Indian Journal of Sustainable
Building Technology

Volume No. 4
Issue No. 1
January - April 2024

\

h &

ENRICHED
PUBLICATIONS

ENRICHED PUBLICATIONS PVT.LTD

JE - 18,Gupta Colony, Khirki Extn,
Malviya Nagar, New Delhi - 110017.
E- Mail: info@enrichedpublication.com
Phone :- +91-8877340707



https://en.wikipedia.org/wiki/Friday_the_13th

Indian Journal of Sustainable
Building Technology

Aims and Scope

Indian Journal of Sustainable Building Technology is published quarterly by Enriched
publications. An EP Journal on Architectural and Planning Research is peer reviewed
journal and monitored by a team of reputed editorial board members. This journal
consists of research articles, reviews, and case studies on Architecture. This journal

mainly focuses on the latestand most common subjects ofits domain.




Indian Journal of Sustainable
Building Technology

Managing Editor
Mr. Amit Prasad

Editorial Board Member

Dr. Sumanta Deb

Department of Architecture

Indian Institute of Engineering Science
and Technology, Shibpur
sumanta04@gmail.com

Mohammad Juned

Department of Architecture
M-15, Batla House Jamia Nagar,
New Delhi-110025
ar.juned@gmail.com

Arshiya Iftekhar Ahmed
Department of Architecture
A-109, Khan Abdul Gaffar Khan Enclave,
Near Tikona Park, Jamia
Millia Islamia, Jamia Nagar, New Delhi-110025
ahmed_arshiya@yahoo.co.in







Indian Journal of Sustainable Building

Technology

(Volume No. 4, Issue No. 1, January - April 2024)

Contents

Sr. No

Article/ Authors

Pg No

01

A comparative study on the use of waste brick and glass in cement
mortars and their effects on strength properties

- Hasan DILEK, Piar AKPINAR

1-16

02

A comparative study on the use of waste brick and glass in cement
mortars and their effects on strength properties
- Hasan DILEK, Pinar AKPINAR

17 - 34

03

Mechanical, freeze-thaw, and sorptivity properties of mortars
prepared with different cement types and waste marble powder
- Riimeysa GURGOZE, Zinnur CELIK, Ahmet Ferhat BINGOL

35-56

04

Effect of calcination on the physical, chemical, morphological, and
cementitious properties of red mud

- Chava VENKATESH, Chereddy SONALI SRI DURGA

57-72

05

Use of SCM in manufacturing the compressed brick for reducing
embodied energy and carbon emission

-Tejas M. JOSHI, Hasan M. RANGWALA* , Apurv PRAJAPATI

73 - 88







Thermophysical characterization of concrete reinforced with
baobab trunk fibers (Adansonia digitata L.) for thermal
insulation of buildings

Alphousseyni GHABO*1, Pape Moussa TOURE2, Younouss DIEYE2, Vincent
SAMBOU2
1Laboratoire des Semi-conducteurs et d’Energie Solaire, Faculté des Sciences et Techniques,
Université Cheikh Anta Diop de Dakar, Dakar, Sénégal
2Laboratoire Eau, Energie, Environnement et Procédés Industriels, Ecole Supérieure Polytechnique,
Dakar, Sénégal

ABSTRACT

N
This work deals with characterizing concrete based on baobab trunk fibers for thermal insulation in

buildings. The aim is to study the effect of the fiber content and the type of fiber treatment on the
hygroscopic and thermo-physical properties of the concrete. Therefore, two types of treatment were
carried out: an alkaline treatment and a thermo-alkaline treatment. Hygroscopic test results
(34.25% to 54.92% for fiber content ranging from 14% to 28%) show that adding fibers to concrete
makes them more sensitive to water. However, thermochemical treatment of the fibers reduces this
water sensitivity. The thermal conductivities of concrete range from 0.202 to 0.086 W/m.K for the
same fiber content. These results show that these biomaterials can be used in construction to improve
building insulation.

Cite this article as: Ghabo, A., Touré, P. M., Diéye, Y., & Sambou, V. (2023). Thermophysical
characterization of concrete reinforced with baobab trunk fibers (Adansonia digitata L.) for thermal
insulation of buildings. J Sustain Const Mater Technol, 8(4), 251-259.

\Key words:Baobab fibers, cement, density, thermal conductivity, water absorption

1.INTRODUCTION

The residential building sector consumes large quantities of energy for heating in cooler periods and air
conditioning or ventilation in hot periods. In Senegal, the energy consumption of buildings is estimated
at 49% of final national consumption [1]. This is explained by the fact that in Senegal, concrete (a
conductive material) is the primary building material. With this material, air conditioning and artificial
ventilation are always used to achieve minimum thermal comfort. In addition, manufacturing and
recycling this material requires large amounts of energy and poses a real problem of environmental
pollution and greenhouse gas emissions.

Faced with this problem, developing new alternative materials to concrete is becoming necessary. One
of the solutions proposed to mitigate the environmental impact of concrete is the incorporation of
vegetable fibers in the manufacture of construction materials. Vegetable fibers are local, available
materials with low thermal conductivity. Thus, their use in building materials can be an alternative to

reduce heat transfer.Several researchers have been interested in determining bio-composite materials
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Vegetable fibers are local, available materials with low thermal conductivity. Thus, their use in building
materials can be an alternative to reduce heat transfer.

Several researchers have been interested in determining bio-composite materials physical and thermal
properties based on cement and plant fibers.

Benmansour et al. [2] studied the effect of fiber content on the water absorption, density, and thermal
conductivity of a date palm fibers reinforced mortar. They noted a de crease in density, thermal
conductivity, and an increase in water absorption as the amount of fibers in the mortar in creased.
Abdullah et al. [3] studied the physical and hygroscopic behavior of a cement mortar reinforced with
coconut fibers. The authors concluded that the concretes' moisture content and water absorption
increase as the fiber content ncreases. However, the density of the concrete decreases. Potiron et al. [4]
worked on determining the thermal conductivity and density of concrete based on sugarcane bagasse.
The fibers were treated with boiling and alkaline solution. The authors concluded that thermal
conductivity and density decreased with increasing fiber content in the composite concrete. Taoukil et
al. [5] studied the influence of water content on the thermal properties of a cement-sand composite
reinforced with wood chips. The results showed that as the percentage of wood chips increased, the
concrete's thermal conductivity and thermal diffusivity decreased. However, these values increase as
the moisture content of the concrete increases. Chakraborty etal. [6] worked on the effect of adding jute
fibers treated with an alkaline solution and another solution of Sika latex polymer (carboxylated Styrene
Butadiene) on the density of cement mortar. The results show that treating the fibers with 5% Sika latex
polymer increases the density of the composite concrete. Panesaretal. [7]studied the influence of cork
waste fiber content on a cement mortar's density and thermal conductivity. They found that the density
and thermal conductivity of the mortar decreased with increasing fiber content.

Osseni et al. [8] worked on the influence of the percentage of coir fibers on the thermal properties of a
mortar. The results show that the thermal effusivity and thermal conductivity decrease by about 10% as
the amount of coir fibers increases. Ashraf et al. [9] determined con crete's thermal conductivity and
density containing date palm fibers. The authors noted a decrease in the thermal conductivity and
density of the concrete as the fiber content increased. Similarly, Diaw et al. [10] manufactured and
determined the thermo-physical properties of concrete incorporating typha australis aggregates. The
authors concluded that these materials can be used in buildings to improve energy efficiency.
Al-Mohamadawi et al. [11] investigated the influence of increasing flax shives treated with paraffin wax
on cement concrete's thermal conductivity and density. The results showed that adding raw or treated
fibers decreases cement concrete's density and thermal conductivity (<0.3 W/mK). However, the
density and thermal conductivity of the treated fibers concrete increased compared to that of the raw
fibers concrete. Khazma et al. [12] worked on determining the thermal conductivity and density of

concrete reinforced with flax shives treated by coating with a pectin + polyethylene (pp) mixture. The
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authors noted increased treated concrete's density and thermal conductivity compared to raw concrete.
Abderraouf [13] studied the influence of the percentage of Diss and Doum fibers treated with a sodium
hydroxide solution on the thermal conductivity of cement concretes. The results show that, for fiber
content of 4% by mass, the thermal conductivity of Diss and Doum treated fibers mortars decreases by
40% and 33%, respectively, compared to the control mortar. Becchio et al. [ 14] studied the influence of
the percentage of wood aggregates on the thermal conductivity of cement concrete. Their results
showed a decrease in the thermal conductivity of composite concrete compared to control concrete.

This literature review shows that many vegetable fi bers manufacture thermal insulation or filling
materials in housing construction. No studies have been conducted

to determine the hygroscopic and thermo-physical prop erties of concrete made from baobab
(Adansonia digitata L.) trunk fibers. The baobab is a gigantic tree of the Bombacaceae family that grows
in the southern, western, and southeastern regions of Senegal [15]. This tree has long been exploited for
food (leaves and fruits) and traditional medicine (leaves and bark). Baobab trunk and branches are very
fibrous and are used for rope making and weaving. Extracting fibers from these parts does not affect the
tree's health, as these parts regenerate every six months after exploitation [16].

This work aims to develop and determine cement concrete's hygroscopic and thermo-physical
properties based on baobab trunk fibers. The properties studied are water absorption, moisture content,
density, and thermal conductivity. Compared to the work mentioned above, the originality of this work
is the use of baobab trunk fibers in producing bio-sourced concrete to man ufacture insulating

cementitious concrete with low environmental impact.

2.MATERIALSAND CHARACTERIZATION METHODS

2.1. Baobab Trunk Fibers

In this study, the fibers used were extracted from the trunk of'a local tree, the Baobab (Adansonia digitata
L.). The baobab is a gigantic tree generally found in Africa's south-eastern and south-western regions,
i.e., in the Sahelian and Sudano-Sahelian zones. In Senegal, the baobab is widespread in areas such as
Thies, Kaolack, Tambacounda, and in the southern regions, the Casamance. After extraction, the fibers

were cleanly washed and air-dried for a week before being cut by hand into 1 cm lengths. [16, 17].

Two treatments were applied to the fibers:

* The alkaline treatment consisted of immersing the fibers for 4 hours in a sodium hydroxide (NaOH)
solution of 5% concentration by mass at room temperature. They were washed thoroughly with distilled

water and soaked again in a 1% sulphuric acid solution for 2 hours. Finally, the fibers were washed clean
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with distilled water and dried at room temperature for 72h. This fiber is noted as F.T.NaOH.
* Thermochemical treatment involves boiling the fibers for at least four hours and rinsing them
thoroughly with distilled water to remove organic substances (waxes, peptides, impurities). The exact

process then treats the boiled fibers with the same sodium hydroxide solution. This fibThis fiber F.B.T.

Several studies on the characterization of bio-based composites have already shown that heat treatment
and al kali treatment of plant fibers can reduce large quantities of lignin, hemicellulose, and water-
soluble substances. These compounds are the primary agents responsible for the delayed setting of the
cementitious matrix and poor adhesion at the fiber/cement interface [4, 18].

Table 1. The fibers hygroscopic, physical, and thermal properties [17]

Types de fibres w (%) p (kg.m™") A (Wm'K?")
F.T.NAOH 230.62 225 0.041
EB.T. 226.08 220 0.043

Table 2. Composition chimique du ciment CEM II/ B-M 32.5R
Composition CaO §i0, AlLO, Fe,O, MgO Na,0 KO SO Cl-

Weight (%) 558 19.7 6.2 39 22 0.33 0.70 2.6 0.07

Table 3. Mass percentages of cement and fibers

Components CFTNaOH/C.EB.T.
Fibers content (%) 14 16 20 22 26 28
Cement content (%) 86 84 80 78 74 72

2.2.Sample preparation

This work uses both treated fibers (F.T.NaOH) and (F.B.T.). Their properties are listed in Table 1.

The chemical composition of the fibers was not given because no laboratory was available to carry out
the chemical characterization.

The chemical composition of the cement used in this study is given in Table 2.

The concretes manufactured are composed of Portland cement CEMII/B-M 32.5 R supplied by the
cement company Sococim Industries of Senegal and fibers from the baobab's trunk (Adansonia digitata
L.). The ratio of water mass to cement mass is taken as 0.3. Table 3 shows each composite type's mass
percentages of fibers and cement.

The fibers and cement were manually mixed in a 5 L ca pacity beater to achieve a homogeneous
distribution of the fibers, and then the beater was inserted into an E095-type mixer. Mixing was
maintained for 5 minutes, gradually adding the water necessary to hydrate the cement. The homoge
nized paste is then poured into 10 cm x 10 cm x 2 cm heat test molds. A Time-Tronic shaking machine

was used to compact a total of 60 shakes. After 24 hours, the samples were removed from the molds,
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placed in plastic bags to even out the distribution of water, and kept under laboratory conditions for 28
days. Before conducting the thermo-physical measurements, the samples were dried in an oven at 105
°C for 24 hours.

An example of the concrete used for hygroscopic, physical and thermal characterization is presented in

Figure 1.

2.3. Characterization Methods

2.3.1. Water Absorption

First, the concretes were dried in an oven for 24 hours, and then their masses were weighed. Then, they
were introduced into distilled water at room temperature.

By carrying out successive weighings, It is noted that, after 24 hours of immersion, the concretes

reached their water saturation point (Am<0.01g). Finally, the masses at saturation were weighed.

Figure 1. Baobab trunk fibers concretes.
The expression of the water absorption is:
myp—m
w= — 9 x 100 (1)
()
mp: Mass of concrete saturated with water.
My Mass of concrete in a dry state.

2.3.2. Moisture Content
The concretes were kept in the atmospheric conductions of the laboratory for 24 h before being weighed
(mg) and placed in an oven at a temperature of 105 °C. 24 hours later, the drying was stopped when the

last two measurements were very similar (Am<0.01g). The expression calculates the moisture content=

Ta~Ts %100 (2)

my
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mg: Mass of concrete in a dry state.
Mg: Mass of the concrete in the ambient state.

2.3.3. Apparent Density and Porosity
* The bulk density is the ratio of the mass . ) to the bulk volume of the sample. The mass of the sample
was weighed with a 0.01 g precision balance. The dimensions of the sample were measured with a

caliper to calculate the apparent volume. The equation obtains the bulk density:

Figure 2. Asymmetrical hot-plane device.

Table 4. Thermal properties of polystyrene

e (m) A (Wm'K?) E(JK'.m".s"?)
0,015 0,035 43,226
my
=0 3
P=7 (3)

* The water-accessible porosity is the ratio of the pore volume to the volume of the concrete. The pore
volume is the difference between the mass of the water-saturated concrete (my, ) and the concrete in the
dry state (m,).
The equation gives the porosity:
_ My —My
T v

1: concrete porosity
V: Volume of the sample
Pe: Water density

x100 (4)
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2.3.4. Thermal Characterization

The thermal characterization consisted of the simultaneous determination of thermal conductivity and
thermal effusivity using the asymmetric hot plane method at a constant sample backside temperature
(Fig.2).

The principle of this method and the modeling have been described in detail by Diéye et al. [ 19]. System
modeling is based on two hypotheses: the heat transfer at the center of the sample is unidirectional (1D),
and the temperature at the back of the sample is maintained constant. During measurement, the heating
element applies a constant heat flow to one side of the 10 cm x 10 cm x 2 cm sample. A thermocouple
placed in the center of the heating element records the evolution of the temperature Ts(t). The principle
is to determine the values of the sample's thermal conductivity and thermal effusivity that minimize the
squared deviation between the experimental and theoreti cal curves. The expression for the square

deviation is:

Figure 3. Three-phase homogenized medium.

Y= Z?[Terp (t) — Tmod(ti)]z

With:

1: The quadratic error between the experimental and theoretical values.

Texp: Experimental temperature.

Tmod: Theoretical model temperature.

To test the validity of this method, an extruded polystyrene sample of known dimensions and thermal

parameters was tested, and the results are presented in Table 4.

2.4. Thermal Conductivity Estimation by the Self-Consistent Method
This work used the three-phase model [20, 21] to deter mine the homogeneous medium's equivalent

thermal con
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Table 5. Water absorption of composites

Fibers content (%) 14 16 20 22 26 28
Water absorption-CFBT (%) 34,25 35,56 35,82 36,57 43,84 50,79
Water absorption-CFTNaOH (%) 37,46 37,63 39,44 41,73 51,84 54,92

Table 6. Moisture content of concretes

Fibers content (%) 14 16 20 22 26 28
Moisture content - C.EB.T. (%) 4,04 421 4,33 4,58 4,67 49
Moisture content - CFTNaOH (%) 4,28 4,37 4,48 4,66 4,7 4,95

55 = 5,2 4
@ 52,5 mCFBT 3?‘ 5 u CFBT
< 50 m CFTNaOH o 481 u CFTNaOH
§ 475 E 46 -
) 3}
B 45 £ 44 1
£ 5 iy
g 425 S Ty
| 40 € 38
5 375 g 3
AN S 34
% 325 ‘ ' = 32 -
30 B
14 16 20 22 26 28 14 16 20 22 26 28
Fibers content (%) fibers content (%)
Figure 4. Water absorption as a function of fiber content. Figure 5. Moisture content as a function of fibers content.

ductivity (A). The principle of the method is to assimilate a heterogeneous material to a homogeneous
medium whose equivalent thermal conductivity is determined. The sample has assimilated an assembly
of centrally located spherical air bubbles (Ra, Aa), covered by a concentric spherical layer of fibers

particles (Rf, Af), and the whole is covered by a cementitious matrix (Rc, Ac) as illustrated in Figure 3.

