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1 | INTRODUCTION

| Jose C. Matos* | Y.X.Zhang®>® |

Abstract

With water scarcity posing an ever-present worldwide crisis, treated wastewa-
ter usage as an alternative to fresh water could be a smart choice and contrib-
ute to a sustainable construction industry. Numerous studies have been
conducted by using treated domestic or industrial wastewater in concrete pro-
duction, providing a promising solution to the global water shortage and
wastewater management. However, the effectiveness of wastewater on the con-
crete manufacturing in comparison to pure freshwater has been a concern due
to its impurities and contaminants. The results derived from previously pub-
lished studies on concrete manufacturing with wastewater vary as a conse-
quence of considerate different additives, curing age, treatment method, or
wastewater quality. This review compiles and compares the previous investiga-
tions on physical and mechanical properties, durability characteristics, and
morphological assessments of manufactured concrete with treated wastewater,
and discusses the reasons for similarities and differences. Research findings
and conclusions from the literature are summarized, and future research direc-
tions based on the research gaps are also recommended.

KEYWORDS

construction sustainability, durability, green concrete, mechanical properties, sustainable
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most pressing problems, and 40% of people are expected to
experience water shortage in the not-too-distant future.*”’

Water shortage raises growing worldwide concerns, which
necessitates heeding and managing water resources accu-
rately."”” Globally, water scarcity is becoming one of the

Discussion on this paper must be submitted within two months of the
print publication. The discussion will then be published in print, along
with the authors’ closure, if any, approximately nine months after the
print publication.

Around 4 billion people are currently facing water shortage
for at least 1 month each year.”®° Construction industry is
one of the most water consumers and using treated waste-
water instead of fresh water can be very promising to save
water significantly.''" In fact, to manufacture one cubic
meter of conventional concrete, around 500 L of water is
needed, and concrete manufacturing worldwide utilizes
nearly four trillion liters of fresh water in 1 year.”
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Therefore, alternating fresh water with domestic and indus-
trial wastewater is considered a decisive step toward achiev-
ing sustainability,*'°"* which might be a game-changer
and has become popular in some countries in recent
years,'*"

There have been limitations reported in the standard
methods for utilizing wastewater in the production of
concrete, and wastewater treatment is needed before
being discharged into the environment.'®*° Since waste-
water could pose immense hazards to both human health
and the ecosystem,? "> it must be treated to have a clean
and sustainable water system.’* > However, even after a
treatment, it could contain impurities, contaminants,
and additional components in comparison to pure
freshwater,”>*' which might lead to some mechanical
and durability disadvantages and should be investigated
precisely."*' Treated wastewater must only be used in
concrete when the pros prevail over the cons.'*'> A com-
prehensive and in-depth review of published literature
since 2015 on the use of domestic or industrial wastewa-
ter for concrete manufacturing is presented in this paper
to investigate the properties of wastewater concrete pro-
foundly. The research results are analyzed, with findings
summarized and future studies recommended.

2 | WATER QUALITY
LIMITATIONS IN CONCRETE
MIXING

A new and unconventional mixing water must be tested
comprehensively before being wused in concrete
manufacturing to make sure that the water quality meets
standards' expectations.**® It is reported that the quality
of water could have a direct effect on the properties of
concrete.*® Due to the absence of impurities or contami-
nants in fresh water, it has been accepted for use in the
manufacture of concrete. Table 1 represents some of the
most significant limitations of water quality for concrete
mixing, which are mentioned in the standards and previ-
ous literature.**® According to Table 1, there are three
different chloride limitations outlined in the BS EN
1008-02 (2002), ASTM C94-C94M-22a (2022), and ASTM
C1602/C1602M-18 (2018) standards.’>* Although the
lowest content of chloride in mixing water is allocated to
grout and prestressed concrete with a maximum amount
of 500 mg/L, reinforced and unreinforced concretes’ mix-
ing water could contain up to 1000 and 4500 mg/L of
chloride, respectively.**** Since corrosion is much more
likely to occur if reinforcements are present, maximum
allowable amount of chloride in mixing water for con-
crete production without reinforcement is considered 4.5

TABLE 1

Parameter

Chloride (C1~, mg/L)
Grout or prestressed concrete
Reinforced concrete
Unreinforced concrete

Sulfate (SO,*~, mg/L)

Alkali (mg/L)
Total solid (mg/L)
TSS (mg/L)

TDS (mg/L)

pH

Sugars, phosphates, lead, and zinc
(mg/L)

Nitrates (NO; ™, mg/L)

Oils and fats

Fecal coliform (mg/L)

COD

BOD-weekly (mg/L)

Mixing water quality limitations.

Acceptable ranges

< 50032—34
S 1 00032734
<4500°?

<200032,35—37
< 300033,34

31500,32 S60033,34
<50,000°***

S3038

<1000*

Z4,32 >S,35,36 Z6’33,34
6_938

<100*?

