCC is very limited. Hence

to improve the different properties of fresh and hardened states of SCC mixture, to

reduce the consumption of PC, and consequently to reduce the cost and CO2 release

and encourage proper utilization of waste material of coal-fired power plants, in

this study, effects of FA and GGBFS as substitution cement on the selected proper-

ties of SCC mixture are investigated individually and combined.

16.2 Materials and methodology

16.2.1 Materials

FA and GGBFS were used as binding materials in SCC mixture. However, FA was

collected from Lakhra Power Plant Jamshoro with prior permission. After collecting
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FA, it was dried under the sun for a certain time and then it was sieved through

75 μm to remove unwanted particles. The sieved ash served as a cementitious ingre-

dient in SCC mixture. Besides the GGBFS was collected from Steel Mill Karachi

with prior permission. After collecting GGBFS, it was sieved through 75 μm to

eliminate large particles and then it was utilized as replacement for cement in the

SCC mixture. Moreover the PC was used as a binding constituent in SCC mixture,

and PC was obtained from local market Jamshoro, Sindh, Pakistan. The chemical

composition of FA, GGBFS, and PC is given in Table 16.1. Furthermore the hill

sand was utilized as fine aggregates (F.A) which passed from #4 sieve, and crushed

stone served as coarse aggregates (C.A) which passed from 12 mm and were

retained from #4 sieve. These aggregates were obtained from the local market in

the region of Jamshoro, Sindh, Pakistan. The physical properties of aggregates are

shown in Table 16.2. In addition, drinking water served in mixing and curing for

SCC mixture and a superplasticizer was used as an chemical admixture for this

experimental work.

16.3 Mix proportion

This research work was performed on the SCC mixtures for determining fresh and

hardened properties of SCC mixture blended with FA and GGBFS together.

However, five mixtures of SCC were prepared with a water/binder ratio of 0.40, in

which one mixture of SCC was made with plain concrete which possesses cement

Table 16.1 Chemical composition of GGBFS, FA, and PC.

Compound GGBFS Fly ash PC

SiO2 37.22 60.50 20.78

Al2O3 10.37 24.25 5.11

Fe2O3 1.23 4.82 3.17

CaO 35.66 1.75 60.22

Na2O 0.23 0.24 0.18

SO3 specific gravity 0.34 2.25 1.48 2.22 2.86 3.15

Table 16.2 Physical properties of aggregates.

Property F.A C.A

Fineness modulus 2.32 �
Specific gravity 2.63 2.66

Absorption (%) 1.30 0.65

Bulk density (kg/m3) 1890 1760
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only; four mixtures of SCC were prepared with inclusion of 5%, 10%, 15%, and

20% of FA; four mixtures of SCC were made blended with 5%, 10%, 15%, and

20% of GGBFS as cementitious materials; and the remaining other mixtures were

prepared with the combined use of FA and GGBFS, such as 5% (2.5% FA and

2.5% GGBFS), 10% (5% FA and 5% GGBFS), 15% (7.50% FA and 7.50%

GGBFS), and 20% (10% FA and 10% GGBFS) by the cement’s weight. Moreover,

various trial mixes with and without inclusion of the chemical admixture were per-

formed to develop SCC mixture. Furthermore the hardened properties of SCC mix-

ture were analyzed after the attainment of early fresh properties of SSC mixture,

and it was dispensed into the molds. In addition the concrete specimens were

removed from mold after 24 hours of casting and then these specimens were kept in

a curing water tank till the testing day. The details of mix proportions are exhibited

in Table 16.3.

16.4 Testing methods

16.4.1 Fresh properties of self-compacting concrete mixture

The fresh properties of SCC mixture with inclusion of FA and GGBFS in terms

of filling ability (slump flow, V-funnel, and T50 flow), passing ability (J-ring

and L-box), and sieve segregation test were analyzed. However, slump flow was

measured. The workability of SCC mixture with inclusion of FA and GGBFS as

replacement for cement by consuming (ASTM C1611/C1611M-18, Standard

Table 16.3 Details of mix proportions (kg/m3).

Mix proportion Cement FA GGBFS Water F.A C.A SP

(%)

C 500 0 0 200 880 640 2

FA5 475 25 0 200 880 640 2

FA10 450 50 0 200 880 640 2

FA15 425 75 0 200 880 640 3

FA20 400 100 0 200 880 640 3

GGBFS5 475 0 25 200 880 640 2

GGBFS10 450 0 50 200 880 640 2

GGBFS15 425 0 75 200 880 640 3

GGBFS20 400 0 100 200 880 640 3

FA2.5GGBFS2.5 475 12.50 12.50 200 880 640 2

FA5GGBFS5 450 25 25 200 880 640 2

FA7.50GGBFS7.50 425 37.50 37.50 200 880 640 3

FA10GGBFS10 400 50 50 200 880 640 3
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Test Method for Slump Flow of Self-Consolidating Concrete, 2018) the code

procedure and V-funnel was analyzed on SCC mixture with accumulation of FA

and GGBFS as cementitious constituents by obeying EN 12350-9: (2010).

Similarly, T50 flow was determined. The workability of SCC mixture including

FA and GBBFS as cement substitute components was determined by following

EFNARC (2005) the code procedure. Besides, J-ring test was performed on

fresh properties of SCC mixture with addition of FA and GGBFS as cement

replacement constituents under EN 12350-12: (2010), and L-box was investi-

gated on the fresh properties of SCC mixture blended with FA and GGBFS as

cementitious components by detection under EN 12350-10: (2010). Moreover,

sieve segregation was performed with fresh properties of SCC mixture including

FA and GGBFS as replacement for cement by obeying EN 12350-11:(2010)

code procedure.

16.4.2 Hardened properties of self-compacting concrete mixture

The hardened properties of SCC mixture with accumulation of FA and GGBFS

as replacement for cement in terms of compressive, split tensile, and flexural

strengths of SCC mixture and water penetration depth of SCC mixture at 28

and 90 days consistently were analyzed. However, five concrete cubes

(100 mm3 100 mm3 100 mm) were cast for exploring the compressive strength

of SCC mixture blended with FA and GGBFS as cementitious components by

using B. EN, 2009a, and five cylindrical specimens (200 mm3 100 mm) were

prepared for splitting tensile strength of SCC mixture with inclusion of FA and

GGBFS as replacement for cement as per B. EN, 2009b. Similarly, five prisms

(500 mm3 100 mm3 100 mm) were tested for flexural strength of SCC mixture

with addition of FA and GGBFS as cementitious materials by applying B. S.

EN, 2009. All these concrete specimens were tested on 28 and 90 days, respec-

tively. Moreover the water penetration depth of SCC mixture blended with FA

and GBBFS as cementitious constituents was analyzed by using the code proce-

dure (“Testing Hardened Concrete: Part 8: Depth of Penetration of Water under

Pressure,” 2009) at 28 and 180 days.

16.5 Results and discussion

16.5.1 Fresh concrete results

The results of fresh properties of SCC mixture with inclusion of various proportions

of FA and GGBFS as cement replacement ingredients individually and in combina-

tion in the mixture are tabulated in Table 16.4.
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16.5.1.1 Slump flow

This test was performed on the fresh properties of SCC mixture, including different

percentages of FA and GGBFS individually and in combination in the mixture as

shown in Table 16.4. However, the suitable value for slump flow of SCC mixture is

suggested by 650�850 mm (EFNARC, 2005). Besides the slump flow of SCC mix-

ture without addition of a superplasticizer and inclusion 1% of superplasticizer is

less than recommended values. Therefore the use of the superplasticizer is increased

from 2% to 3% in the control mixture of SCC to achieve slump flow within the

suggested range. The slump flow recorded with 5.11%, 9.48%, 14.75%, and

18.25% while using 5%, 10%, 15%, and 20% of FA is greater than that of SCC

mixture without addition of FA by the mass of PC. It was revealed that the slump

flow was increased as the extent of FA rises in the mixture of SCC. This increment

in slump flow is due to the spherical shape particles of FA, which increases the

slump flow. A similar trend was observed by Dhiyaneshwaran et al. (2013).

Moreover the slump flow acquired by 2.20%, 4.37%, 6.86%, and 8.76% at 5%,

10%, 15%, and 20% of GGBFS is lower than that of the control mixture of SCC. It

was noted that the slump flow is reduced while utilizing GGBFA and rises in the

mixture of SCC. The reduction in slump flow is due to GGBFS’s more specific sur-

face area as compared to PC. This statement is associated to Güneyisi & Gesoğlu

(2008). Furthermore the combined use of FA and GGBFS in the mixture of SCC is

inclined in the slump flow of SCC mixture with addition of a superplasticizer.

Table 16.4 Fresh properties of SCC.

Concrete mix Filling ability properties Passing ability

properties

Segregation

resistance

property

SP

(%)

Slump

flow

(mm)

V-

funnel

(Scec)

T50

flow

(Scec)

L-box

(ratio)

J-ring

(mm)

Sieve segregation

(%)

C 685 11.50 4.82 0.84 2.5 8.45 2

FA5 720 10.15 4.45 0.88 4.45 5.20 2

FA10 750 9.88 3.96 0.92 7.30 4.75 2

FA15 786 9.40 3.78 0.86 8.50 7.25 3

FA20 810 8.50 3.40 0.89 6.92 7.45 3

GGBFS5 670 9.89 4.70 0.94 5.60 8.88 2

GGBFS10 655 11.20 4.55 0.96 7.50 9.35 2

GGBFS15 638 9.22 4.20 0.84 5.80 9.78 3

GGBFS20 625 10.12 3.95 0.95 8.20 10.15 3

FA2.5GGBFS2.5 710 9.95 4.60 0.86 4.50 8.60 2

FA5GGBFS5 725 11 4.12 0.90 7.35 8.76 2

FA7.50GGBFS7.50 740 10.50 3.70 0.85 6.70 9.30 3

FA10GGBFS10 765 9.15 3.33 0.90 7.10 9.50 3
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However, the use of a superplasticizer in the SCC mixture improves the flowability

by plummeting plastic viscosity and yielding stress. In addition the optimum slump

flow can be obtained by dissolving action of the superplasticizer in the mixture,

which results in a decrease in the water demand with entrapment among flocculated

particles.

16.5.1.2 V-funnel

This test was performed on the fresh properties of SCC mixture, including dif-

ferent percentages of FA and GGBFS individually and in combination in the

mixture, as shown in Table 16.4. However, the suitable value for V-funnel of

SCC mixture is proposed by 6�12 seconds (EFNARC, 2005). Besides the V-

funnel of SCC mixture without addition of a superplasticizer and inclusion 1%

of superplasticizer is less than recommended values. Therefore the use of a

superplasticizer is increased from 2% to 3% in the control mixture of SSC to

achieve a V-funnel within the recommended range. It was revealed that the V-

funnel time was decreased as the extent of FA rises in the mixture of SCC. The

outcomes of this study directed that all mixtures of SCC meet the needs of an

acceptable flow time and had good filling ability and segregation resistance. It

was noted that 20% of FA by the weight of PC displays superior performance as

compared to other proportions of SCC mixture. This statement was linked with

that of Mushtaq & Nasier (2018), that is, the V-funnel time of SCC mixture was

reduced as the extent of FA rises in the mixture of SCC. A similar trend was

observed by Dhiyaneshwaran et al. (2013). Moreover the V-funnel recorded

with 14%, 2.61%, 19.82%, and 12% at 5%, 10%, 15%, and 20% of GGBFS is

less than that of the control mixture of SCC with addition of GGBFS by the

mass of PC. It was worth noting that the V-funnel is reduced while utilizing

GGBFA and rises in the mixture of SCC. This finding is related to other

research investigations (Güneyisi & Gesoğlu, 2008; Hassan et al., 2010).

Furthermore the optimum V-funnel time was noted by 11.50 seconds at control

mix of SCC, and the minimum flow time was measured by 9.15 seconds at 10%

of FA combined with 10% of GGBFS as a cementitious material in the mixture

of SCC. It was detected that the V-funnel time was reduced while using GGBFS

and FA in the mixture of SCC. The outcomes of this study directed that all mix-

tures of SCC meet the needs of an acceptable flow time and have good filling

ability and segregation resistance. It was noted that 10% of FA combined with

10% of GGBFS by the weight of PC displays superior performance as compared

to other proportions of SCC mixture.

16.5.1.3 T50 flow

This test was performed on the fresh properties of SCC mixture, including different

percentages of FA and GGBFS individually and in combination in the mixture as

shown in Table 16.4. However, a suitable value for T50 of SCC mixture is pro-

posed by 2�5 seconds (EFNARC, 2005). Table 16.4 indicates that the T50 flow
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time was estimated in the range of 4.82�3.40 seconds. The maximum outcomes of

T50 flow were recorded by 4.82 seconds while consuming 0% of FA, and the smal-

lest T50 flow time was measured by 3.40 seconds at 20% of FA by the weight of

PC in the mixture of SCC. It was observed that the dosages of FA increase in the

mixture of SCC, which results in reducing the T50 flow time. From the outcome, it

was clear that the T50 flow time of SCC displays the best performance while using

20% of FA in the SCC mixture. This observation was associated with

Dhiyaneshwaran et al. (2013), where the T50 flow time was decreased with aug-

mentation in the level of FA in the mixture of SCC. Moreover the ultimate out-

comes of T50 flow were recorded by 4.82 seconds while consuming 0% of

GGBFS, and the smallest T50 flow time was measured by 3.95 seconds at 20% of

GGBFS by the weight of PC in the mixture of SCC. It was observed that the

dosages of GGBFS increase in the mixture of SCC, which results in a reduction of

the T50 flow time. From the outcome, it was clear that the T50 flow time of SCC

displays the best performance while using 20% of GGBFS in the SCC mixture.

This observation was associated with Güneyisi et al., 2009, where the T50 flow

time was decreased with augmentation in the level of metakaolin in the mixture of

SCC. Furthermore the optimum T50 flow time was noted by 4.82 seconds at control

mix of SCC, and the minimum T50 flow time was measured by 3.33 seconds at

10% of FA combined with 10% of GGBFS as a cementitious material in the mix-

ture of SCC. It was detected that the T50 flow time was reduced while using

GGBFS and FA in the mixture of SCC. In addition, from the outcome, it was clear

that the T50 flow time of SCC displays the best performance while using 10% of

FA along with 10% of GGBFS in the SCC mixture.

16.5.1.4 Blocking ratio (L-box test)

This test was performed on the fresh properties of SCC mixture, including dif-

ferent percentages of FA and GGBFS individually and in combination in the

mixture, as shown in Table 16.4. However, L-box test is utilized to evaluate the

flow of SCC concrete and the level by which it is subject to blocking by rein-

forcement. Besides, it is suggested that suitable values for blocking ratio of SCC

mixture are in the range of 0.80 to 1.0 (EFNARC, 2005). Moreover the blocking

ratio of SCC mixture without addition of a superplasticizer and inclusion 1% of

superplasticizer is less than recommended values. Therefore the use of a super-

plasticizer is increased from 2% to 3% in the control mixture of SCC to achieve

a blocking ratio within the suggested range. The outcomes of this study revealed

that the blocking ratio of SCC mixture is reduced while consuming the FA in

the mixture. It was noted that the L-box ratio for all mixtures of SCC is greater

than 0.80 as per EFNARC standard. Hence it was concluded that the passing

ability of SCC mixture is enhanced with improvement in the dosages of FA as a

cementitious material. This aspect was linked with that of Mushtaq and Nasier

(2018), that is, the blocking ratio of SCC mixture is inclined as the extent of FA

rises in the mixture of SCC. A similar trend was observed by Dhiyaneshwaran

et al. (2013). Moreover the outcomes of this study revealed that the blocking
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ratio of SCC mixture is reduced while consuming the GGBFS in the mixture.

This reduction in L-box ratio is due to GGBFS’s more specific surface area than

PC. This observation is correlated to Güneyisi & Gesoğlu (2008). It was seen

from obtained results in Table 16.4 that the L-box ratio for all mixtures of SCC

blended with various proportions of GGBFS as a cement replacement material

in the mixture of SCC is more than 0.80, which is suggested by EFNARC stan-

dard. Furthermore the results of SCC mixture blended with GGBFS and FA

together show that the L-box ratio is reduced while utilizing GGBFS and FA

together in the mixture of SCC. It was revealed that the blocking ratio for all

mixtures of SCC with various percentages of FA and GGBFS by the weight of

PC is greater than 0.80 as per EFNARC standard. Hence it was concluded that

the passing ability of SCC mixture is enhanced with improvement in the dosages

of FA and GGBFS as a cementitious material.

16.5.1.5 J-ring

This test was performed on the fresh properties of SCC mixture, including dif-

ferent percentages of FA and GGBFS individually and in combination in the

mixture, as shown in Table 16.4. However, J-ring test is utilized to evaluate the

flow of SCC mixture, and the range of 0�10 mm is suggested (EFNARC, 2005).

Moreover the value from J-ring test of SCC mixture without addition of a super-

plasticizer and inclusion 1% of superplasticizer is less than recommended

values. Therefore the use of a superplasticizer is increased from 2% to 3% in the

control mixture of SCC to achieve the J-ring of SCC mixture within the recom-

mended range. The outcomes of this study revealed that the J-ring test of SCC

mixture is dropped while consuming the FA in the mixture as compared to the

control mixture of SCC. This reduction in J-ring is owing to reduction in cohe-

siveness and the lack in paste volume of FA as compared to PC. A similar inves-

tigation was observed by other researchers (Aswathy & Paul, 2015). Moreover

the outcomes of this study revealed that the J-ring test of SCC mixture is plum-

meted while consuming the GGBFS in the mixture as compared to the control

mixture of SCC. This reduction in J-ring is owing to GGBFS’s more specific

surface area than PC. This study is related to a similar study by Güneyisi &

Gesoğlu, 2008. Furthermore the J-ring of SCC mixture is reduced while using

GGBFS and FA as a cementitious material in the mixture. It was observed that

the J-ring of SCC mixture blended with FA along with GGBFS in the mixture

with inclusion of 2% to 3% of superplasticizer has been observed within the

required range (EFNARC, 2005).

16.5.1.6 Sieve segregation

This test was performed on the fresh properties of SCC mixture, including dif-

ferent percentages of FA and GGBFS individually and in combination in the

mixture, as shown in Table 16.4. However, sieve segregation is utilized to eval-

uate the flow of SCC concrete, and suitable values for sieve segregation of
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SCC mixture are suggested to be in the range of 0% to 12% (EFNARC, 2005).

Moreover the sieve segregation of SCC mixture with addition 2% to 3% of

superplasticizer in the control mixture of SCC is performed to achieve sieve

segregation of SCC mixture within the proposed range. The outcomes of this

study revealed that the sieve segregation of SCC mixture is reduced while con-

suming the FA in the mixture. This reduction in sieve segregation of SCC mix-

ture is reduced due to porosity of FA as a cementitious material. This trend has

been observed by other researchers (Aswathy & Paul, 2015). Moreover the

sieve segregation of SCC mixture is increased while using GGBFS in the mix-

ture. This improvement in sieve segregation of SCC mixture is due to GGBFS’s

more specific surface area as compared to PC. A similar study was observed by

Güneyisi and Gesoğlu (2008), where the sieve segregation of SCC mixture is

enhanced but increases to the extent of metakaolin in the mixture. Furthermore

the sieve segregation of SCC mixture is improved with the growth in the

dosages of GGBFS along with FA as a cementitious material. The conclusion

of this study was that the sieve segregation of SCC mixture blended with 10%

of GGBFS along with 10% of FA displays a satisfactory performance of fresh

properties of SCC mixture associated to more segregation resistance, deform-

ability, passing, and filling capabilities by using 2% and 3% of superplasticizer

in the mixture.

16.6 Hardened concrete results

The hardened properties of SCC mixture in terms of compressive, tensile, and flex-

ural strengths and water penetration depth were performed on hardened concrete for

all SSC mixes.

16.6.1 Compressive strength of self-compacting concrete
mixture

Fig. 16.1 indicates compressive strength of SCC mixture blended with GGBFS

by the weight of PC in the mixture after 28 and 90 days. The ultimate compres-

sive strength of SCC mixture was observed to be 42 and 43 MPa at 10% of

GGBFS, and the lowest strength was noted to be 36 and 37 MPa at 20% of

GGBFS by the weight of PC in the mixture at 28 and 90 days, respectively. The

results of this work indicated that the compressive strength of SCC mixture is

improved while using GGBFS up to 15% and then it gets reduced. The increase

in compressive strength is due to the filling influence, dilution effect, and poz-

zolanic response of GGBFS with CH (Khatib & Hibbert, 2005; Said-Mansour

et al., 2011; Wild et al., 1996). This study is similar to Parande et al., 2008,

where the compressive strength of SCC was found to be minimum while utiliz-

ing MK more than 15% in the mixture. Similarly, Fig. 16.2 indicates the com-

pressive strength of SCC mixture blended with FA by the weight of PC in the
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mixture at 28 and 90 days, respectively. The results of maximum compressive

strength of SCC mixture blended with 10% of FA as a cementitious material are

recorded as 42.20 and 43.50 MPa, and the minimum strength of SCC mixture

with addition of 20% FA as replacement for PC is noted as 36.50 and 38 MPa at

28 and 90 days, respectively. It was perceived that the use of FA in the mixture

of SCC is increased up to 15%, which provides maximum compressive strength

of SCC mixture, and with further inclusion of FA in the mixture, it starts reduc-

ing. This growth in the compressive strength of SCC mixture may be due to the

influence of the active pozzolanic reaction of FA, and the silica content in FA

particles enhances the development of C-S-H, which is accountable for improv-

ing the strength (Guru Jawahar et al., 2013; Wild et al., 1996). This aspect was

correlated to different researchers (Mermerdaş et al., 2012; Poon et al., 2006).