3. EXPERIMENTALRESULTS AND ANALY SIS

3.1. Hygroscopic Characterization

3.1.1. Influence of Fibers Content and Treatment on

Water Absorption

The results of water absorption at saturation of the concretes are given in Table 5.

Figure 4 shows the evolution of water absorption as a function of fiber content and type of treatment. It
shows that the water absorption of concrete increases as the amount of fibers increases. Baobab trunk
fibers have a high water absorption coefficient [17]. Incorporating these fibers in the cementitious
matrix explains the increase in water absorption of concretes when the fiber content increases. A similar
behavior was ob served by Xie et al. [22] on concretes based on rice straw and bamboo fibers and
Benmansour et al. [2] on date palm fiber concretes. It can also be seen that the type of treatment affects

the water absorption. The water absorption of C.F.B.T. concretes is slightly higher than that of
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CFTNaOH concretes.
Indeed, it has been shown that the thermochemical treatment of fibers contributes better to reducing the
wa ter-soluble components responsible for the hydrophilic character of fibers [17]. This reduces the

water absorption capacity of the fibers. This same behavior was observed by Abderraouf [4].

3.1.2.Influence of Fibers Content and Treatment on Moisture Content

The moisture content values of C.F.B.T. and CFTNaOH concretes are shown in Table 6.

Figure 5 shows that the concretes' moisture content increases when the fibers' mass fraction increases.
This is because fibers comprise molecules with large amounts of free hydroxyl groups (-O.H.) and can
bind water vapor [23]. It can be seen that the type of treatment also influences the moisture content. We
noted that the C.F.B.T. concretes showed lower moisture contents than the CFTNaOH concretes (Fig.
5). This phenomenon can be explained by the fact that the thermochemical treatment leads better to the
dissolution of lignin and hemicellulose. This makes the fibers less hydrophilic. This same behavior was
also found by Sawsen et al. [24].

Although the water absorption and moisture content of the fibers have been reduced, it has to be
recognized that the concretes studied are still highly sensitive to water. Therefore, for their use in
buildings, they are either used for internal insulation in the form of panels or by applying a layer of
waterproof plaster to the outside face when the concretes are used to fill the walls.

Table 7. Apparent densities and water-accessible porosity of concretes

Fibers content (%) 14 16 20 22 26 28
CEB.T.
p (kg.m-3) 1122,50 1118,15 1107,40 1018,55 945,05 861,10
Porosity (%) 38,11 38,85 39,20 39,72 41,53 45,69
CFTNaOH
p (kg.m-3) 1111,07 1090,50 1084,25 1027,95 920,00 859,50
Porosity (%) 39,69 40,00 41,53 42,32 46,40 47,79

Table 8. Thermal conductivity of C.EB.T. concretes

Fibers content (%) 0 14 16 20 22 26 28
Thermal conductivity - C.EB.T. (W/mK) 0,691 0,202 0,117 0.104 0,096 0,089 0,086
Thermal conductivity - CFTNaOH (W/mK) 0,691 0,188 0,112 0,105 0,091 0,085 0,083

3.2. Thermo-Physical Characterization

3.2.1. Influence of the Fiber Content on the Density

The values of the apparent densities and water-accessi ble porosity of the concrete (C.F.B.T. and
CFTNaOH) are given in Table 7.
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Figure 6 shows the density variation as a function of fiber content and type of fiber treatment. Itis noted
that the bulk density decreases as the fiber content increases. Adding plant fibers in a cementitious
matrix increases the porosity of the fiber-reinforced concrete (Table 7). However, as the porosity of the
concrete increases, the density decreases. This justifies the decrease in the density of concrete fibers.
Potiron etal. [4] also observed the same behavior.

Figure 6 also shows that the treatment influences the bulk density of the concrete. It can be seen that the
densities of C.F.B.T. concretes are slightly higher than those of CFT NaOH concretes. Some authors
have shown that the treatment increases the density of the fibers Ghabo et al. [17], Asasutjaritetal. [25].
This justifies the importance of the density of C.F.B.T. concretes compared to CFTNaOH concretes.

3.2.2. Influence of Fiber Content and Treatment on Thermal Conductivity

The values of the thermal conductivities of the studied concrete are given in Table 8.

The variation in thermal conductivity as a function of fiber content and type of treatment is shown in
Figure 7.

Firstly, It can be noted that the thermal conductivity of the concrete decreases as the fiber content
increases. In deed, adding fibers to a cement matrix increases the poros ity of the concrete. This
contributes to the decrease of the thermal conductivity of the concrete when the fiber content increases.
Other authors have observed similar behavior, Osseni et al. [8] and Benmansour etal. [2].

Secondly, it can be seen that the thermal conductivities of C.F.B.T. concretes are slightly higher than
those of CFTNaOH concretes. The thermochemical treatment decreased the porosity of the fibers more

than the chemical treatment Ghabo, et al. [17]. Thus, the incorporation of chemically

o = CFBT

1100 m CFTNaOH
1050
1000

95

900

: ||

800

14 16 20 22 26 28

fibers content (%)

Density (kg.m-)
o

v
(=]

Figure 6. Density of concrete as a function of fiber content.
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Figure 7. Thermal conductivity of C.F.B.T. and CFTNaOH as a function of fibers content type of
treatment.
treated fibers reduces the thermal conductivity of the concrete more. This justifies the superior thermal
conductivity of C.F.B.T. concretes. Potiron et al. [4] have observed similar behavior in concretes based

on sugarcane bagasse fibers.

3.2.4. Influence of Bulk Density on Thermal Conductivity
Figure 8 and 9 show the evolution of the thermal con ductivity as a function of the density of the

concrete. It is noted that the thermal conductivity of concrete decreases as the density decreases. The

addition of'the fibers contributes,

0,21
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Figure 8. Thermal conductivity of CFBT concrete as a function of density.
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Figure 9. Thermal conductivity of CFTNaOH concrete as a function of density.
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Figure 10. Thermal conductivity of C.F.B.T. concrete as a function of volume fraction.
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Figure 10. Thermal conductivity of CFTNaOH concretes as a function of volume fraction.

4. CONCLUSION

This work focused on the effect of incorporating bao bab trunk fibers on the thermo-physical and
hygroscopic properties of concrete. The fibers were chemically and thermochemically treated to study
the impact of their incorporation on the properties of concrete.

* The results obtained for the hygroscopic characterization showed that the thermo-physical treatment
of'the fibers contributes to reducing the moisture content and water absorption of the concretes studied.

* From a thermophysical point of view, it was noted that the incorporation of fibers resulted in a
significant decrease in the thermal conductivity and density of the composites. For a fiber content of
20%, the thermal con ductivity decreased by 58.64% and 58.72%, respectively, for the C.F.B.T. and
C.F.T.NaOH composites compared to the control concrete.

* The theoretical results of the self-consistent method are similar to the experimental results with
acceptable deviations.

» Regarding the thermal insulation of the building, both types of concrete studied showed good thermal
insulation properties.

* Therefore, we propose the use of this material in construction to reduce energy consumption in the

building sector.
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ABSTRACT

/Sustainable development of the construction industry should use recycled materials to the greate%
extent to reduce natural hazards due to the increased accumulation of waste and the deple tion of
natural resources. However, engineering applications using waste materials are always expected to
perform satisfactorily. In this aspect, detailed and systematically carried out experimental studies
are critical in selecting the type and the quantities of waste materials that will be recycled through
their use within engineering applications. This study provides systematically produced experimental
data on compressive and flexural strength performance to quantitatively compare the effects of using
different percentages of waste glass and brick aggregates in cement mortars with a specified
workability characteristic. Results show that mortar samples with waste glass aggregates perform
better under compressive loading since only around 14% strength decrease compared to the control
mix was yielded with the inclusion of waste glass. In contrast, in both cases, a 30% strength decrease
was recorded with the inclusion of waste bricks for 100% replacement of natural sand in the mortars.
In the case of flexural strength performance, 50% replacements of natural aggregates with waste
bricks and glass yielded around 27% and 38% strength decrease, indicating that using waste brick in
cement mortars could result in a better flexural strength performance in comparison, provided that
its content is controlled. Replacement of natural sand in cement mortars with waste brick and glass
yielded less significant flexural strength, decreasing the difference between the two types of wastes
when the replacement ratio was as high as 100%. Hence, based on the presented experimental
evidence, it is concluded that the decision on the type and the quantity of the waste materials to be
used should be made considering the area of the use of the mortar and its expected service type.

Cite this article as: Dilek, H., & Akpinar, P. (2023). A comparative study on the use of waste brick and
glass in cement mortars and their effects on strength properties. J Sustain Const Mater Technol, 8(4),
269-277.

Key words:Cement mortar, compressive strength, flexural strength, waste brick aggregates,
waste glass aggregates, workability /

1.INTRODUCTION

Concrete is undoubtedly one of the most popular construction materials used all around the globe. The
fact that 75% of the volume of concrete is composed of aggregates brings two important issues. Firstly,
and in the civil engineering aspect, the quality and performance of concrete constructions would be
highly affected by the characteristics of the aggregates used within, considering the volume they occupy

in the mix [1]. Secondly, and globally, using natural (i.e., quarried) aggregates for manufacturing bil
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lions of tons of concrete would accelerate the depletion of natural sources of aggregates on planet Earth
while posing threats to nature in most cases. Several aggregate quarries on the Besparmak
(Pentadaktylos) Mountains in North Cyprus that are unfortunately mismanaged are observed to cause
loss of sources loss of vegetational and animal life in their surroundings, as seen in Figure 1. Another
environ mental hazard that has been building up simultaneously is the increased quantities of waste
generation caused by the needs of modern life when societies do not adopt the concept of sustainability.
Engineers and scientists have proposed using waste materials as a replacement for natural aggregates in
concrete in the last decades to reduce the two aforementioned environmental hazards, and the published
works in the literature yielded promising results for this approach [2—6]. Similar to concrete, cement
mortars are also consumed in constructions in huge quantities, main ly for all kinds of repair and
maintenance works as well as in masonry works and so forth [ 7]. Additionally, since the main difference
between mortar and concrete is the size of the aggregates used within them, cement mortars are also
widely used in civil engineering research studies due to being accepted as highly indicative of concrete's
performance and behavior. Hence, the use of waste materials to replace fine aggregates in cement
mortars is also of concern.

Regarding the use of waste materials as a replacement for natural (i.e., quarried) fine aggregates in
cement mortars, several interesting previous works have been considered. Among these, Bektas et al.
[8] propose using crushed waste brick as a replacement for natural sand in mortars and report that the
highly porous nature of brick aggregates affects the properties of fabricated mortar bars. This property
of brick aggregates has been reported to yield increased water ab sorption for the mortars. Another
noteworthy observation reported by this study was that the compressive strength of the mortars
containing waste bricks was not negatively affected up to a limit of 20% (by mass) replacement of
natural aggregates [8]. Zhu and Zhu (2020) [9] also report that the porous nature of waste brick
aggregates caused increased wa ter absorption and reduced compressive strength of cement mortar
samples when added beyond specific contents. However, the surface texture of these waste aggregates
has been reported to yield higher splitting tensile strength [9].

Another interesting study was presented by Tan and Du [10], which proposes using crushed waste glass
as a replace ment for natural sand in cement mortars. This interesting study reports that waste glass
aggregates have smooth surface texture, and this characteristic yields weaker bonds between the waste
aggregate and the cement paste, eventually yielding a decrease in the tensile strength of the mor tar
samples. Lu and Poon [11] also reports similar finding on the use of waste glass as a replacement for
natural sand in cement mortars, stating that increased contents of glass aggregates yielded decreased
tensile strength of mortars due to the smooth texture of this type of waste aggregates. Another
noteworthy performance information provided by this study indicates that glass aggregates have very

low
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Figure 1. A view of the damaged nature due to aggregate quarries on Besparmak (Pentadaktylos)

Mountains, North Cyprus.

Table 1. The mortar mixes used and their waste types and contents

Mix name Natural Recycled Recycled
aggregate brick glass
(NA) aggregate aggregate
(RBA) (RGA)
Mix 1 (control set) 100% 0 0
Mix 2a 50% 50% 0
Mix 2b 0 100% 0
Mix 3a 50% 0 50%
Mix 3b 0 0 100%

absorption characteristics. Hence, they do not negatively affect the workability of fresh cement mortar
mixes[11].

These noteworthy and interesting research studies provide insights into some characteristics of mortar
bars produced using mentioned waste aggregates. However, each study is observed to have an
independent experimental campaign design, and hence, it becomes difficult to relate and compare their
findings for engineering applications. Therefore, the re lated literature has detected a lack of
systematical and compa rable experimental information on cement mortars' fresh and hardened
properties specifically made with waste glass and bricks. Therefore, the main objective of this study is to
provide experimental data to investigate the performance of cement mortars having specified
workability characteristics that are produced with recycled glass aggregates (RGA) and recycled brick
aggregates (RBA) that were used as replacements for natural (i.e., quarried) sand. In this way, the
suitability and the advantages of using waste glass and waste bricks in cement mortars could be directly

compared based on the obtained experimental results, yielding potentially beneficial insights for
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practical applications in the construction sector aiming to contribute to the sustainable development of

societies.

2.MATERIALSAND METHODS
Five different mortar mixtures, including 0%, 50%, and 100% waste brick and glass used as

replacements (by weight) for natural aggregates, were used in this study, as presented in Table 1.

TR

Figure 2. (a) Natural fine aggregates. (b) Crushed waste bricks. (¢) Crushed waste glass.

Table 2. Quantities of materials used in the manufacture of each cement mortar mix

Aggregate particle size Water Cement Natural (quarried) Waste fine aggregates
(kg/m?) (kg/m?) fine aggregates (waste bricks /waste glass)
(kg/m?) (kg/m’)
0.15 0.3 0.6 1.18 0.15 0.3 0.6 1.18
mm mm mm mm mm mm mm mm
Mix 1 (control set) 367 611 122 244 367 489 0 0 0 0
Mix 2a (50% waste brick aggregates) 530 726 47 93 142 189 47 93 142 189
Mix 2b (100% waste brick aggregates) 541 721 0 0 0 0 94 187 281 375
Mix 3a (50% waste glass aggregates) 392 603 60 121 181 241 60 121 181 241
Mix 3b (100% waste glass aggregates) 367 611 0 0 0 0 122 244 367 489

Indeed, the workability of a cement mortar mixture is one of its most essential characteristics since it
directly affects the practical applications of the mortar on the construction site. A mortar that is not
satisfactorily workable is generally not preferred to be used on the site. Its rather difficult application
might also affect its proper placement and final strength properties if used. Results of the literature
survey showed that 35 35-second flow duration is accepted as an efficient flow according to ASTM-
(939, and it also indicates that the efflux time for pure water is 8 seconds. Consequently, the optimum
efflux time for cement mortar is between 8 seconds and 35 seconds, where higher efflux time means
lower flowability and workability [12]. Also, results of the previous work [ 13] forming the basis for this
study showed that cement mortars having 35 seconds of flow according to ASTM C939 yielded a slump
interval of 260270 mm with Abrams cone according to ASTM C143 procedure [ 14]. Hence, this slump

interval of 260—270 mm was selected as the specified workability range for all mortar mixes, and with
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several trial batches, the quantity of water to be added to each mix was determined to yield this specified
slump value [15].

CEM142,5 R cement conforming EN 197-1[16], having a reported specific gravity value of 3.15 g/cm3
was used for all mortar mixes in this study. Natural aggregates were obtained from the active quarries in
the Besparmak (Pentadaktylos) Mountains of Cyprus, where this study was carried out. Waste bricks
and glasses used in this study were wastes collected from nature from North Cyprus. The experimental
results presented in this study are a fraction of a broader experimental campaign carried out within the
same institution. The gravities of waste bricks and glasses obtained from varying sources used in the
experimental campaign ranged between 1.95-2.25 for waste bricks and 2.40-2.53 for waste glass used
in the mixes. The natural (i.e., quarried) sand used in this study had a specific gravity of 2.64, which the
supplier company reported.

After being collected and cleaned from other impurities, waste bricks and glass were crushed in the
laboratory and sieved following the EN 933-1 (2012) procedure [17]. For all types of aggregates, the
gradation of particles was maintained between the upper and lower content limits defined for the 0.15
mm-1.18 mm size range, following the specifications described in BS 882:1992 [18]. Figure 2a—c
illustrate the natural and the recycled (i.e., waste) fine aggregates used in this study.

Table 2 summarizes the exact quantities of all materials used for this study's five distinct mortar mixes.
The mixing procedure for all mortar mixes was conforming EN 00196-1-2005, with all mentioned
ingredient contents [19].