<5002
Must not be visible*?
<200°®

<30

times greater than that of reinforced concrete.”> While
ASTM (C94-C94M-22a (2022) and ASTM C1602/C1602M-
18 (2018) have no limitations for chloride amount in mix-
ing water of unreinforced concrete, maximum of
3000 mg/L is defined for sulfate concentration in all con-
crete types by the mentioned standards.**=* However,
some notes indicated that up to 2000 mg/L of sulfate in
mixing water is acceptable.**>>">

For concrete manufacturing, mixing water with
total solid and alkali content lower than 50,000 and
600 mg/L, respectively, meets ASTM C1602 and ASTM
C94 limitations.**** On the contrary, BS EN 1008-02
(2002)** has reported that alkali content could be up to
1500 mg/L, which is 2.5 times higher than other
standards.**** limitation of pH content is varied between
4 and 9 since it is derived from different standards.’*>***
Substances like sugars, phosphates, lead, and zinc
are defined to be lower than 100 mg/L and nitrate up
to 500 mg/L.*> Additionally, according to BS EN
1008-2002, oils and fats should be in amounts that are
invisible to the naked eye.*” The Environmental Protec-
tion Agency (EPA) has established limits for the BOD
(maximum 30 mg/L) and Fecal coliform content (maxi-
mum 200 mg/L), but it does not provide a recommen-
dation regarding the maximum tolerable COD
content.*®



SHEIKH HASSANI ET AL.

3 | STANDARDS ON THE
MECHANICAL AND DURABILITY
PROPERTIES OF CONCRETE

Researchers have been trying to accentuate the signifi-
cance of designing and long-term characteristics of con-
crete to achieve durable eco-friendly concrete. To have
green concrete, considering the wasted and recycled
materials are tempting whenever the quality of concrete
reaches the minimum limitations. By the same token, the
properties of fresh and hardened concrete in the labora-
tory scale must be evaluated to make sure that the quality
of structure in the long-term is guaranteed and there are
some standard and test methods, which are represented
in Table 2. According to Table 2, ACI 211.1-91 represents
a suggestion for the minimum and maximum slump test
values.”> The minimum slump of 25 mm is recom-
mended for various concrete constructions under this
standard.*! For pavements, slabs, mass concrete, founda-
tions, and substructure walls, the maximum slump is
75 mm, while beams, reinforced walls, and building col-
umns are specified as having a maximum slump of
100 mm.** In the case of replacing conventional mate-
rials with new materials, the maximum change in setting
time is reported to be 25%.*' Furthermore, the initial setting
time must be more than 1 h, but the final setting time
should not exceed 12 h.*' Furthermore, ASTM C191-19
specifies that the minimum initial and final setting times
are 60 and 90 min, respectively.** Maximum 10% reduction

Jib1—

in compressive strength is acceptable.”***™** However,
according to BS 3148-1980, which has been withdrawn, it
was acceptable to have a decline of up to 20%.**

Furthermore, as detailed in Table 2, ASTM C1202-19
[Rapid Chloride Penetration Test (RCPT)] provides limita-
tions to evaluate the concrete's permeability to chloride ion
based on the charge passed ranging from negligible to
high.*> As an alternative to the RCP test, FM 5-578 and
AASHTO TP 95 indicate limitations for the electrical resis-
tivity of concrete, where a higher electrical resistivity is
indicative of a lower chloride permeability of concrete.***
Furthermore, Podler,”” Elkey and Sellevold,*® Song and
Saraswathy,* ACI 222 R-01,° and commercial Wenner
Probe Instrument™* Test methods represent limitations
for corrosion risk of reinforced concrete. Water absorption
and water penetration tests could be conducted according
to BS 1881-122 and BS EN 12390-8, respectively.>>>°

Based on the results of all three durability tests, including
water absorption, water penetration depth under pressure,
and RCPT, standards are defined to determine concrete's
suitability for different environmental conditions.*>* Fol-
lowing these two standards, moderate condition is defined as
a condition in which the structures are above ground and
there is no penetrating risk of chloride jons.”*>* The term
“severe condition” refers to any situation in which structures
are above the ground and neighboring shorelines or struc-
tures with parts of them in contact with the soil or seawa-
ter.”>>* The last environmental condition is called extremely
severe including structures located in aggressive soils,

TABLE 2 Standards' limitations to evaluate the concrete performance.
Physical Slump** Pavements, slabs, mass concrete, foundations, and Minimum: 25 mm
substructure walls. Maximum: 75 mm
Beams, reinforced walls, and building columns. Minimum: 25 mm
Maximum: 100 mm
Setting time Maximum 25% change in using new materials. Initial setting time must be more than
1 h and final setting time less than 12 h.** Minimum initial and final setting time are
60 min and 90 min, respectively.**
Mechanical ~ Compressive strength®****™*3  Up to 10% reduction is acceptable.
Durability  Classification Negligible Verylow Low Moderate  High
Chloride RCPT*® (coulombs) 0-100 100-1000  1000-2000  2000-4000  >4000
permeability
Concrete Electrical AASHTO TP95 and FM 5-578.% >254 37-254 21-37 12-21 <12
Resistivity (kQ-cm)  pger 47 >100 - 50-100 10-50 <10
Elkey and Sellevold,*® Song and >20 = 10-20 5-10 <5
Saraswathy,*’ ACI 222 R-01.%°
Wenner instrument.’" >100 - 50-100 10-50 <10
Multiple conditions®>>* Classification Moderate Serve Extreme serve
Water absorption® <4% <3% <2%
Depth of water penetration56 <50 mm <30 mm <10 mm

RCPT*

<3000 coulombs <3000 coulombs <2000 coulombs
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underground water, marine zones, or structures used to store
water and wastewater.”>>* Therefore, in determining the
appropriateness of a structure for a particular environment,
the three mentioned durability results should be taken into
account simultaneously.”>>* The availability of standards,
however, does not include codes regarding the permissible
limits for chloride, sulfate, and carbon ions diffusion coeffi-
cients or the maximum acceptable mass loss under freezing
and thawing or sulfate attacks to evaluate the durability
properties in using unconventional materials in concrete.