Moreover, Fig. 16.3 indicates compressive strength of SCC mixture blended

with GGBFS and FA by the weight of PC together in the mixture after 28 and

90 days. The supreme amount of compressive strength of SCC mixture with

addition of 10% (5% FA and 5% GGBFS) FA and GGBFS by the mass of PC is

noted as 43.35 and 44.65 MPa, and the lowest amount of compressive strength

of SCC mixture blended with 20% (10% of FA and 10% of GGBFS) of FA and

GGBFS in the mixture is estimated as 40 and 41 MPa at 28 and 90 days, respec-

tively. The outcome of this work showed that the combined use of FA and

GGBFS as replacement for PC up to 15% (7.50% of FA and 7.50% of GGBFS)

of FA and GGBFS in the mixture achieved the highest compressive strength of

SCC mixture, and with further addition of GGBFS and FA the compressive

strength gets reduced.
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Figure 16.1 Compressive strength of SCC mixture blended with GGBFS.
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16.6.2 Splitting tensile strength of self-compacting concrete
mixture

Fig. 16.4 indicates split tensile strength of SCC mixture blended with GGBFS by the

weight of PC in the mixture after 28 and 90 days. The ultimate split tensile strength of

SCC mixture was observed as 4 and 4.20 MPa at 10% of GGBFS, and the lowest
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Figure 16.2 Compressive strength of SCC mixture blended with fly ash.
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Figure 16.3 Compressive strength of SCC mixture blended with GGBFS and fly ash.
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strength was noted as 3.36 and 3.55 MPa at 20% of GGBFS by the weight of PC in the

mixture at 28 and 90 days, respectively. The results of this work indicated that the split

tensile strength of SCC mixture is improved while using GGBFS up to 15% and then it

gets reduced. This observation is related to Madandoust and Mousavi (2012). Similarly,

Fig. 16.5 indicates the split tensile strength of SCC mixture blended with FA by the

weight of PC in the mixture at 28 and 90 days, respectively. The results of maximum

split tensile strength of SCC mixture blended with 10% of FA as a cementitious material

are recorded as 4.05 and 4.25 MPa, and the minimum strength of SCC mixture with

addition of 20% FA as replacement for PC is noted as 3.45 and 3.60 MPa at 28 and 90

days, respectively. It was perceived that the use of FA in the mixture of SCC is increased

up to 15%, which provides maximum split tensile strength of SCC mixture, and with fur-

ther inclusion of FA in the mixture, it starts reducing. This aspect was correlated to that

of Billong et al. (2011). Moreover, Fig. 16.6 indicates split tensile strength of SCC mix-

ture blended with GGBFS and FA by the weight of PC together in the mixture after 28

and 90 days. The supreme amount of split tensile strength of SCC mixture with addition

of 10% (5% FA and 5% GGBFS) FA and GGBFS by the mass of PC is noted as 4.04

and 4.22 MPa, and the lowest amount of split tensile strength of SCC mixture blended

with 20% (10% of FA and 10% of GGBFS) of FA and GGBFS in the mixture is esti-

mated as 3.40 and 3.58 MPa at 28 and 90 days, respectively. The outcome of this work

showed that the combined use of FA and GGBFS as replacement for PC up to 15%

(7.50% of FA and 7.50% of GGBFS) of FA and GGBFS in the mixture achieved the

highest split tensile strength of SCC mixture, and with further addition of GGBFS and

FA the compressive strength gets reduced. This increase in the split tensile strength of

SCC mixture is due to the fact that the specific surface area of FA and GGBFS is more

than that of PC.
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Figure 16.4 Split tensile strength of SCC mixture blended with GGBFS.
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Figure 16.5 Split tensile strength of SCC mixture blended with fly ash.

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

C FA2.5GGBFS2.5 FA5GGBFS5 FA7.5GGBFS7.5 FA10GGBFS10

S
p
li

t 
T

en
si

le
 S

tr
en

g
th

 o
f 

S
C

C
 (

M
P

a)

GGBFS and Fly Ash 28 days 90 days

Figure 16.6 Split tensile strength of SCC mixture blended with GGBFS and fly ash.
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16.6.3 Flexural strength of self-compacting concrete mixture

Fig. 16.7 indicates flexural strength of SCC mixture blended with GGBFS by the weight

of PC in the mixture after 28 and 90 days. The ultimate flexural strength of SCC mixture

was observed as 6.22 and 6.32 MPa at 10% of GGBFS, and the lowest strength was

noted as 5.40 and 5.62 MPa at 20% of GGBFS by the weight of PC in the mixture at 28

and 90 days, respectively. The results of this work indicated that the flexural strength of

SCC mixture is improved while using GGBFS up to 15% and then it gets reduced. This

observation is related to Bheel et al. (2020). Similarly, Fig. 16.8 indicates the flexural

strength of SCC mixture blended with FA by the weight of PC in the mixture at 28 and

90 days, respectively. The results of maximum flexural strength of SCC mixture blended

with 10% of FA as a cementitious material are recorded as 6.25 and 6.36 MPa, and the

minimum strength of SCC mixture with addition of 20% FA as replacement for PC is

noted as 5.50 and 5.70 MPa at 28 and 90 days, respectively. It was perceived that the use

of FA in the mixture of SCC is increased up to 15%, which provides maximum flexural

strength of SCC mixture, and with further inclusion of FA in the mixture, it starts reduc-

ing. Moreover, Fig. 16.9 indicates flexural strength of SCC mixture blended with

GGBFS and FA by the weight of PC together in the mixture after 28 and 90 days. The

supreme amount of flexural strength of SCC mixture with addition of 10% (5% FA and

5% GGBFS) FA and GGBFS by the mass of PC is noted as 6.30 and 6.40 MPa, and the

lowest amount of flexural strength of SCC mixture blended with 20% (10% of FA and

10% of GGBFS) of FA and GGBFS in the mixture is estimated as 5.42 and 5.66 MPa at

28 and 90 days, respectively. The outcome of this work showed that the combined use of

FA and GGBFS as replacement for PC up to 15% (7.50% of FA and 7.50% of GGBFS)

of FA and GGBFS in the mixture achieved the highest flexural strength of SCC mixture,

and with further addition of GGBFS and FA the flexural strength gets reduced.
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Figure 16.7 Flexural strength of SCC mixture blended with GGBFS.
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16.6.4 Water penetration depth of self-compacting concrete mixture

Fig. 16.10 indicates the water penetration depth of SCC mixture blended with GGBFS

by the weight of PC in the mixture after 28 and 180 days. The ultimate permeability of

SCC mixture was observed by 21 and 19.50 mm at 0% of GGBFS, and the lowest per-

meability of SCC mixture was noted as 11.60 and 10.15 mm at 20% of GGBFS by the
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Figure 16.8 Flexural strength of SCC mixture blended fly ash.
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Figure 16.9 Flexural strength of SCC mixture blended with GGBFS and FA.
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weight of PC in the mixture at 28 and 180 days, respectively. The results of this work

indicated that the permeability of SCC mixture is reduced while growing the GGBFS

content in the mixture. This observation is related to Marto et al. (2011). Similarly,

Fig. 16.11 indicates the permeability of SCC mixture blended with FA by the weight of

PC in the mixture at 28 and 180 days, respectively. The results of maximum permeability

of SCC mixture blended with 0% of FA as a cementitious material are recorded as 21

and 19.50 mm, and the minimum permeability of SCC mixture with addition of 20% FA

as replacement for PC is noted as 12 and 11 mm at 28 and 180 days, respectively. It was

perceived that the use of FA in the mixture of SCC is increased, which results in reduc-

ing the permeability of SCC mixture. Almost the same behavior in terms of water pene-

tration has been reported by different researchers (Kasemchaisiri & Tangtermsirikul,

2008; Khatri et al., 1997). This aspect was correlated by Güneyisi et al. (2009), where

the permeability was reduced by 29% at 15% of MK as a cementitious constituent as

compared to plain concrete. Moreover, Fig. 16.12 indicates the permeability of SCC mix-

ture blended with GGBFS and FA by the weight of PC together in the mixture after 28

and 180 days. The supreme amount of water penetration depth of SCC mixture with

addition of 0% (0% FA and 0% GGBFS) FA and GGBFS by the mass of PC is noted as

21 and 19.50 mm, and the lowest amount of permeability of SCC mixture blended with

20% (10% of FA and 10% of GGBFS) of FA and GGBFS in the mixture is estimated as

10.55 and 10 mm at 28 and 180 days, respectively. The outcome of this work showed

that the combined use of FA and GGBFS as replacement for PC increased to provide

reduction in the permeability of SCC mixture. The permeability is an essential parameter

of concrete durability. It was shown that less permeability of SCC mixture displays high

resistance against chemical attacks and also improves the durability of concrete mixture

(Ramezanianpour et al., 2011; Wesche et al., 1989).
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Figure 16.10 Permeability of SCC mixture blended with GGBFS.
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16.7 Conclusion

It was concluded from the conducted research that

� The slump flow recorded as 5.11%, 9.48%, 14.75%, and 18.25% while using 5%, 10%,

15%, and 20% of FA is greater than that of SCC mixture without addition of FA by the

mass of PC. Similarly the slump flow acquired by 2.20%, 4.37%, 6.86%, and 8.76% at
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Figure 16.11 Permeability of SCC mixture blended with fly ash.
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Figure 16.12 Permeability of SCC mixture blended with GGBFS and fly ash.
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5%, 10%, 15%, and 20% of GGBFS is lower than that of the control mixture of SCC.

Moreover the combined use of FA and GGBFS in the mixture of SCC is inclined in the

slump flow of SCC mixture with addition of a superplasticizer. However, the use of a

superplasticizer in the SCC mixture improves the flowability by plummeting plastic vis-

cosity and yielding stress.
� The V-funnel time was decreased as the extent of FA rises in the mixture of SCC.

Similarly the V-funnel recorded as 14%, 2.61%, 19.82%, and 12% at 5%, 10%, 15%, and

20% of GGBFS is less than that of the control mixture of SCC with addition of GGBFS

by the mass of PC. Moreover the optimum V-funnel time was noted as 11.50 seconds at

the control mix of SCC, and the minimum flow time was measured as 9.15 seconds at

10% of FA combined with 10% of GGBFS as a cementitious material in the mixture of

SCC. It was detected that the V-funnel time was reduced while using GGBFS and FA in

the mixture of SCC. It was noted that 10% of FA combined with 10% of GGBFS by the

weight of PC displays superior performance as compared to other proportions of SCC

mixture.
� The maximum outcomes of T50 flow were recorded by 4.82 seconds while consuming

0% of FA, and the smallest T50 flow time was measured by 3.40 seconds at 20% of FA

by the weight of PC in the mixture of SCC. Similarly the ultimate outcomes of T50 flow

were recorded by 4.82 seconds while consuming 0% of GGBFS, and the smallest T50

flow time was measured by 3.95 seconds at 20% of GGBFS by the weight of PC in the

mixture of SCC. Moreover the optimum T50 flow time was noted by 4.82 seconds at the

control mix of SCC, and the minimum T50 flow time was measured by 3.33 seconds at

10% of FA combined with 10% of GGBFS as a cementitious material in the mixture of

SCC. It was detected that the T50 flow time was reduced while using GGBFS and FA in

the mixture of SCC. In addition, from the outcome, it was clear that the T50 flow time of

SCC acquired the best performance while using 10% of FA along with 10% of GGBFS in

the SCC mixture.
� The outcome of this study revealed that the blocking ratio of SCC mixture is reduced

while consuming the FA in the mixture. Similarly the outcome of this study revealed that

the blocking ratio of SCC mixture is reduced while consuming the GGBFS in the mixture.

This reduction in L-box ratio is due to GGBFS’s more specific surface area than PC.

Moreover the results of SCC mixture blended with GGBFS and FA together showed that

the L-box ratio is reduced while utilizing GGBFS and FA together in the mixture of SCC.

It was revealed that the blocking ratio for all mixtures of SCC with various percentages of

FA and GGBFS by the weight of PC is greater than 0.80 as per EFNARC standard.
� The outcome of this study revealed that the J-ring test of SCC mixture is dropped while

consuming the FA in the mixture as compared to the control mixture of SCC. This reduc-

tion in J-ring owing to reduction in cohesiveness and the lack in paste volume of FA as

compared to PC. Similarly the outcome of this study revealed that the J-ring test of SCC

mixture is plummeted while consuming the GGBFS in the mixture as compared to the

control mixture of SCC. Moreover the J-ring of SCC mixture is reduced while using

GGBFS and FA as a cementitious material in the mixture. It was observed that the J-ring

of SCC mixture blended with FA along with GGBFS in the mixture with inclusion of 2%

to 3% of superplasticizer has been observed within the required range of EFNARC.
� The outcome of this study revealed that the sieve segregation of SCC mixture is reduced

while consuming the FA in the mixture. Similarly the sieve segregation of SCC mixture is

increased while using GGBFS in the mixture. Moreover the sieve segregation of SCC mixture

is improved with the growth in the dosages of GGBFS along with FA as a cementitious mate-

rial. The conclusion of this study is that the sieve segregation of SCC mixture blended with
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10% of GGBFS along with 10% of FA provides a satisfactory performance of fresh properties

of SCC mixture associated to more segregation resistance, deformability, passing, and filling

capabilities by using 2% and 3% of superplasticizer in the mixture.
� The ultimate compressive strength of SCC mixture was observed as 42 and 43 MPa at

10% of GGBFS and the lowest strength was noted as 36 and 37 MPa at 20% of GGBFS

by the weight of PC in the mixture at 28 and 90 days, respectively. Similarly the results

of maximum compressive strength of SCC mixture blended with 10% of FA as a cementi-

tious material are recorded as 42.20 and 43.50 MPa, and the minimum strength of SCC

mixture with addition of 20% FA as replacement for PC is noted as 36.50 and 38 MPa at

28 and 90 days, respectively. Moreover the supreme amount of compressive strength of

SCC mixture with addition of 10% (5% FA and 5% GGBFS) FA and GGBFS by the

mass of PC is noted as 43.35 and 44.65 MPa and the lowest amount of compressive

strength of SCC mixture blended with 20% (10% of FA and 10% of GGBFS) of FA and

GGBFS in the mixture is estimated as 40 and 41 MPa at 28 and 90 days, respectively.
� The ultimate split tensile strength of SCC mixture was observed as 4 and 4.20 MPa at

10% of GGBFS and the lowest strength was noted as 3.36 and 3.55 MPa at 20% of

GGBFS by the weight of PC in the mixture at 28 and 90 days, respectively. Similarly the

results of maximum split tensile strength of SCC mixture blended with 10% of FA as a

cementitious material are recorded as 4.05 and 4.25 MPa and the minimum strength of

SCC mixture with addition of 20% FA as replacement for PC is noted as 3.45 and

3.60 MPa at 28 and 90 days, respectively. Moreover the supreme amount of split tensile

strength of SCC mixture with addition of 10% (5% FA and 5% GGBFS) FA and GGBFS

by the mass of PC is noted as 4.04 and 4.22 MPa, and the lowest amount of split tensile

strength of SCC mixture blended with 20% (10% of FA and 10% of GGBFS) of FA and

GGBFS in the mixture is estimated by 3.40 and 3.58 MPa at 28 and 90 days, respectively.
� The ultimate flexural strength of SCC mixture was observed as 6.22 and 6.32 MPa at 10%

of GGBFS and the lowest strength was noted as 5.40 and 5.62 MPa at 20% of GGBFS by

the weight of PC in the mixture at 28 and 90 days, respectively. Similarly the results of

maximum flexural strength of SCC mixture blended with 10% of FA as a cementitious

material are recorded as 6.25 and 6.36 MPa and the minimum strength of SCC mixture

with addition of 20% FA as replacement for PC is noted as 5.50 and 5.70 MPa at 28 and

90 days, respectively. Moreover the supreme amount of flexural strength of SCC mixture

with addition of 10% (5% FA and 5% GGBFS) FA and GGBFS by the mass of PC is

noted as 6.30 and 6.40 MPa, and the lowest amount of flexural strength of SCC mixture

blended with 20% (10% of FA and 10% of GGBFS) of FA and GGBFS in the mixture is

estimated as 5.42 and 5.66 MPa at 28 and 90 days, respectively.
� The ultimate permeability of SCC mixture was observed as 21 and 19.50 mm at 0% of

GGBFS and the lowest permeability of SCC mixture was noted as 11.60 and 10.15 mm at

20% of GGBFS by the weight of PC in the mixture at 28 and 180 days, respectively.

Similarly the results of maximum permeability of SCC mixture blended with 0% of FA as

a cementitious material are recorded as 21 and 19.50 mm and the minimum permeability

of SCC mixture with addition of 20% FA as replacement for PC is noted as 12 and

11 mm at 28 and 180 days, respectively. Moreover the supreme amount of water penetra-

tion depth of SCC mixture with addition of 0% (0% FA and 0% GGBFS) FA and GGBFS

by the mass of PC is noted as 21 and 19.50 mm and the lowest amount of permeability of

SCC mixture blended with 20% (10% of FA and 10% of GGBFS) of FA and GGBFS in

the mixture is estimated as 10.55 and 10 mm at 28 and 180 days, respectively.
� Based on these conducted research studies the combined use of FA and GGBFS up to

10% is optimum for structural applications.
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17.1 Introduction

The rapid growth of the population has pushed the road paving industry toward the

utilization of sustainable construction materials. These include industrial wastes

such as bottom ashes and recycled materials. The incorporation of such materials as

a replacement of raw materials has grown in recent years, especially in asphalt con-

crete mixtures, when the conventional resources began to get scarce (Tuncan et al.,

2003). In fact, producing natural aggregates has been causing intensive consump-

tion and exploitation of natural resources, leading to permanent changes in the natu-

ral environment, such as depletion of virgin materials and disturbance of the

ecosystem (Akbulut & Gürer, 2007; Kono et al., 2018). Moreover the increase of

waste production is what forces nations to look for new sustainable ways to recycle

and incorporate these waste products into road construction industry (Ali et al.,

1996; Paranavithana & Mohajerani, 2006). According to the existing state of the

art, different waste products have been incorporated and used as construction mate-

rials in hot mix asphalt (HMA) mixtures and in concrete and cement applications.

Municipal solid waste (MSW) in road construction (Xue et al., 2009) has been used

lately in different applications (Kamon et al., 2000; Aubert et al., 2004b) and has

been attracting attention globally as this type of waste can be incorporated as virgin

material. Various researchers have been investigating in this direction. Perpetual

research studies continue the study for better investigation of these materials

(Abukhettala, 2016). Additionally, since 1980 the generation of MSW in the United

States is increased by 65% to reach at present about 250 million tons yearly with

11.7% incinerated with energy recovery, 34.7% recycled and composted, and

53.6% landfilled (U S Environmental Protection, 2010). As the waste production’s

volume remains to increase, emerging technologies are evolving to decrease the

volume and the weight of waste by 60% to 90%; one of these technologies is incin-

eration of MSW (An et al., 2014).

Different combustion technologies are employed to burn MSW (Defra, 2013);

however, these technologies are all separated to three major sections: incineration,

energy recovery, and air pollution control (APC) (Khalid, 2019; Singh et al., 2011).
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The residual products produced after combustion are referred to as municipal solid

waste incineration (MSWI) ash. By definition, MSWI ash is the byproduct produced

during the combustion of MSW in incinerators (Xue et al., 2009). Mass burn (MB),

refuse-derived fuel (RDF), and fluidized bed combustion (FBD) are technologies

used to combust MSW (Keppert et al., 2012; Haukohl et al., 1999). Mass burning is

the incineration of heterogeneous, “as received” MSW. This technique requires

minimal or no pretreatment along the lines of shredding, fine sorting, or reduction

of size (Yin et al., 2018a). The majority of MSW facilities are MB plants with mov-

able grate (Khalid, 2019; Haukohl et al., 1999). RDF technology requires pretreat-

ment of MSW in order to remove noncombustible and noncarbonaceous materials.

FBD technology is applied for homogenized and preheated MSW. This technology

is for particular types of wastes, notably industrial waste (Haukohl et al., 1999).

The residual ash products collected from MSWI are bottom ash (BA), fly ash

(FA), and APC residues. BA is a noncombustible material of the waste feed rich in

metal scraps and poor in heavy metals. It is released from the furnace grate and can

be assembled in two discharge systems: wet BA and dry BA discharge (Kahle

et al., 2015). Wet BA discharge is frequently used; BA is collected in a water

quenching bath and allowed to cool down in order to make handling easier and

reduce dust issues (Kahle et al., 2015). The water in the discharge system is found

out to be an alkaline water medium. BA consists of 25% of the total amount of

MSW and 80% of total combusted ash (Tang et al., 2018).

Dust particles (FA) and other pollutants (APC residues) can be removed by elec-

trostatic precipitators and scrubbers. These particles are classified as hazardous and

harmful waste as they are rich in heavy metals, toxic organic compounds, and chlo-

ride content.

The main concern related to the incineration of MSW is air pollution as the

incineration produces high volumes of flue gases. Residues, dust, heavy metals, and

organic and inorganic compounds in addition to other pollutants such as HCl, HF,

and SO2, generated from insufficient combustion, are carried by flue gases. The lit-

erature has shown that implementing APC devices reduces the emission of flue

gases (An et al., 2014; Haukohl et al., 1999; Millrath et al., 2004; Santagata et al.,

2014), shifting the air pollution concern to another concern associated with leaching

from the disposal of MSWI ashes in landfills.

Different researchers have been studying the engineering and environmental

effects of incorporating MSWI ashes (BA or FA) in bituminous applications.

Ferreira et al. (Brunner & Rechberger, 2015; Zhang et al., 2020) investigated the

different concentrations of metals in MSWI-FA. The results showed that different

heavy metals are present in high concentrations in MSWI-FA along the lines of

zinc, lead, iron, magnesium, manganese, chromium, and cadmium. The presence of

heavy metals in MSWI-FA may affect the sustainability in addition to environmen-

tal aspects. Lynn et al. (2017) assessed the sustainable use of MSWI-BA in the road

construction industry by analyzing and evaluating its characteristics and perfor-

mance in pavement applications. The results demonstrated that MSWI-BA can be

used in subbase and road base layers to a considerable percentage depending on the

binder content and performance requirement. An et al. (2015) studied the effect of
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using MSWI-BA as a partial replacement of fine aggregates in bituminous mixtures

at different percentages. They concluded that the highest Marshall stability, the

highest tensile strength ratio, and the highest moisture stability were developed at

20% replacement, whereas the flow increases as MSWI-BA replacement increases.

Romeo et al. (2018) evaluated the effect of using MSWI-FA as a filler in HMA

mixtures. Different mixtures were prepared and tested at different asphalt binder

contents and different filler types. Results showed that MSWI-FA can be used as a

filler in HMA mixtures if the MSWI-FA underwent the water leaching process. The

mechanical properties of samples with MSWI-FA as a filler are in agreement with

the ones of the conventional HMA mix. Mirković et al. (2019) studied the effect of

using FA as partial or total replacement of fillers in HMA mixtures. Satisfactory

results were achieved with the addition of FA; the stability and flow of mixes were

in agreement with the results of the control mix prepared with 100% of the tradi-

tional filler.

The work presented here aims at providing a comprehensive review on the avail-

able literature and potential applications on the incorporation of bottom and fly

ashes from municipal waste incineration as replacement of fillers in bituminous

mixtures. The literature review presented covers the findings of research studies

and practical experience covering methods to be followed and optimal incorporation

scenarios in different areas: (1) management practices of MSWI, (2) application of

MSWI ashes in road paving industry, and (3) environmental influence regarding the

use of MSWI ashes.