Once the fresh mortar is placed on the site and it sets and hardens, its performance is determined
according to its behavior and response under loading. The compressive strength behavior of concrete is
typically regarded as the most critical indicator of its quality [20-22], which is known to be the case for

cement mortars. In addition to

Figure 3. (a) Flexural strength testing on mortar prisms. (b) Compressive strength testing on halved

prisms.
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compressive strength, flexural strength behavior will also determine how the mortars would carry on
with their ser vice functions since flexural or bending actions could also act frequently on them
depending on their service locations on the site. Hence, this study considers compressive and flexural
strength testing to observe the efficiency of using waste glass and bricks in cement mortars concerning
their hardened-state performance.

Six mortar bars having 40 mm x 40 mm x 160 mm dimensions were produced for each mortar mix.
Samples were cast and compacted following the EN 196-1:2005 standard procedure and cured until the
testingage [19].

Three of these six bars of each mix were tested at seven days to observe the early strength behavior of the
bars, while the remaining 3 bars of each mix were tested at the age of 28 days.

Mortar bars were initially tested under flexural loading, and then, when the bar failed under flexure, the
two halves obtained were tested under compressive loading, conforming EN 196-1:2005 part 1 [23].

Figure 3 aand b shows the mortar bars' Flexural and Compressive strength testing.

3.RESULTS AND DISCUSSIONS

The objective of this research study was to provide directly comparable experimental data for the
strength be havior of waste brick and glass, including cement mortars that were produced to perform
within the same workability range. For this purpose, trial mortar bars, including each specified waste
type and content, were fabricated with different water additions, and the water/cement ratio that
provided the specified slump range 0f 260 mm—270 mm was recorded.

Table 3 shows the determined w/c ratios for each type of mortar mix that yielded the targeted slump
range.

It was observed that the use of waste glass as a replacement for natural sand in the mortar mix has not
caused any significant increase in the water demand of the mix. Similar findings are also reported in the
related literature, and this observed behavior was attributed to the non-porous nature of glass, which

yielded deficient water absorption[11].
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Table 3. Water/cement ratios yield the targeted workability range and the slump values obtained for

each mortar mix
Mix w/c ratio Obtained exact slump
yielding targeted values (mm)
slump range
1 0.6 268
2a 0.73 269
2b 0.75 264
3a 0.65 266
3b 0.60 263

The control set (i.e., Mix 1) and waste glass-containing mixes (i.e., Mix 3 a & b) were observed to yield
the targeted slump within a w/c ratio range of 0.6—0.65. On the other hand, the mixes made with waste
bricks (i.e., Mix 2 a & b) were observed to have higher water demand; the w/c was determined to be 0.75
as the ratio needed to yield the targeted slump, which is 25% higher compared to the w/c of the control
mix (i.e., Mix 1). The increase in the water demand of waste brick-containing mortar mixes observed in
this study is expected to be due to the relatively porous texture of bricks compared to the texture of waste
glass. A similar observation was reported by investigations of the characteristics of fresh mortars,
including up to 20% brick replacement [24]. This study also showed that the presence of waste brick in
mortar decreased the mix's slump, as noted in this study. Bektas et al. [§] and Zhu and Zhu [9] also report
and confirm that the porous nature of the waste brick aggregates yielded adverse effects on the water

demand and the workability characteristics of cement mortars.

3.1. Compressive Strength Test Results

Table 4 demonstrates the compressive strength values determined by testing each mortar mix and the
strength decrease tendencies observed in each mix compared to control set samples containing no waste
aggregates. Figure 4 illustrates the compressive strength development of all mortar mixes until 28 days.

Errors bars are equivalent to one standard deviation.
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Table 4. Compressive strength test results for each mortar mix used in this study

wlc Compressive strength Compressive strength Compressive strength Compressive strength
ratio (MPa) 7 days decrease compared to (MPa) 28 days decrease compared to
Mix 1 (7 days) Mix 1 (28 days)
Average Average
Mix 1 0.60 35.0 0% 42.0 0%
Mix 2a 0.75 31.0 11.43% 36.0 14.29%
Mix 2b 0.73 233 33.43% 29.3 30.24%
Mix 3a 0.60 29.3 16.29% 354 15.71%
Mix 3b 0.65 289 17.43% 36.2 13.81%

The control set (i.e., Mix 1, having only natural aggregates) is observed to yield the highest compressive
strength at both seven days and 28 days. Hence, adding any of these waste materials as a replacement for
natural sand was observed to cause a reduction in the overall compressive strength of the samples. For
all mixes, the compressive strength was observed to have an increasing tendency with the increasing
testing age, which is expected to be due to the ongoing hydration of cement in the mixes. Mix 2a and 2b,
which are the samples containing 50% and 100% waste brick aggregates, were observed to have up to a
19% strength decrease between each other (when waste brick content was increased) and up to a 30%
strength decrease when compared to the control set, at the age of 28 days. The w/c ratio required to yield
the targeted slump was observed to have only a 2% difference between the two mixes having brick waste
aggregates. Parallel findings are also reported in the related literature. Bektas et al. [8] and Zhu and Zhu
[9] report ed reduced compressive strength values for cement mortar samples when waste brick
aggregates were added beyond certain contents defined their experimental campaigns, and both studies
attributed this observed performance change to the porous nature of waste brick aggregates.

Further studies also reported that increasing the addition of waste brick in the mortar decreased the
compressive strength of the cement mortars. It is also reported that the increasing addition of waste brick
in the mortar decreased the compressive strength of the cement mortars. In their study, Aboutaleb et al.
[25] presented that samples including 0% waste brick have 34 and 47 MPa compressive strength values
at 7 and 28 days, but samples containing 100% waste brick have 18 and 35 MPa compressive strength
values at 7 and 28 days, respectively; indicating a noticeable decrease in strength with the inclusion of
wastes within the mortar. The compressive strength decreases recorded in this way with 100% brick
aggregate containing mortars (compared to 0%) were 47.06% and 25.53% for 7 and 28 days,
respectively. Another study also indicated that waste brick replacement of natural sand in mortar by up
to 25% decreased the compressive strength values of mortars considerably. According to Shakir (2017)
[26], samples including % five waste bricks yielded 15.12 and 19.12 MPa compressive strength values
at 7 and 28 days. On the other hand, samples containing 25% waste brick yielded 2.4 and 8.16 MPa

compressive strength
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Figure 4. Compressive strength development for each mix between 7 and 28 days.

values at 7 and 28 days, respectively. These results show that the strength decrease was recorded as
84.7% and 57.3% at 7 and 28 days while comparing 5% and 25% brick-containing samples,
respectively. The results are in parallel with the results presented in the research conducted. Demir et al.
[27] indicate that the compressive strength of the mortar, including 50% waste brick and 50% natural
sand, is approximately 31 MPa. The mortar, which included 100% waste brick, had a 7.8% lower
compressive strength than the mortar containing 50% waste brick. Hence, the compressive strength of
the mortar is reported to decrease with an increased percentage of waste brick inclusion in other studies
as well. To illustrate, samples containing %0 waste brick have 33.5 and 42.5 MPa compressive strength
values at 7 and 28 days, while samples containing %15 waste brick have 28.8 and 38 MPa compressive
strength values at 7 and 28 days, respectively.

The results show that strength decreases as much as % 14.03 and % 10.59 at 7 and 28 days while
comparing %0 and %15 brick content samples, respectively.On the other hand, Mix 3a and 3b, the
samples having 50% and 100% waste glass aggregates, respectively, were observed to yield only a 3%
strength difference at the age of 28 days, even though the waste glass aggregate content was doubled
with Mix 3b. Moreover, with these mixed contents, Mix 3b, which has more waste aggregate, is ob
served to yield slightly higher compressive strength. When the water/cement ratios of the two mixes
were compared, the reason for this slight increase could be potentially attributed to the lower w/c ratio of
the mix 3b, which was sufficient to yield the targeted slump. Hence, these results indicate that the
difference in the water content of the mixtures has a relatively more governing effect; even though the
waste content was increased, the lower water content of the mix could positively affect the ultimate
compressive strength determined at the age of 28 days. The waste glass aggregate-containing mixes
(Mix 3a & 3b) were observed to yield up to a 16% strength decrease in general compared to "no waste-
containing" Mix 1 samples at 28 days. This de crease of 16% with waste glass aggregates inclusion
(when compared to Mix 1) could be considered as approximate ly half of the 30% strength decrease
(compared to Mix 1) that was observed with the samples that contained waste brick aggregates (i.e., Mix
2a & 2b). Waste glass aggregate inclusion in the mortar bars was reported to yield a de crease in the

compressive strength of mortars, as reported in the related literature. Similar studies also report a neg
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ative effect on compressive strength upon adding waste brick aggregates. The results presented by
Bhandari et al. [28] indicated that compressive strength values for mortar samples, including 20% waste
glass, experienced around an 18% strength decrease compared to the case of not using waste aggregates.
Additionally, Darshita and Anoop reported a 17% compressive strength decrease when 50% of the
aggregates in the mortars were replaced with waste glass aggregates [29].

Mix 2b used in this study, having 100% waste brick aggregates, yielded the lowest compressive strength
value, 29.3MPa at 28 days, among all mixes. Even though the type of waste aggregate is expected to be
one of the causes of this strength decrease, it is also expected that the unavoidable increase in the water
demand of'this mix also played a considerable role in the observed reduction in strength.

Nevertheless, this increase in the water demand is attributed to the "type" of the waste aggregate since
the relatively more porous texture of the brick could be observed when compared to the waste glass
aggregates.

Similar to the case in concrete, compressive strength values of mortars are accepted as the main
indicator of material quality.

The standard ASTM C270 [30] provides specifications for cement mortars and defines four categories,
namely M, S, N, and O types of mortars for different site applications. Among these, type M mortar is
defined for uses that require especially high compressive strength, and the mentioned standard defines
its strength requirement as a minimum of 17.2MPa. In contrast, type N mortar, known to be used for
general-purpose applications, is determined to have a compressive strength of 5.2 MPa in 28 days. As
shown in Table 4, all mortar mixes used in this study are observed to yield 28-day compressive strength
values that are well beyond the real application requirements defined in ASTM C270 [30]. Mix 2b (50%
brick aggregate) and Mix 3b (50% glass aggregate) mortar mixtures proposed and tested within this
study yielded 29.3MPa and 36.2MPa strength values, respectively, which enables them to be safely
eligible to be used in the site applications according to the standards.

On the other hand, it is known that engineering applications require optimization in materials selection
and quantity determination to meet criteria regarding safety and economy, which are both essential. In
this study, the research priority and scope have been defined as providing systematical experimental
data on the feasibility of manufacturing cement mortars including up to 100% waste aggregates, which,
as a first step, considered only the safety aspect of engineering applications rather than the economy.
The achieved strength results within this frame indicate the feasibility of using waste brick and glass
aggregates in this preliminary step. The study's next step should fo cus on manufacturing more
economical mortar mixes to eliminate the maximum amount of waste materials. One straightforward
approach to reduce the cost is undoubtedly by reducing the cement content of the mix. As the strength
values achieved are already higher than commonly expected mortar strength values (based on mortar

strength performance defined in ASTM C270), reducing cement content up to a certain level is expected
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to be tolerated. However, detailed studies should be employed to verify the optimum cement content to

be used with maximum allowable waste content while obtaining safe and economical mortar mixes.

3.2.Flexural Strength Results

Table 5 demonstrates the flexural strength values yielded by each mortar mix and the strength decrease
tendencies compared to control set samples that contained no waste aggregates, where Figure 5
illustrates the flexural strength development of all mortar mixes between the ages of 7 and 28 days, in
comparison with each other. Errors bars are equivalent to one standard deviation.

Aswas observed within the compressive strength development of the mortar samples, Mix-1 yielded the
highest flexural strength values at each testing age compared to the values obtained by other mixes
containing waste aggregates. Even though the lowest flexural strength values recorded at the periods of
7 and 28 days were both yielded by 100% waste glass aggregate-containing mix 3b, it was noted that the
strength values yielded by Mix 3b, 3a, and 2b were significantly close to each other. Mix 2a was
observed to stand out from the rest of the waste aggregate-containing mortar mixes while yielding the
second-highest strength values, following the control mix.

In another study, Abbas (2017) [31] indicates that it is also reported that the presence of %30 waste glass
content in the samples generally yielded slightly negative effects on the flexural strength development
of mortars. Their results demonstrated that flexural strength values for samples, including 30% waste
glass, decreased to 1.37% compared to their control mixture. According to Tuaum (2018) [32], The
research also investigated the flexural strength behavior of mortar specimens made with CEM I cement
and reported that the lowest flexural strength value for 50% waste glass replacement was approximately
9 MPa at 28 days, which is highly by the results presented in the research. In addition, the study reports

up to 11.76% flexural strength decrease at 28 days using 50% waste glass aggregates compared to their

control set.
Table 5. Flexural strength test results for each mortar mix used in this study
wlc Flexural strength (MPa) Flexural strength Flexural strength Flexural strength
seven days decrease compared to (MPa) 28 days reduce compared to
Mix 1 (7 days) Mix 1 (28 days)

Average Average

Mix 1 0.6 8.1 - 9 -

Mix 2a 0.75 5.8 28.40% 6.6 26.67%

Mix 2b 0.73 4.9 39.51% 5.7 36.67%

Mix 3a 0.6 4.8 40.74% 5.6 37.78%

Mix 3b 0.65 43 46.91% 5.5 38.89%
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Even though the 50% waste brick aggregate-containing Mix 2a and 50% waste glass aggregate-
containing Mix 3b were observed to yield very similar compressive strength values, their flexural
strength values were observed to differ; since mix 2a's flexural strength value was higher even though it
contained higher water content. This behavior could be attributed to the rougher surface texture of the
waste brick aggregates compared to the texture of glass aggregates, as the bonding between the
aggregate and the cement paste is expected to be enhanced with the increased surface texture of the
aggregates. Compressive strength testing is primarily affected by the mortar mixture's porosity. Hence,
the effects of the water/cement ratio of the mortar, the general strength of the mortar, and the strength of
aggregates are detectable with compressive strength testing. On the other hand, flexural strength testing
is known to be more likely to reveal any strength decrease due to lack of bonding of the aggregates since
the action of bending the samples would quickly cause detachment of aggregates and the paste very
quickly, in case there is lack of adhesion due to aggregates' surface texture [33]. Highly parallel findings
were also presented by Tan and Du (2013)[10] and Lu and Poon (2018) [ 11], as mentioned earlier within
the literature information presented in the introduction section. These studies reported that the smooth
surface texture of the glass aggregate yielded weaker bonds between the glass aggregate and the cement
paste and hence yielded lower splitting tensile strength (known to be correlated with the flexural
strength) of the mortar samples tested. Therefore, the difference between the surface texture of glass and
brick aggregates and their influence on the mortars' performance should also be evaluated with flexural
strength testing observations.

Concrete flexural strength is 10-20% of its compressive strength as a general tendency [33-35]. Mortar
behavior is not directly equivalent to concrete behavior; however, a coherent behavior of cement-based
materials could reasonably be expected. Within this frame, the 28-day flexural strength values observed
for all mortar mixes manufactured in this study yielded a performance higher than at least 16% of their
recorded compressive strength. In this case, the obtained results confirm that yielded flexural strength
performance is coherent with the engineering performance expectations, especially considering that

their compressive strength values are much higher than the high-strength Type M cement mortars

definedinASTM C270
I
I
I I | I | I

Mix 1 Mix 2a Mix 2b Mix 3a Mix 3b

=

Flexural Strength (MPa)
O Er N WABULO SN WO

Type of Mix
7 days W28 days

Figure 5. Flexural strength development for each mix at the ages of 7 and 28 days.
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4. CONCLUSIVE REMARKS AND RECOMMENDATIONS FOR FUTURE STUDIES

This study investigates the effects of using recycled brick and glass aggregates as a replacement for
natural sands used in cement mortars quantitatively and comparably. Recycling waste materials is
critical for preserving nature and natural resources and is a key to sustainable development. On the other
hand, waste materials within cement mortars, a very widely used construction material, would be
considered feasible and acceptable only if the obtained performance could satisfy the civil engineering
needs at least at a satisfactory level. The systematical experimental studies carried out on cement mortars
that included waste glass and bricks separately, at %50 and 100% replacement ratios, provided the fol

lowing quantitative comparisons and conclusive remarks:

I- Using recycled brick aggregates to replace natural sand in the mortar mixes caused a higher water
demand to yield the specified workability characteristics when compared with the help of recycled glass
aggregates. This is expected to be due to the increased absorption of brick aggregates, which are
observed to be relatively more porous.

II- The necessity to increase the water content of the mortar mix with brick aggregates to obtain a
satisfactorily workable mix had negative effects on the observed compressive strength behavior yielded
by the mortar samples. The minimum compressive strength was obtained with the samples with 100%
waste brick aggregates; these samples, on average, yielded a 30% compressive strength decrease
compared to the control mix with no waste addition.