4 | THE EFFECT OF DOMESTIC
AND INDUSTRIAL WASTEWATER
ON CONCRETE PROPERTIES

4.1 | Physical and chemical
characteristics of wastewater used in the
literature

Several studies have been conducted to evaluate the
effects of various types of wastewater on concrete

TABLE 3 The properties of used wastewaters in the previous studies.
BOD; COoD TS Chloride Sulfate Nitrate
Reference pH (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Sheikh Hassani et al. (2020)°”-%8 8.1 50 160 420 47 185 15.5
Asadollahfardi et al. (2016)*° 7.7 30 93 200 55 180 14
Asadollahfardi and Mahdavi (2018)%° 742 8 21 456 15 15 12
Babu et al. (2018) (NECH)*! 713 - = = 175 22 -
Babu et al. (2018) (MKT?)®! 6.93 - - - 140 20 -
Babu et al. (2018) (AR%®* 716 - = = 160 235 =
Babu et al. (2018) (PKT>)®! 7.05 - - - 145 17 -
Khushboo and Salmabanu (2019) 7.48 20 - - 270 - -
(Secondary wastewater)®>
Khushboo and Salmabanu (2019) 7 14 - - 258 - -
(Tertiary wastewater)®
Raza et al. (2021) (DS°)%? 72 311 421 1606 340 755 102
Raza et al. (2021) (FF%)*? 2.5 610 1045 5278 1050 950 66
Raza et al. (2021) (TF")*? 7 70 120 405 63 105 2.8
Raza et al. (2021) (SF®)** 72 720 950 4201 862 210 32
Raza et al. (2021) (SS*)** 6 1120 1420 560 250 116 10
Kaboosi and Emami (2019) (50% 8.1 49.5 175 1237 238 202 -
TIWW%+ 50% FW!)e+
Kaboosi and Emami (2019) (100% 8.5 99 350 1668 340 288 =
TIWW)**
Taherlou et al. (2021)°° 73 9 26 7 58 180 10
Arooj et al. (2021) (TW'?)%° 727 435 72 1132 175 171 =
Arooj et al. (2021) (PFW'3)%° 726 32 52 1121 166 162 -
Ahmed et al. (2021) (Test1)®’ 8 7 <10 684 - 100 -
Ahmed et al. (2021) (Test2)®’ 74 10 10 1884 - 80 -
Ahmed et al. (2021) (Test3)®’ 75 <5 24 4800 - 800 -
Abushanab and Alnahhal (2021)%® 7.8 5 <10 1693 511 8 -
Bouaich et al. (2022)° 88 53 131 = 10.2 25.8 20.6
Vanitha and Rajan (2022)"° 75 85 225 22 42 182 13.8
Tanl et al. (2022)"* 75 26 46.9 985 291 106.2 <45

Note: Green colors show the accepted amounts based on the suggestion of standards methods (Table 2), and red colors are the rejected ones. Moreover, since
there is no suggestion for COD in the standard methods, the color is considered black. 'Narasaraopeta Engineering College wastewater plant (NEC);
*PatanKhasim Charitable Trust wastewater plant (PKT); *MahmadhKhasim Charitable Trust wastewater plant (MKT); “Amara wastewater plant (AR);
*Domestic sewerage wastewater (DS); °Fertilizer factory wastewater (FF); “Textile factory wastewater (TF); *Factory wastewater (SF); *Service station
wastewater (SS); '°Treated industrial wastewater (TIWW); 'Fresh water (FW); *Treated wastewater; **Polished filtered wastewater.
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curing and manufacturing.’’~’* Table 3 illustrates the
physical and chemical characteristics of wastewater
used in the previous studies, with green colors denot-
ing the accepted characteristics, and red colors, those
that are rejected based on the suggestion of standard
methods (Table 2). According to this table, the pH of all
wastewaters except one is acceptable, belonging to fertil-
izer factory wastewater (FF) with a value of 2.5, which is
considered to be outside the standards’ limitations.®® The
standards report that pH must be >4,** >6,** >5°33¢ and
6-9.>® Although the U.S. Environmental Protection
Agency reported the maximum amount of BODs should
be limited to 30 mg/L, several studies have used wastewater
in higher amounts than this number,>>72%636+66.69
Unfortunately, there is no standard regarding COD
limitations. A high level of COD, however, has been
reported that can adversely affect the quality of con-
crete.’® Therefore, further research is needed. As
depicted in Table 3, the other parameters follow stan-
dards, but the chloride content of fertilizer factory
wastewater (FF) is unacceptably high if it is intended
to be used in reinforced concrete.>*>*%3

4.2 | Parameters considered in the
state-of-art literature for wastewater
concrete production

Detailed information regarding the types and percent-
ages of wastewaters, chemical admixtures, water-to-
cement ratios, ages, cement types, and tests conducted
on concrete manufactured with wastewater is pro-
vided in Tables 4 and 5. Apart from one investigation
on using domestic and industrial wastewater in self-
compacting concrete,®” all studies used wastewater in
normal concrete. Two studies evaluated the effects of
combining wastewater with recycled aggregates,®*®’
and one with recycled plastic.”! Several literatures
added chemical admixtures to concrete mix designs,
including superplasticizer (SP),>”**® zeolite,** munic-
ipal solid waste incineration bottom ash (MSWIBA),
silica fume,®>®” limestone powder,®® calcium chloride
(CaCl,),® chermite 520 BA,°® ground granulated blast
furnace (GGBF),°””! fly ash,’® calcium nitrite®® and
encapsulated nanoparticles.®” Water-to-cement ratios
(W/C) are varied from 0.35 to 0.5 with ages between
3 and 365 days. Previous studies have utilized either
ordinary Portland cement or type two cement. Mechan-
ical properties of fresh and hardened concrete, durabil-
ity characteristics, and morphological assessments
have also been reported in the literature.