17.2 Management practices of municipal solid waste
incineration ashes

Management of MSW engages all the procedures and the measures needed to con-

trol MSW from its initial phase to its last phase (Branch); this could include waste

assembling, waste transportation, waste treatment and disposal, and monitoring and

controlling of the waste management process (de S. Pereira & Fernandino, 2019).

Various technologies have been employed regarding management of MSW dis-

posal. The predominant used technology in developing countries is landfilling

(Kamaruddin et al., 2017). However, environmental pollution and soil contamina-

tion resulting from landfilling leachate are marked as growing environmental con-

cerns in the Middle East region (Zafar, 2018). It is important to note that most

landfills in this region consist of nonsanitary landfills known as waste dumps. Soil

and water contamination, ecosystem damage, harmful gas emission, and landfilling

leachate are some of the characteristics of nonsanitary landfills. Landfilling leachate

is defined as the liquid released from solid waste, in general, with the presence of

water. This liquid is extremely rich in inorganic salts and toxicity, very high pH

with chemical oxygen demand, and biochemical oxygen demand, carrying dissolved

or suspended materials from different materials and biodecomposition procedures

(Kamaruddin et al., 2017). The composition of this liquid, leachate, changes over
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the time depending on several factors such as the composition of the solid waste,

the climatic conditions, the chemical and physical conditions, and age of the landfill

(Kamaruddin et al., 2017).

As a matter of fact, efficient landfill design can limit the contamination, conse-

quently limiting the environmental and health hazards by separating solid waste

from the enclosing environment (Jovanov et al., 2018; Vehlow, 2012). New MSW

techniques are emerging particularly for the management of uninsulated organic

waste, namely, mechanical-biological treatment (MBT), composting, and waste to

energy (WTE) (Hadidi et al., 2020). MBT consists of physical and biological isola-

tion of various types of waste found in MSW by biological stabilization of organic

matter (Fei et al., 2018). MSWs are first mechanically and biologically pretreated,

followed by an aerobic treatment to ensure the biological stabilization of degradable

elements (Scaglia et al., 2013). This technology has been broadly endorsed, in par-

ticular in Europe (Fei et al., 2018). As a matter of fact, around 180 MBT plants

were established in Europe between 1990 and 2010. Composting is another safe

emerging technology of waste management. It is an aerobic method where degrad-

able components are degraded and converted into organic and inorganic byproducts

under the influence of microorganisms (Tay & Goh, 1991). These byproducts can

be used as biofertilizers in addition to soil quality improvement (Ayilara et al.,

2020). Additionally, they act as a barrier protecting the underground water from

being polluted by MSW landfilling as microbes and other chemical and harmful

pollutants are decreased during the composting process (Ayilara et al., 2020). WTE

technology, often named MSW to energy, is considered as the most efficient

emerged technology as it inhibits the production of around 50 million tons of CO2

emitted due to fuel burning (Abdullah et al., 2019). However, this technology is not

supported globally as there is a consideration that energy generated from waste

depresses waste recycling (Abdullah et al., 2019; Malinauskaite et al., 2017). Six

strategies are present in WTE technology: MB, gasification, plasma arc gasification,

anaerobic digestion, RDF, and solid recovered fuel (Hadidi et al., 2020). In general,

MB is the most widespread WTE method as it consumes large amounts of MSW,

compared to MBT and composting technologies, in order to convert them into ben-

eficial energy types as generation of electricity and reduction of environmental

damage (Chandler et al., 1997). All solid and organic waste types can be treated in

MB. WTE technology is able to decrease waste by 80%. Developing countries,

such as the Middle East, rely on MSW landfilling as a disposal method as they

require effective MSW management practices (Brunner & Rechberger, 2015).

Furthermore, Asian and European countries consider separating the products of

MSWI ashes: BA, FA, and APC residues; on the contrary, in the United States,

these products are not detached, named combined ash, and are disposed in landfills

(Kim et al., 2016). Despite the fact that the United States is considered as the great-

est waste production country, the rate of MSW recycling is found out to be signifi-

cantly low with no MSW recycling practices (Kim et al., 2016). In Middle-Eastern

countries, Saudi Arabia is an example; up to 15% of MSW is recycled and gener-

ally is disposed unsegregated to landfills, keeping this management method the

most dominant as a result of the vast availability of land and a low cost of resources
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up to 15% of MSW (Hadidi et al., 2020). The reutilization of MSWI ashes is widely

promoted; in fact, BA and FA are reused in applications related to civil engineering

notably in road construction and roadway paving industry.

17.3 Municipal solid waste incineration ashes as road
construction material

17.3.1 Municipal solid waste incineration bottom ash

17.3.1.1 Properties of bottom ash

MSWI-BA is the main byproduct residue of the incineration procedure operated at

high temperatures between 850�C and 1000�C. It is considered as a porous, course,

and angular material, having a rough surface that might pass or remain on the burn-

ing grate; therefore grate ash can be found in MSWI-BA. This synthetically devel-

oped porous and heterogeneous product is characterized by dark gray to black

color, including some unburnt materials, glass, minerals, ceramics, and organic car-

bon in addition to ferrous and nonferrous elements (Santagata et al., 2014; Wiles &

Shepherd, 1999). BA represents 85% to 95% by weight of total whole amount of

produced residue and has considerably highly reactive properties (Cho et al., 2020).

Some BA phases are totally or partially dissolved when this product is soaked in

water, such as salts and sulfates (full dissolution) or glass phases (partial dissolu-

tion), leading to the creation of new phases and new reactions with the surrounding

carbon dioxide (Speiser et al., 2001). Moreover, BA can be classified as fine,

medium, and coarse particles, which are persistent with the fact that it is a heteroge-

neous material (Chang & Wey, 2006).

Scanning electron microscopy with energy-dispersive X-ray analysis (SEM-EDX)

and spectroscopic analysis ensure accurate information about the composition and

morphology of MSWI-BA. Calcium (Ca), sulfur (S), chlorine (Cl), potassium (K),

and sodium (Na) are mostly detected (Chang & Wey, 2006), in addition to other ele-

ments such as silicon (Si), iron (Fe), barium (Ba), and aluminum (Al) (Cho et al.,

2020). Additionally, dangerous elements are mapped in reduced quantities along the

lines of zinc (Zn), copper (Cu), lead (Pb), chromium (Cr), nickel (Ni), cadmium (Cd),

and arsenic (As) (Hartmann et al., 2015). The concentration of heavy metals present

in BA decreases with the increase of mean particle size, except for particle sizes of

1�1.4 mm (Chimenos et al., 1999; Yu et al., 2013). This can be explained by the

fact that greater volatilization is linked to coarser particles as their retention time is

longer than that of fine particles, which have a shorter retention time in addition to

their ability to catch more volatile species as their surface area is considerably high

(Song et al., 2004). A high concentration of calcium is found out in MSWI-BA; in

contrast the distribution of sulfur is observed to be dispersed, which indicates the

presence of calcium carbonate and calcium sulfate, CaCO3, and CaSO4 (Chang &

Wey, 2006). The distribution of sodium and chlorine was observed to be similar to

the one of calcium and sulfur, leading to the formation of sodium chloride (NaCl)
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compound; however, the distribution of potassium was displayed to be different,

forming potassium oxide (K2O) in minor concentration. By combining the chemical

maps of calcium and chlorine, calcium chloride (CaCl2) can also be detected in

MSWI-BA. Other major compounds can be detected in high concentrations, such as

silicon dioxide (SiO2), iron oxide (FeO3), and aluminum oxide (Al2O3). Sodium

oxide (Na2O), magnesium oxide (MgO), and titanium oxide (TiO2) are detected in

minor concentrations (Cho et al., 2020). Oxides are the primary compounds in

MSWI-BA, and silicon dioxide is the predominant one (Lynn et al., 2017).

In order to determine the connecting system of the BA elements, X-ray powder

diffraction (XRD) should be conducted. MSWI byproduct toxicity is defined as the

degree to which an element, product, or residue can cause damage and harmful

effects over a long period of time. It depends not only on the concentration of the

residue but also on the speciation of this residue (Li et al., 2004). Quartz, calcite,

anhydrite, albite, anorthite, and K2O consist of the main crystalline phases in

MSWI-BA. It should be noted that no detection of K2O was observed when MSWI-

BA is soaked in water (Yin et al., 2018a; Yu et al., 2013).

The production of hydroxides from calcium oxides will result in a high MSWI-

BA pH in the range of 10.5�12.2 (Chandler et al., 1997). A study in Belgium indi-

cated that the specific gravity of MSWI-BA ranges from 1.1 to 2.7 and that the dry

density ranges from 0.95 to 1.75 g/cm3, whereas moisture content of MSWI-BA is

greatly dependent on postincineration treatments and storage methods (Joseph

et al., 2018). Lynn et al. (2017) stated an average specific gravity of MSWI-BA of

2.3 based on 32 samples, with a range between 1.2 and 2.8. Furthermore, they indi-

cated absorption values ranging from 2.9% to 14.2% for coarse fractions and from

1.0% to 17.1% for fine fractions.

17.3.2 Application of bottom ash in bituminous mixtures

17.3.2.1 Replacement of fine aggregates

Several researchers investigated the use of MSWI ashes in HMA mixes. Ongoing

studies continue the examination for optimal use of MSWI ashes, and the suitability

of using MSWI-BA as fine aggregate substitutes in asphalt mixtures has been

assessed as this byproduct is, to some degree, similar to the traditional natural

aggregates. Incineration bottom ash (IBA) was examined as a fine aggregate substi-

tute in asphalt concrete pavement in an experimental study in 2019 by conducting

different physical tests. The results indicated that the substitution of fine aggregates

by IBA enhanced the adhesion between the aggregates and the binder�aggregate

adhesion (Luo et al., 2017). Improvement of engineering properties was also indi-

cated, such as stability and indirect tensile strength. Up to 80% of fine aggregate

replacement by MSWI-BA can be used to achieve good engineering properties and

performance enhancement (Luo et al., 2017; Ni et al., 2017).

Luo et al. (2017) examined the engineering and environmental properties of using

MSWI-BA as partial replacement for conventional aggregate in HMA mixtures.

Various MSWI-BA contents were mixed (10%, 20%, 30%, and 40% by total weight
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of the mix) with a conventional asphalt binder in order to achieve the objectives of

the experimental study. The results of the investigation on the potential of using

MSWI-BA in HMA asphalt showed that as the MSWI-BA substitution percentage

increases the tensile strength ratio decreases. The authors recommended a replace-

ment of up to 10% for surface course and up to 20% for base course as MSWI-BA

developed low rutting resistance. The concentrations of heavy metals in MSWI-BA

were below the regulatory limits. This can be explained by the fact that the coating

of the particles of MSWI-BA by asphalt binder decreases the concentrations of heavy

metals in leachates (Ni et al., 2017; Hassan & Al-Shamsi, 2010). Consequently,

investigation research studies were carried out to determine the relationship between

the design techniques and the beneficial use of MSWI-BA (Ni et al., 2017; Show

et al., 2000). Different studies reported that MSWI-BA has substantial potential to be

used in HMA mixtures. On the other hand, MSWI-BA tends to substitute fine aggre-

gates instead of coarse aggregates. In an experimental study, mechanical properties

and performance of HMA containing MSWI-BA as aggregate at different percentages

(30%, 60%, and 80%) were analyzed in addition to moisture sensitivity, stiffness, and

creep. The use of MSWI-BA in HMA mixes proved to enhance the stiffness of the

mixes excluding the mix at high percentage replacement (80%) and to enhance the

rutting resistance of HMA mixes (Hassan & Khalid, 2010a). A study in 2010 evalu-

ated the use of MSWI-BA as fine aggregate replacement by up to 40% by weight

using Marshall mix design method. The dynamic modulus results showed that as the

percentage of replacement increases, lower mix stiffness is developed; as a conse-

quence a maximum value of 20% of replacement of MSWI-BA was recommended

(Hassan & Al-Shamsi, 2010). Dynamic creep, moisture sensibility, and low-

temperature bending were conducted in an experimental study in order to assess the

engineering properties of HMA mixtures containing MSWI-BA as an aggregate sub-

stitute (Liu et al., 2014). The results indicated that the use of MSWI-BA enhanced

the rutting resistance of mixtures in addition to moisture susceptibility and anticrack

performance. It is recommended to limit the use of MSWI-BA replacement to 30%

by mass of the aggregate (Liu et al., 2014). The creep and viscous behavior of asphal-

tic mixtures were strongly affected by the use of MSWI-BA (Hassan & Khalid,

2010b). The highest increase in the tensile strength was indicated at 60% replacement

of MSWI-BA without causing brittleness concern (Hassan & Khalid, 2008).

However, another study stated that MSWI-BA enhanced the tensile strength of the

HMA mix combined with a high flow rate, low voids in mineral aggregate, and satis-

factory stability values (Huang et al., 2006).

17.3.2.2 Use of bottom ash as a mineral filler

Using MSWI-BA caused an enhancement in the tensile strength when used as a

replacement for natural filler material in addition, improving the resilient modulus and

the fracture behaviors of HMA mixes (Santagata et al., 2014). A study in 2020

reviewed different waste materials that could be used as fillers in asphaltic mixtures,

including MSWI-BA (Choudhary et al., 2020). The authors of this research study indi-

cated that MSWI ashes have the potential to be used as filler replacement as they
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developed excellent performance, such as dynamic and Marshall stability, in addition

to fatigue life when compared to performance of mixes with conventional fillers (Xue

et al., 2009; Choudhary et al., 2020). However, higher moisture susceptibility was

developed with the mixes containing MSW ashes, which is directly linked to the

decrease in the aggregate�binder adhesion caused by low calcium oxide and high sili-

con dioxide content (Choudhary et al., 2020). Numerous laboratory experimental tests

were conducted to assess the potential of MSWI-BA as a mineral filler in HMA mix-

tures. The results of the investigation suggested that the use of MSWI-BA as mineral

filler replacement enhanced the moisture sensitivity, resilient modulus, skid resistance,

and structural stability of mixes with no impact on Marshall stability or on rutting resis-

tance (Ali et al., 1996; Huang et al., 2006; Asi & Assa’ad, 2005; Churchill &

Amirkhanian, 1999; Garrick & Chan, 1993; Ksaibati & Plancher, 2005; Lentz et al.,

1994; Shimaoka et al., 2001; Shuler, 1976; Tapkin, 2008; Zeng & Ksaibati, 2003).

Some authors evaluated the impact of using 9% BA as mineral filler replacement and

conducted dynamic modulus test (Goh & You, 2008). The results showed that the

value of the dynamic modulus had decreased with the substitution of BA, which may

lead to a decrease in the rutting resistance and in the rut depth when this value is used

in the mechanistic empirical pavement design guide (MEPDG). However, it is impor-

tant to note that MEPDG was not designed for mixes with BA. It is recommended to

use lime with BA mixes in order to enhance its rutting resistance (Goh & You, 2008).

An experimental investigation was conducted in 2014 to study the performance charac-

teristics of HMA mixes with vitrified municipal solid waste bottom ash (VMSW-BA)

as a mineral filler substitute (Santos et al., 2013). Vitrification is when subjecting

MSW-BA to a high-temperature procedure. This process yields a homogeneous and

inert material that has minimal to no pollution risk. The experimental results showed

that the use of VMSWI-BA as mineral filler replacement results in considerably satis-

factory pavement performance (Santos et al., 2013). The heterogeneous nature of

MSWI-BA greatly affects the damage behavior of HMA as the thickness and the

strength of the interfacial transition zone are not similar for each aggregate�binder pair

(Yuan et al., 2017). Based on this fact, some authors evaluated the effect of the interfa-

cial zone on the tensile damage behavior of HMA mixes with MSWI-BA. The interfa-

cial transition zone is defined as the zone of asphalt mastic around the aggregate; its

properties are greatly linked to those of the aggregate and should be considered when

evaluating the damage mechanism of HMA mixes (Yuan et al., 2017). The numerical

results showed that the damage begins initially along the interfacial transition zones

and circulates progressively along these areas due to the difference in stiffness between

the aggregate particle and the mastic. Similarly the interfacial transition zone thickness

has a considerable impact on the tensile strength of mixes.

17.3.3 Municipal solid waste incineration fly ash

17.3.3.1 Properties of fly ash

MSWI-FA represents around 3% to 5% of the total amount of byproducts produced

by the incineration of MSW (Xue et al., 2009; Chandler et al., 1997; Mohammed
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Alhassan & Tanko, 2012) depending on the conditions of the MSWI, the different

types of MSW, and the treatment techniques of flue gas (Xue et al., 2009). MSWI-

FA is generally gray or dark gray and classified as fine particle along with dusty

appearance (Chandler et al., 1997; Mohammed Alhassan & Tanko, 2012).

The two samples FA1 and FA2 of MSWI-FA differ only by the temperature of

separation, which is higher than 700�C for FA1 and between 500�C and 700�C for

FA2 (Keppert et al., 2012). As seen, these nonuniform and irregular particles have

rough surfaces and are full of pores, which lead to higher surface areas, allowing

the accumulation of volatile metals on the particle surfaces. The principal factor

that determines the general composition of ashes is incineration of MSW. In addi-

tion, there are other factors, such as the incineration plant technology (separation

efficiency of filters, APC devices), the temperature of ash separation point, and

redox conditions (Keppert et al., 2012; Belevi & Langmeier, 2000; Belevi &

Moench, 2000). Most MSWI-FA elements showed consistent change in their con-

tents depending on the temperature of flue gas (Keppert et al., 2012). The physical

properties of MSWI-FA have been recorded (Cho et al., 2020). The density usually

ranges between 1.7 and 2.4 kg/m3, which is relatively lower than other densities of

materials used in the pavement industry (Tay & Goh, 1991; Goh & Tay, 1993). A

study carried out in 2016 found out that the diameters of most particles of MSWI-

FA (over 80% of MSWI-FA particles) are between 0.105 and 0.154 mm; addition-

ally only 5% of MSWI-FA particles are smaller than 0.063 mm and greater than

0.154 mm (Xinghua et al., 2016).

It is worth noting that the mass fraction decreases as the MSWI-FA particles are

smaller than 0.09 mm. However, the mass fraction decreases as the MSWI-FA par-

ticles are larger than 0.105 mm. The low ratio of MSWI-FA particles results from

the collision, heterogeneous condensation, and homogeneous nucleation of small

particles into larger ones (Chang et al., 2000). Unburned particles represent the

coarse particles of MSWI-FA as these particles had been discharged by air drafts

into dust catchers; however, they are present in a low ratio (Xinghua et al., 2016).

Research has shown that the pH of MSWI-FA is considerably in the range of

10�12 and sometimes can be even higher (An et al., 2015; Chang & Wey, 2006).

This is primarily caused by the presence of a high amount of calcium oxide (CaO);

the high alkalinity causes the MSWI-FA to have high resistance to changes in envi-

ronmental pH (Xinghua et al., 2016; Chang et al., 2000; Hansen et al., 2001).

The chemical composition, mineralogical composition, and morphology of

MSWI-FA are developed by X-ray fluorescence, XRD, and scanning electron

microscopy (SEM), respectively. Many researchers have investigated the chemical

composition of MSWI-FA (Xinghua et al., 2016; Diliberto et al., 2020; Du et al.,

2018; Kalogirou & Themelis, 1937; Rémond et al., 2002). Silicon dioxide, calcium

oxide, and aluminum oxide are the principal components of MSWI-FA. It can be

noted that MSWI-FA is not chemically inert; however, it is rich in heavy metals

and volatile elements such as lead, zinc, cadmium, and arsenic, making it a toxic

and hazardous waste (Cho et al., 2020; Xinghua et al., 2016; Bie et al., 2016; Lu

et al., 2020). The presence of heavy metals, high aluminum content in addition to

the high chlorine content in MSWI-FA, mainly originated from the plastics and
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kitchen waste in MSW, is one of the most important obstacles of using MSWI-FA

as a construction material as it increases the exposure of corrosion of reinforced

concrete structures when MSWI-FA and cement are mixed (Chandler et al., 1997;

Wiles & Shepherd, 1999; Xinghua et al., 2016; Astrup et al., 2008; Aubert et al.,

2007, 2004a; Lam et al., 2010). The results of the mineralogical composition of

washed and unwashed samples of MSWI-FA of the study conducted by Lu et al.,

2020 show that the mineralogical composition of MSWI-FA sample is totally dif-

ferent before and after FA washing. Several researchers evaluated different methods

to reduce the negative effects of MSWI-FA. The main treatment methods are (1)

extraction and separation using water; (2) chemical stabilization by carbon dioxide,

phosphoric acid, ferrous sulfate, sodium sulfide, and orthophosphate; (3) addition of

lime, cement, asphalt, and gypsum, which is the most common in the industry, but

this method may not be effective as some elements such as zinc, molybdenum,

chromium, and cadmium may not be adequately covered to meet the regulatory

leaching standards; and (4) thermal treatments such as vitrification or pyrolysis

(Vehlow, 2012; Chandler et al., 1997; Astrup et al., 2008). Researchers have inves-

tigated the potential of converting MSWI-FA into a nontoxic material (Kalogirou &

Themelis, 1937). A combination of thermal and chemical techniques has been sug-

gested to reduce the chlorinated organic pollutant to zero in addition to recover hea-

vy metals from MSWI-FA.

17.3.3.2 Application of fly ash in bituminous mixtures

Use of fly ash as a mineral filler
Several researchers have addressed the potential of using MSWI-FA as traditional

mineral filler replacement in bituminous mixtures. An experimental research con-

ducted in 2019 evaluated the pavement performance on bituminous mixtures con-

taining MSWI-FA as filler substitution (Yan et al., 2019). The MSWI-FA proved to

improve significantly the bituminous mortar characteristics by reducing the phase

angle, penetration, and creep rate; however, it increased the softening point, com-

plex shear modulus, rutting factor, and creep stiffness (Yan et al., 2019). MSWI-FA

had an insignificant negative effect on the low-temperature properties and a sub-

stantial positive effect on the high-temperature properties compared to the conven-

tional mineral filler (Yan et al., 2019; Musselman et al., 1994). Romeo et al. (2018)

conducted a laboratory experimental study to investigate the use of MSWI-FA as a

filler replacement in HMA mixtures. For this objective, several HMA mixtures with

the same gradation were tested using two different types of MSWI-FA. Results

showed that the tensile strength is considerably affected when adding MSWI-FA as

a filler (Romeo et al., 2018). Mechanical properties have been evaluated with the

addition of FA to replace the traditional mineral filler (Tapkin, 2008; Melaku et al.,

2022). The results showed that the addition of MSWI-FA as a filler in samples

increased Marshall stability and decreased the flow. Additionally the alteration in

the mechanical properties is essential as they influence the behavior of asphalt

pavement under applied loads. Based on the results, it is recommended to use

MSWI-FA in particular for wearing courses to substitute the mineral filler (Tapkin,
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2008; Ogunro et al., 2004). FA has demonstrated to enhance the performance of

asphalt pavement and decreases the cost and environmental impacts, which makes

FA an appropriate material for use in HMA mixtures (Garrick & Chan, 1993;

Ogunro et al., 2004; Sobolev et al., 2014). Additionally the investigation at micro-

scale showed that FA particles induced crack-arresting within binder matrix

(Sobolev et al., 2014). Xue et al. (2009) evaluated the possibility of using MSWI-

FA as partial replacement of mineral fillers in stone mastic asphalt mixtures.

