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LS L B S R N

Abstract: Sustainability and reducing environmental damage caused by CO, emissions have become
issues of interest to researchers in the construction sector around the world. Reducing the cement
content in concrete by partially substituting it with by-products or waste falls within this field as the
cement industry is responsible for 7% of global CO, emissions. On the other hand, self-compacting
concrete (SCC) is one of the special types of concrete that contains a large amount of powder (most of
which is cement) to ensure its flow under the influence of its weight without separating its components.
Therefore, to produce eco-friendly SCC, many researchers have replaced part of the cement with clay
brick waste powder (CBWP) since brick units are among the most widely used building materials
after concrete. Accordingly, this study aims to review previous research that included using CBWP in
SCC. The effect of these wastes on the fresh, mechanical, durability and microstructural properties
of cement was reviewed. Additionally, a comparison between the environmental impacts of SCCs
with different CBWP contents has been conducted using the life cycle assessment (LCA) approach. It
was found that the highest value of CBWP that can be used without negatively affecting the different
properties of concrete is 10% by weight of cement. Moreover, regarding environmental impact, using
CBWP as a substitute for cement reduces environmental damage, and the lowest environmental
impact that can be achieved per strength unit (MPa) is 37.5%.

Keywords: SCC; clay brick waste powder; fresh properties; hardened properties; life cycle assessment

1. Introduction

The continuation of population growth with time is matched by a steady demand
increase in the construction sector [1]. Concrete is among the most widely used building
substances [2,3], and therefore, this increase in building requirements will be reflected in
greater depletion of natural resources such as aggregates [4], as well as a further increase in
the production of cement [5,6], which is the main binding material in concrete.

Cement production is accompanied by high carbon dioxide emissions [7-9], estimated
at about 7% of the total production around the world [10-13]. The fabrication of 1 ton of
cement is associated with the emission of about 1 ton of CO; [14]. Therefore, the increase
in cement production means an increase in global warming and more damage to the
environment. To achieve sustainability in the construction sector and reduce the damage to
the environment, researchers’ thinking has been directed to ways or solutions to reduce
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the depletion of these resources and to reduce the emissions resulting from the cement
industry [15,16]. Among these solutions, one possibility is to reduce the cement content in
concrete by partially replacing it with by-products or waste [17,18]. Based on this idea, clay
brick waste powder was used as a possible alternative to cement. Brick waste (BW) is the
second-most generated construction and destruction waste after concrete waste [19]. It has
been reported to be a potential alternative to cement due to its pozzolanic reaction [19-21].
Recently, the most popular way to reuse CBWP has been grinding it into a powder to
partially replace the cement. Since bricks comprise some non-crystalline (amorphous)
compounds due to exposure to a temperature during the brickmaking process, CBWP
shows pozzolanic activity when exposed to alkalis from clinker hydration or chemical
supplement [22-24].

Self-compacted concrete (SCC) is one of the special types of concrete that is character-
ized by the possibility of placing and compacting it under the influence of its weight [25],
that is, without using any vibration effort, and it can also be transported without segre-
gation or bleeding due to its sufficient cohesion [26]. Lowering the noise on the site, and
reducing the labor required for placing concrete in addition to the ease of pouring it into
complex forms or congested reinforcement places are among the most important benefits
of SCC [27]. However, the quantities of cement and chemical admixtures are increased in
SCC to ensure that the desired workability is obtained [28]. This prompted researchers
around the world to investigate environmentally friendly (low-carbon) and sustainable
options to produce green SCC [29]. The use of waste resulting from demolition is one of
the main options that fall within this context [30,31]. The use of such waste as building
materials has several benefits, including reducing the burden on the landfill, in addition to
contributing to reducing environmental and economic damage [32,33].

While investigating the suitability of new materials to replace conventional materials
for sustainable development, it is essential to evaluate the environmental performance of
these materials along with their mechanical and durability properties [34]. Life cycle as-
sessment (LCA) is one of the powerful tools that can be used to evaluate the environmental
impacts of new materials [35,36]. LCA is used to identify effective methods for conducting
direct comparisons between traditional and new materials, especially in the construction
industry [37,38].

Among the wastes used in self-compacting concrete is clay brick waste [39]. Therefore,
this research aims to review previous studies that dealt with the use of clay brick waste
powder (CBWP) as a cementitious material in SCC, where its effect on various fresh and
hardened properties was surveyed in order to reach conclusions that serve future research
within this concept. Additionally, the environmental impacts of the CBWP and cement were
evaluated using the approach of Life Cycle Assessment (LCA). Moreover, the importance
of this material locally (in Iraq) is due to the fact that most residential homes for citizens are
built using clay brick units. Consequently, the demolition of these houses for the purpose
of rebuilding, renovating or converting them into multi-story structural buildings causes
the production of large quantities of brick waste that is buried in landfills without benefit.
Therefore, understanding the impact of these wastes from an environmental point of view
and on the various properties of SCC through this study opens the door to its recycling,
which contributes to reducing its environmental impact as well as producing green and
low-carbon SCC.