I1I-The mortar samples, including waste glass aggregates, were observed to yield higher compressive
strength values. The decrease in compressive strength yielded by 100% waste glass aggregate inclusion
into the mortars was only up to 16% compared to the control mix, which could be considered half of the
strength decrease yielded when using brick aggregates. The compressive strength performance
exhibited by samples with 100% waste glass is very similar to those with waste brick aggregates up to
50%.

IV-When the flexural strength testing results were considered, it was observed that the samples made
with waste glass aggregates inclusion yielded much lower strength performance compared to the
samples made with waste brick aggregates. The total strength decrease (compared to the control set)
recorded for samples having 100% waste glass aggregates is up to almost 39%. This behav ior is
expected to be due to potentially reduced bonding between the paste and the glass aggregates, which
have relatively smooth surface texture compared to the brick aggregates with rougher surface texture.

V- When compared with the standard specifications pro vided in ASTM C270 defining minimum
compressive strength performance expected from cement mortars for real engineering applications on-
site, all mortar mixes, including the ones with 50% waste aggregate replacements, have been observed

to perform satisfac torily regarding the needs of engineering applications. Additionally, the flexural
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strength performance of all mortar mixes used in this study was greater than at least 16% of each mix's
compressive strength, indicating coherence with the general engineering expectations. Hence, the
proposed mortar mixes with up to 50% (by mass) waste aggregate replacement have been observed to be
suitable for real engineering applications.

VI-The obtained experimental results show that the type of waste aggregate for cement mortars should
be selected considering the specific service location of the mortar used in the construction applications
and their designed functions. If the mortar is required to perform well, specifically under compressive
loads in the construction site, using waste glass aggregates in the mortar mix, even with high
percentages, would yield better performance than waste brick aggregates. On the other hand, if the
mortar is required to perform well, specifically under flexural actions in the construction site, the use of
waste brick ag gregates in the mortar mix, even with high percentages, is expected to perform better
under these conditions.

In this way, eliminating higher quantities of waste (through being used in construction materials) would
be possible without sacrificing the required engineering performance.

As recommendations for future studies, using further waste brick and glass aggregates with varying
ages and properties is expected to yield significant insights into the effects of waste aggregates on
cement mortars. Carrying out systematical experiments to determine the characteristics of waste
aggregate particles, such as their specific gravity and absorption capacities, would be essential to relate
their observed consequences on mortars, mainly if several samples of the same waste type (brick or
glass) are employed with varying ages and conditions. Including these waste aggregates with different
percentages is also recommended to provide an extended range of experimental data sets. Future studies
should also consider carrying out systematical investigations on the optimum cement content that will
be used in such mortars together with waste aggregates to pro vide both safe and economical site
applications of mortars. Moreover, the segregation likelihood of the mortar mixes and effects of the
characteristics of materials selected to be used should studied as well to provide more complete data that
will be beneficial, especially for the actual site applica tions. Finally, in addition to the fresh and
hardened mortar properties such as workability and strength, complemen tary SEM analyses are
recommended for future studies to relate further the surface texture and bonding characteristics of each

waste aggregate employed to the ultimately observed mortar properties.
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ABSTRACT
(T

pollution. To reduce this adverse effect, the substitution of waste marble powder as a cement additive

~

e cement production process contributes significantly to Co2 gas emissions and environ mental

was investigated. In this study, the properties of mortar specimens were analyzed by using waste
marble powder as a partial substitute for three different cement types: CEM I 42.5R Ordinary
Portland Cement (OPC), CEM 1I/B-L 42.5R White Cement (WC) and CA-40 Calcium Aluminate
Cement (CAC). Waste marble powder has been replaced with cement at 5%, 10%, and 15%. The
compressive and flexural strength, capillary water absorption, and sorptivity values of the prepared
mixtures were determined before and after freezing and thawing. It was carried out after 28 days of
water curing on 50 x 50 x 50 mm specimens for compressive strength and 160 x 40 x 40 mm specimens
for flexural strength test. Freeze-thaw testing of the mixture samples was conducted according to
ASTM C666 Procedure A. Test results showed that the highest compressive strength before freeze-
thaw was obtained in calcium aluminate cement-based mortars containing 10% by weight waste
marble powder replacement for cement. The appropriate waste marble powder ratio was determined
as 10% in all cement types used in the study. Before freeze-thaw, the mechanical properties of CAC-
based mixtures were higher than those of other cement types. However, as the number of freeze-thaw
cycles increased, the strength losses were more significant compared to OPC and WC.

Cite this article as: Giirgoze, R., Celik, Z., & Bingol A. F. (2023). Mechanical, freeze-thaw, and
sorptivity properties of mortars prepared with different cement types and waste marble powder. J
Sustain Const Mater Technol, 8(4), 307-318.

Keywords: Calcium aluminate cement, freeze-thaw, mechanical properties, waste marble powder

- /

1.INTRODUCTION

Concrete is the most widely used building material worldwide due to its low price, easy accessibility of

its components, ability to give the desired shape, and provide the necessary strength and durability [1,
2]. Cement, the most used binder material in concrete production, is the primary source of Co2
emissions. Ordinary Portland Ce ment (OPC) production contributes about 5% to 7% of global Coz
emissions [3, 4]. It has been determined that the concrete production in Tiirkiye as of 2014 is
approximately 70 Million Tonnes (Mt); therefore, about 65 Mt of CO2 has been released [5, 6].

Cement production significantly impacts Coz emissions and can be reduced using waste materials that
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im prove concrete's fresh and mechanical properties. Among these waste materials, marble powder,
mainly found in Turkey, India, China, and Italy, is used as a cement substitute in concrete production.
The production of marble waste is estimated to be around 3 Mt annually [5]. During the processing of
natural marble, a significant amount of powder particles are released into the environment, creating
waste.

Disposing waste materials from these powder particles can be complex and contribute significantly to
environmental damage by contaminating natural resources [6].

Marble powder is used in concrete and mortar produc tion due to its chemical structure and filling
properties. This can reduce environmental damage and contribute to a sus tainable approach in the
construction industry. The filling effect of marble powder forms a denser mixture, improv ing the
transition zone and cement matrix. This may cause an increase in the strength of the mixtures by adding
low amounts of marble powder. Additionally, dolomite (CaMg(-Co3)2) found in WMP reacts with the
alkalis of cement to form calcium carbonate (CaCQO3). As a result of the reaction between calcium
carbonate and the C3A component of ce ment, a more compact structure is formed that increases the
binding capacity of the matrix [7]. Munir et al. [8] reported that calcite in WMP reacted with C3A to form
calcium carbo-aluminate, and better compressive strength was obtained in mixtures containing WMP.
There are several studies in the literature on the substitution of waste marble powder (WMP) for
Ordinary Portland Cement (OPC). Uysal and Y1lmaz [9] determined that the properties of fresh concrete
were improved by replacing the cement with marble powder at 10%, 20%, and 30% by mass. Aliabdo et
al. [10] determined that the 28-day compressive strength decreased by 7%, 4%, 5%, and 14% when
replacing 5%, 7.5%, 10%, and 15% marble powder with OPC compared to the control specimen. Ergiin
[11] reported that substituting 5% and 7.5% WMP for cement increased the compressive strength, but
using 15% decreased the strength. Ashish [5] observed that adding 15% WMP to the concrete increased
the compressive strength by 4.5% and 10.4% at 28 and 91 days of curing times, respectively, compared
to the control specimen. Rodrigues et al. [ 12] determined that replacing cement with marble powder up
to 10% in concrete does not adversely affect the compres sive strength. Still, replacing 20% marble
powder reduces the compressive strength by 25%.

Studies in the literature on the durability of concrete are attracting increasing attention. Freeze-thaw
(FT) 1s among the main reasons for the loss of durability of concrete, especially in cold climates [13, 14].
Due to the porous structure of concrete, repetitive FT cycles cause the concrete to lose strength and
crumble by exfoliating [15]. Freeze-thaw studies in the literature on waste marble powder have
generally focused on substituting WMP with fine aggregate in concrete [15—18]. Ince et al. [16] reported
that the FT resistance of concrete to which waste marble powder was added increased.

Another issue is that the Ordinary Portland Cement (OPC) was used in all studies based on the literature

above. However, due to the large amount of Co2 released by OPC, studies on the discovery and
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application of cementing materials to ensure sustainability in cement production continue [ 19]. Calcium
aluminate cement (CAC) releases ap proximately 30% less CO2 than OPC during production. In
addition, CAC is preferred in refractory material produc tion, wastewater, and industrial floor
applications due to its high early strength and resistance to harsh environmental conditions such as acid
and high temperature [20, 21].

However, the use of CAC in structural system elements is prohibited due to instability in compressive
strength due to the transformation of hydration products that contribute to the early high strength of
CACJ22,23].

2. RESEARCH SIGNIFICANCE

Studies on sustainability in the building sector have attracted much attention in recent decades. In most
studies, WMP has been used by replacing fine aggregate. Although this situation contributes to the use
of waste materials, it does not positively affect the Co2 emission originating from the cement. In
addition, most of the studies in the literature have focused on OPC. However, regarding sustainability,
examining and using CAC, which causes less Co2 emissions, is very valuable in reducing environmental
problems. This study aims to investigate the freeze-thaw effect, lacking in the literature, by substituting
waste marble powder in the mortar instead of cement. Another important aim is to examine the usability
of CAC and white cement (WC) with WPM and compare it with OPC. The study was considered to
compare CEM I cement, which is frequently used in practice, with two particular types of cement (white
and calcium aluminate). The use of CAC and WMP together is important in terms of sustainability. In
this context, mortar specimens were prepared by replacing 5%, 10%, and 15% WMP with three different
types of cement. In addition, silica fume (SF) was used at the ratio of 10% by weight of cement in all
mixtures. These specimens were subjected to compressive strength, flexural strength, and capillary per
meability tests. In addition, the specimens were left to 3 different freeze-thaw cycles, and the same tests

were repeated.

3. EXPERIMENTALPROGRAMME

3.1. Materials

In this study, three different types of cement were used in the preparation of mortar mixes: OPC (CEM I
42.5R),CAC(CA-40),and WC (CEM II/B-L 42.5R). WMP was replaced by weight with three different
cement types at 5%, 10%, and 15%. In addition, since the risk of segregation was observed in the
mixtures as a result of preliminary experiments, 10% of the binder amount of SF was used in all mixtures
to increase the viscosity. The chemical and physical properties of OPC, CAC, WC, SF, and WMP are in
Tables 1 and 2, respectively.
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Table 1. Chemical characteristics of OPC, CAC, WC, SF and WMP

Compound OPC CAC wC SF WMP
(%) (%) (%) (%) (%)
Si0, 17.73 3.60 21.60 95.60 0.80
ALO? 4.56 39.80 4,05 0.40 0.60
Fe,O, 3.07 17.10 0.26 0.80 0.80
CaO 62.81 36.20 63.70 0.40 57.20
MgO 2.07 0.65 1.30 0.60 9.60
K,0 0.62 0.35 0.40 0.03
SO 2.90 0.04 3.30 0.20 0.04

3

Table 2. Physical properties of OPC, CAC, WC, SF and WMP

Property OPC CAC WC SF WMP
Specific gravity 3.15 3.25 3.06 2.20 2.73
Loss on ignition (%) 2.05 0.30 3.20 0.60 42.60
Insoluble residue (%) 0.66 0.16 0.18 0.91
Specific surface 34507 30008 4600? 19800°

Compressive strength of cement (Mpa)

Two days 25 60 24

28 days 48 46

a: Blaine method (cm?*/g); b: BET method (m?/kg).

Table 3. Mix proportions of mortars (kg/m3)

Mixture codes Cement Silica fume WMP Fine agg. Water Superplasticizer
OPC-0 540 60 1404 252 6
OPC-5 510 60 30 1398 252 6
OPC-10 480 60 60 1396 252 6
OPC-15 450 60 20 1391 252 6
CAC-0 540 60 1416 252 6
CAC-5 510 60 30 1412 252 6
CAC-10 480 60 60 1409 252 6
CAC-15 450 60 90 1404 252 6
WC-0 540 60 1391 252 6
WC-5 510 60 30 1386 252 6
WC-10 480 60 60 1383 252 6
WC-15 450 60 920 1380 252 6

Within the scope of the experimental study, the specific gravity and water absorption ratio of the sand
were de termined according to EN 1097-6 [24]. River sand with a specific gravity of 2.60, water
absorption value of 1.80%, and fineness modulus of 3.42 was used as fine aggregate. In addition, in this
study, a new generation superplasticizer polycarboxylate-based with the pH and specific gravity of 6

and 1.065, respectively.

3.2. Mix Proportions

The mixing ratios of the mortar specimens prepared within the scope of this study are given in Table 3. In
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similar studies in the literature, it has been determined that generally, between 500-600 kg/m3 of binder
material is used. In EFNARC 2005 [25], the total powder content was recommended to be 400-600
kg/m3. All mixtures kept the binder amount constant at 600 kg/m3 for these reasons. In addition, 10% of
the binder amount of SF was used in all the mixtures. Waste marble powder was replaced with cement at
5%, 10%, and 15% of the total binder amount. The water/binder ratio was determined as 0.42 in all
mixtures. To en sure the workability of the fresh mortar, 1% of the binder amount was used as a
superplasticizer. According to these parameters, 13 different mortar mixtures were prepared. Each
mixture is named according to the type of cement used in the mix and the ratio of waste marble powder.
For example, in a CAC-10 code, the first three letters (CAC) indicate the use of calcium aluminate

cement, and the adjacent numbers (10) represent the amount of waste marble powder in the mortar mix.

3.3. Test Methods

To determine the workability of the self-compacting mortar (SCM), the mini-slump flow test was
applied according to EFNARC [25]. The workability values of the SCMs were evaluated according to
criteria of 240-260 mm for the slump flow diameter. The mortar specimens' compressive and flexural
strength tests were carried out by ASTM C109 [26] and ASTM C348 [27] standards, respectively. It was
carried out after 28 days of water curing on 50 x 50 x 50 mm specimens for compressive strength and 160
x 40 x 40 mm specimens for flexural strength test.

Also, within the scope of the experimental program, 50 x 50 x 50 mm cube specimens were tested at age
28 days according to ASTM C1585-13 [28] to calculate the capillary water absorption and sorptivity
coefficients of SCM mixtures. For the capillary water absorption test, the four side surfaces of the
specimens were covered with a seal using vinyl electrician tape and exposed to 1-3 mm of water from
only one surface. All mixture specimens' weight and cross-sectional area were measured before the

capillary water absorption test. Capillary water absorption was deter
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Figure 1. SCM specimens (a) in
2 mixture, (b) slump test, (¢) in
/| water curing pool, (d) sorptivity
" test, (e) flexural strength test.

mined by measuring the weights of the specimens at 5, 10, 30, 60, 120, 180, 240, 300, and 360 min time
intervals. Laboratory images of experimental studies are given in Figure 1.Freeze-thaw (F-T) testing of
mixed specimens was per formed according to ASTM C666 [29] Procedure A. The specimens were
subjected to 3 different cycles (30, 60, 90) after 28 days of curing, and then compressive strength,
flexural strength, and capillary permeability tests were performed. Ambient conditions were set to have

cycles of freezing at-18°C and thawing at 4°C.

4. RESULTS AND DISCUSSIONS

4.1. Workability

The slump-flow diameter test results of the mixtures are presented in Figure 2. Significant decreases
were detected in the slump flow diameters of the mixtures with WMP added, and this was more evident
in the mixtures using 10% and 15% WMP. This can be attributed to the fact that the specific surface area
of waste marble powder is higher than cement, thus reducing workability by increasing internal friction
[5]. Rashwan et al. [30] reported that waste marble powder's angular, rough shape and high fineness
reduce workability. Li et al. [31] stated that drier mixtures were obtained by substituting cement paste
with waste mar ble powder at higher rates than the control mixture. It was determined that the flow
diameters of all mixtures were be tween 240-260 mm, specified in EFNARC, with the effect of the

superplasticizer. OPC-based mixtures were obtained with slump flow diameters of 258, 257, 252, and
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Figure 2. Slump-flow diameters of mixtures.
for OPC-0, OPC-5, OPC-10, and OPC-15, respectively. The slump-flow diameters of the WC-based
mixes ranged from 24.4 to 25.6 cm. The lower flow diameter of WC-based mixtures compared to OPC
can be attributed to the higher specific surface area of WC (4600 cm2/g) compared to OPC (3450
cm2/g). The most significant reduction in flow diameter was obtained in CAC-based mixtures. While
the flow diameter of the CAC-0 series was 254 mm, this value was measured as 241 mm in the CAC-15

series.

4.2.Properties of Mortar Specimens Before FreezeThaw Cycles
4.2.1. Compressive Strength

The 28-day compressive strength results of SCM specimens before freezing and thawing are given in

Figure3
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Figure 3. Compressive strength results of mixtures.
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Figure 4. Flexural strength results of mixtures.