Jibl—

4.3 | Physical properties of wastewater
concrete
431 | Slump

In the study by Asadollahfardi et al. (2016), three different
water-to-cement ratios (W/C) were investigated.” The
slump values of freshwater samples decreased from
110, 90, and 117 mm to 99, 82, and 105 mm in wastewater
specimens while the W/C ratios were 0.43, 0.5, and 0.6,
respectively.”® However, it was found that there was no dif-
ference in slump when wastewater was used instead of
fresh water.”® Taherlou et al. (2021) indicated a higher
slump value in using wastewater and superplasticizer in
comparison with control samples.®” In comparison with
samples manufactured with fresh water, Abushanab and
Alnahhal (2021) found that using 25%, 50%, and 100% of
domestic wastewater may increase the slump value by
3.4%, 1.2%, and 5.5%.°® They stated that suspended solids in
wastewater may have contributed to the slight increase.’®
Additionally, the slump value significantly increased when
fly ash or calcium nitrite was combined with wastewater,
with values ranging from 56% to 115% and 109% to 144%,
respectively.”® A slump reduction of approximately 14%
was reported by Vanitha and Rajan (2022) in wastewater
concrete samples.”

432 | Setting time

It has been reported in six studies that the setting times of
all samples made with wastewater were higher than those
for control samples using fresh water,” °"**""* apart from
the initial time of Patan Khasim Charitable Trust waste-
water (PKTWW) and Amara wastewater (ARWW) in the
study of Babu et al. (2018).°" It is stated that impurities of
wastewater might be the reason behind the delay in the
hydration process.’**® However, Babu et al. (2018)** did
not mention any particular reason behind lower setting
time in the mentioned concrete samples. Based on the
ACI 211.1-91,*" and ASTM C191-19,** all the samples have
the minimum initial and final setting time and their maxi-
mum final setting times comply with the notes. Besides,
according to ACI 211.1-91,*' the difference in setting time
when wastewater was used over fresh water, which must
be less than 25%, is in line with this note in all samples,
excluding the final setting time of samples manufactured
with domestic wastewater,”® PatanKhasim Charitable
Trust wastewater,®! and treated domestic wastewater in
combination with fly ash, and calcium nitrate.®® Figure 1
shows a summary of the setting time results for different
kinds of wastewater in concrete manufacturing.
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TABLE 5 A summary of the characteristics that have been considered in previous studies (Part 2).
Wastewater type and Chemical W/ Cement

Reference proportion (%) admixture C Age (days) type Conducted tests

Arooj et al. Domestic wastewater CaCl, (1, 2%), 035 7,14, 21, 28, Ordinary Compressive and tensile
(2021)% (100%) chermite 520 BA (1, Portland and flexural strength,

2%) cement
Ahmed et al. Domestic wastewater GGBS? (30%), silica 0.35 28,90, 150 Portland Compressive and tensile
(2021)%” (100%) + recycled fume (10%) cement strength, surface
aggregates (20%) type 2 electrical resistivity,
RCPT, volume
resistivity,
microstructure
analysis.

Abushanab Domestic wastewater (0,  Fly ash (0, 20, 35%), 045 7,28,90 Ordinary Workability, slump,
and 25, 50, 100%) calcium nitrite (0, Portland compressive and
Alnahhal 3%), SP 0.2% cement flexural strength,
(2021)%® surface electrical

resistivity, chloride
permeability,
porosity.
microstructure
analysis

Bouaich Domestic wastewater - 0.5 7,14, 28, 90 Ordinary Workability, setting
et al. (100%) Portland time, compressive and
(2022)%° cement tensile strength,

porosity,
microstructure
analysis.

Vanitha and Domestic wastewater Encapsulated - 7,28 Ordinary Slump, compressive and
Rajan (100%) nanoparticles (not Portland flexural strength,
(2022)™ mentioned) cement carbonation, and

chloride attack

Tanl et al. Domestic wastewater Ground granulated 0.5 1,7, 14,28 Ordinary Slump, compressive and
(2022)™* (100%) + recycled blast furnace Portland flexural strength,

plastic (30, 40, 50%) (GGBS) (0, 50%) cement thermal properties,
density.
4.4 | Mechanical properties of hardened these reductions were slightly above 10%, which are

wastewater concrete

441 | Compressive strength

Figure 2 represents the percentage change in compressive
strength of wastewater concrete as compared to control
samples made with freshwater. The results in Figure 2
show that most types of wastewater, whether they
contain additives or not, lowered the compressive
strength. However, in some samples, the opposite results
were reported.”®’" As mentioned in the standard
methods,>****™*737* the maximum acceptable reduc-
tion of compressive strength is limited to 10%, whereas
several wastewater concrete samples have shown a
reduction exceeding this limit (Figure 2). While some of

considered not acceptable, the use of these treated
wastewater resources could be of great value from an
environmental perspective to avert the water scarcity
disaster, particularly for some areas in which the water
is scarce.”® It has been reported that wastewater impuri-
ties could hamper the proper formation of impact hydra-
tion products. This could explain the lower compressive
strength of the concrete when compared with homoge-
nous freshwater concrete due to their non-uniform
structure.’®>?%*% Despite no clear explanations were
provided in the articles, Figure 2 indicates that some
combinations could lead to higher compressive
strength.®>70%%