The importance of this review is represented by its aim to promote the reuse of waste
(CBWP) that is available locally in large quantities in a special type of concrete, SCC. It is
believed that knowing the effect of these residues on the various properties of concrete
(considering the different fresh and hardened tests) contributes to providing a reliable
conclusion for future research on the replacement ratio that gives the best performance.
Moreover, studying the environmental impact of concrete containing this material (as
a cement replacement material) considering the unit of strength provides interesting in-
formation for other researchers about the actual value by which environmental damage
is reduced.
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2. Characterization of CBWP

The chemical composition of the CBWP mentioned in the literature can be found
in Table 1. According to Abib et al. 2013 [40], the chemical analysis of CBWP showed
that it comprises significant proportions of silica and alumina. Hence, it is classified as
aluminosilicates. XRD analysis affirms that the amorphous phase is predominant, with the
existence of some crystalline elements such as dolomite, calcite and quartz. Furthermore,
Mansor et al. 2016 [41] stated that CBWP is classified as an aluminosilicate as a result of the
high percentage of alumina and silica. Aliabdo et al. [42] reported that the main oxides in
CBWP are silica, alumina and ferric oxide with a content of about 77%, which complies
with ASTM C618 requirements. The same findings were found by He et al. [43] and Lam
et al. [44]. Moreover, Kolawole et al. 2021 [45] indicated that the sum of the pozzolanic
oxides (SiO,, Al,O3 and Fe,O3) is more than 70% and CBWP is classified under the class
N (natural pozzolana) of the ASTM C618. Furthermore, their results suggested that the
mineralogy compounds of CBWP were mainly crystalline SiO, (quartz), Fe,O3 (hematite)
and Al,O3 + SiO, (mullite). On the other hand, Shao et al. 2021 [46] indicated that the
amorphous phase in CBWP is 20.1% and that quartz is the main crystalline phase.

Moreover, Ouyang et al., 2021 [47] demonstrated that CBWP mainly consisted of
quartz and its particle morphology is like quartz powder. Lam et al. [44] found that the
angular shape and the rough surface of CBWP particles are more so than that of cement.
Furthermore, they found that the main crystalline phase of CBWP is quartz. Zhao et al.,
2020 [48] have shown that increasing the grinding of the powder leads to grinding off
the irregular edges and making them tend to be spherical. Additionally, Kolawole et al.,
2021 [45] indicated that the CBWP had wide, little amorphous bands. Furthermore, the
CBWP grains had a flat nature. In addition, the grains were well rounded and the reason
for this was the grinding.

Table 1. The chemical composition of CBWP.

Oxide, % Fineness/Average Particle Size
Ref. Y
e T8 "5i0, CaO ALO; Fe;03 MgO SO;  Alkalis (K0 + Na,O3) LOI  WBCP Cement
[49] 2006 6311 465 1334 851 410 170 3.12 233 2005cm?/g 3030 cm?/g
[50] 2010 4161 1434 1476 1147 604 233 <45 um 3490 cm?/g
[51] 2013 7506 130 1425 561 135 0.0 0.27 0.00
[40] 2013 5378 12.88 1661 622 220 0.65 3.00 3.13 <80 um 4300 cm? /g
[41] 2016 7690 196 1000 560 028 028 3.26 0.69 <75 um
3900, 4300 and 5
[52] 2018 6655 615 1480 548 239 - 213 18 o em? /g 3850 cm?/g
[53] 2019 5686 7.88 1553 7.63 295 0.55 3.85 24.08 um 20.67 um
[54] 2020 5841 1581 972 547 213 027 1.87 3.45 4600 4640
[55] 2021 69.85 1567 583 443 104 023 1.85 43 2.76 um 6.85 pm
[56] 2021 6280 170 1040 1630 220 0.60 2.70 050  24.80 um 11.14 um

3. Pozzolanic Activity of CBWP

Abib et al., 2013 [40] recorded a reduction in pozzolanic activity index of mortar
containing 10% CBWP compared to the reference specimens, which indicated the low
pozzolanic activity of the waste powder. Furthermore, Shah et al. 2021 [55] stated that
CBWP has a relative strength index of more than 0.9, which indicates a high potential for
pozzolanic activity, encouraging its use as a sustainable building substance. On the other
hand, Lam et al. [44] explained that the strength activity index of CBWP, for contents of
10% to 40%, ranged from 95% to 65% at 7 days and from 97% to 71% at 28 days compared
to the control mix. Moreover, they stated that the pozzolanic activity of CBWP depends on
the grain size.
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4. Impact of CBWP on Properties of SCC

The effect of using CBWP on various properties of SCC (or self-compacting mor-
tar; SCM) such as freshness, durability, mechanical and microstructural properties was
reviewed and presented in the following sections. Table 2 summarizes some of the rele-
vant literature.

Table 2. Utilization of CBWP as a cementitious material in SCC or SCM.

Ref. Year Replacement, % Tests Testing Age (Days) Main Findings
e  CBWP had an adverse impact
Workability, setting time, on workability and setting time
0 density, ultrasonic pulse e  The compressive strength
[49] 2006 0, 15 and 30% velocity (UPV) and 28 and 56 was reduced
compressive strength e The UPV correlated strongly

with the compressive strength

° The workability was not
affected by adding CBWP

° The 5% and 10% caused an

0,5, 10, 15, 20, 25 Workability, compressive increase in compressive and
and 30% strength and bending 3,7,28 and 91 tensile strength of SCM at
tensile strength early ages

° Using >20% of CBWP had an
adverse effect on
SCM properties

[50] 2010

° The shear stress increased with
the increase in CBWP content,
while it was decreased after
using superplasticizer (SP)

0,12.5, 25, and Rheologicz.al properties, e  In the presence of SP, the
37 5% compressive strength 7,28, 366 and 1095 compressive strength of the
and microstructure paste was enhanced at
28-1095 days for CBWP
contents of 12.5% and 37.5%

° Denser microstructure

was obtained

[51] 2013

e  Workability was reduced when
using brick powder, but the
reduction was compensated by
the use of SP

° The CBWP contained mixtures
increased the compressive
strength at 28 and 56 days and

7,28 and 56 the maximum gain was
obtained at 1% CBWP

. The higher the CBWP content,
the lower the autogenous
shrinkage was

. The microstructure of mixtures
with CBWP was improved and
pore-refined

Workability, compressive
strength, autogenous
shrinkage and
microstructure

[57] 2014 0,1,2.5and 5%
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Table 2. Cont.