Adding WMP up to 10% in all cement series increased compressive strength. This result can be
attributed to fine WMP enhancing the properties of the transition zone sur rounding the aggregate
through its pore-filling effect [10]. As a result of the replacement of cement with 5% WMP at 28-day
curing ages, an increase of 1.62%, 2.66%, and 3.18%, respectively, in the compressive strength of the
OPC, WC, and CAC series was observed. When replacing 10% WMP with cement, it was determined
that the compressive strength of OPC, WC, and CAC series increased by 3.41%, 4.19%, and 8.60%,
respectively. Ashish [5] found that add ing 10% marble powder instead of cement increased the
compressive strength by 8.44% compared to the control specimen. Aliabdo et al. [10] detected that using
5% and 10% WMP caused an increase in compressive strength of 1% and 12%, respectively. It is
observed that the strength of the mortar slightly decreased at the 15% level of WMP used as a cement
substitute. This is due to reduced cementing materials such as C3S, C2S, and C3A. While 15% WMP
substitution reduced the strength by 3.06% in the OPC mixtures, it decreased it by 2.88% and 2.29%,
respectively, in the WC and CAC mixtures.

Ergiin [11] observed that substituting 5% and 7.5% of cement with WMP increases the compressive
strength and decreases the strength by 15%. The optimum WMP ratio was determined as 10% for all
cement types. In their re search, Vardhan et al. [32] reported that the substitution of 10% WMP is

optimum for cement in terms of workability and compressive strength.
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As a result of examining the compressive strength in cement types, the highest compressive strength
value in all WMP replacement ratios was obtained in the mixtures using CAC. The highest compressive
strength value of 104.09 MPa was found in CAC using 10% WMP in all mixes. Although WMP is not
pozzolanic, itis not entirely inert because it can react with the alumina phases of cement [9]. If there is an
excess of C3A in the cement, carbo aluminate will be produced from the reaction between CaCO3 and
C3A in WMP [33, 34]. This reaction, which increases compressive strength, increases with the C3A
content in the cement (OPC and WC). In the series without WMP, the highest compres sive strength
value was obtained from the CAC-0 series, while this value was 8.06% and 4.35% higher compared to
the WC-0 and OPC-O0 series. In the series using 5%, 10%, and 15% WMP, the compressive strength of
CAC-based mixtures was 5.96%, 9.60%, and 5.19% higher, respectively, than OPC. Idrees et al. [35]
investigated the properties of CAC and OPC at different curing temperatures using vari ous mineral
additives. As a result of the study, they observed that the 28 and 90-day strength values of the CAC-
based mixtures were higher than the mixtures with OPC at low curing temperatures (200C). The high
early strength of CAC compared to OPC was attributed to the formation of CAH10and C2Ah8, which
are the dominant hydration products of CAC at low curing temperatures. The compressive strength
values of WC-based mixtures using 0%, 5%, 10%, and 15% WMP were approximately 3.43%, 2.44%,
2.70% and 3.26% lower than OPC-based mixtures, respectively. The higher surface area of WP
compared to OPC resulted in a decrease in its workability. This may cause small voids in SCMs that self-
compact under their weight without requiring additional processing. As a result, this phenomenon may
be why the compressive strength of OPC-based mixtures is slightly higher than that of WP-based

mixtures.

4.2.2. Flexural Strength

The flexural strength results of the mixtures are given in Figure 4. The highest flexural strength was
obtained from the CAC-10 series with 13.20 MPa. Similar to the compressive strength results, flexural
strength increased in all cement types up to 10% WMP use. Substitution of 5% and 10% WMP in OPC-
based blends increased flexural strength by 10.23% and 15.67% compared to the OPC-0 blend. Ergiin
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Figure 6. SCM specimens absorption (mm) (a) OPC-based mixtures, (b) WC-based mixtures, (c) CAC-

based mixtures.

[11] observed that using WMP did not cause a significant change in the relative flexural strength of the
mixture samples. As a result of the study, a 5% increase in the 90-day flex ural strength of mixtures
containing 5% WMP was reported compared to the reference sample. Kumar et al. [36] stated that 5%
WMP replacement increased the flexural strength of the mixtures by 3% and 7% in 7 and 28 days,
respective ly. It was observed that 5% WMP substitution increased the flexural strength of WC and
CAC-based mixtures by 4.59% and 1.15% compared to WC-0 and CAC-0 mixtures. 10% WMP
substitution improved flexural strength by 15.14% and 16.30% compared to WC and CAC-based
reference specimens. This can be attributed to the positive effect of WMP substitution at low rates, as
WMP reduces the porosity of mortar samples. In addition, 5% WMP did not significantly affect WC and
OPC-based mixtures, while using 10% WMP significantly improved the strength.
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Figure 7. Sorptivity coefficient results of mixtures.
Although adding 15% WMP in all cement types decreased the flexural strength, it was higher than the
refer ence specimens. The flexural strength of the OPC-15, WC 15, and CAC-15 series was 5.91%,
7.52%, and 8.28% higher than the control specimens.

4.2.3. Capillary Water Absorption and Sorptivity Coefficients

Capillary water absorption values of the mixtures are presented in Figure 5. Capillary water absorption
values decreased with increased WMPratio in all cement types. This can be attributed to the reduction of
porosity in mortar specimens due to the filling effect of WMP use. Topcu [37] reported that adding WMP
fills the voids in self-compacting concrete (SCC) and reduces capillary voids due to high workability.
Aliabdo etal. [10] reported that the porosity of concrete decreased with the increase of WMP in the case
of partial substitution of cement with WMP for different w/b ratios. Increasing the WMP ratio from 0 to
15 in OPC-based mixtures decreased the 6-hour surface water absorption value by 26.7%. Increasing
the WMP ratio from 0% to 15% in WC and CAC-based mixtures decreased the capillary water ab
sorption value by 31.65% and 33.30%, respectively. The least capillary water absorption was obtained
from CAC-based mixtures among the different cement types. Ashish et al. [38] observed that
substituting WMP instead of cement in con crete reduced the water absorption rates of concrete
mixtures. Gupta et al. [39] stated that substituting up to 10% WMP reduced water absorption. This result
is attributed to the pore-filling effect decreasing the void percentage due to the fineness of the WMP.
Khodabakhshian et al. [40] and Zhang et al. [41] determined that the substitution of 5% SF along with
5-20% WMP reduces water absorption due to additional C-S-H gel filling the pores and improving the
microstructure. The absorption and time relationship of OPC, WC, and CAC based mixtures are
presented in Figure 6a—c, respectively.

To calculate the sorptivity coefficient, the amount of water adsorbed (mm3) per the cross-section of the
specimen in contact with water (cm2) (Q/A) was plotted against the square root of time (t), then k was

determined from the slope of the linear relationship between Q/A and t. The sorptivity and correlation
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coefficients of all mixtures are given in Figure 7. As can be seen from Figure 7, the sorp tivity coefficient
decreased as the WMP ratio increased for all cement types. Due to the small particle size of WMP, the
pores at the interfaces between the paste or aggregate and the cement paste are filled with WMP,
resulting in smaller capillary pores. The lowest sorptivity coefficient in OPC-based mixtures was
obtained from the mixture series using 15% WMP with 0.0522 mm/min1/2. This value was 26.06%
lower than the OPC-0 series without WMP. Adding 5%, 10%, and 15% WMP in WC-based mixtures
decreased the sorptivity coefficient by 4.79%, 16.95% and 30.82%, respectively. The lower sorptivity
values of WC-based mix tures compared to OPC-based mixtures can be attributed to the reduction of
capillary pores due to the finer particle size of WC compared to OPC. The lowest sorptivity value among
all mixes was calculated with 0.0342 mm/min1/2 in the CAC-15 series. This value was 34.36% lower
compared to the CAC-0 series. In addition, the sorptivity value of the CAC series using 15% WMP was
34.48% and 15.34% lower, respectively, compared to the OPC-15 and WC-15 series. The lower
sorptivity coefficient of CAC-based mixtures compared to OPC and WC can be explained by the denser
structure of CAC's metastable phases (CAH10 and C2Ah8) compared to the C-S-H phases in OPC.
Moffatt [42] reported that CAC samples had a lower chloride diffusion coefficient than OPC samples
and attributed this to the denser structure of CAC.

4.3. Properties of Mortar Specimens After FreezeThaw Cycles

4.3.1. Residual Compressive Strength

All mixture specimens were subjected to freeze-thaw cycles after a 28-day curing period. The number of
cycles was determined as 30, 60, and 90. After the process counts, no significant deterioration occurred
in the specimens, which can be attributed to the high amount of binder. Residual compressive strength
results of the mixtures after 30, 60, and 90 cycles are presented in Figure 8. The reduction in
compressive strength of OPC-based mixtures after 30 cycles varies between 3.1% and 5.3%. While the
least strength drop was obtained in the OPC-5 series, the highest decrease was calculated in the OPC-15
series. Similar to the com pressive strength results before the freeze-thaw cycles, the residual
compressive strengths of the mixtures using 5% and 10% WMP were higher than the OPC-0 series.
After 60 freeze-thaw cycles of the OPC-based mixtures, the residual compressive strengths of the OPC-
0, OPC-5, and OPC-10 series were obtained as 86.39 MPa, 87.95 MPa, and 89.26 MPa, respectively.
However, despite being high in compressive strength, the relative residual compressive strength (the
ratio of residual compressive strength after freeze-thaw to initial compressive strength) was determined
as 0.941, 0.942 and 0.940 at 0%, 5%, and 10% WMP change, respectively. A similar situation was
observed after 90 cycles. Although the residual compressive strength of the OPC-5 and OPC-10 mixture
series was higher than the OPC-0 series, the relative residual compressive strength was determined as
0.893,0.892,and 0.891 for the OPC-0, OPC5 and OPC-10 mixtures, respectively. As aresult, the addi
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Figure 8. Residual compressive strengths after freeze-thaw.

tion of 5% and 10% WMP did not cause a significant effect on the strength of the mixtures after 60 and
90 freeze-thaw cycles. This can be attributed to the fact that the C-S-H gel content decreased due to
WMP without pozzolanic activity, but the low range (5% and 10%) of WMP compensated for the
decrease in strength due to the filling effect. Ince et al. [16] reported that concrete samples containing
silica fume and waste marble powder suffered less strength loss after freeze-thaw cycles than the
reference sample. Gencel et al. [43] stated that using waste marble powder instead of ag gregate in
concrete paving blocks increases the freeze-thaw resistance. With an increased WMP ratio of 15%, the
freezethaw resistance of OPC-based mixtures decreased. After 60 and 90 cycles, the relative residual
compressive strength of the OPC-15 series was obtained as 0.930 and 0.864. Increases in the amount
(%15) of WMP cause a further reduction of hydration products, creating a loose structure that will
increase free water and expansion stress during freeze-thaw cycles, resulting in more strength loss.

When the compressive strengths of WC-based mixtures after freeze-thaw cycles are examined in Figure
8, it is observed that the strength loss after 30 cycles varies between 2.8% and 4.2%. When the cycle
number increased to 60 in WC-based mixtures, 5.3%, 7.1%, and 4.7% loss occurred in the compressive
strength of the mixtures containing 0%, 5%, and 10% WMP, respectively. Similar to the compressive
forces before exposure to freeze-thaw, the residual compressive strengths of 5% and 10% WMP were
higher compared to the WC-0 series. After 90 freeze-thaw cycles, 0%, 5%, and 10% WMP substitution
to WC-based mixes reduced the relative residual compressive strength to 0.880, 0.888, and 0.890,
respectively. Similar to OPC based mixtures, using WMP in low proportions showed a filling effect,
making the mortar structure denser and preventing a further decrease in strength despite the decrease in
C-S-H structure. In the case of 15% WMP addition, the reduction in strength after 60 and 90 cycles was
obtained as 7.3% and 15.5%, respectively. The freezing and thaw ing resistance of concrete or mortar
highly depends on the amount of hydration products and pores. Due to the absence of significant
differences in the chemical compo sition of OPC and WC, the strength drops after cycles are also

significantly similar.
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Figure 9. Residual flexural strengths after freeze-thaw

When the results of CAC-based mixtures are examined, the reductions in strength after 30 cycles range
from 2.5% to 7.3%. The least strength loss was calculated from the CAC-10 series, and the maximum
strength reduction was calculated from the CAC-15 series. Significant strength losses occurred in CAC-
based mixtures when the number of cycles increased to 60. After 60 freeze-thaw cycles, strength loss
happened in the CAC-0, CAC-5, CAC-10, and CAC-15 series at 16.5%, 15%, 10% and 20.1%,
respectively. Although there was a decrease in strength loss with an increase in WMP ratio to 10%, the
addition of 15% WMP increased the strength loss. After 90 freeze-thaw cycles, the compressive strength
loss in CAC-based mixtures using 0%, 5%, 10%, and 15% WMP was obtained as 24.4%, 24.1%, 17.1%,
and 27.7%, respectively. Although the compressive strength losses are higher than other cement types,
the highest compressive strength was determined in the CAC-10 series in all cycle numbers.

The lower freeze-thaw resistance of CAC-based mix tures compared to other cement types can be
explained by the transformation of the metastable phases (CAH10 and C2Ah8), which are the hydration
products of CAC, into stable C3Ah6. With this phase transformation, the porosity of the concrete
increases, and its compressive strength decreas es [44]. This conversion reaction accelerates at high
tempera tures and moisture content [45]. As a result, moisture changes in the specimens during the

freeze-thaw cycles may cause a decrease in strength by accelerating phase transformations.

4.3.2. Flexural Strength

The flexural strength results of the mixture specimens after freezing and thawing are given in Figure 9.
After 30 cycles, the flexural strength of the OPC-based mixtures decreased between 2.6% and 6.1%.
When the number of cycles increased to 60, a decrease in bending strength of 4.3%, 5.3%, 8.8%, and
6.6% were detected in the OPC-0, OPC-5, OPC-10, and OPC-15 series, respectively. Relative residual
flexural strength values of the mixtures using 0%, 5%, 10%, and 15% WMP after 90 cycles were
determined as 0.888, 0.855, 0.825, and 0.831, respectively. Although the strength losses increased with
the addition of WMP, the residual flexural strengths were higher than the OPC-0 series without WMP.
The highest residual flexural strength of OPC-based mixtures in all cycles was obtained in the OPC-10
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series.Flexural strength loss in WC-0, WC-5, WC-10, and WC 15 mixture series after 30 cycles in WC-
based mixtures was determined as 4%, 4.4%, 7.3% and 7.4%, respectively. After 30 cycles, the highest
flexural strength was obtained from the WC-10 series. The flexural strength reduction after 60 cycles
was determined as 6.7% to 11.3% in WC-based mixtures. After 90 cycles, the strength drops became
more pronounced. The relative residual flexural strengths of the WC-0, WC-5, WC-10, and WC-15
mixture series were obtained as 0.909, 0.909, 0.846, and 0.858, respectively. After all cycles, the re
sidual flexural strengths of WMP-added mixes were higher than those without WMP.As seen in Figure
8, the residual compressive strengths of the WMP-added CAC-based mixtures were higher than the
non-WMP mixture after freeze-thaw cycles. Similar to OPC and WC-based mixes, the highest residual
flexural strength after all cycles was determined in the CAC-10 series. Using 0.5%, 10%, and 15%
WMP in CAC-based mixtures after 30 cycles decreased compressive strength of 5.5%, 0.9%, 6.4%, and
2.9%, respectively. The lowest decrease in strength after 60 cycles was obtained in the CAC-5 series
with 5.1%. Strength losses in the CAC-10 and CAC-15 series were 11.1% and 7.2%, respectively. After
90 cycles, the relative residual flexural strengths of the CAC-0, CAC-5, CAC-10, and CAC-15 series
were determined as 0.907, 0.920, 0.858, and 0.854. Although using WMP in all three cement types
increased overall freeze-thaw flexural strength reductions, the residual flexural strengths were still
higher than in non WMP mixtures. This can be attributed to improving the flex ural strength of WMP
before the freeze-thaw cycles of the mixes using WMP. In all cement types, the highest residual flexural

strength after 30, 60, and 90 cycles was observed in the series with 10% WMP replacement.

4.3.3. Capillary Water Absorption and Sorptivity Coefficient

The capillary water absorption and sorptivity values of all cement types after 30 freeze-thaw cycles are
given in Figures 10 and 11. After the freeze-thaw cycle, capillary water absorption values increased in
all mixtures. As the WMP content in the mixtures increased, a decrease was observed in the capillary
water absorption values. After 30 cycles, the 6-hour water absorption value of the OPC-0, OPC-5, OPC-
10, and OPC-15 series increased by approximately 17.42%,23.47%,
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Figure 11. Sorptivity coefficient results after 30 freeze-thaw cycles.
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Figure 12. Cumulative capillary water absorption results after 60 freeze-thaw cycles.
21.96%, and 27.05%, respectively, compared to before exposure to freeze-thaw. This was obtained as
15.47%, 15.27%, 12.23%, and 18.42% for the WC-0, WC-5, WC-10, and WC 15 series, respectively.
The capillary water absorption of CAC 10, which has the highest strength after 30 freeze-thaws, was
obtained as the lowest value at 10.38%. It was determined that the capillary water absorption values of
0%, 5%, and 15% WMP substituted mixtures before freezing and thawing in creased by 17.07%,
19.62%, and 18.90%, respectively.