MSWI-FA displayed considerably superior performance concerning mechanical

evaluation testing, such as dynamic stability, water susceptibility, fatigue life, and

rutting. Despite that, MSWI-FA samples showed higher moisture susceptibility than

the conventional samples; as a consequence the adhesion between asphalt binder

and aggregates is reduced (Xue et al., 2009). Another possible application for the

use of MSWI-FA in asphalt concrete mixtures is its use as fine aggregate replace-

ment. This type of application is considered, in some way, a new concept, as insuf-

ficient studies are found. The authors of this study had evaluated the use of MSWI-

FA as substitution of both fine and filler replacement in bituminous mixtures. The

results indicated that when using MSWI-FA as fine aggregate replacement, the dif-

ference between the average dynamic modulus for different mixes was not statisti-

cally significant within the zone of low reduced frequencies, indicating no effect of

MSWI-FA within this zone and thus suggesting no change in the rutting resistance

of the asphalt mixture. Whereas, the difference between the average dynamic modu-

lus for different mixes was statistically significant within zones of moderate and

high reduced frequencies, indicating that as the percentage replacement increases,

the stiffness decreases, and thus suggesting that the mixture becomes more resistant

to fatigue and thermal cracking. For mineral filler replacement, statistical analysis

showed no evidence that the dynamic modulus is different for different replacement

percentage along the entire domain of the mastercurve, suggesting that there is no

effect of MSWI-FA. (Joumblat et al., 2022a,b,c).

17.4 Environmental effect of municipal solid waste
incineration ashes as a road construction material

17.4.1 Leaching characteristics of municipal solid waste
incineration ashes

The leaching characteristics of MSWI ashes are considered as crucial parameters

preventing these residues to be used without contaminating the environment due to

the presence of heavy metals, salts, and organic micropollutants (Santos et al.,

2013; Penque, 2007; Sabbas et al., 2003; Shi & Kan, 2009). Several countries have

put into practice their own procedures regarding leaching tests and fixed toxic value

limits in order to assess the leaching potential of heavy metals, organic micropollu-

tants, and soluble salts when MSWI residues are disposed to landfill or exposed

to soil and water (Astrup et al., 2008; Wiles, 1996). Research has proved that
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MSWI-FA has considerably higher amounts of soluble salts (potassium, sodium,

calcium, and chlorine), toxic elements (lead, zinc, chromium, nickel, and copper),

and organic contaminants (chlorinated aromatic compounds such as chlorobenzenes

and polychlorinated biphenyls in addition to polycyclic aromatic hydrocarbons)

than MSWI-BA as a consequence of vaporization of metals during MSW incinera-

tion, accompanied by adhesion of vaporized metals on the surface MSWI-FA parti-

cles (Penque, 2007; Sabbas et al., 2003; Huang et al., 2003a, 2003b). Some

researchers have investigated the MSWI-BA and MSWI-FA from 25 different

plants from 1998 to 2010 and indicated that MSWI-FA surpasses the leaching limit

values for chlorine, zinc, lead, molybdenum, mercury, chromium, cadmium, and

sulfate; however, MSWI-BA surpasses the leaching limit values for chlorine, sul-

fate, molybdenum, copper, antimony, and selenium (Hjelmar, 2012).

It has been reported that the leaching of metals is multidimensional as it is

highly dependent on several factors: (1) the type of leachate; (2) pH: the leaching

of organic and inorganic constituents from solid to liquid phase is under the control

of pH (Cornelis et al., 2012); (3) liquid/solid ratio, defined as liquid volume that is

in contact with dry mass of solid material, which is a crucial factor as leaching of

heavy metals is governed by solubility (Hyks, 2008), in that a higher liquid to solid

ratio helps in the dissolution of minerals, speeding the formation of heavy metals

up (Mizutani et al., 1996; Yao et al., 2014); (4) the chemical compounds and parti-

cle morphology of MSWI residues resulting from the high combustion temperature,

which renders the MSWI residues thermodynamically unstable and affected by the

weathering and aging techniques, thus influencing the chemical and morphological

characteristics and causing a drop in pH value by carbonation (Arickx et al., 2010;

Meima & Comans, 1997; Yao et al., 2010); (5) properties of the MSWI ash such as

bulk content, particle size distribution, and chemical speciation (Tapkin, 2008) as

pollutants are concentrated in smaller particles (Yao et al., 2014; Chen et al., 2008;

Xia et al., 2017); (6) influence of time; (7) kinetics; and (8) chemical speciation

(Hyks, 2008; Luo et al., 2019).

The leaching potential of MSWI residues can be explored experimentally by dif-

ferent methods such as batch leaching tests, column leaching tests, and pH-static

leaching tests to assess the release of toxic elements from the leachate (Yin et al.,

2018a). However, batch leaching tests and column leaching tests are the most fre-

quent test procedures used. Batch leaching tests are considered as static, simple,

and fast leaching methods, where the leaching test conditions are fixed, such as

contact duration, pH, and liquid/solid ratio; however, information regarding kinetics

is not provided in this method (Speiser et al., 2001; Kalbe et al., 2008). On the other

hand, column leaching tests are considered as nonstatic as the conditions are similar

to the conditions developed in the field and simulate the flow of percolating water

(groundwater) through a porous layer of ash; hence the environmental effects of the

MSWI ash can be evaluated (Yin et al., 2018b). The results provided from column

leaching tests may be more reliable than those of batch leaching tests; however, the

column leaching tests consume more time, are higher in testing cost, and necessitate

more equipment (Pecorini et al., 2017).
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17.4.2 Municipal solid waste incineration ash leaching reduction
and treatments

The leaching potential of MSWI ashes can be substantially decreased by several

methods. These techniques are grouped into three categories: (1) chemical and

physical separation, (2) stabilization and solidification, and (3) thermal treatment.

Stabilization/solidification and thermal treatment are the most used techniques at

present (Mangialardi, 2003). The separation process consists of washing and elec-

trochemical techniques (Lam et al., 2010). The purpose of washing techniques is

to reduce most of the content of leachable salts, heavy metals, soluble chlorides,

and alkali in MSWI residues by either water or acids (Toledo et al., 2018). The

electrochemical technique is a new separation method to reduce the toxic leaching

elements in MSWI ashes by applying an electric field. As a consequence the

reduction and oxidation reactions are triggered on the surface of two electrodes

connected to an external voltage source that assists in the migration of pollutants

(Acar & Alshawabkeh, 1993). The stabilization and solidification techniques can

be divided into acceleration carbonation, hydrothermal solidification, and chemi-

cal stabilization (Dou et al., 2017; Jing et al., 2007; Zhang et al., 2016).

Accelerated carbonation method is an effective technique to reduce leaching of

toxic elements of MSWI ashes derived from natural weathering and aging. In this

process the mineralogical properties are altered by carbonation reaction between

carbon dioxide and alkali (Ni et al., 2017; Rendek et al., 2006). Hydrothermal

solidification solidifies the MSWI ashes at low temperatures and treats the ash on

a large scale, causing a significant reduction in the concentration of heavy metals

in the MSWI ashes (Jing et al., 2007; Shi et al., 2017). It is considered relatively

as an effective treatment technique and a sustainable recycling technique by

means of converting MSW into valuable products (Hu et al., 2015; Luo et al.,

2018). Chemical stabilization is considered as one of the major treatment methods

for leaching reduction by immobilizing heavy metals in MSWI ashes. Both

organic and inorganic additives are added, so soluble metallic minerals are con-

verted into less soluble forms (Wang et al., 2015). On the other side the purpose

of thermal treatment is to decrease the leachability of toxic residues, to remove

toxic compounds, to reduce the volume of the residue, and to generate useful

material (Luo et al., 2019). The main methods are vitrification, melting and

fusion, and sintering (Liu et al., 2014). However, vaporization is able to vaporize

toxic trace elements from MSWI residues. Vitrification consists of melting the

residue by means of additives to form a homogeneous liquid phase, followed by a

cooling phase to create a vitreous, inert, and chemically stable glassy material

(Stabile et al., 2019). Melting and fusion techniques form a heterogeneous slag

mixture consisting of glassy material and crystalline phases with no additives

used (Luo et al., 2019). Sintering process is heat-induced coalescence and densifi-

cation of porous solid particles, operated below the melting points of their main

components producing a product with low porosity, high strength, and a high den-

sity compared to the original ash (Luo et al., 2019).
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17.5 Conclusions and recommendations

The existing management practices for MSWI ashes are examined along with their

advantages to be used as road construction materials. The results demonstrated that

MSWI ashes can be used in the pavement industry. The extensive review targeted the

following areas: (1) the management practices for MSWI ashes currently employed

with a deep comparison between several countries; (2) the physical, chemical, mor-

phological, mineralogical, and leaching properties of MSWI-BA and MSWI-FA; (3)

the engineering characteristics and performance of bituminous mixes including

MSWI-BA as a fine aggregate and a filler as a replacement of natural aggregates; (4)

the engineering characteristics and performance of bituminous mixes including

MSWI-FA as a filler as a substitution of traditional mineral filler in HMA mixes; (5)

the environmental effects of MSWI ashes as road construction materials; and (6) the

current treatment techniques and methods to reduce leachate from MSWI ashes. In

accordance with the comprehensive review of the characterization of MSWI-BA and

MSWI-FA in addition to the assessment of their performance the following conclu-

sions and recommendations can be drawn (Levaggi et al., 2020).

� Incineration is employed in many countries for the reason that it is an effective method to

reduce the MSW weight and volume to be disposed in landfills.
� Different treatment methods have been promoted, tested, and proved to be a sustainable

alternative technique for leachate reduction.
� The utilization of MSWI ashes in the pavement industry yielded satisfactory and

acceptable engineering performance; however, leachates discharged from the contact with

water raise environmental concerns.
� SEM results displayed that MSWI-FA is heterogeneous and consists of irregular particles

owing to the high concentration of heavy metals, organic microcontaminants, salts, and

the condensation of volatile compounds. This morphological property is associated with

the leaching behavior of heavy metals and is behind the reason why MSWI-FA is consid-

ered to be more toxic than MSWI-BA.
� The optimal use of MSWI ashes as sustainable replacement of mineral fillers has demonstrated

to be advantageous and a feasible alternative for the performance of bituminous mixtures and

asphalt pavements in addition to the environment after suitable leaching reduction treatments.
� MSWI-BA has substantial potential to partially replace traditional fine aggregates and

mineral fillers in HMA mixes and commonly has yielded satisfactory performance.
� Few field execution and long-term performance studies are reported regarding the replacement

potential and techniques of MSWI ashes in HMA mixtures with MSWI-BA and MSWI-FA.
� Quality-control procedures, extensive ingredient analysis, and blending guides for MSWI

ashes from various sources are to be developed to promote their safe and efficient applica-

tion in the road construction sector.
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18.1 Introduction

Research has shown that about 30% of the global CO2 emissions arise due to high

energy usage in activities associated with the production of construction and build-

ing materials (Oti, Kinuthia, et al., 2010; Oti, 2010; Biswas, 2014; UNEP, 2009).

Much of the energy used in building materials takes place in the manufacture of a

few extensively used materials, which involve high-temperature kiln processes,

notably iron and steel, cement, clay bricks plus tiles, and glass. Therefore, energy-

saving strategy concentrating on low carbon building material development

intended at achieving a zero-to-negative carbon profile in building, using industrial

by-product materials and low-energy additives, is a development that will benefit

both the present and future generations and is a step toward more sustainable build-

ing construction (Oti et al., 2010; Oti, 2010).

At the present time, energy price trends are high because of the scarcity of

energy sources, while energy consumption is increasing continuously worldwide.

Researchers have been working hard to reduce the energy usage and CO2 emission

in clay building masonry units. For example, the study by Webb (1994) on mechan-

ical pressed stabilized soil products was able to achieve a saving of at least 40% of

the energy usage in a building by using stabilized soil blockwork walling, when

compared to concrete blockwork. Venkatarama Reddy and Jagadish (2003) studied

the embodied energy of common and alternative building materials. A comparison

of the energy content of steam-cured soil blocks and burnt bricks was made. Their

finding showed that steam-cured soil blocks are 35% more energy efficient than

burnt clay bricks. Esmeray and Atıs (2019) reported on the potential of utilizing

sewage sludge, oven slag, and fly ash for clay brick production. Sutcu et al. (2019)

reported on the use of recycled bottom ash and fly ash wastes for eco-friendly clay

brick production. Other workers (Kariyawasam & Jayasinghe, 2016; Khadka &

Shakya, 2016; Dao et al., 2018) used chemical stabilizers such as cement or lime to

soil to improve mechanical characteristics. Unfortunately, the addition of chemical

stabilizers reduces the moisture buffering capacity and hygrothermal inertia of the
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material (McGregor et al., 2014; Arrigoni et al., 2017) while largely increasing the

carbon footprint (Worrell et al., 2001). Labat et al. (2016) produced straw-clay mate-

rials with a density of 241�531 kg/m3 and thermal conductivity of 0.071�0.12 W/(m

K). Al Rim et al. (1999) produced clay�cement�wood composites with a density of

370�1170 kg/m3 and thermal conductivity from 0.08 to 0.24 W/(m K). Mazhoud

et al. (2017) reported on the mechanical properties of hemp�clay and hemp stabi-

lized clay composites. Renouard et al. (2014) reported on the characterization of

ultrasonic impact on coir, flax, and hemp fibers.

The key sustainability issue this book chapter intends to address is the current

lack of significant engagement regarding the utilization of waste from various

industrial processes in the building industry. It should be noted that the use of acti-

vated slag such as ground granulated blast-furnace slag (GGBS) with clay waste

and natural fiber in building components (outside use in normal concrete applica-

tions) is rare in the UK. This paper and any viable building products emerging from

it are therefore quite innovative.

18.2 Methodology

18.2.1 Materials

The Lower Oxford Clay (LOC) used in this study was supplied by Hanson Brick

Company Ltd., from their Stewartby brick plant in Bedfordshire, UK. The chemical

and physical properties of the LOC are listed in Table 18.1. Two types of lime

were used in this study. L1 is quicklime (CaO) while L2 is hydraulic lime. Both L1

and L2 were supplied by Tŷ-Mawr Lime Ltd., Llangasty, Brecon, UK. The use of

lime for clay soil stabilization has been extensively applied in civil engineering

practices such as foundations, roadbeds, embankments, and piles (Boardman et al.,

2001). In practice, between 1 and 3 wt.% lime is needed for modifying soil proper-

ties and between 2 and 8 dry wt.% lime for stabilization. Previous research work by

the current research team used 6 wt.% lime (Oti & Kinuthia, 2012a) for the stabili-

zation of kaolinite clay for road construction. In the current work, a maximum dos-

age of 4 wt.% lime was chosen after several laboratory trials. GGBS used in this

work was in compliance with BS EN 15167-1:2006 (BS EN 15167-1, 2006), and it

is a by-product material generated from the iron-making industry. The Portland

cement (PC) was manufactured in accordance with BS EN 197-1:2011 (BS EN

197-1, 2011). The chemical and physical properties of the GGBS and PC are listed

in Table 18.1. The industrial hemp used in this research work was supplied by

Lime Technology UK; it is a specially processed hemp for the construction applica-

tion that provides optimum characteristics from vapor permeability and thermal and

acoustic insulation. It is produced in commercial quantities by Lhoist UK, Buxton,

Derbyshire. Industrial hemp is a natural material that has the potential to reduce not

only the CO2 emissions but also serve as a renewable building resource. It is the

wood (fibrous) part of the hemp called hemp shiv that is used as a composite with

the binder. The engineering properties of the industrial hemp used for this current
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Table 18.1 Chemical and physical properties of Lower Oxford Clay, quicklime, hydraulic

lime GGBS, and PC.

Oxides LOC L1 L2 GGBS PC

CaO 6.15 89.2 66.6 41.99 63.00

SiO2 46.73 3.25 4.77 35.35 20.00

Al2O3 18.51 0.19 1.49 11.59 6.00

MgO 1.13 0.45 0.56 8.04 4.21

Fe2O3 6.21 0.16 0.71 0.35 3.00

MnO 0.07 0.05 0.08 0.45 0.03�1.11

S22 2 , 0.01 , 0.01 1.18 2

SO3 2 2.05 , 0.01 0.23 2.30

SO4 2 2.46 , 0.01 2 2

CaCO3 2 2 2 2 2

TiO2 1.13 2 2 2 2

K2O 4.06 0.01 0.25 2 2

N2O 2 0.02 0.04 2 2

FeO 0.8 2 2 2 2

P2O5 0.17 2 2 2 2

Na2O 0.52 2 2 2 2

CO3 2 4.00 3.00 2 2

Soluble silica 2 1.10 4.77 2 2

Physical properties

Insoluble residue 2 4.1 2 0.3 0.5

Bulk density

(kg/m3)

(1100�1250) (1150�1300) 490 1200 1400

Relative density 2.63 2.8 2.4 2.9 3.1

Blaine fineness

(m2/kg)

2 430�1450 300�1400 450 365

pH 2 13.9 12.9

Liquid

limit (LL) (%)

67 2 2 2 2

Plastic

limit (PL) (%)

35 2 2 2 2

Plasticity

index (%)

32 2 2 2 2

Color Gray Off-white White Off-white Gray

Glass content 2 2 2 � 90 2

Notation

LOC Lower Oxford Clay

L1 Quicklime

L2 Hydraulic lime

GGBS Ground granulated blast-furnace slag

PC Portland cement
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work are listed in Table 18.2. The orientation of the mineral planes of the natural

hemp in the X-ray diffractometer is shown in Fig. 18.1. Analysis of the results

shows four very strong peaks for Ca, SiO2, MAD-10 Feldspar, and Wollastonite.

The quantification of the element by weight % showed that the hemp consists

mainly of 44.67% C K, 52.89% O K, 0.09% Mg K, 0.06% AL K, 0.27% Si K,

0.14% S K, 1.20% K K, 0.69% Ca K, and 0.19% Cu K.

18.2.2 Mix composition, sample preparation, and testing

Table 18.5 reports the details of the mix compositions of the stabilized cylinder spe-

cimens made using varying proportions of the two types of lime (L1 and L2) or PC

blended with GGBS to stabilize the LOC and industrial hemp at 20% maximum sta-

bilizer content. The clay content in the mix design was replaced by 2% industrial

hemp shiv to improve the carbon profile of the stabilized mixture.

Table 18.2 Engineering properties of the industrial hemp.

Properties Composition

Flux content (%) 35

Hiv content (%) 65

Length of hiv (mm) 8.1�15

Width of hiv (mm) 0.6�1.5

Thickness of hiv (mm) 2�6.5

Bulk density (kg/m3) 82

Rate of water absorption (%) 117
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Figure 18.1 X-ray diffraction of the hemp fiber (C5Ca, O5SiO2, Mg5MgO,

Al5Al2O3, Si5 SiO2, Cl5KCl, K5MAD-10 Feldspar, Ca5Wollastonite).
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A series of trials for blend optimization was conducted by the authors in their

previous studies (Oti et al., 2009, 2010; Oti, 2010; Oti & Kinuthia, 2012b; Kinuthia

& Oti, 2012). At the end of the trials, optimal blending ratios (4%L: 16%GGBS

and 4%PC: 16%GGBS) were adopted, based on the experience gathered by the

authors in their previous research work (Oti et al., 2008a, 2008b, 2010; Oti, 2010).

For sample preparation, it was found necessary to establish target dry density and

moisture content values. Therefore, Proctor Compaction tests were carried out in

accordance with BS 1924-2: 1990 (BS 1924-2, 1990); for details, see previous stud-

ies (Oti et al., 2010; Oti, 2010) (Table 18.3).

In the current research work, a much higher stabilizer dosage of 20% was used

to ensure that the manufactured product is capable of carrying loads for medium-

higher application, as required by most building standards and not merely for low-

cost category; for detail, see previous works (Oti et al., 2010; Oti, 2010).

Dry materials capable of producing three compacted cylindrical test specimens,

each of dimensions 50 mm in diameter and 100 mm in length, were thoroughly

mixed in a variable-speed Kenwood Chef Major KM250 mixer; for detail, see pre-

vious works (Oti et al., 2010; Oti, 2010). Immediately after mixing, the materials

were compressed into cylinders, to the prescribed dry density and moisture content.

A steel mold fitted with a collar was used to accommodate all the material required

for one sample, and specimen compaction was carried out using a hydraulic jack.

After compaction, the cylinder specimens were extruded (see Fig. 18.2), using a

steel plunger. They were then weighed, wrapped in cling film, and labeled before

being placed in sealed plastic containers at room temperature of about 20�C 6
2�C. The samples were then moist cured for 3, 7, 14, and 28 days.

Table 18.3 Mix composition of the blended hemp�LOC mixture (material for one

cylindrical test specimen).

Stabilizers Mix code Moisture Lime Lime PC GGBS LOC Hemp Water

Content L1 L2

L1�GGBS 4%L1:16%GGBS 27% 10.5 0 42 257.25 5.25 85

L2�GGBS 4%L2:16%GGBS 27% 0 10.5 0 42 257.25 5.25 85

PC�GGBS 4%PC:16%GGBS 27% 0 0 10.5 42 257.25 5.25 85

L1�GGBS 4%L1:16%GGBS 30% 10.5 0 41 251.86 5.14 92

L2�GGBS 4%L2:16%GGBS 30% 0 10.5 0 41 251.86 5.14 92

PC�GGBS 4%PC:16%GGBS 30% 0 0 10.5 41 251.86 5.14 92

L1�GGBS 4%L1:16%GGBS 33% 10.5 0 0 40.1 245.6 5 99.3

L2�GGBS 4%L2:16%GGBS 33% 0 10.5 0 40.1 245.6 5 99.3

PC�GGBS 4%PC:16%GGBS 33% 0 0 10.5 40.1 245.6 5 99.3

361Ecology-based green clay�hemp brick material made with ground granulated blast-furnace slag



Two cylindrical test specimens representing each of the various mix composi-

tions were prepared for durability testing (resistance to linear expansion upon par-

tial soaking in water). To affect partial soaking, the cling film wrapping the test

specimens was carefully cut and removed at about the bottom 10 mm, using a sharp

razor. The samples were then placed on a platform in a plastic tank, with the

exposed surface in contact with the platform. The specimens were then allowed to

moist cure in the tank, by ensuring that water was always present below the plat-

form upon which the test specimens were placed. To minimize evaporation and dry-

ing out of the test specimens, the plastic container was fitted with a lid that was

always used to cover the container. The lid was also fitted with a digital gauge to

monitor linear expansion (see Fig. 18.3).