Ref. Year Replacement, % Tests Testing Age (Days) Main Findings
0,5,10,15,20,25  Workability, compressive The use of CBWP improved the
[41] 2016 30, 35, 40, 45 strength and splitting 28 workability of SCC~
and 50% tensile strength The compressive and splitting
tensile strengths were decreased
The workability was decreased
The compressive strength
decreased at the early ages
Workability, compressive while it increased at the
[58] 2016 0,5, 10, and 15% strength, water absorption 7,14,28 and 90 later ages
and microstructure The water absorption rose
The presence of CBWP had a
minor effect on microstructure
and pore size
Workability, splitting The workability and mechanical
tensile strength, tests were improved for 5%
[591 2018 0,5,10,and 15% compressive strength and 7 and 28 replacement, while they were
modulus of elasticity adversely affected at 10%
and 15%
The flowability decreased with
the increase of CBWP for
replacement rates > 20%
Workability, compressive The compressive and tensile
[521 2018 0,510,15and20% strength and splitting 7,28 and 90 strengths were boosted with the
tensile strength increase in CBWP content up
to 10%
The higher the fineness of
CBWP, the higher the
compressive strength
The workability losses were
observed at CBWP contents of
more than 20%
0.5.10. 15 20 and Workability, compressive The CBWP decreased the
[54] 2020 T éSW strength and capillary 7 and 28 COompressive trength at early.
o water absorption ages while it increased more in
the control sample at later ages
The water absorption was
slightly increased after
adding CBWP
The workability was not
[60] 2021 0,25 and 50% by Workablhty and 28,90, 180 and affected by incorporating CBWP
volume sulfate resistance 360 days The sulfate resistance
was improved
The water demand was
increased while the SP demand
Water and SP demands, ¥;: s;ifﬁastei?ne was delayed
[55] 2021  0,5,10,and 20% Sett;gg;“:‘}f'a ?;Ce};iflcal 3,7,28, 60, and 90 The 10% CBWD enhanced the
agegshrinkage y mechanical performance at all

stages, while the 20% CBWP
was 98% of the control mix at
90 days
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Table 2. Cont.

Ref. Year Replacement, % Tests Testing Age (Days) Main Findings
e  CBWP had no significant effect
on the fresh properties of SCC
e The compressive strength and
permeability results confirmed
the pozzolanic activity of CBWP
Workability, compressive at later ages (>180 days)
0, 25 and 50% strength, p.ermeability, 7 28 90, 180, 360 e  The performance of mixtures
[61] 2021 ’b volume carbonation depth, ’ ’an d’ 720' containing CBWP was poor in
y chloride penetration and the carbonation environment
microstructure e  Although the resistance to
chlorides was lower than in the
reference mixture at the age of
28, it was greater than the
reference mixture at the ages of
360 and 720 days.
e The plastic viscosity and yield
stress of CBWP-based mixtures
Compressive and flexural were higher vthan the
strengths, water Sl%ntrol specnr.len + thval
0, 50 and 100% of absorption, drying ¢ € compressive strength vaiues
[56] 2021 limestone filler shrinkage, carbonation, 7,14,28 and 90 of CBWP-based mixtures were

lower, equivalent and higher
than that for the reference mix at
7,28 and 90 days, respectively

° The drying shrinkage
was reduced

chloride ion diffusion and
sulfate resistance

4.1. Workability

The effect of CBWP on different properties of SCC has been investigated by several
researchers. For example, Sahmaran et al., 2006 [49] found that the brick powder reduced
the workability of the self-compacting mortar due to its surface roughness and angular
shape, and thus its high ability to absorb free water. Karatas, 2010 [50] indicated that the
workability of SCM (based on V-funnel and slump flow) is not affected by the presence
of 5 to 30% of CBWP. However, it caused an increase in the viscosity of fresh SCM. Sun
et al., 2014 [57] reported that using CBWP up to 5% of cement weight did not affect the
slump flow where all values were more than 670 mm. Amjadi et al., 2016 [58] revealed that
the slump flow of SCM was reduced in the presence of CBWDP, while for the V-funnel flow
time test, the time was not affected by adding the waste material. Moreover, the viscosity
remained stable with the assistance of more superplasticizer. Mansor et al., 2016 [41] found
that the stability and workability of the fresh SCC were improved after replacing cement
with CBWP. Moreover, it was found that the water/powder ratio increased as the CBWP
content increased in the mix. They attributed this behavior to the high water absorption of
CBWP itself.

Irki et al. 2017 [52] pointed out that the workability decreased as the CBWP increased
in the mixture. The 20% CBWP reduced the flow by 3%, while the flowability declined by
30% for substitution rates greater than 20% of CBWP. Silva et al., 2019 [53] reported that
CBWP can replace the cement (by volume) in the range 12.5% to 50% to produce SCC with
good self-compaction and workability. The flow, V-fennel and L-box results conformed to
EFNARC specifications. Si-Ahmed1 and Kenai 2020 [54] demonstrated that replacing the
cement with 0 to 15% CBWP did not influence the rheological properties of SCM. However,
the workability losses were noticed clearly at the replacement ratio of 20%. Higher plastic
viscosity and yield stress were recorded by Zhao et al., 2021 [56] for SCM containing CBWP
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(as a substitute for limestone powder) compared to the reference mix. More water should
be added to produce equivalent workability.