As provided in Figure 2, by decreasing the water-to-
cement ratio or using 50% wastewater, wastewater
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References 59-61,68-70).

concretes perform better in compressive strength than
the freshwater concrete. In general, the differences in
results might be mostly due to diverse characteristics of
wastewater (higher COD results in lower mechanical and
durability properties®®*”), treating methods (using chlo-
ride in treating results in chloride attack®®), maintaining
the condition of wastewater (during summertime, high
temperature increases biological activities and changes
wastewater's characteristics rapidly’*'®), wastewater's
age and duration of concrete manufacturing (aging
causes treating and delaying between manufacturing can
deference the properties enormously’*'®) as well as
cement type, water to cement ratio and using addi-
tives.”® ! It is challenging to collect, transfer, and main-
tain the properties of wastewater. These steps must be
followed precisely as outlined in the EPA wastewater
sampling procedures to minimize the possible changes.””

442 | Tensile and flexural strength

Tensile strength

Asadollahfardi et al. (2016) reported the maximum reduc-
tions of 4% in tensile strength of the concrete at the age
of 28 days when wastewater was used.’® In a study con-
ducted by Taherlou et al. (2021), the tensile strength of
wastewater concrete decreased by 11%-13% after
90 days.®® Raza et al. (2021) reported that using primary
wastewater (PWW), domestic sewerage wastewater (DS),
fertilizer factory wastewater (FF), factory wastewater
(SF), and service station wastewater (SS) could result in
lowering the tensile strength at the ages of 7, 28, and

90 when compared to the control samples although in
using textile factory wastewater (TF) the opposite result
was observed.®® They mentioned that as a result of lower
bicarbonate concentrations in TF wastewater samples,
compared to other wastewater types, the results were dif-
ferent.®> Ahmed et al. (2021) demonstrated that, at both
28-day and 150-day ages, the tensile strength of manufac-
tured concrete samples made with wastewater and 100%
recycled aggregates was 87%-97% of that of the freshwa-
ter concrete samples.®” However, the presence of bacteria
in wastewater was found to result in higher tensile
strength of up to 16% in both two studies.*>*

Flexural strength

Regarding the flexural strength, all the previous studies
claimed that wastewater reduced the flexural strength of
the concrete.®"-6>6%%%70-"1 glight reductions were reported
in the study of Babu et al. (2018) in using NECWW,
PKTWW, MKWW, and ARWW. Wastewater from nara-
saraopeta engineering college wastewater (NEC) had the
lowest reduction, followed by PKT, MK, and AR waste-
waters.” When tertiary wastewater was used, the flexural
strength of concrete at the ages of 28 and 90 days
declined by about 7.7% and 13%, respectively. In contrast,
these reductions were around 30% and 17.2% in using
secondary wastewater.’> Moreover, curing the samples in
secondary wastewater significantly reduced the flexural
strength by around 45% and 30% at the ages of 28 and
90 days, respectively.®* Arooj et al. (2021) reported that
wastewater with or without calcium chloride or Chermite
520 BA led to a decline in flexural strength of concrete.®®
Up to 12% decrease in flexural strength of concrete was
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indicated in an experimental study by Abushanab and 4.5 |

Alnahhal (2021).°® In another study, reductions of
around 10% and 15% in flexural strength at the 28-day
and 90-day age groups, respectively was reported.”® Tanls,
et al. (2022) found that around 30%-35% reduction could
happen in the flexural strength of concrete when waste-
water was combined with recycled plastic.”' Table 6 sum-
marizes the mechanical properties of fresh and hardened
concrete.

Durability of wastewater concrete

4.5.1 | Effect of using wastewater on the
durability properties of concrete

Long-term durability for green concrete, when using
new waste material, must be investigated properly.
Researchers have done several investigations on the dura-
bility properties of wastewater concrete. Asadollahfardi
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TABLE 6 Physical and mechanical results of previous literature in using wastewater.
Results
Characteristics Parameter Increase Decrease No significant effect
Physical Slump - Domestic wastewater, Treated wastewater before
properties especially after adding fly chlorination,> industrial
ash or calcium nitrite,*® wastewater with SP.%
domestic wastewater with
encapsulated
nanoparticles.”
Setting time Treated wastewater before - -
chlorination,>*-%1:68-70
Mechanical Compressive  Textile factory and service %7 Increasing COD 50% TIWW+- 50% FW (Zeolite
properties strength station wastewaters, content,”® combining treated 10%),%* 50% TIWW+ 50%
especially during early wastewater with calcium FW (Zeolite 30%),* TIWW
ages.®® 50% and 100% treated chloride (accelerator), (Zeolite 0%).5*
industrial wastewater with recycled aggregate, recycled
20% zeolite in high cement plastic, MSWIBA, calcium
contents, and 10% in low nitrite.**”*
contents.** WW (0.5 + 0.95%
SP +10% MSWIBA),®®
Combining treated
wastewater with Chermite
520 BA (superplasticizer),*®
TWW (0.35 + 1% CaCl,),*°
PFWW (0.35 + 2% CaCl,),*°
NATWW (0.4) cured in
TTW,”?> TWW (0.5).%°
Tensile Simple wastewater, combining  Treated wastewater before -
strength treated wastewater with chlorination,> industrial
calcium chloride wastewater with SP,*° Sugar
(accelerator) or Chermite factory, service station, and
520 BA (superplasticizer) fertilizer factory
(wastewater bacteria),®® wastewater,® Combining
textile factory wastewater treated wastewater with
(lower bicarbonate),®® recycled aggregate.®’
domestic wastewater
(wastewater bacteria).*®®
Flexural - NECWW, PKTWW, MKWW, -
strength and ARWW,"! territory and