As the WMP ratio in the mixtures increased, the sorptivity values decreased. This can be attributed to the
filling effect of WMP. The lowest sorptivity value after 30 freezethaw was obtained from the CAC-15
series with 0.0409 mm/min1/2. The sorptivity values of OPC-based mixtures vary between 0.0655 and
0.082 mm/min1/2. The sorptivity values of the WC-based mixtures were lower compared to the OPC-
based mixtures. This can be attributed to WC's smaller average grain size than OPC. The lowest
sorptivity values in all cement types occurred in CAC-based mixtures. In CAC based mixtures, the
sorptivity value decreased from 0.0607 mm/minl/2 to 0.0409 mm/minl/2 as the WMP ratio
increased.Capillary water absorption and sorptivity values after 60 freeze-thaw cycles are presented in
Figures 12 and 13. After 60 freeze-thaw cycles, the highest capillary water absorption value in OPC-
based mixtures was obtained from the OPCO series with 22.52x10-4 g/mm?2. Capillary water absorption
values decreased as the WMP ratio increased in OPC-based mixes. As the WMP ratio increased in WC
and CAC-based
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Figure 13. Sorptivity coefficient results after 60 freeze-thaw cycles.
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Figure 14. Cumulative capillary water absorption results after 60 freeze-thaw cycles.
mixtures, the capillary water absorption values, except for the CAC-10 series, approached. This shows
that the degradation of hydration products is more important than the effect of WMP as the number of
cycles increases.

After 60 cycles, the sorptivity of the OPC-based mix tures ranged from 0.1038 mm/minl/2 to 0.1178
mm/minl/2. Similar to capillary water absorption values, the increase in WMP decreased the sorptivity
in OPC-based mixtures. After 60 cycles, the OPC-0, OPC-5, OPC-10, and OPC-15 series showed an
increase in sorptivity of approximately 66%, 80%, 104%, and 98%, respectively, compared to the before
freeze thaw cycles. The lowest sorptivity value of 0.0935 mm/minl/2in WC-based mixtures was
determined in the WC-5 series. After 60 cycles, the sorptivity values of the WC-based mix tures
increased in the range of approximately 64% to 133% compared to the initial sorptivity values. The
lowest sorptiv ity values were obtained from CAC-based mixtures. Howev er, the increase ratio
compared to the initial sorptivity values is higher than other cement types. The increase in porosity can
explain this situation as a result of the transformation of metastable phases in CAC into stable phases. In
the CAC-0, CAC-5, CAC-10 and CAC-15 series, these values were 64%, 90%, 156% and 155%,
respectively. This may be the reason for significant reductions in compressive strength compared to
other cement types.

Capillary water absorption and sorptivity values after 90 freeze-thaw cycles are presented in Figures 14

and 15. Capillary water absorption values decreased as the WMP
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Figure 15. Sorptivity coefficient results after 90 freeze-thaw cycles.
ratio increased in OPC and WC-based mixtures. However, the opposite situation is seen in CAC-based
mixtures, and capillary water absorption increased with increased WMP.When the sorptivity values
after 90 cycles were examined, the lowest sorptivity in OPC-based mixtures was obtained in the OPC-
15 series. The sorptivity of OPC-based mixtures ranges from 0.1232 mm/min1/2 to 0.1456 mm/min1/2.
In addition, 106%, 112%, 138%, and 136% increases were detected in the OPC-0, OPC-5, OPC-10, and
OPC-15 series, respectively, according to the sorptivity before exposure to freeze-thaw cycles. In WC-
based mixtures, the sorp tivity values decreased as WMP increased. Sorptivity values vary between
0.1077 mm/min1/2 and 0.1347 mm/minl1/2. Contrary to OPC and WC, the increase in WMP ratio in
creased the sorptivity value in CAC-based mixtures. In contrast to OPC and WC, it was observed that
CAC and WMP reacted to increase the strength before exposure to freezethaw. The sorptivity values of
the CAC-0, CAC-5,CACI10,and CAC-15 series were determined as 0.0943,0.1012,0.1097,and 0.1112
mm/minl/2, respectively. These values were approximately 81%, 129%, 182%, and 222% higher than
the baseline values. When this situation is examined, it can be thought that the capillary void ratio
increases significantly compared to other cement types. As a result, it causes significant decreases in

compressive strength.

5. CONCLUSIONS

» While adding 5% WMP did not affect the slump-flow diameter much, the flow diameter decreased as
the use of WMP increased. However, the slump-flow diameter of all mixtures was in the range of 24 to
26 cm. The greatest loss of workability was observed in CAC-based blends.

* The highest compressive strength values before freeze thaw cycles were obtained from CAC-based
mixtures. The compressive strengths of CAC-based mixtures with 5% and 10% WMP replacement were
obtained as 98.89 MPa and 104.09 MPa, respectively. The compressive strengths of the OPC and WC-
based mixtures were not significantly different.

* The highest flexural strength was obtained from the CAC-10 series with 13.20 MPa. The flexural
strength of the OPC-15, WC-15, and CAC-15 series was 5.91%,
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7.52%, and 8.28% higher than the control specimens.

* The most appropriate WMP ratio was 10% in mechanical properties before the freeze-thaw cycles.
Decreases in the strength of CAC-based mixtures after 30 cycles vary between 2.5% and 7.3%. This was
calculated between 3.1%—5.3% and 2.8%—4.2% in OPC and WCbased mixtures, respectively.

* The mixtures with the lowest sorptivity values before the freeze-thaw cycles were CAC-based, and this
situation was similar to the strength results.

* Significant strength reductions occurred in CAC-based mixtures, especially at 60 and 90 cycle

numbers, in mixtures exposed to freeze-thaw.
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ABSTRACT

Red mud (RM), a by-product of aluminum production, poses environmental concerns with its
disposal. This study explored calcining RM at 600 °C for 0—6 hours to utilize it as a cement substitute.
Calcination up to 2 hours decreased particle size and increased surface area due to moisture loss,
while further calcination reversed these effects. XRF analysis showed high Fe203, AI203, SiO2
contents. XRD revealed goethite transformed to hematite and gibbsite to alumina. SEM images
displayed a loose then denser structure over time. 10% calcined RM incorporated into cement
showed 2-hour calcined RM exhibited optimal properties, including high strength (46.27 MPa) and
strength activity index (117.24%). SEM confirmed improved C-S-H gel formation with 2-hour
calcined RM. In summary, calcining RM optimally at 600 °C for 2 hours allows its effective use as a
sustainable cementitious material, providing environmental and technical benefits of RM utilization
in cement composites.

Cite this article as: Venkatesh, C., & Sonali Sri Durga, C. (2023). Effect of calcination on the
physical, chemical, morphological, and cementitious properties of red mud. J Sustain Const Mater
Technol, 8(4), 297-306.

Key words:Compressive strength, particle analyzer, red mud, strength activity index, x-ray
diffraction analysis
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1.INTRODUCTION

In recent years, there has been a growing emphasis on the development of novel technologies to
transform waste into value-added products, particularly within industrial and mining sectors. This is due
to the increased recognition that reducing waste is a significant environmental concern. By recycling
these industrial products, it is possible to mitigate potential environmental and health-related complica
tions, as well as enhance sustainability [1-3]. The present study is mainly focused on utilizing alumina
industrial residue (i.e., red mud) as a cementing material. Red mud is a semi-solid residue produced
during the extraction of alumina from bauxite, known as the Bayer process, in alumina production.
Specifically, for every tonne of alumina extracted, 1.5 tonnes of red mud is generated as aresidue [4, 5].

According to the Alam [6] & Mymrin [7], 4 billion tonnes of red mud is accumulated on open lands.
Additionally, more than 140 million tonnes of red mud is added to this accumulation from throughout
the world every year. Disposal of this large amount of red mud is very difficult due to its alkaline nature

and is uneconomical as it requires much land [8]. Moreover, this disposal creates several environmental
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problems, such as air, water, and land pollution. Recycling of red mud is limited due to its fineness and
high alkalinity, which may create an environmental imbalance [9, 10]. Besides, as a waste product, RM
does not incur any additional produc tion costs nor does it increase emissions; rather, it decreases
emissions from cement production. Utilizing RM as a substitute for cement not only addresses storage
concerns but also has the potential to enhance concrete properties, provided that it is used in appropriate
quantities [11].

There are mixed opinions regarding the potential of red mud as a cementing material in cement/concrete
composites, based on its strength and durability properties. Nikbin [12] reported that red mud has low
cementing activity and shows a negative impact on compressive strength. There fore, the usage of red
mud is limited to the construction of non-structural elements. Su & Li [13] study revealed that
incorporating 10% RM resulted in a minor reduction in the compressive strength of concrete, whereas
incorporat ing more than 10% led to a significant decrease. A study by Yang [14] examined cement
mortars that were based on red mud. The researchers replaced red mud in varying amounts, ranging
from 0% to 9%. The results showed that the addition of red mud increased the mortar's density and
improved its compressive strength. According to Ghaleh novi [15], the use of red mud in self-
compacting concrete (SCC) resulted in a decrease of 10% and 20% in compressive strength when the
red mud content was 7.5% and 10%, respectively. Similarly, Venkatesh [16] reported a 19% decrease in
the compressive strength of concrete with the addition of 15% red mud. However, another study found
that as the amount of red mud used in concrete increased, the concrete's strength decreased [17]. The
decrease in strength can be attributed to the fact that replacing cement with red mud, which has low
reactivity, reduces the amount of hydration products per unit volume. Contrarily, W. C. Tang et al. [18]
replaced fly ash with red mud in concrete. The study found that as the replacement percentage of red
mud increased, the compressive strength improved. Specifically, when 50% of the fly ash was replaced
with red mud, higher compressive strength was observed along with good improvement in Interfacial
Transition Zone (ITZ). Furthermore, XRD analysis showed the presence of hatrurite and larnite. For
instance, many investigations have started using red mud as a secondary or tertiary cementitious
material in both normal and geopolymer concretes. In their studies, researchers have blended red mud
with various cementing materials, including Slag [19], Metakaolin [20, 21], Fly ash [22], GGBFS [23],
Phosphogypsum [24], Granite powder, and marble powder [25], and silica fume [26]. When red mud
blend with other cementing materials has shown the considerable improvement in their strength and
durability than its individual usage.

Although using red mud to prepare cement and con crete has promising application prospects, the
presence of sodium in red mud can be detrimental to the strength and durability of cement and concrete.
As a result, the amount of red mud utilized must be carefully controlled, or alternatively, the red mud

must undergo a process of dealkali zation, which ultimately restricts its application in cement and
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concrete. As a result, the amount of red mud utilized must be carefully controlled, or alternatively, the
red mud must undergo a process of dealkalization, which ultimately restricts its application in cement
and concrete production [27]. The conventional methods of dealkalization, such as acid neutralization,
water leaching, and wet carbonation, are efficient. However, they also reduce the reactivity of red mud
and have a negative impact on the performance of concrete. High-temperature treatment is an efficient
method for enhancing the reactivity of red mud, as it can decompose some of its inert phases, such as
cancrinite, gibbsite, and aragonite, into reactive ones that can easily dissolve in the pore solution [28].
According to Luo [29], the ideal temperature for calcination to completely decompose cancrinite and
birnessite in red mud is 1000 °C for one hour, while Danner [30] indicated that calcination at 800 °C for
15 minutes significantly enhanced the reactivity of red mud while decreasing the solubility of sodium.
Manfroi [31] per formed a calcium hydroxide consumption test and found that calcination at
temperature of 600 °C for one hour was the optimal temperature for activating the pozzolanic reactivity
of red mud. Liu et al. [32] stated that red mud demonstrated its highest pozzolanic activity when it was
calcined for 3 hours at a temperature of 600 °C, which was attributed to the devel opment of poorly-
crystallized Ca2So4. Therefore, the general consensus is that calcination is a necessary precondition for
red mud to exhibit reactivity. Without calcination, red mud would remain chemically unreactive in
Portland cement blends, potentially resulting in weakened strength.

Research significance: Between 2010 and 2023, a total of 6,350 research articles were published on red
mud as a cementing material, but less than 50 articles focused on the effect of calcination on red mud
(The data was collected from Google Scholar using the following search limitations: a custom range in
years from 2010 to 2023, article type set to research articles, and the keyword 'red mud as cementing
material'.) There are varying opinions on the ideal calcination temperature for red mud, as its chemical
composition differs from one location to another. The red mud produced by Indian aluminium
industries, in particular, has limited usage in cement and concrete production due to a lack of literature
on its cementing properties. Addressing this research gap, the present study conducted a comprehensive
investigation into the physical and chemical properties of red mud, as well as its cementing activity

when calcined at temperatures ranging from 600 °C for 1 hour to 6 hours.

2.MATERTALSAND METHODS

2.1. Materials

The present study obtained red mud from the NALCO in Orissa, India, which was in the semi-solid form
with 30—40% moisture content during collection. It was dried in a laboratory (approximately 30 °C) for 3
days and then ground in ball mills. OPC-53 Grade cement was used for compressive strength and

strength activity index tests, and all properties were within the limits of ASTM C150 [33]. Specifically,
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the specific surface area was 300 m2/kg, and the specific gravity was 3.12. Table 1 illustrates the Non-
cal cined red mud (NC-RM) and cement chemical composi tions. The fine aggregates were used in

accordance with IS: 383-2016 [34] and Table 2 shows its physical properties.

2.2. Calcination Process

In this study, a high-temperature muffle furnace was used for the calcination of red mud (RM), and a
heating rate of 10 °C/min was maintained throughout the calcination process. The RM was calcined ata
temperature of 600 °C for 1-6 hours and it is cooled at ambient air temperature for 5 hours in the

laboratory after which it was ground in ball mills.

Table 1. Chemical composition (weight %)

Si0, Fe,0, ALO, CaO MgO Na,0 TiO, K,0 LOI
OPC 21.26 481 4.99 63.71 132 0.36 - 0.38 3.17
NC-RM 13.98 21.37 2097 4.49 0.39 8.12 11.87 3.6 15.21

Table 2. Physical properties of aggregates

Specific gravity % of water absorption Fineness modulus Bulk density
Fine aggregates 2.69 1.10 2.56 1.46
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Figure 1. Particle size distribution of various calcined red muds.

2.3. Characterization Methods

In this study, the specific surface area of both calcined and non-calcined red mud samples was
determined using the Micromeritics Gemini 237 and Gemini V instruments. Similarly, the particle size
of the red mud samples was measured using the SZ-100Z nanoparticle analyzer from Horiba Ltd.,
Japan. The STA72000 thermal analyzer was used in this study to perform TG-DTA. Nitrogen (N2) was

used as a stripping gas, and all red mud samples were heated at a temperature range of 20 °C to 600 °C
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with a heating rate of 10 as per Wu [35]. The Rigaku MiniFlex 600 with the following parameters was
used to identify XRD patterns/phases: 40 kV voltage and 15 mA current, step scan of 0.0200°, scan
range from 10°to 70° (20), a scan speed of 100.00 deg/min, and CuKa/1.541862 A wavelength. VEGA 3
SBH, TESCAN Bmo. S.R.O., CZECH REPUBLIC, was used for identifying the surface morphology of
calcined and non-calcined red mud samples. In the present study, the X pert HighScore software tool

has been used to analyze the XRD results, and it is supported by the new ICDD PDF-4+/Web licenses.

2.4.Mix Proportions

According to ASTM C109/C109M [36], the mix proportions of cement mortar samples are calculated,
and the proportional ratios are as follows: 1:3:0.52 (i.e., binder: fine aggregates: water-to-cement ratio).
In this study, 10% of various calcined red mud has been replaced with cement in all the mixes. A total of
48 mortar samples (with a size of 50 mm on each side of the cube) are prepared and cured for 7 and 28

days in portable water, following ASTM C31/C31M [37].

2.5. Strength Activity Index

The compressive strength and strength activity index (SAI) tests are evaluated on the red mud-induced
cement mortar samples according to the ASTM C109/C109M [36] and ASTM C311/C311M [38]
standards. Equation 1 is used to evaluate the strength activity index of red mud-induced cement mortar

samples.

Compressive strength of red mud induced cement mortar samples

SAI(%)= x 100 Eq.1

Compressive strength of normal cement mortar samples

3.RESULTS AND DISCUSSION

3.1. Calcination Effect on Physical Properties of Red Mud

In this study, particle size analysis was conducted on the calcined red mud particles, as shown in Figure
1. The results show that all the red mud particles fall within the range of 1-50 um, with an average
particle size of 8 pm. The specific surface areas were measured using the BET apparatus and are
illustrated in Table 2. Non-calcined red mud has a specific surface area of 1.86 m2/g, which increases to
2.2 m2/g after 2 hours of calcination. This increase is attributed to the loss of moisture in the particles
and the destruction of alumina silicates present in the red mud particles, as mentioned by Liu [32]. They
also state that specific surface area values decrease to 1.95 m2/g after 6 hours due to particle
aggregation. According to Wu [35], the crystallinity of red mud particles increased with the enlargement
of red mud particle size and the reduction in specific surface area resulting from calcination. Nath [39]

have made similar conclusions, stating that particle size is enriched up to 200 °C of heating due to
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improved crystallinity. However, particle collision observed at a temperature of 500 °C leads to a
reduction in particle size.