4.2. Hardened Properties
4.2.1. Compressive Strength

Compressive strength is one of the most significant characteristics of concrete [62].
The influence of CBWP on SCC has been addressed in most SCC studies. Karatas, 2010 [50]
replaced cement with 0% to 30% CBWP in self-compacting mortar. The results showed that
the higher the percentage of CBWP in the mixture, the lower the compressive strength. It
was also found that the compressive strength at the early ages (3 and 7) for the contents of
5% and 10% is higher than the reference mixture. However, for 5% CBWP at 91 days of
age, the resistance was equal to that of the reference samples. Abib et al., 2013 [40] showed
that the use of 5% CBWP gave a similar compressive strength to that for free-CBWP
specimens. Heikal et al., 2013 [51] stated that the compressive strength of self-compacting
paste increased for the ages of 28-1095 days after replacing the cement with 12.5% and
37.5% CBWP. Furthermore, it was reported that the SCC compressive strength declined
in the absence of superplasticizer, while it increased when superplasticizer was added.
Sun et al., 2014 [57] substituted the cement simultaneously with CBWP (1%, 2.5% and
5% by weight) and fly ash. The results showed that the compressive strength of CBWP
mixtures at 28 and 56 days was higher than that for the control mix. However, the 1%
CBWP recorded the highest strength compared to all other mixtures. Amjadi et al., 2016 [58]
utilized CBWP as cement replacement materials in proportions of 5%, 10% and 15% in
SCM. Silica fume was used in all mixtures by 10% of cement weight. The compressive
strength was reduced by the rate of 3 to 17% in the presence of waste materials. Mansor
etal., 2016 [41] investigated the effect of replacing the cement with 5 to 50% CBWP in 5%
steps in SCC. They found that CBWP decreased the compressive strength of SCC.

Irki et al., 2018 [52] studied the effect of change fineness of CBWP on the properties
of SCM. The result indicated that using 5% CBWP as a cement replacement improved
the compressive strength by 13%. Moreover, the higher the fineness of CBWDP, the higher
the compressive strength. Silva et al., 2019 [53] used red clay brick residue to replace the
cement (in proportions of 0, 12.5, 25, 37.5 and 50% by volume) in SCC. The results showed
that up to 90 days, the compressive strength of CBWP-containing mixtures reduced the
compressive strength. However, beyond that (at 180 and 360 days), the 12.5%, 25% and
37.5% substitution rates of CBWP resulted in equal or even higher strength than the control
mix. Si-Ahmed1 and Kenai 2020 [54] proved that, at early ages, the compressive strength
of SCM decreased with the increasing rate of CBWP up to 15%. However, in the long
term, the compressive strength of mixtures containing CBWP exceeded that of the reference
mixture. Silva et al. 2021 [63] studied the impact of CBWP as a cementitious material with
waste concrete (as a recycled coarse aggregate; RCA) in SCC. It was found that, at early
ages (up to 90 days), the CBWP with RCA led to a decrease in the compressive strength.
However, at 360 days of curing, the SCC showed no significant reduction in compressive
strength when the RCA contents were at a medium level (25 to 50%), which indicated that
the development of pozzolanic activity of CBWP at later ages has compensated for the
loss in compressive strength that occurred at the early ages. Zhao et al., 2021 [56] focused
on replacing the limestone powder with CBWP in SCM. The replacement rates were 0%,
50% and 100%. The results showed that the compressive strength at the age of 7 days had
decreased slightly, but at the age of 28 days the reduction was compensated for by the
pozzolanic reaction of the CBWP.

4.2.2. Splitting Tensile Strength

The splitting tensile strength is valuable because it is one of the characteristics used in
the structural design of concrete [64]. Abib et al., 2013 [40] found that replacing the cement
with 5% CBWP imparted the same value for the control SCC. Mansor et al., 2016 [41]
recorded that the tensile strength values of SCC containing CBWP were lower than in the
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CBWP-free sample. Irki et al., 2017 [52] detected that the splitting tensile strength at the
ages of 7 to 90 days increased with the increase in CBWP content in the mix up to 10%
substitution, which showed 107% improvement at 90 days compared to the control sample.
The work of Silva et al., 2019 [53] indicated that the splitting tensile strength was reduced
at 28 days by 1.50-15.29% in relation to the control mix. On the other hand, the strength
increased with time and the sample with 25% CBWP content recorded the highest strength
at 360 days of curing. Silva et al. 2021 [63] indicated that CBWP has the ability to fill
nano-sized voids in recycled aggregate concrete and improve tensile strength.

4.2.3. Flexural Strength

The characteristics of deflection, shear strength and brittleness of concrete are affected
by its flexural strength [65]. Thus, the flexural strength of concrete is a necessary character-
istic in the design. Karatas, 2010 [50] noted that at early ages, the tensile strength values of
SCC in bending for 5 and 10% proportions were higher than those of the reference mixture.
However, the values were equal at the ages of 28 and 91. Silva et al., 2019 [53] found that
the flexural strength at 28 days declined by 2.66% and 26.79% for 25% and 50% replacement
of cement by CBWP, respectively. However, at 360 days, the 25% CBWP sample showed
increased flexural strength by 1.94%, while the 50% substitution lowered it by 12.26%.
Shah et al., 2021 [55] researched the impact of replacing cement with 5%, 10% and 15%
CBWP on properties of self-compacting paste (SCP). The results indicated that the 10%
CBWP gave flexural and compressive strength more than the control mix at the ages 3 to
90 days. Moreover, the 20% replacement of cement with CBWP imparted approximately
equal values to that for the reference specimen.