et al. (2016) reported that although chloride ions penetrated
slightly deeper into wastewater concrete than that of the
control sample using freshwater, the level of penetration
was very low.” Furthermore, they indicated that the results
of water absorption, surface electrical resistivity, and
freeze-thaw attack tests in using wastewater and fresh

secondary wastewater,
specially curing in
wastewater,*> Combining
treated wastewater with
calcium chloride
(accelerator) or Chermite
520 BA
(superplasticizer)®®©%7071

water to manufacture concrete were almost similar.”® An
increase in chloride ion content was reported by Asadollah-
fardi and Mahdavi (2018) when fresh water was alternated
with treated industrial wastewater.”® However, they men-
tioned that this concrete can be considered very low perme-
able based on the result of the water absorption test.*
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Khushboo and Salmabanu (2019) tested the penetra-
tion depth of carbon ions into concrete samples manufac-
tured and cured in freshwater or wastewater at the ages
of 7, 14, 21, and 28 days.®® The carbonation depth of the
control samples remained zero at 14 days although
reached 2.33 and 3 mm in 21 and 28 days, respectively.
For both wastewater concrete cured in freshwater or
wastewater at the age of 7 days, the penetration depth of
carbon was zero. In the case of wastewater concrete
cured in fresh water at 14, 21, and 28 days, it penetrated
to the depth of 4.33, 5.33, and 8.66 mm, respectively.
Besides, wastewater curing was observed to have a larger
negative impact on the carbon penetrating depth than
freshwater curing, with around 54, 75, and 67% increases
at ages 14, 21, and 28 days, respectively.®® Furthermore,
they indicated that higher water quality resulted in a
lower chloride concentration in concrete, and using
wastewater increased the chloride ion penetration
depth.®? On the contrary, the abrasion resistance test
showed around 2% and 8% improvement in using tertiary
wastewater cured in fresh water and wastewater, respec-
tively. Raza et al. (2021) stated that using sugar factory
wastewater, service station wastewater, and fertilizer fac-
tory wastewater declined split tensile strength, but
increased water absorption, mass loss, and chloride pene-
tration.®® Furthermore, it was reported that textile factory
wastewater can significantly increase mass loss and chlo-
ride penetration, which both indicate lower durability,
whereas it improved compressive strength and split ten-
sile strength.®?

Sheikh Hassani et al. (2020) conducted an experimen-
tal and numerical study on the effect of wastewater on
chloride ion diffusion coefficient.”” It was observed that
substituting municipal wastewater for freshwater
increased chloride ion concentration and diffusion coeffi-
cient of concrete.’” But, since there are no standards in
this regard, it is not possible to determine whether the
changes are acceptable or not. Moreover, their results
showed that by increasing the water-to-cement ratio, the
maximum penetration depth increased, especially in the
wastewater concrete samples.”” In another experimental
study, Sheikh Hassani et al. (2020) reported higher water
absorption, water penetration, and chloride ion penetra-
tion as well as lower compressive strength when waste-
water was altered with fresh water. Furthermore, using
wastewater can reduce the durability of concrete under
freezing and thawing cycles.”® Additionally, although
freezing and thawing cycles combined with sulfate
attacks improved the compressive strength in fewer
cycles due to the generation of ettringite strings in the
voids, this combination doubled the destructive effects in
100 cycles.”®

Jib—

4.5.2 | Effect of using wastewater on the
durability properties of nonconventional
concrete

Some researchers have attempted to consider additives
and recycled material such as municipal solid waste
incinerator  bottom ash (MSWIBA),”  recycled
aggregates,”’ calcium nitrite,®® fly ash,® encapsulated
nanoparticles,” recycled plastic,”" and granulated blast
furnace slag (GBFS)”' to combine with wastewater in
manufacturing green concrete. Taherlou et al. (2021) con-
ducted an experimental study on the properties of self-
compacting concrete using treated industrial wastewater
and MSWIBA as a replacement of freshwater and aggre-
gates.®” It was found that mixing MSWIBA into freshwa-
ter and wastewater concrete reduced the durability
properties. Although MSWIBA demonstrated better per-
formance using wastewater than freshwater, this could
be attributed to the higher percentages of superplastici-
zers in their wastewater concrete mix design than the
freshwater concrete.®® In another study by Ahmed et al.
(2021), RCPT and electrical resistivity tests at 90- and
150-day ages showed very low chloride ion penetration in
concrete samples manufactured with 100% domestic
wastewater and 200% recycled aggregates.®” At both of
the mentioned ages, however, concrete samples manufac-
tured with this combination contained higher chloride
contents as compared to control samples.®” A similar vol-
ume resistivity and chloride percentage was also negligi-
ble in both control samples manufactured using recycled
aggregate concrete combined with fresh water or
wastewater.®”