In this study, the specific gravity of red mud was measured according to IS 4031 Part-11 (1988) [40].
Table 3 illustrates the variations in the specific gravity of red mud when calcined at a temperature of 600
°C for 1 to 6 hours, and it is compared with non-calcined red mud. The spe cific gravity of red mud
decreased by about 1.65% during 2 hours of calcination compared to non-calcined red mud, attributable
to moisture loss in the particles. However, after 2 hours of calcination, the specific gravity values in

creased from 0.4% (at 3 hours) to 3.25% (at 6 hours). This effect can be attributed to agglomeration

between the red
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Figure 2. TG-DTA analysis of calcined red muds (a) NC-RM, (b) RM1HR, (c) RM2HR, (d) RM3HR,
(¢) RM4HR, ()RMSHR and (g) RM6HR.

Table 3. Physical properties of red mud after calcination

NC-RM RM1HR RM2HR RM3HR RM4HR RM5HR RMGHR
SSA (m/g) 1.86 1.95 22 2.16 2.1 2.05 1.95
Mass loss (%) 4.7 7.94 12.82 4.47 4.34 4.14 4.04
Specific gravity 2.46 2.44 2.42 2.47 25 2,51 2.54

Table 4. Chemical composition of calcined red mud (weight %)

Temp/time CaO ALO, Fe,0, 8i0, Na,O K,0 TiO, MgO LOI
NC-RM 4.49 20.97 2137 13.98 8.12 3.6 11.87 0.39 15.21
RM1HR 7.53 26.15 22.54 17.6 5.44 3.03 7.92 0.84 8.95
RM2HR 10.84 22.62 21.79 21.92 3.87 1.89 5.5 0.65 10.92
RM3HR 9.66 24.63 22.47 19.82 5.03 2.48 6.72 0.92 8.27
RM4HR 8.44 21.08 24.01 19.46 5.81 2.19 7.01 1.26 10.74
RMS5HR 8.54 22.54 24.06 18.47 8.24 227 7.19 0.41 8.28
RM6HR 123 20.2 21.46 16.89 10.35 222 8.17 0.33 8.08

mud particles Zhang [41] and Wang [42] reported that specific gravity values significantly varied when
red mud was thermally activated.

In this study, thermogravimetry analysis was conducted on all calcined red mud particles to measure the
mass loss, as shown in Table 3. Figure 2 depict the TG-DTA curves of all calcined red mud particles. The
mass of the red mud particles varied with different calcination durations: 4.7% for non-calcined, 7.94%
for 1 hour at 600 °C, 12.82% for 2 hours at 600 °C, 4.47% for 3 hours at 600 °C, 4.34% for 4 hours at 600
°C, 4.14% for 5 hours at 600 °C, and 4.04% for 6 hours at 600 °C. However, the reason for the mass loss
observed up to 2 hours of calcination was attributed to dissipation of physical and chemically bound
water.

Based on the obtained results, it was observed that all the physical properties, namely specific gravity,
particle size, specific surface area, and mass loss, exhibited similar behavior. The calcination of red mud

significantly influenced its physical properties. However, moisture loss was observed in the red mud for
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up to 2 hours of calcina tion. Subsequently, the physical properties were enhanced, which can be

attributed to particle agglomeration.

3.2 Calcination Effect on Chemical Properties of Red Mud

Table 4 displays the chemical composition of red mud under different calcination durations at a
temperature of 600 °C. Alumina, silica, and iron oxides were found to be the major components in all
calcined red mud sam ples. Among them, the red mud subjected to a 2-hour calcination at 600 °C
exhibited higher levels of silica and calcium oxide compared to the other calcined red mud samples.
This increase in silica and calcium oxide content contributes to the enhanced cementitious activity of the
red mud particles.

In this study, X-ray diffraction analysis was conducted to evaluate the phase transformations in red mud

during calcination at a temperature of 600 °C for dif

1.Goethite, 2. Hematite, 3.Gibbsite, 4. Boehmite, 5.Alumina, 6.Lawsonite,
7. Margarite, 8.Rutile, 9.Perovskite, 10.Sodium titanium oxide, 11.Quartz,
12. Sodalite, 13.Sillimanite
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Figure 3. X-ray diffractogram of calcined red muds.

ferent durations (1 to 6 hours), as shown in Figure 3. The following mineralogical phases/compounds
were identified: 1. Goethite (FeO(OH)), 2. Hematite (Fe203), 3. Gibbsite Al(OH)4, 4. Boehmite
(AIO(OH), 5. Alu mina-(Al203), 6. Lawsonite-(CaAl2Si20(OH)2(H20), 7. Margarite-
(CaAl2(Si2A12010)(H20), 8. Rutile-(TiOz2), 9. Perovskite (CaTiO3), 10. Sodium titanium oxide(Na
2Ti03), 11. Quartz-(Si02), 12. Sodalite-(Na7.89(AlSi04)s(-No3)1.92, 13. Sillimanite-(Al2(Si04)O.

Gibbsite was observed at 26=14.47 with a d-spacing of 6.1215 in non-calcined red mud. However, after
1 hour of calcination at 600 °C, it transformed into boeh mite due to moisture loss in the particles.
Subsequently, boehmite further converted into alumina after 2 hours of calcination at 600 °C. Hematite
showed no significant phase changes throughout all the calcined durations, with traced positions at

26=33.20, 35.68 and d-spacing of 2.6982, 2.5164. According to Nath [39], hematite remains stable up
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to 1200 °C.
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Table 5. Elemental composition of calcined red mud replaced mixes (weight %)

Mixes 28 days
(0] Ca Si Al Fe Ca/Si Total

NC-RM 56.51 22.69 16.91 3.19 0.7 1.34 100
RMIH 56.45 21.42 18.17 31l 0.86 1.18 100
RM2H 58.71 18.2 19.19 3.09 0.81 0.95 100
RM3H 57.89 1891 19.1 3.05 1.05 0.99 100
RM4H 61.01 21.05 15.25 224 0.45 1.38 100
RMSH 55.52 25.59 3 3.19 0.7 1.71 100
RM6H 55.52 24.42 16.1 3.1 0.86 1.52 100

Lawsonite transformed into sodalite, which explains the separation of calcium oxide during the
calcination process. Rutile, initially present in the non-calcined red mud, changed to perovskite after 1
hour of calcination at 600 °C, and further calcination resulted in the complete transformation to sodium

titanium oxide. S.N. Meher [43] also observed similar phase transformations, from rutile to perovskite.
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This phase change suggests that the calcium oxide present in the red mud may react with titanium oxide
and form perovskite (CaTiO3).
Quartz was detected between 20 values of 25 to 30 in the 2-hour calcined red mud, and it continued to be

present in further calcined red mud samples as well. The chemical
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Figure 5. Compressive strength.

composition results (mentioned in Table 3) also indicated the presence of stable or higher levels of silica
(Si02) after 2 hours of calcination.

Scanning electron microscopy (SEM) analysis was conducted to examine the surface morphology of
red mud particles during various calcination processes. Figure 4 illustrates the SEM images of different
calcined red mud particles. Microscopic observations revealed that the red mud particles exhibit an
irregular shape. However, up to 2 hours of heating at 600 °C, the red mud particles maintain a loose
structure. In particular, Figure 4c shows a more poorly crystalline structure compared to others, which
may indicate higher reactivity and better cementitious activity. A similar conclusion was made by Liu
[32], stating that red mud forms a poorly crystalline structure when thermally activated, providing ideal
cementitious activity. Subsequently, a dense structure is observed from 2 hours to 6 hours of heating at
600 °C as the particles undergo agglomeration, resulting in their combination with surrounding

particles. Similar observations regarding the physical properties of red mud were made in this study.

3.4. Calcination Effect on Cementitious Properties of Red Mud

The present study conducted the strength activity index test according to ASTM C311/C311M [38] to
investigate the cementitious properties of red mud particles. In this re gard, the cement mortar mixes
were prepared by replacing the 10% of cement by calcined red mud (Calcined at a temperature of 600 °C
during 1 to 6hours). The results showed that the cement mortar samples containing 600 °C@?2hr (i.e.,
RM2HR) calcined red mud exhibited high strength, specifically 46.27 MPa, as shown in Figure 5. This
effect can be attributed to the higher percentage of silica and the increased specific surface area of the red

mud particles, which enhance the hydration process of the cementitious matrix.
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Figure 6 illustrates the strength activity index percentages of calcined red mud induced cement mortar
mixes; 107.65% for RM1HR, 117.24% for RM2HR, 102.78% for RM3HR, 82.29% for RM4HR,
80.27% for RMSHR, and 79.29% for RM6HR. According to the ASTM C311/C311M [38], Wang et al.
[44]and [45, 46] Ifthe strength activity index values exceed 75%, the material exhibits good cementi
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Figure 6. SAI Vs. Compressive strength.
tious properties and is suitable for use as a cementitious material in concrete/mortar. Microstructure
analysis revealed that red mud possesses significant cementitious properties as like cement. SEM
images in Figure 7 indicate the forma tion of C-S-H (calcium silicate hydrate) and CH (calcium
hydroxide). Notably, the cement mortar mixes with 2hr calcined red mud replacement exhibited better
C-S-H gel formation than other mixes, as observed through the Ca/Si ratios in the elemental
composition of red mud replaced mixes, as shown in Table 5. The RM2HR calcined red mud containing
mortar mix has low Ca/Si of 0.95 this is the reason for achievement of high strength (i.e., 46.27 MPa)
and strength activity index values (i.e., 117.24%). According to Rossignolo [47] and MSR chand [48],
the presence of C-S-H can be justified by the Ca/Si ratio of the EDXA (Energy-Dispersive X-ray
Analysis) elemental weight percentages. A Ca/Si ratio ranging from 0.8 to 2.5 confirms the presence of

C-S-H gel, while a lower Ca/Siratio indicates a stronger or higher C-S-H gel formation Venkatesh [49].

4. CONCLUSIONS

In this study, red mud, a by-product of the Indian alumina industry (specifically NALCO), was calcined
at a temperature of 600 °C for 1 to 6 hours to evaluate its potential usage as a cementing material in
cement/concrete production. The following conclusions were drawn after comprehensive assessments
of'its physical, chemical, morphological, and cementing properties.

* Chemical evaluation studies have identified that red mud contains abundant amounts of silica, iron
oxide, and alumina. In the case of calcined red mud at 600°C for 2 hours (600°C@?2hr), it was found to

contain 10.84% CaO, 21.92% SiO2, and 22.62% alumina, making it more suitable as a cementing
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material.
* Based on the XRD analysis, hematite remained stable throughout the calcination process. However,

gibbsite in non-calcined red mud transformed into boehmite at RM1HR, and further calcination at 600 o
C for 2 hours resulted in its conversion into alumina.
* The RM2HR calcined red mud replacement mixes exhibited high compressive strength and strength

activity index values, specifically 46.27 MPaand 117.24%. It
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Figure 7. Scanning electronic micro-
scope micrographs of calcined red
mud: (a) Reference, (b) NC-EM, (c)
RMI1HR, (d) RM2HR, (e) RM3HR,
(f) RM4HR, (g) RM5HR and (h)
et M i REM6eHE.

was observed that this particular red mud contained a higher amount of silica (21.92%), a large specific

surface area (2.2 m2/g), and a poorly crystalline structure. These factors played a positive role in the

cementing activities.

* Finally, NALCO-produced red mud can be utilized as a ce menting material in cement/concrete

production after undergoing calcination at a temperature of 600 °C for 2 hours.
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ABSTRACT

Brick is one of the most used building materials in masonry construction. Conventionally burnt clay
bricks are used. These bricks are manufactured from clay and burnt in a kiln at a higher temperature.
This results in a very high amount of Co2 emission and has high embodied energy, which highly
affects the environment. Compressed bricks are one of the sustainable solutions to overcome these
issues of high Co2 emission and embodied energy. Adopting sustainable alter natives, such as
compressed bricks incorporating supplementary cementitious materials or environmentally friendly
brick manufacturing processes, can help mitigate these issues and promote more sustainable
construction practices. In this study, attempts have been made to manufacture and test the bricks with
different proportions of the soil, i.e., the mix of locally available soil with sand, cement as the
cementitious materials, and SCMs like fly ash & GGBS. The research methodology involves the
Jormulation of different mixtures with varying proportions of SCMs. The specimens were then
prepared using a compression molding technique and cured under controlled conditions. This
research paper aims to investigate the effects of incorporating sup plementary cementitious
materials (SCMs) on the properties of compressed bricks. The study focuses on evaluating the
density, compressive strength, water absorption, and efflorescence, as well as calculating the
embodied energy and carbon dioxide emissions associated with the pro duction of these bricks.
Furthermore, the paper comprehensively analyzes the embodied energy and Co2 emissions
associated with producing compressed bricks. These calculations consider the energy consumed and
Co2 emitted in manufacturing, including raw material extraction, tramsportation, and brick
fabrication. The study's results demonstrate the influence of SCMs on the properties of the
compressed bricks. The analysis of embodied energy and Co2 emissions provided valuable insights
into the environmental sustainability of the brick production process.

Cite this article as: Joshi, T. M., Rangwala, H. M., & Prajapati, A. (2023). Use of SCM in man
ufacturing the compressed brick for reducing embodied energy and carbon emission. J Sustain Const

Mater Technol, 8(4), 260—-268.

\Key words:Co2 emission, compressed brick, compressive strength, embodied energy, SCM J

1.INTRODUCTION

"Brick" refers to a wide range of items made from clay mixed, prepared, and molded before being
slowly dried and fired in an oven or kiln. Brick, the traditional material, is in rectangular shapes of baked
clay and is used for many construction activities like building walls, pavements, canal lining, and many
other masonry constructions. Brick is usually red or brown.

In India, the predominant construction method for buildings and houses involves cement blocks and
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burnt clay bricks due to their availability, affordability, and familiarity. However, this approach comes
with several disadvantages. One significant drawback is its environmental impact. The production of
these materials requires the extraction and processing of raw materials, resulting in substantial carbon
dioxide emissions and contributing to climate change.

Moreover, the depletion of natural resources poses environ mental concerns—the high energy
consumption associated with manufacturing cement blocks and burnt clay bricks. The kiln firing
process for burnt clay bricks requires significant fuel, leading to increased energy demands and carbon
emissions. However, exploring alternative construction materials that address these drawbacks can lead
to greater sustainability in the long run.

In many nations experiencing significant economic growth, the requirement for brick clay is high, but it
is valuable to farmers. It has become overly exploited, resulting in the devastation of agricultural areas.
As aresult, it is critical to identify alternate materials for replacing clay in bricks to minimize energy
consumption caused by clay mining and the exploitation of non-renewable clay minerals. The
construction sector has always been open to innovative research on materials [1, 2]. In brick manu
facturing, research is being done on producing high-qual ity bricks using waste-based materials to
replace clay as a viable strategy for developing environmentally friendly brick materials [3—6].
Concrete blocks, AAC blocks, and fly ash bricks have emerged as alternatives to traditional burnt clay
bricks. But when compared to other con struction materials, Compressed Stabilized Earth Blocks
(CSEB) provide numerous benefits. It enhances the uti lization of local resources, waste, and
supplementary ce mentitious material (SCM), thereby reducing transporta tion costs. Additionally,
constructing with local materials enables the employment of local individuals and fosters sustainability
[7-9].

Embodied Energy is the total energy consumed by a product or system during its entire life cycle. The
energy is considered comprised or 'embodied' in the product or system [ 10]. It includes all energy inputs
necessary to extract, process, manufacture, transport, and dispose. By consider ing the energy used
during the whole life cycle of a product or system, including the extraction of raw materials, manu
facture, usage, and disposal, it offers a comprehensive view of the environmental effect of a given
product or system. However, manufacturing bricks, mainly using conventional techniques, may
significantly impact carbon dioxide (Co2) emissions and contribute to environmental problems. The
embodied energy of a fired clay brick is nearly 3.75-5.60 MJ/brick [7, 11] or 0.54-3.14 MJ/kg [12].
While the estimated CO2 emissions for fired clay brick range from 97 - 526 gm/kg of fired brick [13,
14].

According to reports, global fly ash (FA) production is around 1.143 billion tons annually. It is typically
utilized at an average rate of 60% [15], while in developing nations such as India, the utilization rate of

approximate ly 50%—-60% for fly ash (FA) has been reported [16]. Ac cording to reports, the yearly

Indian Journal of Sustainable Building Technology (Volume- 3, Issue -3, September - December 2023) Page No 74



global production of GGBS is around 530 million tonnes [17]. Currently, 65% of that amount is
recycled [18]. Previous research has demonstrated that clay-based bricks incorporating FA can have
desired properties equivalent to their traditional clay-based counterparts [19, 20]. A recent study on the
behavior of clay based bricks containing GGBS showed that 60% of GGB ontent can improve the
mechanical and durability properties superior to clay-based bricks without GGBS [21]. A few authors
also investigated the manufacturing of bricks by GGBS, which is waste from the iron and steel industry
[22, 23]. A study discovered that the bricks produced from the mixture of slag, lime, and sand are of
good quality and obtained good wet compressive strength in the range of 80-150 kg/cm?2 after 28 days at
ambient temperature in humid curing conditions. The production of slag-based bricks uti lizes less
energy than traditional burnt bricks [22]. Howev er, the replacement of clay with such SCM has been
little investigated in clay-based bricks.