4.2.4. Water Absorption

Among the basic mechanisms by which the transmission of aggressive factors into
concrete is influenced is water absorption [66]. Therefore, its determination is an important
issue for SCC. The work of Amjadi et al., 2016 [58] indicated that the water absorption
of SCM was increased after replacing the cement with 5 to 15% CBWP. The rate of in-
crease increased with the substitution percentage. According to Silva et al., 2019 [53], the
absorption of water of brick powder mixtures increased up to 28 days compared to the
reference sample. However, at later ages, with the progress of curing, the water absorption
decreased as a result of the hydration process. Si-Ahmed1 and Kenai, 2020 [54] showed
that the CBWP increased the capillary water absorption of SCM slightly compared to the
CBWP-free mixtures. Shah et al., 2021 [55] revealed that using CBWP reduced the water
absorption of self-compacting paste, which indicated that CBWP mixes are less porous and
more durable than CBWP-free mixtures. Silva et al., 2021 [63] indicated that CBWP can
reduce the water absorption of self-compacted concrete at later ages due to the increased
CSH content as a result of its pozzolanic activity as well as the hydration progression of
ordinary Portland cement.

4.2.5. Shrinkage

Sun et al., 2014 [57] reported that the autogenous shrinkage of SCC decreased with the
increase of CBWP in the mix (CBWP content was in the range of 1 to 5%). Another study
conducted by Zhao et al., 2021 [56] showed that the substitution of limestone by CBWP
decreased the drying shrinkage of SCM due to its pozzolanic activity, which refined the
pore structure. Shah et al., 2021 [55] found that 20% CBWP could reduce the early-age
shrinkage from —500 to —300 um/m of SCP; thus, the volumetric stability is improved.

4.2.6. Sulfate Attack

Silva et al., 2021 [60] addressed the resistance of SCC incorporating 0%, 25% and
50% CBWP as cement replacement material (by volume). The specimens were immersed
in 5% MgSO4 and NaySOy for 360 days. The compressive strength, mass loss and length
change results indicated that CBWP exhibited an adequate performance compared to the
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reference SCC. Zhao et al., 2021 [56] stated that the replacing of limestone filler with CBWP
did not appear to worsen the behavior of SCM.

4.2.7. Chloride Resistance

Silva and Delvasto, 2021 [61] indicated that, at later ages, the CBWP had increased the
SCC’s resistance to the permeation of chlorides as a result of the pozzolanic activity, which
led to pore refinement in addition to the formation of Friedel’s salt as a result of chemical
fixation. However, at early ages, the resistance to chlorides was reduced compared to the
reference specimen. Zhao et al., 2021 [56] reported that replacing the limestone filling with
CBWP did not result in a significant weakening of the mortar’s resistance to the diffusion
of chloride ions.

4.2.8. Carbonation Resistance

Silva and Delvasto, 2021 [61] found that the presence of CBWP increased the carbona-
tion rate of SCC. The authors attributed this to the consumption of Portlandite as a result
of the pozzolanic reaction between it and the CBWP, which reduced the alkalinity of the
mixture. This behavior was observed despite the refinement of the pores at the later ages
(180 days). Moreover, Zhao et al., 2021 [56] revealed that substitution of limestone filler in
SCC with CBWP increased the carbonation depth as a result of increasing the porosity of
the matrix.

4.2.9. Microstructure

Heikal et al., 2013 [51] indicated that the CBWP worked to densify the microstructure
in the presence of the SCC superplasticizer. This densification resulted from the reaction
of the CBWP granules with Ca(OH); resulting from the hydration of the cement, which
led to an increase in the hydrated calcium silicate (C-S-H) gel, thus refining the pores and
improving the compressive strength. On the other hand, Amjadi et al., 2016 [58] reported
that the CBWP did not significantly influence the distribution of the size of the pores, while
it led to an increase in the percentage of large pores and a decrease in the percentage of
small pores with increasing proportions of CBWP.

5. Discussion

Table 1 includes the chemical composition and fineness of brick waste that was pre-
viously used in SCC. It is clear from the table that the brick residues consist mainly of
aluminates and silicates, where the silicate values range approximately from 41.61 [50] to
76.90 [41], and the alumina values are within the range 5.83 [55] to 16.61 [40], while the
ferric oxide values ranged between 4.43 [55] and 16.30 [56]. It is also noted that the calcium
oxide values were relatively low. This difference in the content of oxides in the remnants of
the used brick waste may be due to the variation in its content in the raw materials used in
the manufacture of the brick units.

The total oxides (silica + alumina + ferric oxide) evident in the above table exceed
the 70% proportion specified by ASTM C618 for the pozzolanic material, and therefore, in
terms of chemical composition, brick waste could be a pozzolanic material. However, the
chemical composition alone is not sufficient to determine the effectiveness of the material,
as the type of phase (crystalline or amorphous) and its proportion to silicon oxide (the
main component of brick waste) must be known. Some research [46] indicated that the
percentage of this phase was around 20%, while this was not indicated in most of the
previous studies. It is believed that determining the glass phase is important when using
brick waste as a substitute for cement, as it reflects the pozzolanic activity of this material.
The formation of the glass phase depends mainly on the temperature at which the brick
units were burned during the manufacturing process (heat treatment). In fact, it is difficult
to determine the temperature history of the burning of the bricks whose waste (after
demolition) was used in previous studies because it may have been manufactured many
years before the demolition.