Abushanab and Alnahhal (2021) conducted experi-
mental tests on evaluating the effect of wastewater with
or without calcium nitrite and fly ash.°® They indicated
that using wastewater could improve electrical resistivity
by up to 6.5% but on the contrary increase the chloride
permeability by around 40%.°® They mentioned this effect
might be the consequence of suspended solids of waste-
water.®® In addition, wastewater combined with calcium
nitrite increased both chloride penetration and electrical
resistivity by up to 32%.°® Furthermore, although the
combination of 100% wastewater, 20% fly ash, and 3% cal-
cium nitrite improved the electrical resistivity at 7- and
28-day ages, it had a significant negative effect on 90-day
age and increased the electrical resistivity by around
32%.°® They stated that the interaction of wastewater sul-
fate ion with calcium nitrite might generate ettringite
strings and also calcium monosulphoaluminate hydrate
and deteriorate the structure of concrete for a long
time.*® Furthermore, adding a maximum of 20% fly ash
could decrease the chloride penetration up to around
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70%. In combination with wastewater, 20% fly ash with-
out calcium nitrite was reported to be the optimal per-
centage that could result in better performance in
comparison with control samples.®® Vanitha and Rajan
(2022) reported that pretreated wastewater with encapsu-
lated nanoparticles could result in increasing chloride
and carbon penetration, losing more weight, and decreas-
ing density while compared to control samples manufac-
tured with fresh water.”’ Tanli et al. (2022) studied the
possibility of manufacturing concrete with wastewater in
combination with recycled plastic or granulated blast fur-
nace slag (GBFS). The result showed that using 100%
wastewater and 30%-50% plastic as a replacement of
aggregates declined the compressive and tensile strengths
of wastewater concrete by around 30% and 60%.”" It was
also indicated that this combination could reduce the
density and thermal conductivity of concrete.”’ Besides,
adding GBFS to this combination did not improve the
properties.”

Figure 3 represents the correlation between compres-
sive strengths and water abortion of concrete samples
manufactured with fresh water and wastewater based on
the results of previous studies.”®°>®**> As shown in
Figure 3, by decreasing the compressive strength of con-
crete, the water absorption increased. The R-squared of
freshwater was greater than wastewater, which shows a
higher level of correlation. Moreover, the concrete manu-
factured with freshwater had a steeper slope than that
made from wastewater, indicating that the changes in

Fresh Water
y=-1.8091x + 44.104
R2=0.711

[
n

b4

Wastewater

Compressive strength (MPa)
i

freshwater were more intense than those in wastewater-
produced concrete.

4.6 | Microscale analysis of concrete
manufactured with wastewater

Evaluating concrete morphology could provide a multitu-
dinous understanding of the interior structure and expli-
cate the behavior of concrete. The mercury intrusion
porosimetry test (MIP) was conducted on concrete sam-
ples manufactured with fresh water and wastewater to
determine the distribution of concrete pores.>® Figure 4 is
the output of the MIP test, which shows the pore size dis-
tribution, diameters of pores in nanoscales, and cumula-
tive volume (mm?®/g) for both freshwater concrete (left
image) and wastewater concrete (right image).>®

The left image of Figure 4 represents that the majority
of pores in freshwater concrete had diameters between
around 10 and 100 nm. Then, the diameter of pores
declined rapidly after 100 nm and eventually ended at
around 1000 nm. However, there were negligible
amounts of pores with a diameter of approximately more
than 10,000 nm in freshwater concrete. As shown in the
right image of Figure 4, pore diameters of wastewater
concrete ranged from around 10 to 10,000 nm with a
lower cumulative volume before 100 nm compared to
fresh water. In contrast, notable large pores bigger than
100 nm and smaller than around 10,000 nm were

FIGURE 3
compressive strength VS water
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absorption (adapted from references 58—
60,63,65).
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FIGURE 4 Pore size distribution, diameters of pores in nano scales, and also cumulative volume (mm?>/g) for both freshwater concrete

(left image) and wastewater concrete (right image).>®

Freshwater

FIGURE 5
(adapted from References 57,58).

observable in wastewater concrete, which could be
claimed as a reason for the higher permeability of this
concrete. Abushanab and Alnahhal (2021) used a combi-
nation of treated sewage, calcium nitrite, fly ash, and
superplasticizer to manufacture concrete samples and it
was mentioned that wastewater concrete had markedly
higher permeability than that of control samples.®®
Bouaich et al. (2022)°° and Tanli et al. (2022)"' also
reported similar results. They indicated that using

Wastewater

SEM images and EDX mapping analysis of fresh water and wastewater concrete samples in water to cement ratio of 0.4

domestic wastewater with or without recycled plastic
could reduce the density of concrete.

4.6.1 | Morphology of concrete in using
wastewater and after chloride attack

Figure 5 represents the SEM images and EDX mapping
analysis of concrete samples manufactured with fresh
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TABLE 7

Parameter

Permeability and
durability
characteristics

Water penetration

Density

Mass loss

RCPT (chloride
content and
penetration)

Chloride diffusion

coefficient

Surface electrical

resistivity

Carbon penetration

Water absorption

Permeability and durability results of previous literature in using wastewater.