This study investigates the innovative concept of replac ing clay with a mixture of GGBS and FA
conventional clay-based bricks. This study evaluates the feasibility of de veloping SCM-based bricks
using appropriate proportions of FA and GGBS. Various tests were performed on the brick samples to
determine their water absorption, bulk density, and compressive strength. This study also presents a de

tailed account of embodied energy and Co2 emissions to produce and deliver the bricks.

2.MATERIALSAND METHODS
The methodology for the present study, including procurement & properties of all the materials, mixing

proportions, production, and curing, is discussed in this section.

2.1. Materials

2.1.1. Soil

Alocally available soil sample collected from Chekhla Village of Sanand Taluka, Ahmedabad, Gujarat,
India, was used for the study. The natural moisture content of the soil was found to be 22.05%, and the
specific gravity was found to be 2.64. The soil contained 16.6% clay fraction, 48.2% silt content, and
35.2% sand as per IS 2720-part IV [24]. The soil used in this study had a 28% liquid limit and a 15%
Plastic limit as per IS 2720-part V [25].

2.1.2. Sand

The sand was procured from Sabarmati River, Mahudi, Gandhinagar, Gujarat, India, which conforms to
Grading zone II as per IS: 383:1970 [26] having a specific gravity of 2.68, fineness modulus of 2.4, and
bulk density of 1610 kg/m3 was used.

2.1.3. Cement
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The Ordinary Portland cement (OPC) used for this study was procured from Nuvoco Vistas Corp. Ltd.,

India. The specific gravity and surface area were 3.15 and 2410 cm2/gm, respectively [27].

2.1.4. Fly Ash

Fly ash used for this study was classified as Class F, which was procured from a fly ash pond, Torrent
power, Pethapur, Gandhinagar, Gujarat, India. It has a light grey color and specific gravity of 2.3,
conforming to IS 3812-2013 [28]. The chemical composition of fly ash provided by Torrent power is

shown in Table 1.

Table 1. Chemical composition of fly ash

Sr. No. Details Test results Requirement as per IS: 3812-2013 [28]
1 Specific surface area 416.4 m'/kg >200 m*/kg

2 Loss of ignition 1.10% <7.0% by mass

3 §i0,+ALO,+Fe, O, 93.00% >70.00% by mass

4 §i0, 61.40% >35.00% by mass

5 Reactive silica 34.70% >20.00% by mass

6 MgO 1.40% <5.0% by mass

7 Na,0 0.60% <1.5% by mass

8 Retention on 45  sieve 21.10% <50.0% by mass

Table 2. Chemical composition of GGBS

Sr. No. Details Test results Requirement as per IS: 16714-2018 [29]

1 Specific surface area 364 m’/kg >275 m’/kg

2 Loss of ignition 0.60% <3.0% by mass

3 Magnesium oxide (MgQ) 6.07% <17.00%

4 Manganese oxide (MnO) 0.32% <5.50%

5 Sulphide sulphur 0.57% <2.0%

6 Sulphate (as SO3) 0.29% <3.0%

7 Insoluble residue (IR) 0.21% <3.0%

8 Chloride content (CI) 0.008% <0.1%

9 Glass content 92.50% >85.00%

10 Retention on 45 p sieve 11.00% --
2.1.5. GGBS

GGBS used for this study was collected from Suyog Elements India Pvt. Ltd., Bharuch, Gujarat, India.
It was white and had a specific gravity of 2.89. The chemical composition of GGBS provided by the firm
conformingto IS 16714 —2018 [29] is shown in Table 2.

2.2. Mix Proportions
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The mix adopted for manufacturing bricks was 3:3:1 (Sand: Clay: SCM), and SCM included FA,
GGBS, and cement. The proportion of sand and clay used in the mix was taken as given in IS 1725:
2013, and it has been shown that the content of clay should be 5% to 18%, silt content should be 10% to
40%, and sand content should be 50% to 80%. The different SCM mixes considered for the present
study are given in Table 3. In all mixtures, the total weight of SCM content was kept constant. The brick
with mix label MO0 is considered a reference mix to compare all other mixes. In mix label MO (3:3:1), the
amount of soil and sand was kept equal, i.e., 12kg, and instead of using fly ash and GGBS, only cement

was used, which has a proportion of4 kg.
2.3. Manufacturing of Bricks
In the present investigation, rectangular brick specimens of 230 mm x 105 mm cross-section with a

height of 70 mm were produced using a hydraulic brick-making

Table 3. Proportions of dry mix

Mix label Mix proportions (kg)

Soil Sand Fly ash GGBS Cement

MO 12 12 0 0 4
M1 12 12 3 0 1
SM2 12 12 0 3 1
M3 12 12 L5 1.5 1
M4 12 12 1.75 1.75 0.5
M5 12 12 35 0 0.5
M6 12 12 0 35 0.5
M7 12 12 2 2 0

machine. The mix adopted for brick manufacturing was 3:3:1 (Sand: Soil: SCM) with SCM of different
proportions, as shown in Table 3. A total of 8 different ratios were pro duced, and 15 bricks were
manufactured for each proportion. Firstly, the soil and sand were mixed in the dry state in the mixer for 5
minutes. Then, FA, GGBS, and cement were added during mixing and continued for 5 minutes. One

liter of water was added into the mix consisting of 12 kg of soil, 12 kg of sand, and 4 kg of cement or

SCM. Subse
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Figure 1. Flowchart for manufacturing of brick.

Figure 2. (a) Hydraulic brick-making machine. (a) Hydraulic compressor. (c) Production of brick.

quently, the mixing continued for another 5 minutes. Water was then added, and the blending was for
another 5 minutes. The fresh mixture of all these materials was poured into the brick mold of a hydraulic
brick-making machine. The freshly poured mixture was hydraulically stressed from above and below so
that the height of the brick sample was obtained as required. After demoulding the brick samples, they

were transferred for curing purposes. The whole process of manufacturing brick is illustrated in Figure
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1. A hydraulic brick-making machine was used to produce brick, and the raw material and water were

mixed and compressed in this machine, as shown in Figure 2a—c.

2.4.Curing

The consistency of water content remained uniform across all brick mixes. After demoulding, the brick

Table 4. Properties of bricks with different proportions

Name of test Mix label

Mo M1 M2 M3 M4 M5 M6 M7
Density (kg/m?) 1804 1775 1769 1769 1781 1757 1763 1727
Compressive strength (MPa) - B 423 3.57 3.50 3.60 421 3.61 3.56 3.77
Water absorption (%) 5.59 6.71 6.40 6.73 6.35 7.46 7.43 7.24
Efflorescence No No No No No No No No

Table 5. Dimension tolerance test results

Dimensions Mix label Limits as per Remarks
IS 1725:2013

MO M1 M2 M3 M4 M5 Mé M7
Length 4599 4598 4600 4598 4601 4600 4599 4600 4520 mm to Within
4680 mm the limit
Width 2098 2099 2100 2099 2099 2100 2098 2099 2160 mm to Within
2240 mm the limit
Height 1403 1394 1402 1401 1400 1401 1396 1401 1360 mm to Within
1440 mm the limit

samples were kept for drying at a controlled tempera ture of 27°C+1°C for one day. Then, the brick

samples were cured at an ambient temperature of 22°C-24°C for 28 days.

3.RESULTS AND DISCUSSION
The comprehensive test outcomes are detailed in Table 4. It delineates the properties of the bricks,
encompassing density, dimensional tolerance, compressive strength, water absorption, and

efflorescence.

3.1. Density

Brick density is significant since it affects the material's durability and strength. It directly affects the
structural stability and weight of a structure. While ensuring stability and efficiency in construction, the
optimal brick density impacts significant parts of a building's operation. The de tails regarding the

density of bricks are illustrated in Figure

Indian Journal of Sustainable Building Technology (Volume- 4, Issue -1, January - April 2024) Page No 79



3. Analysis of the test outcomes indicates a consistent den sity range between 1757—-1781 kg/m? for
bricks incorporat ing FA, GGBS, and cement. Notably, this range exceeds the minimum density

requirement of 1750 kg/m? as outlined in the IS 1725: 2013 standard [30].

3.2.Dimensional Tolerance

Brick dimensional tolerance is essential for guaran teeing consistency and accuracy in building. It
ensures that bricks follow prescribed size variations, making pre cise alignment and assembly easier
while constructing. Accurate dimensional tolerance helps preserve structur al integrity and aesthetic
appearance by preventing wall thickness and alignment variations. Table 5 provides a comprehensive
overview of the results of the dimensional tolerance of 20 bricks. However, every brick satisfies the
requirements listed in IS 1725: 2013 [30].

3.3. Compressive Strength

The compressive strength of bricks is crucial as it signifies their ability to withstand significant loads
without de formation or failure. It determines the capacity of brick to bear vertical loads, ensuring
structural stability in buildings and other constructions. A higher compressive strength in dicates
resilience against external forces, ensuring durability and safety in various structures. The compressive
strength test of brick was performed on a universal testing machine shown in Figure 4. The compressive
strength of bricks for all eight mixes is shown in Figure 5. This assessment was conducted after a 28-day
curing period. The reference mix, M0, exhibited a compressive strength of 4.23 MPa. Across all eight
mixtures tested, the compressive strength ranged from 3.50 to 4.21 MPa. Notably, the compressive
strength of all mixes surpasses the minimum requirement specified for Class 3.5, as outlined in IS 1725:

2013, ensuring compliance with these standards [30].

3.4. Water Absorption

The average value of water absorption for the individ ual mix is shown in Figure. 6. Notably, the
reference mix, M0, demonstrated the lowest water absorption at 5.59%. In contrast, the remaining
mixes exhibited a water absorption range between 6.35% and 7.46%. These values comply with the
stipulated IS 1725: 2013 standard, which specifies that water absorption should not surpass 20% of the
brick's weight. Additionally, it's worth noting that no efflorescence was observed on the surface of any
ofthe bricks.
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3.5. Embodied Energy
The energy used for excavation and transportation of raw materials is determined using the gathered
field data. The field data of all raw materials, i.e., soil, sand, GGBS, fly ash, and cement, are assessed
based on travel distance, time, capacity, and primary energy use. This work's sustainability aspects are
limited to energy use and emissions. The calculation of energy use per unit amount of excavation and

transportation demonstrates the influence of technological
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and operational parameters. Several data have been con sidered for calculating embodied energy
regarding the raw material, equipment, and transportation of brick.
The lorry transports a volume of 10 m3 in a single trip. The actual distance was considered for the
transportation of the raw materials. The fuel consumption for the exca vation of soil and sand was
considered as per field data, which was about 0.35 lire per 1 m3 excavation [31]. The fuel consumption
of'alorry for transporting materials was 5 km per 1 liter of fuel [31], and for energy calculation, both the
trips (up trip and down trip) are considered. For all the activities of excavation and transportation, diesel
was used as fuel, and it has an energy of 8.7 MJ per 1 liter of diesel [31]. The embodied energy is 3.6 MJ
for 1 kg of cement production [31]. The brick-making machine was used to mix the raw materials and
compress the brick; it consumes 7.5 kW. The capacity per day of the brick-making machine was 1000
bricks, for which working time was 10 hours per day. The amount of coal used is 0.7 kg for producing
1kWh of'electricity, and coal has embodied energy of 20 MJ per 1 kg [31].

The calculated embodied energy for the production, excavation, and transportation of different raw
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materials, brick-making equipment, and transportation of bricks are enlisted in Table 6.
3.6. Carbon Dioxide Emissions
The Co2 emission during excavation and transpor tation of raw materials is determined. Moreover,

Co2emission during manufacturing and transporting bricks

Table 6. Calculated embodied energy for production and transportation

Energy (MJ/Cu. m.)

Production Transportation

Raw materials

Soil 13.55 46.44
Sand 13.55 77.40
GGBS - 928.80
Fly ash - 46.44
Cement 5142.86 47.39

Manufacturing process
Mixing & Compression 525 -

Transportation of bricks - 77.40

Table 7. Calculated Co2 emission for production and transportation

CO, Emission (kg/Cu. m.)

Production Transportation

Raw materials

Soil 0.89 3.05

Sand 0.89 5.08

GGBS - 60.96

Fly ash - 3.05

Cement 1142.86 3.11
Manufacturing process

Mixing & Compression 51.45 -
Transportation of bricks

Bricks - 5.08
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Table 8. Comparison of various properties of different mixes

Mix label Compressive strength Water absorption Embodied energy CO, emissio

(MPa) (%) (MJ/Cu. m.) (kg/Cu. m.)
Mo 423 5.59 806.15 167.96
Mi 3.57 6.71 255.03 45.50
M2 3.50 6.40 283.22 47.35
M3 3.60 6.73 269.12 46.42
M4 421 6.35 179.62 26.17
M5 3.61 7.46 163.17 25.09
M6 3.56 7.43 196.07 27.25
M7 3.77 7.24 90.12 5.91

is also determined. The data for all raw materials, i.¢., soil, sand, GGBS, fly ash, and cement, during the
manufacturing transportation of brick, is assessed based on travel distance, time, and capacity.

As explained earlier, the data for Co2 emission is the same as embodied energy. Some changed data is
also considered; diesel produces 2.54 kg CO2 per liter [31]. The Co2 emission was 0.8 kg for 1 kg of
cement production [31]. The coal has produced CO2 of 1.96 kg per 1 kg coal [31]. The calculation of
CO2 emission for the output, excavation, and transportation of different raw materials, brick-making

equipment, and transportation of bricks are enlisted in Table 7.

3.7. Comparison

Different mixes are employed in manufacturing bricks, each offering unique properties and characteris
tics. These mixes are carefully formulated to ensure op timal brick quality and performance. A
comprehensive analysis of various brick mixes reveals a range of distinctive properties. The identified
properties have been enlisted in Table 8, allowing for easy comparison and informed decision-making
in brick manufacturing processes. The embodied energy and calculated Co2 emission for different raw
materials, processing, and transportation computed for the bricks manufactured for different mixes are
tabulated in Table 8. The calculation for embodied energy and Co2 emission is calculated for 1 Cu. m.
which approximates 500 nos. of bricks.

These properties include compressive strength, water absorption, embodied energy, and Co2 emission.
After comparing all the data, mix M7 shows a reduction in embodied energy by 88.82% and a reduction
in CO2 emission by 96.48%. Also, it was found that the compressive strength of all mixes satisfies the
minimum compressive strength specified for Class 3.5 designated as per IS 1725: 2013 [30]; hence, it

can be used for structural members.

4. CONCLUSIONS
The investigation was conceived to adopt a sustainable alternative to the conventional bricks,

attempting to reduce the Embodied energy and Co2 emissions. Based on the ex perimental studies
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conducted to evaluate the optimal mix for manufacturing bricks using fly ash (FA), ground granulated
blast furnace slag (GGBS), and cement, the following significant conclusions have been drawn:

+ All the stabilized compressed earth brick samples with different mixes meet the criteria for density,
dimensional tolerance, compressive strength, and water absorption. This indicates that these mixes are
suitable for brick production and exhibit satisfactory performance in essential properties.

* Mix M7 demonstrates the lowest embodied energy, measuring 90.12 MJ/m? among the various tested
mixes. This value is 88.82% lower than the reference mix (M0), with the highest embodied energy of
806.15 MJ/m?. The significantly lower embodied energy of Mix M7 signifies its superior sustainability
in terms of energy consumption during the production process.

» Mix M7, which does not contain cement, exhibits the lowest Co2 emissions of 5.91 kg/m?. This value
1s 96.48% lower than the reference mix (MO0), with the highest CO2emissions of 167.96 kg/m?*. The
substantial reduction in Co2 emissions achieved by Mix M7 highlights its supe rior environmental
performance, contributing to lower carbon dioxide emissions during brick production.

In summary, the experimental study reveals that the stabilized compressed earth brick mixes, including
the recom mended Mix M7, i.e., without the use of cement and using only SCMs, meet the required
standards for essential prop erties such as density, dimensional tolerance, compressive strength, and
water absorption. Furthermore, Mix M7 stands out as a more sustainable option due to its significantly
low er embodied energy and Co2 emissions than the reference mix. These findings underscore the
importance of alternative mixes using fly ash, ground granulated blast furnace slag, and reduced cement
content to promote environmentally friendly and energy-efficient brick manufacturing practices.
Furthermore, with a comprehensive understanding of the environmental impact, future research should
consider conducting a comparative analysis of additional parameters such as water usage, waste

generation, and potential pollutants associated with different brick mixes.
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