Energies 2023, 16, 4587

10 of 23

For fresh properties, it was noted throughout the literature that the effect of the
presence of CBWP on the workability of SCC fluctuated between no effect on the worka-
bility [57], a negative effect [56,58], improving the workability [41], and improving it up
to a certain level of replacement [50,52,54]. It is believed that the cause of this oscillation
is related to the surface roughness and the shape of the grains (angular or a tend towards
being spherical), which in turn are greatly affected by grinding. The more grinding, the
smaller the grain edges (and thus internal friction), the more spherical the shape, and the
better the workability.

Regarding the hardening properties, specifically the compressive strength, it is ob-
served that it can be concluded that the percentage of addition and the age of the test
have a clear influence on the compressive strength of SCC-containing CBWP. However, the
use of CBWP at 5% of the weight of cement improved (or equivalent to the control mix)
the strength at the early and later ages [50,57]. As for increasing the substitution, most
studies found a decline in the compressive strength at early ages and then compensated
for the reduction (or even improvement) at later ages [53,54,63]. The term early ages have
varied in previous research between 28 and more than 360 days. However, in general,
the strength losses have been compensated by a large percentage at the age of 90 days.
This discrepancy in the results may be due to the effectiveness of the waste used, which is
affected by several factors, including the chemical composition of the raw materials, the
temperature of burning the brick units (during the manufacturing process) and the degree
of grinding, which affects the speed of the reaction of the material.

As for the tensile strength, the literature indicated that there is an equivalent strength
or a little improvement when using CBWP at rates of 5 to 10% [40,52], and its effect appeared
after the ages of 28 and 90 days. Compared to the compressive strength, it is noted that the
results of the tensile [50] and flexural [55] strengths were positive up to 10% replacement
ratio, while this percentage reached 15% for compression. The reason for this is that the
tensile strength is more affected than the compressive strength by packing and the presence
of voids, which is related to the improvement of the interfacial transition zone and pore
refinement of the microstructure.

As for durability tests, previous studies have shown that CBWP has a range of effects
between reducing [53,63] and increasing [58] the water absorption of concrete, but in
general, it tended to reduce water absorption at later ages. Regarding shrinkage, the CBWP
caused a reduction in SCC shrinkage, while it did not affect the performance of concrete in
sulfate resistance. On the other hand, the CBWP negatively affects the depth of carbonation
in SCC. As for the chlorides, their effect is not completely clear, despite the decrease in the
penetration of chlorides at later ages.

6. Life Cycle Assessment (LCA)

A vital factor that must be taken into consideration during the use of CBWP as replace-
ment to cement is how sustainable this powder would be and how it would contribute
to reducing the environmental impacts of cement. One of the best options to accomplish
this is to conduct Life Cycle Assessment (LCA) for SCC with different CBWP contents and
compare it with that of SCC without CBWP (control). In this research, the mix design of
SCC with five different CBWP contents (0%, 12.5%, 25%, 37.5% and 50%) as a volumetric
replacement for cement from [53] was used to quantify the environmental impacts of these
mixtures using the LCA method. The LCA values of all the mixtures were evaluated
using the open-access software ‘Open LCA'. This software provides details about different
environmental problems such as energy usage, global warming potential, depletion of
resources and toxic effects. The life cycle impact assessment method used in this study was
the CML-IA. Details of the mix design used in this research are presented in Table 3 (all
quantities presented in (kg/m?)).



Energies 2023, 16, 4587

11 0f 23

Table 3. Mix design of the SCCs (kg/ m?) [53].

MixId Cement CBWP Fine Aggregate Coarse Aggregate Water Superplasticizer

M1 500 0 895.1 686.2 202.5 53
M2 437.5 53.2 895.1 686.2 202.5 53
M3 375 106.4 895.1 686.2 202.5 5.3
M4 3125 159.6 895.1 686.2 202.5 53
M5 250 212.8 895.1 686.2 202.5 53

According to [67], CBWP is considered waste material and the information needed in
the LCA impact inventory only included the energy required during the grinding process
(medium-voltage electricity consumption).

The system boundaries used for this research are from ‘cradle to gate’ to avoid any
complications associated with post-use, transportation, and because recycling of the final
product will be the same as CBWP encapsulated within the concrete. The scope used in
this research comprises the following stages:

e  The final target is the production of 1 m? of concrete (this includes extraction of raw
materials, material production, preparation processes (e.g., grinding of the CBWP)
and mixing of materials).

e Asthe CBWP could be collected from different places and the supply of the other raw
materials varies, emissions from transportation were not considered in this research.

e A normalization approach was adapted in this research as not all the products de-
veloped the same compressive strength. The normalization was performed based on
the impact per MPa of compressive strength of the concrete at 28 days and 360 days.
Table 4 presents the results of compressive strength tests of the concrete as estimated
from [51].

Table 4. The compressive strength of SCCs in MPa estimated from [51].

28 Days 360 Days
M1 45 52
M2 42 53
M3 38 56
M4 35 55.5
M5 27 455

According to [68], the highest environmental impacts are acidification, eutrophica-
tion, global warming and ozone layer depletion. Therefore, in this research, those four
environmental impacts were calculated along with the depletion of fossil fuels.