Results
No significant
Increase Decrease effect
Treated sewage,” industrial - Treated wastewater
wastewater,®® sugar before

factory, service station, and
fertilizer factory
wastewater,®® treated
industrial wastewater with
MSWIBA.%

Treated sewage.”®

Textile factory, sugar factory,
service station, and
fertilizer factory
wastewater.®?

Treated municipal
wastewater,”” treated
sewage,”® treated industrial
wastewater,*® secondary or
tertiary treated
wastewater,®” textile
factory wastewater,® sugar
factory, service station, and
fertilizer factory
wastewater,® treated
industrial wastewater and
MSWIBA,®® combining
treated wastewater with
recycled aggregate,®’
treated sewage with and
without calcium nitrite,®®
wastewater with
encapsulated
nanoparticles.”

Treated municipal

wastewater.>”

Treated wastewater before

chlorination in
combination with
superplasticizer.*®

Secondary or tertiary treated

wastewater,®” pretreated
wastewater.”

Treated municipal
wastewater,”” sewage,”
treated wastewater before
chlorination,* treated
wastewater with and
without calcium nitrite,®
domestic wastewater with
or without recycled
plastic.”*

Increasing water quality,®>
treated wastewater with
20% fly ash.®®

Treated industrial
wastewater and
MSWIBA,® treated
wastewater with 20% fly
ash with 3% calcium
nitrite.%

chlorination.>

Domestic
wastewater.®®

Treated wastewater
before
chlorination.>
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TABLE 7 (Continued)

Results

Jib 1

Parameter Increase

Freeze and thaw -
attack

Freeze and thaw
cycles with sulfate
attack sewage.”®

water and wastewater.””>® In using fresh water, calcium
hydroxide crystals and calcium silicate hydrate gels were
formed uniformly and abundantly, which caused a com-
pacted and homogenous structure with small pores and
cracks.’”°*%>% On the contrary, concrete samples manu-
factured with wastewater had frail hydration products,
spacious cracks, and substantial pores.”’ °%®>%® The
higher permeability of the wastewater concrete might be
because of the wastewater's impurities, which generate
porous structures and avoid completing the formation of
hydration products.’’°>®>% The first row of Figure 5
shows the FESEM images and EDX mapping analysis
after a long-term chloride test (3% NaCl in 90 days) on
the concrete samples. As shown in Figure 5, the chloride
ion contents (yellow points) of concrete manufactured
with fresh water were noticeably lower than those of
manufactured samples with wastewater. The main reason
for this seems to stem from the higher permeability of
wastewater concrete samples, which resulted in absorb-
ing and sedimenting more chloride ions into deeper inte-
rior porous zones and cracks of concrete.”” The summary
of durability properties of wastewater concrete is pre-
sented in Table 7.

5 | CONCLUSION

Reusing treated wastewater has established itself as a
leading idea in civil and environmental engineering to
compensate for the lack of available freshwater world-
wide. A comprehensive review on using domestic and
industrial wastewater instead of fresh water to manufac-
ture concrete has been done in this current study. The
following finding and conclusions could be drawn from
the review of the most recently published articles in this
domain.

1. Replacing wastewater with fresh water in manufactur-
ing concrete revealed advantages in many aspects, but
still, lots of steps should be taken to find its real

In early ages: Compressive
strength of treated

No significant
Decrease effect
Compressive strength of Treated wastewater

treated sewage.” before
chlorination.>

In older ages: Compressive -
strength of treated
sewage.’®

potential and put it into effect. The initial characteris-
tics of wastewater and maintaining its quality during
collecting, transferring, and manufacturing might
have an overwhelming effect on concrete quality.

. In general, the impurities, contaminants, and addi-

tional components in the treated wastewater are the
main reasons for the differences in mechanical, dura-
bility, and morphological properties of the wastewater
concrete. Physical and chemical tests should be con-
ducted on a new mixing water before using it in con-
crete manufacturing to ensure that these kinds of
water can be considered suitable for manufacturing
concrete.

. It is mostly reported that the heterogeneous interior

structure of manufactured concrete with wastewater
results in lowering compressive, tensile, and flexural
strengths and declining durability by increasing water
absorption, water penetration, and chloride, sulfate,
and carbon ions penetration. These slight reductions
are mainly acceptable and consistent with the related
standards.

. Although there is no limitation for some of the dura-

bility properties to ascertain the performance of this
concrete in long term, using treated wastewater with
lower impurities and considering filler additives might
be worthy suggestions to compensate for the porous
problem of wastewater concrete.

. There is a possibility that impure water could be oper-

ative if the water quality is slightly below the stan-
dards, especially in plain concrete with low water-to-
cement ratios, or while it is mixed with appropriate
additives. However, a comprehensive study of long-
term properties is required.

The following future research is suggested:

. The use of wastewater in reinforced concrete has

never been examined and investigations in this field
could bring several important results. Since wastewa-
ter has several contaminants and ions, its effect on the
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corrosion of rebars as an interior threat must be inves-
tigated profoundly.

2. The modeling of durability properties needs to be
studied comprehensively to predict the unexpected
limitations in the long-term.

3. The effect of an earthquake on wastewater concrete
might be so challenging since nobody has ever tried it
before and could be attempting to put the idea of hav-
ing environmentally friendly green concrete into oper-
ation level after optimizing it.
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