Figure 18.2 Steel mold (extension collar not shown) and the extruded cylindrical test

specimen.
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This process of moist curing was allowed to take place for the initial 7 days of

specimen preparation. Thereafter, the specimens were partially immersed in water

to a depth of 10 mm above their base by carefully increasing the water level in the

tank with a siphon, thus ensuring minimal disturbance of the specimens. This pro-

cess of curing after raising the water level is referred to as soaking. Linear expan-

sion measurements were recorded during moist curing and subsequent soaking.

This was done automatically, and the readings were recorded by a computer digital

device every 12 hours.

The monitoring of the linear expansion measurements was completed on a daily

basis until no further significant expansion was observed. Both the moist-curing

and soaking environments were within sealed systems in order to reduce the avail-

ability of carbon dioxide that would otherwise cause carbonation of the lime in the

hydrating system, which may reduce the amount of lime available for pozzolanic

reaction. For soaking, deionized water was used to avoid specimen contamination

from metallic or other ion species in the water.

A total of 126 test cylinder specimens were prepared, 108 for strength testing

and 18 for linear expansion tests. At the end of the curing period, three samples per

Figure 18.3 A 64-channel data logger (MX2000 VJ Tech) for recording linear expansion

measurements.
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mix proportion were tested for compressive strength at the age of 3, 7, 14, and 28

days in accordance with BS 1924-2: 1990 (BS 1924-2, 1990), using a Hounsfield

testing machine at a compression loading rate of 1 mm/min. Two samples per mix

proportion at the moisture content of 27%, 30%, and 33% were used to determine

the linear expansion behavior of the compacted cylinders during moist curing and

during subsequent soaking in deionized water.

18.3 Result and discussion

18.3.1 Strength development of the lime�GGBS and PC�GGBS
stabilized systems

The compressive strength results of L1�GGBS, L2�GGBS, and PC�GGBS cylinder

specimens compacted at 27%, 30%, and 33% moisture content and cured at room tem-

perature of about 20�C 6 2�C for up to 28 days are shown in Fig. 18.4A�D. It was

observed that at the early curing ages (3 days), the L2�GGBS and PC�GGBS blends

exhibited lower strength values than that of L1�GGBS.

The highest strength value obtained at the end of the 3-day moist curing was 857

kN/m2 at 27% compaction moisture content. Similar trends were observed at 7 and

14 days of curing age (the L1�GGBS blend stabilized cylinder specimens tended

to have higher strength value at all compaction moisture content).
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Figure 18.4 (A�D) Strength development of various stabilized systems.
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At the end of the 28-day moist curing period, there was a significant improvement

in the strength values of all compacted cylinder specimens at 27%, 30%, and 33%

compaction moisture contents. As observed previously (3, 7, and 14 days), the highest

strength value this time was 3316 kN/m2, again this value was for the L1�GGBS

mixture. It is interesting to note that previous work (Kinuthia & Oti, 2012) with mixes

without hemp indicates that there is significant strength gain with age up to 28 days

for the mixtures stabilized with lime and GGBS (L1�GGBS and L2�GGBS), and the

highest strength of 3200 kN/m2 was observed for mix L1�GGBS at 27%. The gain in

unconfined compressive strength with age was lower for the mixture with PC and

GGBS (PC�GGBS) at all compaction moisture contents. The lime-activated GGBS

stabilizer has significantly higher influence on strength than the equivalent PC-based

system as observed from the results and the addition of hemp has a higher influence

on strength development at the end of the 28-day moist curing period.

The overall performance of the two different limes and PC, each blended with

GGBS, shows that when the compaction moisture content was increased from 27%

up to 33%, the strength values of the cylinder specimen for all blended stabilized

mixtures were significantly reduced.

The mechanism for the hydration cycle may be complex and can be difficult to

explain in detail. But in general, one major activity that takes place is the modification

of the soil as a result of ion exchange. The other activity that takes place during the

hydration process is the solidification of the clay soil as a result of pozzolanic reaction.

The difference in the hydration reactions between lime and GGBS may lead to a differ-

ence in the microstructure of the stabilized system. The reactions that take place may

be very complex, for example, the calcium oxide (CaO) from lime or GGBS may react

with the clay soil particles to form calcium hydroxide Ca(OH)2. The system may have

high concentrations of calcium ions (Ca21) and hydroxide ions (OH�). Then, an

exchange of cation may occur in the whole system, and during this process, sodium ion

(Na1) and potassium ion (K1) are displaced (Oti et al., 2010; Oti, 2010).

The replacement of monovalent sodium and potassium ions by divalent calcium

ions during the ion exchange process may induce changes in the soil properties

within the first hour of the hydration process. The concentration of divalent calcium

ions induces the flocculation of the clay colloids which then transform the plastic

soil particles to a granular state, while the monovalent sodium and potassium ions

enhance dispersion. The sodium ion (Na1) and potassium ion (K1) in the lime and

GGBS potentially increase the exchangeable cation in the entire blended system

(Oti et al., 2010; Oti, 2010). This may be another reason for the variation in

strength values in the stabilized mixtures. The increase in compaction moisture con-

tent of the compacted cylinder specimens from 27% to 33% produced a significant

reduction in strength values, observed with all the stabilizer blends, at all mix pro-

portions at the optimal blending ratio of 4%:16% L/PC:GGBS.

18.3.2 Linear expansion

Fig. 18.5A�F illustrates the expansion behavior during moist curing and subsequent

soaking of the various samples (L1�GGBS, L2�GGBS, and PC�GGBS) at 27%,
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30%, and 33% compaction moisture content. The linear expansions during the 7-

day moist curing observed so far suggest very low expansion for all the stabilizer

blends, within the range of 0%�0.7%. No noticeable shrinkage was noted.

The linear expansion during soaking of the blended cylinder specimens suggests

relatively more rapid expansion upon soaking, with the highest recorded expansion

being about 1.65%, recorded for the L2�GGBS blend at 33% compaction moisture

content. The least linear expansion was 1.06%, observed from the specimens made

using the PC�GGBS blend at 27% compaction moisture content. Interestingly, this

stabilizer blend recorded the least strength development.

The total overall expansion rate of the samples (0%�1.65%) at the compaction

moisture content of 27%, 30%, and 33% is within the acceptable limit for the

durability of stabilized clay masonry units. The total maximum 50-day linear
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Figure 18.5 (A�F) Linear expansion measurements during moist curing (7 days) and

subsequent soaking of the stabilized cylinder specimens, made at 27%�33% compaction

moisture content.
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expansion is summarized in Fig. 18.6. It is interesting to note that in previous

work (Oti et al., 2009, 2010; Oti, 2010; Oti & Kinuthia, 2012b; Kinuthia & Oti,

2012) with mixes without hemp, the blend made with quicklime (L1�GGBS)

showed the highest expansive behavior, with the highest recorded expansion mag-

nitude of about 1.6% at 33% compaction moisture content. The lowest linear

expansion of 0.9% was observed from the blended optimized cylinder specimens

made using the PC�GGBS blend. The addition of hemp has no significant influ-

ence on the rate of expansion.

Swelling and linear expansion of stabilized clay soil is common and is known to be

associated with the formation of a colloidal product (gel intermixed with ettringite),

which forms on the surface of the clay particles during curing. When in a saturated

condition, ettringite grows and develops from this colloidal product (Oti et al., 2010;

Oti, 2010). It has the capability of imbibing large amounts of water and dramatically

increases the swelling potential of the stabilized soil, especially if lime is used as a sta-

bilizer (Oti et al., 2010; Oti, 2010). However, the introduction of a cementing agent,

such as PC or GGBS, modifies the chemical interaction of the clay�lime system,

thereby altering the types of reactions and thus potentially altering any disruptions that

the reaction by-product may cause. It is therefore not surprising that the test specimens

made using PC-GGBS expanded much less relative to those stabilized using a lime-

GGBS blended binder (Oti et al., 2010; Oti, 2010).
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Figure 18.6 Total (maximum) 50-day linear expansion measurements for moist curing

(7 days) and subsequent soaking of the stabilized cylinder specimens, made at 27%�33%

compaction moisture content.
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Over the 50-day linear expansion observation period, all the samples either

attained terminal linear expansion or continued to expand at a negligible rate. The

linear expansion started during the 7-day curing period and increased when the spe-

cimens were soaked in water after the 7-day moist-curing period. This expansion

was more stable for the rest of the 36 days of soaking. The PC�GGBS blended

LOC samples recorded significantly lower expansion values compared with the

lime�GGBS stabilized LOC. The overall reduction in linear expansion is likely to

be due to the formation of cementitious products (Oti et al., 2010; Oti, 2010). The

cementitious gels cement the soil particles together and enable them to resist the

considerable swelling pressures, which can be generated when ettringite forms in

the presence of water (Oti et al., 2010; Oti, 2010). The hydration of the PC�GGBS

stabilizer blend is much more rapid compared with the pozzolanic reaction of

lime�GGBS with clay. This hydration reaction is known to consume lime (Oti

et al., 2010; Oti, 2010).

One possible explanation why the lime�GGBS stabilized test specimens

expanded relatively more compared with the PC�GGBS specimens is perhaps

because of relatively more ettringite formation during the hydration process in the

lime�GGBS blended matrix, with the ettringite subsequently imbibing large quanti-

ties of water, leading to expansion. Other hydration products may also fill the void

space of the stabilized system, thus enhancing both strength and volume stability

upon subsequent soaking (Oti et al., 2009, 2008c, 2010; Oti, 2010; Oti & Kinuthia,

2012b; Kinuthia & Oti, 2012).

The fact that higher strength magnitudes in the lime�GGBS system were

observed and it is the same system that expanded the most suggests that volume sta-

bility is a sensitive balance between void space and cementation. GGBS may also

play the role of diluting the stabilized system, thus reducing the amount of expan-

sive products in the pore space and also increasing the effective water-to-stabilizer

ratio. This would enable a greater degree of CaO hydration (Oti et al., 2010; Oti,

2010). This minimizes any possible disruption to the hardened product and the

overall expansion may be reduced. In addition to the above hypotheses, GGBS may

also mitigate the expansion by providing a surface upon which lime can be

adsorbed and subsequently interact by activating the hydration process with the

enhanced pH environment (Oti et al., 2008c, 2010; Oti, 2010).

18.3.3 Laboratory stabilized clay�hemp brick manufacture

In order to establish the viability of the transition from the laboratory cylinder spe-

cimens produced elsewhere to actual brick production, a full-scale steel mold was

fabricated with a view to producing full-sized bricks for further testing, rather than

using cylinder test specimens. This enabled laboratory-scale production of full-

sized building bricks of dimensional configuration of 215 3 102.5 3 65 mm

using the L1�GGBS, L2�GGBS, and PC�GGBS mixtures at 27% moisture con-

tent. The results were an immediate success, as demonstrated in Fig. 18.7 (full-sized

clay bricks made at laboratory scale).
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18.3.4 Cost analysis hemp�clay brick

The identification of a potential market for all the stabilized hemp�clay brick types

(L1�GGBS, L2�GGBS, and PC�GGBS) manufactured at 27% moisture content,

could be an influential factor for a successful unfired clay masonry brick development

program. A cost�benefit analysis was conducted for all the stabilized hemp�clay brick

types to provide a protocol for measuring the efficient allocation of resources. The

overall aim is to provide the researchers/planner with a set of values that are useful to

determine the feasibility of the stabilized hemp�clay brick project from an economic

standpoint. To calculate the payback period for all the hemp�clay brick types, the

energy cost was determined. Since the thermal load is cumulative, the energy used (E)

is calculated by the following equation (Al-Hadhrami & Ahmad, 2009):

E5
0:0243D

R3C
kWh=m2

where D is the degree-days of the location (D 5 2185), R is the thermal resistance

of the brick sample, and C is the coefficient of thermal performance of the system

(C 5 2.16). The total discounted cost or a net present value (NPV) per square meter

of brick surface area is calculated using the following equation:

NPV 5E3PWF3EC1BC d=m2
� �

where E is the annual energy consumption, EC is the energy cost (8 pence/kWh),

PWF is the present worth factor, and BC is the cost stabilized hemp�clay brick.

The present worth factor, PWF, is calculated using the following equations:

PWF5
1

i2 e
12

12e

12i

� �n� 	
for e 6¼ i

PWF5 n:ði1 eÞfor e5 i

where e is the energy inflation rate (3.5%), i is the discount rate (6%), and n is the

lifetime of the stabilized hemp�clay brick (30 years). The inflation rate, the

Figure 18.7 Freshly prepared clay�hemp bricks using L1�GGBS, L2�GGBS, and

PC�GGBS mixtures.
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discounted rate, and the present worth factor are presented in Table 18.4 and it can

be seen that the values are the same for all brick types.

The cost analysis along with the energy use and the net present value for all the

stabilized hemp�clay bricks types (L1�GGBS, L2�GGBS, and PC�GGBS) are

presented in Table 18.5. It can be seen that the stabilized hemp�clay brick manufac-

tured with the PC�GGBS system has the highest net present value while the lowest

net present value was observed for stabilized hemp�clay brick manufactured with

the LG1�GGBS system. Similar trends were observed for energy use. For the brick

cost, the highest brick cost was observed for the stabilized hemp�clay brick manu-

factured with LG1�GGBS system, while the lowest brick cost was obtained for the

stabilized clay�hemp brick manufactured with the PC�GGBS system. Since the sim-

ple payback analysis only gives the recovery period of an additional investment, it

ignores the influence of discount rate and cost escalation. Net present value analysis

is the correct approach for economic analysis as it takes into account the life period

of the stabilized hemp�clay brick, time value of money (discount rate), and energy

escalation cost. The net present value analysis shows that the stabilized hemp�clay

brick manufactured with the LG1�GGBS system is the most effective of all the brick

types as it has the lowest net present value of 61.17 d/m2.

18.4 Conclusions

The results obtained so far suggest the following conclusions:

There is potential for using blended binders for the manufacture of unfired clay

materials within the building construction industry. The lime�GGBS blends in

Table 18.4 The inflation and discount values of the stabilized hemp�clay bricks.

Brick type e i n PWF EC

(%) (%) (years) (pence/kWh)

L1�GGBS 3.5 6.0 30 0.0962 8.0

L2�GGBS 3.5 6.0 30 0.0962 8.0

PC�GGBS 3.5 6.0 30 0.0962 8.0

e, inflation rate; i, discount rate; n, lifetime of the unfired bricks.

Table 18.5 The net present values of the stabilized hemp�clay bricks.

Brick type R D C E BC NPV

(m2/K/W) (degree-day) (kWh/m2) (d/m2) (d/m2)

L1�GGBS 0.3625 2,185 2.16 66.95 9.65 61.17

L2�GGBS 0.3471 2,185 2.16 69.92 9.35 63.16

PC�GGBS 0.3375 2,185 2.16 71.91 8.75 64.09

R, the thermal resistance of the unfired clay bricks; D, degree-day; C, coefficient of thermal conductivity; E, energy
used; BC, cost of the unfired clay bricks.
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particular showed promise. Using Lower Oxford Clay and industrial hemp as the tar-

get stabilization materials, the cylinder test specimen made with PC�GGBS blends

tended to achieve lower strength values compared with the different lime�GGBS

blends. The strength characteristics of the unfired bricks were improved with the

presence of the lime and GGBS, which act as a bond on the soil particles.

The lime and GGBS offer other benefits in enhancing the all-round performance

with volume stability and overall durability. The expansive behavior upon moist

curing and soaking in water of the stabilized hemp�clay mixture was within the

acceptable limit for the durability of stabilized clay masonry units.

The outcome of the cost analysis shows that the stabilized hemp�clay bricks

manufactured with the LG1�GGBS system is the most effective among the bricks

studied as it has the lowest net present value.
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19.1 Introduction

The field of construction is a major consumer of natural resources (Tam et al., 2018),

related to the consumption of energy, raw materials, or the production of dust pollutants,

waste, and greenhouse gases. Among all the construction materials, concrete is one of

the most diffuse ones, with a worldwide production of more than 10 billion tons per

year (Meyer, 2009). As a matter of fact, concrete is very versatile for several types of

structures, permitting complex and elaborate designs. It could be adopted also for infra-

structures, for example, road pavements or important bridges and viaducts. Its use could

determine a high impact on environment and health due to the production processes, the

constructive phases, the maintenance, and the demolition. The first critical aspect to con-

sider in order to decrease the environmental footprint is the use of raw materials; the

main potential issues are related to the possible shortage of natural materials for clinker

manufacturers, and to the impact that the uncontrolled supply of concrete components—

mainly aggregates—could determine on the environment. A challenging factor related

to the sustainability of concrete is also its great energy consumption, necessary for clin-

ker calcination (which needs 1400�C�1450�C) and for the preparation and crushing of

coal, clinker, aggregates, and additives. Moreover, the processes that request energy con-

sumption are associated with gas emissions (Purnell, 2012). The average emission result-

ing from manufacturing each ton of clinker is around 0.9 tons of CO2, which

contributes to about 8% of global CO2 emissions. In particular, Portland cement produc-

tion represents 74%�81% of the overall CO2 emissions of concrete, and aggregate prep-

aration produces 13%�20%; considering the emissions of the concrete industry, its

contribution may be more than 10% of global anthropogenic CO2 emissions (Flower &

Sanjayan, 2007). As concerns high performance concretes, the effect could be also high-

er. The possible approaches for decreasing the impact of concrete industry on the envi-

ronment can be pursued in different ways: in fact, the sustainability of the concrete can

be enhanced by acting on resources, processes, or performance. Fig. 19.1 represents the

set of possible solutions. The first approach concerns the recycling of the components,

permitting to decrease both the use of raw materials during production, and the amount

of waste after demolitions. Recycled materials could be aggregates (e.g., from construc-

tion and demolition—C&D, or recycled light materials), binders (kaolin, modified earth,

etc.), additives (blast furnace slag, oils, and industrial waste), steel reinforcements, or a

combination of them. The performance of the binders could be enhanced by using and
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developing more effective materials, and their impact could be reduced by substituting

part of them with more sustainable alternatives. The environmental footprint of the con-

struction processes could be further limited by the use of local or recycled resources,

and following lower impacting procedures. Moreover, the concept of sustainable design

entails the selection of possible construction alternatives (Inyim & Zhu, 2013). Novel

multifunctional materials for improving envelope thermo-energy efficiency through pas-

sive techniques are particularly promising. In this view, the integration of innovative

materials, for example, phase change materials (PCMs), into cementitious composites

shows interesting effects in enhancing the material thermal capacity while keeping

proper constructive performance (Agyenim et al., 2010).

19.2 State-of-art concrete materials

Concrete is a composite material based on a cementitious paste matrix and an aggregate

structure. The paste is a mix of cement and water, which constitute the binder of the com-

posite. The aggregates are sand, gravel, or crushed stone of various granulometry. The

main mixture could be integrated with supplementary materials or additives for increasing

physical, chemical, or mechanical properties, such as fly ash, slag cement, or chemical

admixtures. Concrete usually is composed as follows (Fig. 19.2): about 70% are aggre-

gates, both fine and coarse; cement and water are about 8% and 15%, respectively; addi-

tives are usually added in the percentage of 1%�2%, and the residual volume is air

content in air-entrained pores. The quality of the concrete depends upon the quality of the

Figure 19.1 Main approaches for achieving a sustainable concrete.
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paste and aggregates and the bond between them. Aggregates should consist of particles

with adequate strength and resistance to exposure conditions and should not contain mate-

rials that could cause deterioration of the concrete. In properly made concrete, each parti-

cle of aggregate is fully coated with paste and all of the spaces between aggregate

particles are completely filled with paste, as illustrated in Fig. 19.2. Cement could be nat-

ural or artificial. The former is obtained from rocks of sedimentary origin (i.e., marls)

consisting mainly of clay, limestone, and iron oxide. Artificial cements, on the other

hand, are obtained from silica, aluminum, and iron oxide according to preestablished

quantities. Different types of cement are available in the market, depending on its perfor-

mances: ordinary Portland cement (OPC), for all purposes, Portland Pozzolana cement

(PPC), resistant to chemicals, rapid hardening cement, when a fast curing is needed, low

heat cement, used in mass concrete, blast furnace slag cement, more cost-effective, high

alumina cement, resistant at high temperatures, white cement, free from iron and oxide.

Chemical additives are adopted for (1) improving setting time or hardening, (2)

reducing water, (3) increasing workability, (4) modifying the air content, and (5)

adjusting other fresh or hardened concrete properties. Concretes components pos-

sess different dimensions from nano-metrical to macro-metrical (Fig. 19.3). In par-

ticular, the presence of voids at different scales allows the addition of fillers and a

nanomodification for enhancing or adding multifunctional properties (Mehta &

Monteiro, 2014; Brooks & Neville, 2019; Collepardi, 2010). The development and

availability of nanomaterials determined the progress of novel smart concretes more

performing than normal ones (Shah et al., 2015; D’Alessandro et al., 2020). From

the previous discussion, it is clear that concrete technology is a great consumer of

natural resources and energy, and its production processes are responsible for envi-

ronmental impact and greenhouse gas emissions (Kusuma et al., 2015). As an

example, the cement industry causes close to 7% of the global CO2 emissions,

while industrial waste product causes harmful consequences for the environment.

Figure 19.2 Components of conventional concrete.
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By optimizing the packing of the combined aggregate gradations, concrete admix-

tures, and cementitious material, the cement paste content needed to make concrete

can be reduced, improving sustainability, cost, performance, durability, and workabil-

ity. The development of a sustainable concrete could be achieved with various syner-

gic approaches: through decreasing the water/cement ratio, the mass, and the amount

of cement, for enhancing the durability and the sustainability of the binder, increasing

the compressive strength, the workability, or raising the performance of the material,

thus reducing the sections of the structural elements and the amount of used material.

In the next sections, different approaches for increasing the sustainability of

concrete and decreasing its environmental impact will be further discussed. The

main solutions are as follows: (1) the adoption of novel more eco-friendly binders,

(2) the recycling of concrete components, (3) the development of multifunctional

materials, (4) the addition of novel performant admixtures, and (5) the improvement

of production processes. The sustainable materials include reinforcing fibers

(e.g., steel, polypropylene, and carbon fibers), recycled materials (e.g., tire rubber,

crushed glass, plastic, and industrial waste), and organic and inorganic elements as

concrete aggregates and reinforcement elements (Zamora-Castro et al., 2021).