6.1. Acidification

Acidification refers to the high acidity levels from the existence of heavy metals in soil
and water, and is usually measured with reference to SO, [69]. Figure 1 presents the results
of the acidification potential associated with the production of 1 m® of SCCs with different
CBWP contents. As can be seen from Figure 1, the acidification potential of SCCs decreased
with increasing CBWP contents. This decrement was about 8.8%, 17.6%, 26.5% and 35.3%
for the mixtures with CBWP contents of 12.5%, 25%, 37.5% and 50% relative to the control
mixture (0% CBWP), respectively.
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Figure 1. Acidification potential (kg SO, eq./m? of concrete).

Figure 2 presents the acidification potential of the SCC ingredients. As can be seen
from Figure 2, cement has the largest acidification potential among other ingredients, with
the maximum contribution for the mixture with 0% CBWP (M1) (which contributes to
about 73% of the total). With an increase in the content of CBWP, the acidification potential
from cement decreased to about 56% for M5. The acidification potential of CBWP ranged
between 0-1.57%.
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Figure 2. Acidification potential contribution of the SCC components (kg SO, eq./m? of concrete).

The results of the acidification potential impact per MPa of compressive strength
of the SCCs at 28 days and 360 days are presented in Figure 3. Figure 3 shows that the
SO, eq. m~3/MPa of all mixtures is about the same at the age of 28 days. Figure 3 also
shows that, although M5 has showed about 18 MPa reduction in the compressive strength
relative to M1, their kg SO, eq. m~3/MPa was relatively similar. After extending the age of
curing to 360 days, the development in the compressive strength for mixtures with CBWP
was higher than that of M1; therefore, their kg SO, eq. m3/MPa ratios were lower than that
of M1.
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Figure 3. kg SO, eq./MPa of SCCs.

6.2. Eutrophication

Eutrophication refers to high mineral and nutrient contents in water that negatively
affect aquatic lifeforms [70]. Eutrophication potential is usually assessed by levels of
equivalent phosphate (POy eq.). Figure 4 presents the results of the eutrophication potential
associated with the production of 1 m? of SCCs with different CBWP contents. As can be
seen from Figure 4 that the eutrophication potential of SCCs decreased with as the content
of CBWP increased. This decrement ranged between 0.03 kg POy eq. for M2 and 0.12 kg
POy eq. for M5.

EM1 EM2 M3 =M4 M5

0.35

0.33

0.30

0.27

0.25 0.24

0.21

0.20

Eutrophication potential (kg PO4 eq)

Figure 4. Eutrophication potential (kg PO, eq./m? of concrete).

Figure 5 shows the contribution of different SCC ingredients on eutrophication poten-
tial. As can be seen from Figure 5, cement has the largest eutrophication potential among
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other ingredients, followed by fine aggregate. The acidification potential of CBWP was
ranged between 0-2.92%. The highest contribution of cement was recorded for mixture M1
(which contributes to about 74% of the total). After increasing the content of CBWP, the
eutrophication potential of cement decreased gradually to about 57% for M5.
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Figure 5. Eutrophication potential contribution of the SCC components (kg POy eq./ m? of concrete).

The result of the eutrophication potential impact per MPa of compressive strength of the
SCCs at 28 days and 360 days are presented in Figure 6. Figure 6 shows that kg PO, eq./MPa
decreased after increasing the CBWP content from 0 to 37.5%, then it also increased for
mixture M5. After extending the age of curing to 360 days, their kg POy4 eq./MPa ratios
were lower than that of M1, with the lowest value of 4.32 x 1073 kg POy eq./MPa recoded
for mixture M4.
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Figure 6. kg POy eq./MPa.

6.3. Global Warming Potential (GWP100a)

GWP is a measurement that has been developed to assess the ability of greenhouse
gas to trap heat in the atmosphere and it is measured in reference to (CO;) [71]. In this
research, the 100-year GWP of the investigated materials was calculated. Figure 7 presents
the results of the 100-year GWP associated with the production of 1 m® of SCCs with
different CBWP content. According to Figure 7, the 100-year GWP of SCCs decreased after
increasing the content of CBWP. This decrement was about 10.8%, 21.6%, 32.4% and 43.2%
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for the mixtures with CBWP contents of 12.5%, 25%, 37.5% and 50% relative to the control
mixture (0% CBWP), respectively.

m

EM1 EM2 M3 =M4 EM5S

498.50

337.05

283.23

Figure 7. Global warming potential (kg CO, eq.).

Figure 8 presents the contributions of different SCCs ingredients to GWP. As can be
seen from Figure 8, cement has the highest GWP among other ingredients. The GWP
of CBWP ranged between 0 kg CO, eq. for M1 to 2.96 kg CO; eq. for M5. The highest
contribution of cement was recorded for mixture M1 (which contributes to about 436.44 kg
CO; eq). After increasing the content of CBWP to 50% (M5), the GWP of cement decreased

to 218.22 kg CO; eq.
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Figure 8. GWP contribution of the SCC components (kg CO; eq./m? of concrete).

The results of the 100-year GWP impact per MPa of compressive strength of the SCCs
at 28 days and 360 days are presented in Figure 9. Figure 6 indicated that at the age of
28 days, the kg CO; eq./MPa decreased with an increase in the CBWP content from 0 to
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37.5%, then it also increased slightly for mixture M5. After extending the age of curing to
360 days, their kg CO, eq./MPa ratios were lower than that of M1, with the lowest value
being 9.63 kg CO, eq./MPa recoded for mixture M4 (37.5% CBWP).
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Figure 9. kg CO, eq./MPa.