19.3 New binders

The use of alternative binders to cement is one of the most promising strategies for

decreasing the environmental impact of concrete (D’Alessandro et al., 2020). As a mat-

ter of fact, the production of cement determines a strong effect on environment.

Approximately 3.6 billion tons of cement are produced globally every year. Considering

Figure 19.3 Components’ size of concretes.
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that 1 kg of cement produces 9 kg of carbon dioxide (Hendriks, 2004), 3.24 billion tons

of CO2 are dispersed every year. The adoption of eco-friendly binder for construction is

gaining great interest in literature (Miller & Myers, 2020; Coppola et al., 2018). Among

all the possible sustainable solutions, geopolymers, alkali-activated slag (AAS) cement,

produced by mixing ground granulated blast furnace slag (GGBFS) with alkaline activa-

tors (Tataranni et al., 2018), and earth-concretes (Curto et al., 2020) appear particularly

interesting because they are able to combine binding capabilities with an extremely low

environmental impact in comparison to cement.

19.3.1 Mixing ground granulated blast furnace slag (GGBFS) and
geopolymers

GGBFS is a by-product of the steel industry. It is the glassy granular material formed

when molten blast furnace slag is rapidly chilled by immersion in water (Meyer, 2009).

It is formed by calcium and magnesium aluminosilicates and may have pozzolanic

properties. Reductions in CO2 using GGBFS are important because the cement prepara-

tion process is less energy intensive, involving less heat to produce the calcination pro-

cess (Imbabi et al., 2012). Due to its properties, it is also used as an aggregate for the

concrete. GGBFS can enhance various mechanical properties of cementitious materials,

for example, durability, and decrease the heat of hydration (Coppola et al., 2020). AAS

cement, produced by mixing GGBFS with alkaline activators, are promising candidates

in different construction applications, such as the restoration of existing structures,

refractory systems, fire-retardant plasters, and concrete sewer pipes (Shi et al., 2006).

Literature shows that the alkali content plays a crucial role in elasto-mechanical proper-

ties and durability of alkali-activated materials. As an example, the higher the alkali

content, the higher the strength and the resistance in severe conditions (Fig. 19.4).

Recent innovations allowed the development of a geopolymer foam concrete, which

possesses lightweight performance benefits and emissions reduction (Zhang et al.,

2014). A geopolymer is an aluminosilicate binder formed by the alkaline activation of

solid alumina- and silica-containing precursor materials. Literature shows that a wide-

spread application of this technology could be obtained with the deep investigation of

factors including feedstock materials chemistry, microstructure, and control of engi-

neering properties, as part of the process of broadening the uptake of this technology.

19.3.2 Earth-concretes

Ancient natural construction materials, such as rammed earth ones, are of growing

interest in the field of civil engineering, due to their ecological implications (Pacheco-

Torgal & Jalali, 2012). Various scientists agree that the choice of more sustainable con-

struction materials and construction techniques represents a major contribution to the

eco-efficiency of buildings. In this scenario, earth constructions allow an environmental

advantage with respect to conventional materials and construction techniques. Current

researches regard investigations on the seismic response of earth buildings, on the

mechanical properties of earth masonry, and on thermal and hygrothermal performance
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(Bruno et al., 2017). However, the earth needs a stabilization, which could be obtained

through a deep compaction or the use of other binders (Guettala et al., 2006; Van

Damme & Houben, 2017). Drawbacks connected to the mechanical performance or

durability of compacted earth could be solved by stabilizing the material with cement,

developing the so-called “earth-concrete.” New technologies of stabilized soil-concrete

are based on the high-speed projection of a mix of earth, cement, aggregates, and water

(shot-earth) (Curto et al., 2020). The preparation procedure foresees the dry mixing of

the components, and the spraying process allows to decrease the water amount, in order

to obtain a more compact and performing material (Fig. 19.5A).

Figure 19.4 Compressive strength loss of specimens exposed to solutions of CaCl2 (Coppola et al.,

2020).

Figure 19.5 Earth-concrete: (A) a detail of the materials; (B) an example of element made

of smart-earth.
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Shot-earth consists of a dry mix of soil, cement, and coarse sand (7 soil, 7 sand,

and 2 cement) propelled through a nozzle. The size of the sand and the mix design

are determined according to the composition of the available soil. The cohesion is

obtained by adding a small amount of water during the spraying. The earth materi-

als possess good mechanical properties, similar to the ones of low-strength con-

crete. This technology is also very flexible and could be applied to a wide range of

structural and nonstructural applications (Fig. 19.5B).

19.3.3 Fine recycled fillers: fly ash and silica fume

Other interesting industrial by-products that can be successfully implemented in the

concrete technology are silica fume (Helmuth, 1987), a by-product of the semicon-

ductor industry, and fly ash (Demirboga, 2007), a by-product of coal-fired electric

power plants.

Silica fume is a pozzolanic material, which is a by-product of the silicon smelt-

ing process, which improves both strength and durability of concrete, and it consti-

tutes an important component for high-performance concrete mix designs. In

literature, there are lots of papers, which document the benefits of silica fume both

as a pozzolan and a filler material (ACI Committee 234, 2006; CANMET/ACI,

2004). Silica fume is also known as microsilica, which is obtained as a by-product

of the production of silicon and silicon alloys in electric arc furnaces. Silica fume is

known to produce a high-strength concrete, adopted in two different uses: as a

cement replacement, in order to reduce the cement content (for economic and envi-

ronmental purposes), and as an additive to improve concrete properties, both fresh

and hardened.

Fly ash is widely used in blended cement. Two general classes could be distinct:

low-calcium fly ash (LCFA: ASTM class F) produced by burning anthracite or bitu-

minous coal, and high-calcium fly ash (HCFA: ASTM class C) produced by burn-

ing lignite or sub-bituminous coal.

Its beneficial effects, if added in concretes, are the decrease of the heat of hydra-

tion and the improvement of the durability when used as a cement replacement. It

also contributes to concrete strength by pozzolanic and filler effects.

Recently, researchers are becoming interested in the use of a combination of the

two by-products (Nochaiya et al., 2010). Available researches demonstrated that the

addition of both silica fume and fly ash contributed to a significant increase in the

fracture toughness of concretes at an early age (Golewski & Gil, 2021).

Micrometrical investigations of the two types of fillers are visible in Fig. 19.6A and

B, carried out by scanning electron microscopy (SEM). Moreover, some researchers

(Yazici et al., 2008) are investigating the utilization of fly ash in combination with

GGBFS in reactive powder concrete (RPC), demonstrating an increase in the

strength of the obtained composite materials.
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19.3.4 New efficient cements

Another possible solution for decreasing the environmental impact of concrete is the

development of new eco-efficient cements. Such cements could be produced through the

improvement of cement manufacturing processes that use raw materials and a noticeable

amount of energy. In this view, efficient cements would ideally use waste-derived fuels

and raw materials (Mineral Products Association MPA, 2012). There are examples of low

carbon cements in a few parts of the world, and not in a wide scale. For example, calcium

sulfoaluminate cement (CSA) is starting to be implemented in China through the develop-

ment of small start-up companies looking to build pilot plants. To mitigate the environ-

mentally dangerous emissions, the main solution proposed by the International Energy

Authority in 2009 was CO2 capture and storage (CCS) (Scrivener et al., 2018). The pro-

posal considered two clinker substitution technologies, that is, calcined clay plus limestone

and engineered filler combined with dispersant, which could enhance the levels of possi-

ble replacement with respect to other previous solutions. As a matter of fact, the involved

sources of raw materials are almost unlimited and available virtually everywhere.

19.4 Recycled components

19.4.1 Recycled aggregates

Industries and manufacturer factories are inevitable producers of high quantities of

by-products and solid wastes. Moreover, the economic progress determines a wors-

ening of the amount of solid waste that affects landfills, causing contamination of

soil, water, and air with toxic substances. Possible contaminants are polychlorinated

bi-phenyls, asbestos, construction chemicals, and heavy metals. The solution of a

Figure 19.6 SEM magnifications of (A) silica fume; (B) fly ash.

Source: From Golewski, G.L., & Gil, D.M. (2021). Studies of fracture toughness in concretes

containing fly ash and silica fume in the first 28 days of curing. Materials, 14, 319. https://

doi.org/10.3390/ma14020319.
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not regulated environmental land occupation stays in the recycling and reutilization

of wastes from C&D, and the development of a reassessment of the process proce-

dures of such materials, in order to transform a waste into a resource (Meyer,

2009). The reuse of C&D in civil engineering constructions and infrastructures

depends strongly on the quality of the original materials and their treatments.

Possible treatment techniques for improving the materials’ performances are car-

bonation, acetic acid immersion, acetic acid immersion with mechanical rubbing,

acetic acid immersion with carbonation, and lime immersion (Kazmia et al., 2019).

Moreover, the possible fields of employment of the different types of construction

waste are several, with various levels of performance, from structural constructions,

to not structural applications as stabilized conglomerate. In literature, the interest in

the recycling of C&D is quickly increasing, proved by the great number of

researches on the topic. The study of the characteristics (physical, chemical,

mechanical, and technological) of recycled aggregates may be the most diffuse

topic in the scientific panorama. Also, the sensitivity on the importance of the C&D

reuse in novel construction is raising in many countries; detailed technical standards

and recommendations could help the development of the market of recycled aggre-

gate, and their integration into engineering project, toward a circular economy

(Villagrán-Zaccardi et al., 2022). Fig. 19.7 represents the waste treatments of

minerals from C&D in diverse European countries; it is clearly visible the different

approaches of the administrations.

Figure 19.7 Mineral waste from construction and demolition, waste treatment (EEA, 2020).

Source: From European Environment Agency https://www.eea.europa.eu/ (EEA. (2020). Mineral

waste from construction and demolition, waste treatment. Available from: https://www.eea.europa.

eu/data-and-maps/daviz/mineral-waste-from-construction-and#tab-googlechartid_chart_13).
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Construction waste is produced by building interventions, excess or damage of con-

struction materials, processing waste, or production of garbage during constructions.

Demolition waste results from demolition or renovation of structures and infrastruc-

tures, also due to natural events or anthropic actions. C&D waste can be divided into

six main typologies of materials: metal, concrete and mineral, bricks and ceramics,

wood, miscellaneous, and unsorted. It could also contain glass, plastic, bituminous con-

glomerates, soils, insulation materials (including asbestos), gypsum materials (including

plasterboard), electronics, chemicals, packaging materials, and other dangerous sub-

stances (Tam et al., 2018). Waste concrete is mainly used for producing recycled aggre-

gates; however, its full recycling is still not practiced. Alternative uses include

applications such as fine recycled aggregates, supplementary cementitious materials,

filler, and feedstocks for clinker production (Villagrán-Zaccardi et al., 2022).

A large number of experimental campaigns has been carried out in the last 20

years on the possibility to use recycled concrete aggregates to produce novel struc-

tural concrete. In general, recycled concrete possesses lower properties than normal

ones, such as lower elastic modulus, a more brittle postelastic behavior, lower

workability, higher shrinkage, and creep, probably due to the content of mortar in

recycled aggregates, which is difficult to remove at all (Liotta et al., 2016).

For obtaining a good performance of the recycled concrete, it is necessary to use

good recycled concrete aggregate and follow specific design and production processes.

Recycled concrete aggregate (RCA) is generally produced by two stages: crushing of

demolished concrete, and screening and removal of contaminants such as reinforce-

ment, paper, wood, plastics, and gypsum. Concrete made with such recycled concrete

aggregate is called recycled aggregate concrete (RAC) (Malešev et al., 2010). Fine

recycled aggregate usually is not adopted for preparing structural recycled concretes,

because of their worsening effects on workability and resistance (RILEM, 1994;

Khatib, 2005). In particular, the total replacement of the fine fraction by recycled fine

aggregates presents some durability difficulties (Evangelista & de Brito, 2010).

Investigations on the fresh and hardened recycled concrete properties available

in literature strongly differ for the quality of the adopted recycled aggregates. Some

studies demonstrated that the bulk density is slightly lower with increasing quanti-

ties of recycled aggregate, and that the air content is not highly dependent on the

amount of replacement (Fig. 19.8). All the studies underline that the compressive

and tensile strengths depend on the quality of recycled aggregate (Zhou & Chen,

2017; Xiaoa et al., 2005). By varying the replacement percentage and adopting par-

ticular types of superplasticizers, it is possible to solve some weaknesses of the

RAC, contributing to developing the use of this sustainable material (Matias et al.,

2013). In particular, if the aggregates come from crushing of high strength concrete,

the strength is not significantly affected (Fig. 19.9). The properties of high-strength

concrete with coarse recycled aggregates were found significantly more variable

than those of ordinary concrete, but the coefficient of variation and the standard

deviation could match the limits of standards and codes (Pacheco et al., 2019). The

two properties of RAC, which are generally lower than the ones of ordinary con-

cretes, are the modulus of elasticity and shrinkage, so that some researchers suggest

to avoid their use for structural elements for which large deformations are expected.
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Moreover, RAC is not recommended for elements exposed to aggressive environ-

ment conditions because there are contrasting results from literature researches.

Some experimental tests show a decrease in the stiffness of RAC with respect to

normal concrete, especially for the mixes with higher percentages of recycled

aggregates (Breccolotti et al., 2015).

In literature, there are also experimental tests on recycled concrete elements

(Malešev et al., 2010); the presence of recycled coarse aggregates seems not to

affect the crack paths, and in some cases, it increases the bending resistance.

19.4.2 Recycled tires

About 1000 million of tires reach the end of their useful lives every year and 5000

million more are expected to be discarded by the year 2030 (Pacheco-Torgal et al.,

2012). In particular, by the year 2030, the number of tires from motor vehicles is

expect to be 1200 million.

Abandoned old tire dumps are dangerous for health hazards, as breeding grounds for

mosquitoes as well as fire hazards (Taha et al., n.d.). Mainly, waste tire disposal areas con-

tribute to the reduction of biodiversity, and also the tires hold toxic and soluble compo-

nents. Some tire fires burn for months and even years (Dhir et al., 2001), so that the

disposal of tires’ landslides results not convenient for safety and for the environment, hav-

ing the risk of contaminating soil, air, and water. However, illegal dumping is a growing

Figure 19.8 Results of fresh concrete testing on normal and recycled concrete.

Source: From Malešev, M., Radonjanin, V., & Marinković, S. (2010). Recycled concrete as

aggregate for structural concrete production. Sustainability, 2, 1204�1225. https://doi.org/

10.3390/su2051204.

Figure 19.9 Results of compressive tests on normal and recycled concrete.

Source: From Malešev, M., Radonjanin, V., & Marinković, S. (2010). Recycled concrete as

aggregate for structural concrete production. Sustainability, 2, 1204�1225. https://doi.org/

10.3390/su2051204.
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phenomenon. A possible solution to this environment issue could be the recycling of used

tires and their reuse after retreading.

Old tires are already used for paving applications, but only a small amount of

rubber waste can be recycled in this way. Other alternatives are artificial reef for-

mation, but their validity has not been already confirmed by research investigations.

Tire waste can also be used in cement kilns for energetic purposes and to produce

carbon black by tire pyrolysis (Siddique & Naik, 2004).

One common treatment of old tires is a controlled burning for the production of

steam, electricity, or heat. In fact, the transformation of old tires into alternative fuel

for cement kilns is widespread throughout the United States and Europe (Meyer, 2009).

The tire could be used also as an ingredient in cement composites, as shredded,

chipped, ground, or crumb rubber, with sizes ranging from pieces of some centimeters,

to powder particles. Rubber aggregates are obtained from old tires using generally two

main technologies: mechanical grinding at ambient temperature or cryogenic grinding

at a temperature below the glass transition temperature (Nagdi, 1993).

Rubber and cement matrix shows a great difference in Young’s moduli, which

results in a significant difference in the mechanical properties with respect to normal

concrete composed only of natural aggregates. High difference could be the compres-

sive and tensile strengths as well as the stiffness, which show a great decrease with

increasing rubber content. The strength loss could reach the value of 80%. However,

some literature works, which consider the use of old tires as aggregate replacement in

recycled concrete, show that such an addition could enhance toughness and sound insu-

lation properties, having a high energy absorption capacity (Sukontasukkul, 2009). In

particular, the replacement of fine aggregates with recycled rubber would decrease the

thermal conductivity of concrete. The replacement of up to 30% of material shows a

reduction in thermal conductivity by more than 50% to a minimum of 0.241 W/m K.

Some researchers reported a reduction in the concrete workability for higher rubber

content in self-compacting concretes, but the use of a superplasticizer could solve this

issue (Guneyisi et al., 2004). Moreover, the authors assess that it is possible to produce

a 40 MPa concrete replacing a volume of 15% of aggregates by rubber waste, even if

for increasing amounts of crumb rubber, the strength of recycled concretes decreases

(Guneyisi et al., 2004). A waste rubber volume of 15% leads to a 50% compressive

strength decrease. When coarse aggregates are replaced by the tire particles, the com-

pressive strength loss is much more significant with respect to the strength of concretes

where fine aggregates were replaced by rubber particles (Aiello & Leuzzi, 2010).

The rubber aggregates have a preventive effect on crack path propagation, which

results in a visible increase in strain capacity, ductility, and energy absorption capacity.

Other potential positive effects of the rubber aggregates on recycled concretes are an

improved sound absorption capacity as well as enhanced thermal properties.

19.4.3 Recycled glass

Glass is a material that could be recycled after its use into the packaging stream

again, but an important quantity, which does not reach the suitable criteria for pack-

aging novel glass, remains in the landfills and constitutes a waste. Some small
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portions are recycled for other purposes, for example, a component for concretes

(Shayan & Xu, 2004). Many studies have been carried out in the 1960s to investi-

gate the effect of crushed waste glasses as aggregates for cement concrete (Scmidt

& Saia, 1963). The addition of crushed glasses as aggregates for Portland cement

concrete shows some negative effects on mechanical properties of the concrete, but

a practical applicability of a complete replacement is possible. Some researchers

demonstrated that it could be possible to produce a cementitious material using

100% crushed glasses as aggregates, 80% Portland cement, and 20% metakaolin as

cementutious materials, adding a suitable quantity of superplasticizer, too (Bazant

et al., 1998). The main concerns for the use of crushed glasses as aggregates for

Portland cement concrete are the expansion and cracking caused by the glass aggre-

gates. The pH of the system should be kept below 12, in order to prevent potential

corrosion of glass aggregates and expansion of the concrete; this occurrence may be

achieved by the replacement of Portland cement with pozzzolanic materials, such

as fly ash, silica fume, and metakaoline. Indeed, glass is unstable in an alkaline

environment, as in the concrete, causing alkali�silica reaction (ASR) issues. For

this reason, it is usually ground into a fine powder that possesses also pozzolanic

properties. Thus, with some precautions, glass can be used as a cement replacement

in Portland cement concrete (Shi & Zheng, 2007). As a matter of fact, if the waste

glass is milled down to microsize particles, it demonstrates pozzolanic reactions

with cement hydrates, due to the formation of secondary calcium silicate hydrate

(C�S�H) (Sadiqul Islam et al., 2017). The compressive strength of concrete with

small additions of recycled glass appears better than that one of normal cementi-

tious materials. The replacement of 20% replacement of cement with waste glass is

suitable for combining good performance, low costs, and low environmental

impacts (Nassar & Soroushian, 2012). The substitution of up to 30% of cement in

some concrete mixes determines satisfactory strength development. The use of

waste glasses as concrete aggregates has a slight negative effect on the workability,

strength, and freezing�thawing resistance of cement concrete. The drying shrinkage

of recycled concrete with glass powder appears sufficient.

19.4.4 Recycled plastic

Plastic waste represents a great environmental issue in the world, due to the huge

utilization in various fields and the still not advanced ecological attitude toward this

material. Although degradable plastics are being introduced in packaging and dis-

posable objects, the use of not biodegradable plastics is still prevailing. PET, poly-

ethylene terephthalate, represents one of the most common polymeric wastes in

solid urban waste (Mello et al., 2009). It is a not biodegradable plastic and could

remain stable in nature for hundreds of years. The construction industry could rep-

resent a possible application field for the reuse of PET waste. Literature investiga-

tions confirmed the potential of PET waste in replacing aggregates in concrete. As

a matter of fact, the addition of PET waste aggregates leads to an increase in the

workability. This behavior is associated with the spherical and smooth shape of the

aggregates adopted in the experimentations. Thus, the workability of PET concrete
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is influenced by the treatments to which the PET materials are subjected before the

reuse. PET fibers can also reduce shrinkage, even if the addition of PET fibers

beyond 0.25% in volume shows very low reductions (Kim et al., 2008). Moreover,

some researchers indicate that PET waste can be used to produce an unsaturated

polyester resin in the presence of glycols and dibasic acid, which could act as a par-

tial substitute for binder, producing polymer concrete with high mechanical perfor-

mance (Rebeiz et al., 1994). Other authors (Jo et al., 2008) found out that this type

of concrete can also be used to incorporate recycled concrete aggregates with a neg-

ligible strength loss, thus demonstrating that properly treated PET aggregates could

perform similarly as natural aggregates. However, other authors observed a great

compressive strength decrease (around 72%) for additions of 20% in volume of

untreated PET waste. Other researchers (Silva et al., 2005) demonstrated that

recycled monofilament PET fibers increased the toughness of cementitious compo-

sites, and that PET and polycarbonate wastes composites had a high energy absorb-

ing performance. As an example, a replacement of 50% in volume of fine

aggregates of PET wastes could determine a reduction of the thermal conductivity

of PET recycled concretes by 46%, interesting thermal performance with respect to

other insulation materials. However, for obtaining very low thermal conductivity

coefficients, a great amount of recycled PET is required, conditions that could

affect the mechanical performance of the composite. Literature works (Silva et al.,

2005) also investigated the PET fibers degradation in alkaline environment, as that

present in cementitious materials. The mechanism of PET degradation includes a

depolymerization reaction that breaks the polymer chain splitting it into two groups

(i.e., the aromatical ring and the aliphatic ester), resulting in a decrease in toughness

capabilities of cementitious composites with time; those authors indicated a 20%

loss between samples after 42 curing days and samples after 104 curing days.

Several other polymeric wastes have been investigated in literature for demonstrat-

ing their potentialities as recycled aggregates in cementitious composites: crumbled

polystyrene waste and spherical blown polystyrene waste, ground thermosetting poly-

mer (melamine) waste, thermosetting polymer (ground melamineformaldehyde), poly-

urethane wastes, polymeric waste, low-density polyethylene fibers, PVC wastes, and

polyester and acrylic fibers. Some of them could show chemical degradation when

immersed in the alkaline environment as cementitious materials (Pacheco-Torgal

et al., 2012; Siddique et al., 2008). Other researchers investigated the combined effect

of various hybrid replacements of concrete aggregates. As an example (Nematzadeh

et al., 2022), combined nylon granules (0%, 10%, and 20%) as a replacement for fine

aggregate, steel fibers (0%, 0.75%, and 1.25%), and zeolite (0%, 10%, 15%, and

20%) have been analyzed regarding the impact resistance and durability of concrete at

different heating levels (20�C, 300�C, and 600�C). The results showed that the impact

energy at the failure level declined considerably at high temperatures for concrete

samples with nylon granules and steel fibers (by 46%�94% for 600�C).
Also, plastic components of electronic waste are available from circuit boards,

body cabinets of a computer could be reused in concrete compounds after crushing.

Investigations about the replacement of fine aggregate are available with percen-

tages ranging between 0% and 20% (Veerabhadram et al., 2021). Results showed
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that strength performance increases up to replacements of 15% thereafter there is a

decreasing trend. The densities of the composites decreased with increasing addi-

tions of electronic plastic waste, which behave as lightweight materials.

19.4.5 Organic waste

Waste unsustainable management involved different fields of the human activities.

Organic waste has been rapidly growing in the last decades due to the rapid urbani-

zation. Proper treatments of such a type of waste could solve environmental impli-

cations related to their disposal. Transforming such a waste could mitigate its

impact on nature. A possible recycling activity of organic slugs could be in the pro-

duction of auxiliary fuel. As an example, paper mill sludge is often incinerated for

heat recovery and volume reduction. When it is burned, it produces paper mill

sludge ash (PA), which could be adopted as a replacement for cement in concrete

composites, showing a positive effect on the mechanical performance of the materi-

als with additions below 10%, even if a higher amount of water is needed to guar-

antee the proper workability (Fava et al., 2011).

Waste paper sludge (WPS) is produced during the manufacturing of paper. This

type of waste material may cause health environmental and economic issues, due to

the presence of heavy metals and high disposal costs. Researchers demonstrated

that WPS can be used as alternative building material if added to cementitious mix-

tures below tailored limits (Singh et al., 2022).

The wood manufacturing industry produced organic waste in the form of sawdust and

pieces of side-cuts due to cutting, drilling, and milling operations; such wastes are usu-

ally kept in dust collectors. Studies demonstrated that wood by-products could be added

to concrete for obtaining a more sustainable material (Corinaldesi et al., 2016). The addi-

tion of 5% could avoid an excessive loss of mortar mechanical strength, reducing the

thermal conductivity by about 25%. Moreover, if a water reducing admixture is added,

adequate mechanical performance can be obtained even with 10% wood by-products.

Due to the increase of urbanization, the treatment, recycling, or reuse of munici-

pal solid waste (MSW) is becoming another critical topic. On average, out of 1.3

billion tons of municipal solid wastes generated per year, around 130 million tons

are incinerated in the world. Incineration technology, with the benefit of volume

and weight reduction as well as detoxification and energy recovery, is widely con-

sidered as the best and promising solution to reduce the environmental impact of

MSW (Mambeli Barros, n.d.). Moreover, the residues coming from thermochemical

processes for treating urban organic municipal solid waste could constitute solid

waste ash, which could be introduced as a component of construction materials, as

either fly ash or bottom ash (Joseph et al., 2018). As a matter of fact, the introduc-

tion of such materials in the chain of the cement industry as a binder and replace-

ment is indicated in literature as a possible effective utilization option for large

quantities of materials. The process parameters of incineration sites and pretreat-

ment techniques need to be optimized for enhancing performance and recycling

effectiveness of the residues (Ren et al., 2022). In available studies, MSW was pre-

treated with CO2 via slurry carbonation (SC) and dry carbonation coupled with
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subsequent water washing. The materials were then adopted as cement replacement

in cementitious composites in the amounts of 10%, 20%, and 30% in weight. The

investigation on the influence of the recycled material on hydration mechanisms,

the physico-mechanical characteristics, and the leaching properties of the cement

pastes demonstrated a very good behavior and foresaw its application as a supple-

mentary cementitious material.

Possible sustainable replacements for cement in concretes could derive from agricul-

ture waste (Mo et al., 2020). Huge amounts of solid wastes, originating from the agri-

cultural industry, are an issue, for example, in the South East Asia. Examples of critical

materials are as follows: oil palm shell, oil palm boiler clinker, and coconut shell.

Researchers investigated the feasibility of adoption of these wastes as a potential substi-

tute for conventional aggregate in cementitious materials. Recycled concrete produced

by adding agriculture wastes generally shows acceptable quality in terms of water

absorption, sorptivity, and chloride penetrability, while possible issues are in the perfor-

mance related to strength, drying shrinkage, susceptibility toward severe chemical

attack, and elevated temperature. Results demonstrated that in particular conditions,

only a partial substitution of the aggregates is recommended.

Similar to the commonly used fly ash and municipal solid waste ash, rice husk

ash (RHA) is a highly-reactive pozzolanic material and can constitute a replacement

for cement in concretes. If used up to 30% of cement in concrete mix designs, it is

able to enhance mechanical and durability properties of the construction material

(Gursel et al., 2016). It results particularly suitable in combination with fly ash. As

a matter of fact, literature results show that ternary and quaternary concrete mixes

with RHA and fly ash exhibit a lower global warming potential while improving

the durability of mixes without affecting design strength.

Advanced organic concrete replacements from waste are from various human activi-

ties and natural organic growth, such as animal bones and human hair (Petrounias

et al., 2021). Such materials in general can be added to cementitious materials for pre-

paring concretes. The use of bones with increased artificial microroughness and a

defined amount of human hair with increased microtopography could be the ideal mix-

ture for the replacement of natural aggregates for the production of concrete.

19.5 Multifunctional properties

The environmental impact of concretes and other cementitious construction materi-

als on the nature could be limited by enhancing the capabilities of the materials

themselves. As a matter of fact, more resistant concretes could allow a decrease in

dimensions of the construction elements of structures and infrastructures, reducing

the amount of concrete production. Consequently, the energy consumption for the

production process and the construction activity, the waste, and the pollutant emis-

sion would be reduced. Possible approaches for enhancing the strength performance

of concretes are the use of tailored fibers and fillers (Nalon et al., 2022). Examples

are metal fibers, microfibers, and nanofibers (Belli et al., 2020). In particular, the
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use of nanosized fillers could improve the fracture performance, acting at the begin-

ning of the cracks. Studies present in literature investigate the effect of novel car-

bon nanoparticles, recently developed thanks to the progress of nanotechnology

(Sobolev & Gutiérrez, 2005; Metaxa et al., 2009).

Another approach for increasing the enhancing the sustainability of concrete is

the enhancement of its multifunctional properties (Han et al., 2014). For example, a

construction material able to behave as a structural or environmental sensor, with

self-healing and photocatalytic capability, or self-heating properties, could increase

the durability, the safety, the maintenance time, the service life, and the ultimate

resistance of a structure or an infrastructure (Espinoza-Moreno et al., 2021;

Ubertini et al., 2016). This would result in a longer life of the material and conse-

quently in a more rational and limited production of waste. Literature shows that

such multifunctional properties could be obtained through the addition of smart fil-

lers, such as carbon micro and nanosized ones (Faneca et al., 2018).

19.6 New additives

Thanks to emerging technologies and the progress in the chemical field, new advanced

products, which are available in the market, or in phase of study, are able to enhance

the concrete performance or mitigate possible issues arising from the addition of

recycled materials (D’Alessandro et al., 2017; Kumar et al., 2006). As an example, the

choice of the optimal tailored plasticizer could solve the issues connected to the loss of

workability usually related to the presence of recycled aggregates (Matias et al., 2013).

In the market, there are different types of chemical additives for particular purposes;

however, the choice of the optimal one for the specific cementitious material should be

done after a tailored experimental campaign.

19.7 Novel sustainable processes

The investigation on the processes related to the concrete production and applica-

tions, and their impact of air, soil, water, and environment is worth of investigation

for enhancing the sustainability of this type of construction technology. Literature

works explore alternative processing procedures and investigate their influence on

the relevant physical and mechanical properties of the resulting aggregates and con-

crete mixtures (Pepe et al., 2014). Therefore, particle size distribution, bulk density

attached mortar content, and associated water absorption capacity of recycled

aggregates were monitored to evaluate the effectiveness of novel processes, for

example, the “autogenous cleaning,” which removes surface impurities and reduces

particle heterogeneities, typical of recycled aggregate matrices. The investigated

cleaning procedure significantly reduces the gap between the performance of

recycled aggregate concrete and normal one, in terms of workability at the fresh

state and strength at the hardened state of the composites.

389Innovative and sustainable concrete materials



Aside from sustainable fuel, derived from recycled waste, which could be adopted

for providing energy in the endothermic reactions during the cement and concrete prep-

aration, or construction activity, other emerging technologies are developing in litera-

ture for energy saving (Hasanbeigi et al., 2012). Some examples are fluidized bed kiln,

calcareous oil shale, the use of steel slag or no-carbonated raw materials, cement with

low lime saturation factor, cement and construction materials based on magnesium

oxide, geopolymer cement, capturing the CO2 resulting from limestone precalcination,

CO2 sequestration in concrete curing technology, carbonate looping technology, bio-

technological carbon capture, oxy-fuel technology, postcombustion carbon, capture

using absorption technologies, the use of nanotechnology in cement and concrete pro-

duction, and novel design methods (Muigai et al., 2016).

19.8 Conclusion

Concrete is a widespread construction material, due to its versatility, which permits the

build of structures and infrastructures with various and diversified shapes and designs.

However, the environmental impact of such a technology is high, due to the consump-

tion of raw materials and energy during its preparation and utilization. The sensitivity,

which is growing in several fields of industry and engineering for enhancing the sustain-

ability of anthropic processes, allowed the development of multiple approaches for

decreasing the impact of concrete constructions. Concrete, as a composite material with

various types of porosity, appears particularly promising for an internal modification

and for the additions of multiple recycled inclusions. Additives could act as partial or

total replacement of cement and aggregates or enhance the physical, chemical, and

mechanical performances of the concrete. Possible recycled additions could be rubber,

steel slag, polymers and plastics, recycled concrete, fly ash, silica fume, ash from

organic pyrolisis, glass, and other micro- and nano-size fillers. Literature results show in

some cases issues in strength performance of the recycled materials if the replacements

are beyond certain quantities, but with tailored precautions, the use of recycled additions

is suitable for concrete components. Moreover, recycled materials could be used as

more eco-friendly energy fuels for the preparation processes of cement and concrete.

The critical literature review and the advance researches presented in this chapter dem-

onstrated the feasibility of recycled concrete, but progress in standards or recommenda-

tions, and in the application to real cases are required for the widespread use of this

type of construction material by designers, construction companies, and administrations.
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L., Lopes Ribeiro, J. C., & Franco de Carvalho, J. M. (2022). Recycling waste materials

to produce self-sensing concretes for smart and sustainable structures: A review.

Construction and Building Materials, 325. Available from https://doi.org/10.1016/j.

conbuildmat.2022.126658.

Nassar, R. U. D., & Soroushian, P. (2012). Strength and durability of recycled aggregate con-

crete containing milled glass as partial replacement for cement. Construction and

Building Materials, 29, 368�377.

Nematzadeh, M., Nazari, A., & Tayebi, M. (2022). Post-fire impact behavior and durability

of steel fiber-reinforced concrete containing blended cement�zeolite and recycled nylon

granules as partial aggregate replacement. Archives of Civil and Mechanical

Engineering, 22, 5. Available from https://doi.org/10.1007/s43452-021-00324-1.

Nochaiya, T., Wongkeo, W., & Chaipanich, A. (2010). Utilization of fly ash with silica fume

and properties of Portland cement�fly ash�silica fume concrete. Fuel, 768�774.

Available from https://doi.org/10.1016/j.fuel.2009.10.003, ISSN 0016-2361.

Pacheco, J., de Brito, J., Chastre, C., & Evangelista, L. (2019). Experimental investigation on

the variability of the main mechanical properties of concrete produced with coarse

recycled concrete aggregates. Construction and Building Materials, 201, 110�120.

Pacheco-Torgal, F., Ding, Y., & Jalali, S. (2012). Review. Properties and durability of con-

crete containing polymeric wastes (tyre rubber and polyethylene terephthalate bottles):

An overview. Construction and Building Materials, 30, 714�724.

Pacheco-Torgal, F., & Jalali, S. (2012). Earth construction: Lessons from the past for future

eco-efficient construction. Construction and Building Materials, 29, 512�519.

Pepe, M., Toledo Filho, R. D., Koenders, E. A. B., & Martinelli, E. (2014). Alternative processing

procedures for recycled aggregates in structural concrete. Construction and Building

Materials, 69, 124�132. Available from https://doi.org/10.1016/j.conbuildmat.2014.06.084.

Petrounias, P., Rogkala, A., Giannakopoulou, P. P., Lampropoulou, P., Xanthopoulou, V.,

Koutsovitis, P., Koukouzas, N., Lagogiannis, I., Lykokanellos, G., & Golfinopoulos, A. (2021).

An innovative experimental petrographic study of concrete produced by animal bones and

human hair fibers. Sustainability, 13, 8107. Available from https://doi.org/10.3390/su13148107.

Purnell, P. (2012). Material nature versus structural nurture: The embodied carbon of funda-

mental structural elements. Environmental Science & Technology, 46(1), 454�461.

Rebeiz, K., Fowler, D., & Paul, D. (1994). Mechanical properties of polymer concrete sys-

tems made with recycled plastic. ACI Materials Journal, 91, 40�45.

Ren, P., Ling, T. C., & Mo, K. H. (2022). Journal of Hazardous Materials, 424, 127457.

RILEM. (1994). Recommendation: Specifications for concrete with recycled aggregates.

Materials and Structures, 27, 557�559.

Dhir, R. K., Limbachiya, M. C., & Paine, K. A. (Eds.), (2001). Recycling and use of used

tyres. London: Thomas Telford.

Sadiqul Islam, G. M., Rahman, M. H., & Kazy, N. (2017). Waste glass powder as partial

replacement of cement for sustainable concrete practice. International Journal of

Sustainable Built Environment, 6, 37�44.

Scmidt, A., & Saia, W. H. F. (1963). Alkali-aggregate reaction tests on glass used for

exposed aggregate wall panel work. ACI Materials Journal, 60, 1235�1236.

Scrivener, K. L., John, V. M., & Gartner, E. M. (2018). Eco-efficient cements: Potential economi-

cally viable solutions for a low-CO2 cement-based materials industry. Cement and Concrete

Research, 114, 2�26. Available from https://doi.org/10.1016/j.cemconres.2018.03.015.

394 Advance Upcycling of By-products in Binder and Binder-Based Materials

http://refhub.elsevier.com/B978-0-323-90791-0.00027-5/sbref46
https://doi.org/10.1016/j.conbuildmat.2022.126658
https://doi.org/10.1016/j.conbuildmat.2022.126658
http://refhub.elsevier.com/B978-0-323-90791-0.00027-5/sbref48
http://refhub.elsevier.com/B978-0-323-90791-0.00027-5/sbref48
http://refhub.elsevier.com/B978-0-323-90791-0.00027-5/sbref48
http://refhub.elsevier.com/B978-0-323-90791-0.00027-5/sbref48
https://doi.org/10.1007/s43452-021-00324-1
https://doi.org/10.1016/j.fuel.2009.10.003
http://refhub.elsevier.com/B978-0-323-90791-0.00027-5/sbref51
http://refhub.elsevier.com/B978-0-323-90791-0.00027-5/sbref51
http://refhub.elsevier.com/B978-0-323-90791-0.00027-5/sbref51
http://refhub.elsevier.com/B978-0-323-90791-0.00027-5/sbref51
http://refhub.elsevier.com/B978-0-323-90791-0.00027-5/sbref52
http://refhub.elsevier.com/B978-0-323-90791-0.00027-5/sbref52
http://refhub.elsevier.com/B978-0-323-90791-0.00027-5/sbref52
http://refhub.elsevier.com/B978-0-323-90791-0.00027-5/sbref52
http://refhub.elsevier.com/B978-0-323-90791-0.00027-5/sbref53
http://refhub.elsevier.com/B978-0-323-90791-0.00027-5/sbref53
http://refhub.elsevier.com/B978-0-323-90791-0.00027-5/sbref53
https://doi.org/10.1016/j.conbuildmat.2014.06.084
https://doi.org/10.3390/su13148107
http://refhub.elsevier.com/B978-0-323-90791-0.00027-5/sbref56
http://refhub.elsevier.com/B978-0-323-90791-0.00027-5/sbref56
http://refhub.elsevier.com/B978-0-323-90791-0.00027-5/sbref56
http://refhub.elsevier.com/B978-0-323-90791-0.00027-5/sbref57
http://refhub.elsevier.com/B978-0-323-90791-0.00027-5/sbref57
http://refhub.elsevier.com/B978-0-323-90791-0.00027-5/sbref57
http://refhub.elsevier.com/B978-0-323-90791-0.00027-5/sbref58
http://refhub.elsevier.com/B978-0-323-90791-0.00027-5/sbref59
http://refhub.elsevier.com/B978-0-323-90791-0.00027-5/sbref59
http://refhub.elsevier.com/B978-0-323-90791-0.00027-5/sbref59
http://refhub.elsevier.com/B978-0-323-90791-0.00027-5/sbref60
http://refhub.elsevier.com/B978-0-323-90791-0.00027-5/sbref60
http://refhub.elsevier.com/B978-0-323-90791-0.00027-5/sbref61
http://refhub.elsevier.com/B978-0-323-90791-0.00027-5/sbref61
http://refhub.elsevier.com/B978-0-323-90791-0.00027-5/sbref61
http://refhub.elsevier.com/B978-0-323-90791-0.00027-5/sbref61
http://refhub.elsevier.com/B978-0-323-90791-0.00027-5/sbref62
http://refhub.elsevier.com/B978-0-323-90791-0.00027-5/sbref62
http://refhub.elsevier.com/B978-0-323-90791-0.00027-5/sbref62
https://doi.org/10.1016/j.cemconres.2018.03.015


Shah, S. P., Hou, P., & Konsta-Gdoutos, M. (2015). Nano-modification of cementitious mate-

rial: Toward a stronger and durable concrete. Journal of Sustainable Cement-Based

Materials, 5(1), 1�22.

Shayan, A., & Xu, A. (2004). Value-added utilisation of waste glass in concrete. Cement and

Concrete Research, 34(1), 81�89. Available from https://doi.org/10.1016/S0008-8846

(03)00251-5.

Shi, C., Krivenko, P. V., & Roy, D. M. (2006). Alkali�activated cements and concretes.

Abingdon: Taylor & Francis.

Shi, C., & Zheng, K. (2007). A review on the use of waste glasses in the production of

cement and concrete. Resources, Conservation and Recycling, 52(2), 234�247.

Available from https://doi.org/10.1016/j.resconrec.2007.01.013.

Siddique, R., Khatib, J., & Kaur, I. (2008). Use of recycled plastic in concrete: A review.

Waste Management, 28(10), 1835�1852. Available from https://doi.org/10.1016/j.

wasman.2007.09.011.

Siddique, R., & Naik, T. (2004). Properies of concrete containing scrap-tyre rubber � An

overview. Waste Manage, 24, 563�569.

Silva, D., Betioli, A., Gleize, P., Roman, H., Gomez, L., & Ribeiro, J. (2005). Degradation of

recycled PET fibers in Portland cement-based materials. Cement and Concrete

Research, 35, 1741�1746.

Singh, R., Patel, M., & Sohal, K. S. (2022). The potential use of waste paper sludge for sus-

tainable production of concrete—A review. In B. Laishram, & A. Tawalare (Eds.),

Recent advancements in civil engineering. Lecture notes in civil engineering (Vol. 172).

Singapore: Springer. Available from https://doi.org/10.1007/978-981-16-4396-5_33.

Sobolev, K., & Gutiérrez, M. F. (2005). How nanotechnology can change the concrete world.

American Ceramic Society Bulletin, 84, 14�18. Available from https://doi.org/10.1002/

9780470588260.ch17.