Depletion of the ozone layer is caused by the release of greenhouse gases into the
atmosphere (mainly chlorofluorocarbons (CFCs)) [72]. As shown in Figure 10, both cement
and CBWP have a low impact on the depletion of the ozone layer. Figure 10 presents the
results of the depletion of the ozone layer associated with the production of 1 m3 of SCCs
with different CBWP contents. As can be seen from Figure 10, the depletion of the ozone
layer caused by SCCs decreased with increasing contents of CBWP.

kg CO2 eqg/MPa

6.4. Ozone Layer Depletion
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Figure 10. Ozone layer depletion (kg CFC eq.).

Figure 11 shows the contribution of different SCCs ingredients on ozone layer de-
pletion. Figure 11 indicates that cement has the largest ozone layer depletion potential
among other ingredients, followed by fine aggregate. The ozone layer depletion potential
of CBWP ranged between 0% and 1.11% of the total. The highest contribution of cement
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was recorded for mixture M1 (which contributes to about 76% of the total). After increasing
the content of CBWP, the ozone layer depletion potential of cement decreased gradually to

o
about 60.5% for M5.
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Figure 11. Ozone layer depletion contribution of the SCCs components (kg CFC eq./m? of concrete).

The results of the ozone layer depletion impact per MPa of compressive strength of
the SCCs at 28 days and 360 days are presented in Figure 12. Figure 12 indicates that
at the age of 28 days, the kg CFC eq. m~3/MPa of mixtures decreased with increasing
contents of CBWP up to 37.5% (M4), while it also increased for M5. At the age of 360 days,
the development in the compressive strength for mixtures with CBWP was higher than
that of M1; therefore, all mixtures with different CBWP contents have showed lower
CFC eq. m~3/MPa ratios relative to the control mix (M1).
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Figure 12. kg CFC eq./MPa.

6.5. Depletion of Fossil Fuels (Energy Consumption)

Figure 13 presents the results of the energy consumption associated with the produc-
tion of 1 m3 of SCCs with different CBWP contents. As can be seen from Figure 13, the
energy consumption of SCCs decreased with increasing contents of CBWP. This decrement
ranged between 147 M] for M2 and about 588 MJ for M5.
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Figure 14 shows the contributions of different SCC ingredients to energy consumption.
Figure 14 shows that the highest energy consumption ingredient is cement among other
ingredients, followed by fine aggregate and superplasticizer, while the energy consumption
ranged between 0 MJ for M1 and 15.06 MJ for M5. The highest contribution of cement was
recorded for mixture M1 (which contributes to about 70% of the total). After increasing the
content of CBWP, the energy consumption from cement decreased gradually to about 53%

for M5.
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Figure 14. Energy consumption contribution of the SCC components (MJ/m? of concrete).

The result of the energy consumption impact per MPa of compressive strength of
the SCCs at 28 days and 360 days are presented in Figure 15. Figure 15 shows that at the
age of 28 days, the MJ/MPa decreased with increasing CBWP contents from 0 to 37.5%,
while it also increased for mixture M5. At the age of 360 days, the results indicated that the
mixtures have different CBWP MJ/MPa values relative to the control mixture (M1).
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Figure 15. MJ/MPa.

According to the obtained results from the LCA (Figures 1-15), it can be clearly stated

that from an environmental point of view, CBWP is a viable alternative to cement and can
significantly contribute to reducing the overall negative environmental impacts associated
with SSC production.

7. Conclusions

Based on a review of previous studies on the effect of using brick waste as a cementi-

tious material, the following can be concluded:

1.

Brick waste consists mainly of aluminates and silicates, and the sum of the basic
oxides is in accordance with the specifications of ASTM C618. Therefore, brick waste
can be considered a pozzolanic material.

Although very few studies have examined it, the proportion of the glass phase in the
CBWP is relatively low, which explains the weak pozzolanic activity at early ages.
CBWP can be used in proportions of 5 to 15% without significantly affecting the
workability of SCC.

Increased use of the superplasticizer improves the workability of CBWP-based SCC
and reduces shear stresses. However, this is not recommended, as from an environ-
mental point of view, increasing the superplasticizer could significantly increase the
CO; footprint along with the cost of SCC.

Increased grinding reduces the sharp angles of the granules and makes them tend to
be spherical, thus improving the workability.

The upper limit for the use of brick waste is 10% to ensure that the mechanical
performance (compressive, tensile and flexural strengths) is equivalent or slightly
higher than that of SCC-free CBWP, and this effect appears at later ages (greater or
equal to 90 days).

The use of CBWP improved the durability properties (water absorption and shrinkage)
of SCC at later ages, and it did not negatively affect the sulfate resistance. However, it
causes an increase in the carbonation depth as a result of its pozzolanic activity.
LCA was conducted to quantify the environmental impacts of different components
of SCC. The results of the LCA indicated that cement has the largest impact among
other ingredients of the SCC.

Replacing the cement partially with CBWP resulted in a reduction in the environmen-
tal impacts of SCC.
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10. If the mechanical properties (compressive strength (MPa)) of SCC are taking into
consideration in the calculation of the optimum CBWP content, the results indicated
that replacing the cement with 37.5% CBWP provided the lowest environmental
impacts per strength unit (MPa).

8. Future Works
The followings are some suggestions for future works:

1. Critically reviewing the effect of using CBWP in SCC on non-destructive tests such as
ultra-sonic pulse velocity test and rebound hammer test.

2. Considering the post-use, transportation, and end of use of SCC in the calculations
of LCA.
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