Sukontasukkul, P. (2009). Use of crumb rubber to improve thermal and sound properties of
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method (Energy-dispersive XRF

method), 130

Energy-dispersive XRF method. See Energy-

dispersive X-ray fluorescence method

(Energy-dispersive XRF method)

Engineering-based composites, 233�234

Environmental assessment of usage of

pulverized fuel ash in cement-based

materials, 25�27

carbon dioxide emission and energy

consumption of constituent materials,

27t
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EPSs. See Energy power stations (EPSs)

Ethylene�vinyl acetate, 277�278

Ettringite needles (E needles), 178

European Union, 221

F

FA. See Fly ash (FA)

FBD. See Fluidized bed combustion (FBD)

Ferrite, 75

Ferrite oxide, 84

Fine aggregates (F.A), 311�312

replacement of, 340�341

Fineness of new cement, 131, 136�138,

137f, 137t

Fire resistance, 190, 190t, 236

Flash point, 156, 280, 286�287, 286t

of selected blends, 163

Flexural capacity, 148, 148t

Flexural moment stress, 72�73, 88�91, 89f,

90f

Flexural strength, 16�17, 33�35, 48,

56�57, 230�231

NP, 103�105

of RCC, 267

RCC, 260, 266�268

average and error bar of flexural

strength for RCC, 268f

flexural strength test with one-point

loading method, 260f

flexural strength test results for RCC

mixes, 267t

regression relationships between flexural

strength and nG/ASTM type I

cement, 33f

of self-compacting concrete mixture, 324

blended with fly ash, 325f

blended with GGBFS, 324f

blended with GGBFS and fly ash, 325f

WSA, 8�9

compressive strength, 9

Flexural tensile strength, MP, 176

Fluidized bed combustion (FBD), 335�336

Fly ash (FA), 103�104, 143�144, 221, 252,

310�311, 336, 380f

application of fly ash in bituminous

mixtures, 344�345

chemical composition, 312t

as mineral filler, 344�345

properties, 342�344

Fourier-transform infrared spectroscopy

(FTIR spectroscopy), 154, 156, 164,

164f

Fourth-degree mathematical equations, 209,

213�214, 217

Freeze and thaw cycling, resistance to, 191

Freezing process, 79�82

Freezing�thawing cycle, 124

change in weight after, 79�81

compressive stress after freezing�thawing

cycle, 81�82

resistance, 72

Freezing�thawing resistance of concrete,

191

Fresh and hardened densities, 300

Fresh concrete results, 314�319, 315t

J-ring test, 318

L-box test, 317�318

sieve segregation, 318�319

slump flow, 315�316

T50 flow, 316�317

V-funnel, 316

Fresh mixing, density of, 76�77, 76f

Fresh mortars

air pore of, 9�10

results of fresh mortars tests, 103t

unit weight of, 11�12

Fresh properties of self-compacting concrete

mixture, 313�314

Frost damage, 181

FTIR spectroscopy. See Fourier-transform

infrared spectroscopy (FTIR

spectroscopy)

Fusion, 347

G

Gas diffusion, 108

Gasification, 338�339

GCBC. See Ground clay brick calcined

(GCBC)

Geopolymers, 143�144

geopolymer-based materials, 143�144,

148

GGBFS. See Ground granulated blast

furnace slag (GGBFS)

Ghana Highway Authority, 159

Gilsonite, 277�278

Glass powder, 252

Glass-like particles, 311
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GNP. See Graphene nanoplates (GNP)

GNPs. See Graphite nanoparticles (GNPs)

Granulated blast furnace slag, 311

Graphene, 203

Graphene nanoplates (GNP), 31, 203

Graphene oxide, 203

Graphite (GRP), 211�212

Graphite nanoparticles (GNPs), 47, 203

bending moment, 209�212

casting, mixing, and specimen

preparation, 205

characterization, 206

class C pulverized fuel ash, 31�32

environmental assessment of usage of

pulverized fuel ash in cement-based

materials, 25�27

high-technology additive of, 52

materials and methods, 204�205, 204t

transforming of conventional binder

into binder and mortar, 204�205,

205t

mathematical model for estimation of

compressive strength, 208�209

mathematical model for estimation of

splitting tensile strength, 216�217

mathematical model for prediction of

bending moment, 212�214

nature of strength, 33�40

pulverized fuel ash-cement system, 25�27

results, 206�207

compressive strength, 206�207

splitting tensile strength, 214�215

synthetic graphite nanoparticles, 27�28

upcycling process and tests performed,

32�33

Graphitic carbon, 28�29

Gravimetric method, 133

Green concrete, 293

Greenhouse gas emissions, 309�310

Greenization, 293

Ground calcined bricks, 221

Ground CBA, 244

Ground clay brick calcined (GCBC),

235�236

Ground granulated blast furnace slag

(GGBFS), 47, 67, 144, 309�311, 358

chemical composition, 312t

materials and methods, 144

chemical composition of, 144t

mixing, handling, placing, and molding

of HPG, 145

methodology, 358�364

materials, 358�360

mix composition, sample preparation,

and testing, 360�364

methods, 145�146

results, 146�149

capillary water absorption, 146�147

coefficient of capillarity, 147

cost analysis hemp�clay brick,

369�370

flexural capacity, 148

laboratory stabilized clay�hemp brick

manufacture, 368

linear expansion, 365�368

PC�GGBS stabilized systems, 364�365

strength development of the

lime�GGBS, 364�365

uniaxial compression strength,

148�149

GRP. See Graphite (GRP)

Gypsum, 133

H

Halloysite, 222

Hardened concrete results, 319�326

compressive strength of self-compacting

concrete mixture, 319�320

flexural strength of self-compacting

concrete mixture, 324

splitting tensile strength of self-

compacting concrete mixture,

321�323

water penetration depth of self-

compacting concrete mixture,

325�326

Hardened properties of self-compacting

concrete mixture, 314

Hardening process, 205

Heavy metals, 243�244

Hematite (Fe2O3), 57�58

Heterogeneous material, 339

High-grade kaolinitic clays, 222

High-loss-on-ignition, 51

High-performance geopolymers (HPGs),

144, 146�147

mixing, handling, placing, and molding

of, 145, 145t
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High-strength concrete, 230

High-technology additive of graphite

nanoparticles, 52

High-volume fly ash (HVFA), 252

High-volume fuel ash, 51

High temperature resistance, 190

HMA. See Hot mix asphalt (HMA)

Hot mix asphalt (HMA), 335

Household waste (HW), 123

HPGs. See High-performance geopolymers

(HPGs)

HVFA. See High-volume fly ash (HVFA)

HW. See Household waste (HW)

Hydration heat, 174, 175f

Hydration process, 49, 78, 116�117, 132,

181, 247, 252�253

Hydration products, 96

Hydraulic binder, 49�50

research methodology, 128�133

tools and materials used, 128�129, 129f

research procedures, 129�133

chemical analysis of wastes sand new

cement, 130

consistency of new cement paste, 132

density of new cement, 131�132

fineness of new cement, 131

setting time of new cement paste,

132�133

X-ray powder diffraction analysis of

new cement manufactured, 130�131

results, 133�139

chemical composition of new cement,

135

chemical composition of wastes,

133�135

consistency and setting time of new

cement, 138�139

density of new cement, 138

fineness of new cement, 136�138

physical properties, 136�139

X-ray powder diffraction analysis of

new cement, 136

Hydrogen ion concentration (pH), 279

Hydrothermal solidification, 347

Hydroxyl ions (OH2), 114

I

IBA. See Incineration bottom ash (IBA)

Illite, 222

Incineration bottom ash (IBA), 340

Incineration process, 124�126, 335�336

Indirect test, 35

Industrial byproducts, 49�50, 143�144

Industrial hemp, 358�360, 360t

Insoluble high-silicon-ratio crystalline

matrix, 148

Innovative and sustainable concrete

materials

alternative binders to cement, 376�377

earth-concretes, 377�379, 378f

fly ash and silica fume, 379

geopolymers, 377

ground granulated blast furnace slag,

377

new efficient cements, 380

multifunctional properties, 388�389

new additives, 389

novel sustainable processes, 389�390

recycled components, 380�388

organic waste, 387�388

recycled aggregates, 380�383

recycled glass, 384�385

recycled plastic, 385�387

recycled tires, 383�384

state-of-art concrete materials, 374�376

Integrated waste management, 123

Interfacial transition zone (ITZ), 47, 112,

209�210, 341�342

Iron (Fe), 339�340

powder, 294, 294f

Iron oxide (Fe2O3), 25�26, 96, 299,

339�340

ITZ. See Interfacial transition zone (ITZ)

J

J-ring test, 313�314, 318

K

Kaolinite, 222, 227

Kaolinitic clays, 221�222, 278

Kinematic viscosity, 155, 280, 284�285

at 135�C for blends at different

percentages of clay, 285f

L

L-box test, 313�314, 317�318

Laboratory analysis, 280

Landfilling leachate, 337�338
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LC3-based concrete. See Limestone calcined

clay cement-based concrete (LC3-

based concrete)

Leaching characteristics of municipal solid

waste incineration ashes, 345�346

Lead (Pb), 339�340

Lignite, 126�127

Lime (CaO), 57�58, 133

Limestone (LS), 104

effect of combination of, 228�230

powder, 49�50, 67

soils, 124

Limestone calcined clay cement-based

concrete (LC3-based concrete), 228,

230

cement, 229

on elastic modulus, 231

Linear regression equations, 56�58

Linear variable differential transformer

(LVDT), 260�261

Lower Oxford Clay (LOC), 358�360, 359t

LS. See Limestone (LS)

LVDT. See Linear variable differential

transformer (LVDT)

M

Magnesium oxide (MgO), 25�26, 339�340

Magnesium sulfate (MgSO4), 112

Magnesium-silicate-hydrate, 96

Magnetite (Fe3O4), 57�58

Manufacturing process, 264

Marble, 167�168

Marble powder (MP), 67, 102, 143�144,

167, 184

advantages of, 167�168

applications of, 168

durability properties of concrete made

with, 181�192

abrasion resistance, 191�192

acid resistance, 186

ASR, 186�187

carbonation, 187�188

chloride permeability, 188�189

corrosion, 189�190

fire resistance, 190

permeability, 181�182

porosity, 183�184

resistance to freeze and thaw cycling, 191

shrinkage, 184

sulfate resistance, 185

water absorption, 182�183

economic aspect, 192�193

effect on fresh properties of cement/

mortar/concrete, 171�174

hydration heat, 174

rheological behavior, 173, 174f

setting time, 172�173, 173t

workability, 171�172, 172f

effect on hardened properties, 175�177

compressive strength, 176

flexural tensile strength, 176

modulus of elasticity, 177

SAI of mixtures incorporating marble

powder, 175

splitting tensile strength, 176�177

thermal analysis of mixtures incorporating

marble powder, 175�176

environmental performance, 193�194

microstructure, 178�180

micrographs of control mix and

specimen, 179f

SEM analysis for paste samples

containing marble powder, 178f

SEM morphology of mortar containing

MP as replacement of cement, 180f

MP-blended cement specimens, 178

properties of, 168�170

chemical properties, 170, 170t

particle size, 168

physical properties, 169, 169t

specific gravity and fineness, 169

Marl soils, 124

Mass

burning, 335�336

change of, 14�15

measurement of change of, 7�8

Mass burn (MB), 335�336, 338�339

Mathematical equations, 9, 13, 15

of compressive strength, 208�209

of splitting tensile strength, 216

Mathematical models, 216

for estimation of compressive strength,

208�209, 208f, 209f

for estimation of splitting tensile strength,

216�217, 216f

for prediction of bending moment,

212�214, 212f, 213f

for strength estimation, 9�19
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Maximum dry density (MDD), 281

MB. See Mass burn (MB)

MBT. See Mechanical-biological treatment

(MBT)

MDD. See Maximum dry density (MDD)

Mechanical properties

OSA, 72�73

of RCC, 252�253

Mechanical tests, 8�9

compressive strength, 9

flexural strength, 8�9

Mechanical-biological treatment (MBT),

338�339

Mechanics, 7�8

Mechanistic empirical pavement design

guide (MEPDG), 341�342

Mediterranean Sea, 124

Mediterranean soil, 123�126

Melt blend techniques, 155

Melting, 347

MEPDG. See Mechanistic empirical

pavement design guide

(MEPDG)

Metakaolin (MK), 40, 227

Metal-based graphite, 52

Methane (CH4), 67

MFL Prüf-systeme Universal Testing

Machine, 259

Micrographs of control mix and specimen,

179f

Microsilica, 379

Microstructure

analysis with scanning electron

microscopy, 93�94

SEM micrographs for RCC and RCGC,

94f

of concrete, 116�117, 234

of marble powder, 178�180

of natural pozzolan, 116�117

phase analysis, 73

Mineral additions, 221

Mineral admixtures, 103�104, 221

Mineralogical phase analysis, 73

with X-ray diffraction, 95�96

Minerals, 75

Mix design, 256�257, 257t

of roller-compacted concrete and roller-

compacted green concrete, 70�71,

70t

Mixing materials

aggregate, 74

cement, 73�74

chemical and physical properties of, 71,

73�76

oil shale ash, 74�76

Mixtures incorporating marble powder,

thermal analysis of, 175�176

MK. See Metakaolin (MK)

Modulus of elasticity, 91�93

marble powder, 177, 178f

of RCC, 268�270

average and error bar of modulus of

elasticity for RCC, 269f

mixes, 269t

stress�strain curves for RCC and RCGC,

92f

Moisture content, 282

Montmorillonite, 222, 278

Mortars, 187, 207, 209�210, 214

bars, 187

graphite nanoparticles, 204�205

effect of marble powder on fresh

properties of, 171�174

methods used for measuring physical and

mechanical properties of, 5

MP. See Marble powder (MP)

MSW. See Municipal solid waste (MSW)

MSWI. See Municipal solid waste

incineration (MSWI)

MSWI-BA. See Municipal solid waste

incineration bottom ash (MSWI-BA)

MSWI-FA. See Municipal solid waste

incineration fly ash (MSWI-FA)

Municipal solid waste (MSW), 335, 387�388

Municipal solid waste incineration (MSWI),

335�336

MSWI-BA, 336�337

MSWI-FA, 336�337

Municipal solid waste incineration ashes

management practices of, 337�339

as road construction material, 339�345

environmental effect, 345�347

leaching characteristics of municipal

solid waste incineration ashes,

345�346

municipal solid waste incineration ash

leaching reduction and treatments,

347
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Municipal solid waste incineration ashes

(Continued)

municipal solid waste incineration

bottom ash, 339�340

municipal solid waste incineration fly

ash, 342�345

Municipal solid waste incineration bottom

ash (MSWI-BA), 339�340

application of bottom ash in bituminous

mixtures, 340�342

properties of bottom ash, 339�340

Municipal solid waste incineration fly ash

(MSWI-FA), 342�345

application of fly ash in bituminous

mixtures, 344�345

properties of fly ash, 342�344

N

NA. See Neutral axis (NA)

NAC. See Natural aggregate concrete (NAC)

Nanoclays (NC), 107, 278

Nanomaterials, 26�27, 203, 277�278

NAs. See Natural aggregates (NAs)

Natural aggregates (NAs), 68�69, 252�253,

335

copper slag, 293�294, 294f

corn cub ash, 295, 295f

iron powder, 294, 294f

replacement of, 293�295

Natural pozzolan (NP), 55, 101

durability, 106�116

environmental and economical aspects,

117

mechanical properties, 103�105

compressive strength, 103�104

elastic modulus, 105

flexural strength, 104�105

shrinkage, 105

microstructure, 116�117

rheological properties, 101�103

fresh properties of SCC mixtures, 102t

results of fresh mortars tests, 103t

Natural pozzolana, 221

Natural raw materials, 50

Natural rubber, 277�278

latex, 155, 278

Natural rubber latex-substituted-bitumen

binder

materials and method, 155�156

bitumen-based binder, 155�156

objective, 154

results, 159�164, 159t

flash point, aging, and viscosity of

selected blends, 163, 163t

Fourier-transform infrared analysis,

164

penetration point, 159�160

softening point temperature, 160�161,

160f

specific gravity test, 162

temperature susceptibility and

penetration index, 162�163

viscosity analysis, 161

Natural zeolite (NZ), 106

Natural aggregate concrete (NAC), 107

Natural resources, 243

NC. See Nanoclays (NC)

NCA. See Normal coarse aggregate (NCA)

Net present value (NPV), 369�370

Neutral axis (NA), 8�9

New cement

chemical composition of, 135

consistency and setting time of, 138�139,

138t

density of, 138

fineness of, 136�138

paste setting time of, 132�133

X-ray powder diffraction analysis of, 136

Ni. See Nickel (Ni)

Nickel (Ni), 339�340

Nitrogen oxides (NOx), 67

Nongraphitizable carbon, 28�29

Normal coarse aggregate (NCA), 107

Novel sustainable processes, 389�390

NP. See Natural pozzolan (NP)

NZ. See Natural zeolite (NZ)

O

Oil shale ash (OSA), 67, 74�76. See also

Wheat straw ash (WSA); Coal

bottom ash (CBA)

analysis methods, 71�73

chemical and physical properties of

mixing materials, 71

density of fresh mixing, 71

density of hardened specimens, 72

durability measurement, 72

mechanical properties, 72�73
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microstructure and mineralogical phase

analysis, 73

porosity measurement, 72

availability of data and materials, 97

chemical composition of, 75t

materials and methods, 70�73

mix design of roller-compacted

concrete and roller-compacted green

concrete, 70�71

preparation of roller compacted

concrete and roller-compacted green

concrete, 71

OSA-substituted ASTM type I cement, 73

results, 73�96

chemical and physical properties of

mixing materials, 73�76

durability properties of roller-

compacted concrete and roller-

compacted green concrete, 79�82

mechanical properties of roller-

compacted concrete and roller

compacted green concrete, 82�93

microstructure analysis of roller-

compacted concrete and roller-

compacted green concrete, 93�96

physical properties of roller compacted

concrete and roller-compacted green

concrete, 76�79

SEM micrograph and XRD analysis of

OSA, 75f

OMC. See Optimum moisture content

(OMC)

One-point loading method, flexural strength

test with, 260f

Optimum moisture content (OMC), 281

Ordinary cementitious composites, 296

Ordinary Portland cement (OPC), 374�375

Organic waste, 387�388

OSA. See Oil shale ash (OSA)

Outdoor tiles, 126�127

P

Particle size, 168

distribution, 279, 282

of clay samples, 282f

distributions of marble powder and

cement, 168f

SEM analysis of marble powder, 169f

Passing ability, 313�314

Paste replacement method, 193�194

PC. See Portland cement (PC)

Penetration index, 156, 157t, 162�163, 163t

Penetration point, 155, 159�160, 280, 283

for blends at different percentages of clay,

283f

penetration test results, 159f

Periclase, 75

Permeability, 106�107

calcined clay, 234�235

effect of natural zeolite on transport

properties, 106t

PFA. See Pulverized fuel ash (PFA)

pH, 281, 281t

pH-static leaching tests, 346

Phase change materials (PCMs), 373�374

Physical properties of old concrete,

254�255

Physical separation, 347

Plasma arc gasification, 338�339

Plastic viscosity, 173

Plasticity, 279

Plasticizers, 292

Plastic materials, 168

Plastic waste, 385�386

Pollutants, 336

Polycarboxylic ethers, 52

Polymers, 153�154

materials application, 153�154

modification of bitumen, 153�154,

277�278

Polynomial equations, 10�11, 14�15,

17�19, 37, 56�58, 213�214, 217

Polynomial mathematical equations, 34�35, 40

Polypropylene fiber (PPF), 254

Polyvinyl chloride (PVC), 29

Porosity, 78�79, 183�184

measurement, 72

values of concrete made with MP as

partial replacement of cement, 183f

Portland cement (PC), 1�2, 50, 114, 135,

137�139, 174, 203, 244, 309�310,

358�360, 384�385

chemical composition, 312t

composite concrete, 126�127

Portland fly ash cement, 31

Portland Pozzolana cement (PPC), 374�375

Portland pozzolanic cement CEM II/B-P

42.5N, 255�256
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Portlandite (Ca(OH)2), 1�2, 299

crystals, 93

Potassium (K), 339�340

Potassium oxide (K2O), 25�26, 339�340

Potassium sulfate (K2SO4), 112

Power-type equations, 35

Pozzolanic materials, 49�50, 223

PPF. See Polypropylene fiber (PPF)

Present worth factor (PWF), 369�370

Proctor Compaction tests, 361

Production process, 221

Pulverized fuel ash (PFA), 25�26, 67�68,

126�127

environmental assessment of usage of,

25�27

PVC. See Polyvinyl chloride (PVC)

Q

Quartz, 340

Quinary cement, 230

R

RAC. See Recycled aggregate concrete

(RAC)

RAPA. See Recycled asphalt pavement

aggregate (RAPA)

Raw materials, preparation of, 244�245

chemical composition of coal bottom ash,

245t

ground CBA, 245f

raw CBA, 245f

RC. See Recycled concrete (RC)

RCA. See Recycled concrete aggregate

(RCA)

RCC. See Roller-compacted concrete (RCC)

RCCP. See Recycled coarse concrete

pavement (RCCP)

RCGC. See Roller-compacted green concrete

(RCGC)

RDF. See Refuse-derived fuel (RDF)

Reactive powder concrete (RPC), 379

Recycled aggregate concrete (RAC), 107,

382

Recycled asphalt aggregate, 251�252

Recycled asphalt pavement aggregate

(RAPA), 68�69, 252, 254�255

Recycled concrete (RC), 117

Recycled concrete aggregate (RCA), 68�69,

117, 251�252, 382

Recycled coarse concrete aggregates,

254�255

Recycled coarse concrete pavement (RCCP),

252�253

Recycled coarse concrete polluted in sea

water (RRCC-Sw), 252�253

Recycling of brick kiln dust and crumb

waste rubber tires, 291�292

concrete, 292�295

rubberized concrete, 296�298

waste brick powder, 299�303

waste rubber tires, 295�296

Refuse-derived fuel (RDF), 335�336,

338�339

Regression equations, 3, 11, 14�16, 18�19,

79, 81�82

Regression relationship degree (R2), 81

Relative humidity (RH), 108

Resistance to chloride attack, 110�112

Resistance to freeze and thaw cycling, 191

Resistance to sulfate attack, 112�114

Retarders, 292

RH. See Relative humidity (RH)

RHA. See Rice husk ash (RHA)

Rice husk ash (RHA), 67, 252�253,

309�310, 388

Road pavement, 277�278

Rocky soil. See Mediterranean soil

Roller-compacted concrete (RCC), 16,

67�68, 251�252

durability properties of, 79�82

change in weight after

freezing�thawing cycle, 79�81

freezing and thawing, 79�82

mechanical properties of, 82�93

compressive stress, 82�85

flexural moment stress, 88�91

modulus of elasticity, 91�93

splitting tensile stress, 85�87

microstructure analysis of, 93�96

microstructure analysis with scanning

electron microscopy, 93�94

mineralogical phase analysis with X-ray

diffraction, 95�96

mix design of, 70�71

physical properties of, 76�79

density of fresh mixing, 76�77

density of hardened specimens, 77�78

porosity, 78�79
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preparation of, 71

casting and curing, 71

mixing, 71

Roller-compacted green concrete (RCGC), 67

durability properties of, 79�82

freezing and thawing, 79�82

mechanical properties of, 82�93

compressive stress, 82�85

flexural moment stress, 88�91

modulus of elasticity, 91�93

splitting tensile stress, 85�87

microstructure analysis of, 93�96

microstructure analysis with scanning

electron microscopy, 93�94

mineralogical phase analysis with X-ray

diffraction, 95�96

mix design of, 70�71

physical properties of, 76�79

preparation of, 71

casting and curing, 71

mixing, 71

RRCC-Sw. See Recycled coarse concrete

polluted in sea water (RRCC-Sw)

Rubber, 154, 277�278

aggregates, 384

powder as admixture, 298

Rubberized concrete, 296�298

rubber powder as admixture, 298

treated rubber particles as replacement of

fine aggregates, 298

untreated rubber particles as replacement

of fine aggregates, 296�297, 297f

S

SAI. See Strength activity index (SAI)

Sample preparation, 279, 360�364

SBS. See Styrene butadiene styrene (SBS)

Scanning electron microscopy (SEM),

28�29, 71, 168, 343�344, 379, 380f

analysis of specimens, 179

microstructure analysis with, 93�94

morphology of mortar containing MP as

replacement of cement, 180f

Scanning electron microscopy with energy-

dispersive X-ray analysis (SEM-

EDX), 339�340

SCC. See Self-compacting concrete (SCC)

SCMs. See Supplementary cementitious

materials (SCMs)

Self-compacting concrete (SCC), 101�102,

309�310

chemical composition of GGBFS, FA, and

PC, 312t

fresh properties of SCC mixtures, 102t

materials, 311�312

mix proportion, 312�313, 313t

physical properties of aggregates, 312t

results, 314�319

fresh concrete results, 314�319, 315t

hardened concrete results, 319�326

testing methods, 313�314

fresh properties of self-compacting

concrete mixture, 313�314

hardened properties of self-compacting

concrete mixture, 314

SEM. See Scanning electron microscopy

(SEM)

SEM-EDX. See Scanning electron

microscopy with energy-dispersive

X-ray analysis (SEM-EDX)

Setting process, 138�139
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