Water Conservation & Management (WCM) 8(4) (2024) 454-460

WATER CONSERVATION
AND MANAGEMENT
(WCM)

Water Conservation & Management (WCM)

DOI: http://doi.org/10.26480/wcm.04.2024.454.460

ZIBELINE
ISSN: 2523-5664 (Print)
ISSN: 2523-5672 (Online)
CODEN: WCMABD

RESEARCH ARTICLE

SYNERGISTIC EFFECT OF REPLACING FRESH WATER WITH TREATED
WASTEWATER ON THE CHEMICAL AND MECHANICAL PROPERTIES OF
CONCRETE

Husam Al-Hamaiedh»?*, Esraa Tarawnehb, Yageen Al-Tarawneh?, Abdallah Khatib?,

aCivil Engineering Department, Faculty of Engineering Technology, Zarqa University, 2000 Zarqa 13110, Jordan.
bCivil and Environmental Engineering Department, Faculty of Engineering, Mutah University, Al-Karak 61710, Jordan.
*Corresponding Author Email: husamh@mutah.edu.jo

This is an open access journal distributed under the Creative Commons Attribution License CC BY 4.0, which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited

ARTICLE DETAILS ABSTRACT

Article History: Jordan, ranked as the world's second most water-scarce country, faces severe water shortages. Treated
wastewater (TWW) has become an essential part of Jordan’s water budget to bridge the gap between water
supply and demand, primarily used for agricultural and industrial purposes. The construction sector,
especially concrete production, consumes larg amounts of water. This study explores the feasibility of using
TWW to partially or completely replace fresh water in concrete production. Concrete mixtures were prepared
with varying TWW ratios (0%, 25%, 50%, 75%, and 100%) and tested for workability, compressive strength,
microscopic properties (SEM-EDS), and interaction mechanisms (FTIR-ATR) to assess the impact of TWW on
synergistic properties. The results showed that workability decreased proportionally with increasing TWW
content. However, different TWW proportions did not affect the compressive strength of concrete or the 7-
day to 28-day strength ratio. FTIR-ATR analysis revealed unique silicon-oxygen tetrahedral structures in
calcium silicate hydrate, but no new bonds or components were produced by TWW. SEM-EDS microstructure
testing indicated no chemical changes that could affect concrete properties. The study concludes that
replacing fresh water with TWW in concrete production is feasible, conserving fresh water and supporting
circular economy goals. Additionally, the study contributes to the development of low-cost concrete
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production and fresh water conservation.
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1. INTRODUCTION

Jordan ranks as the second most water-scarce country in the world, with
an annual per capita renewable water supply of less than 100 cubic
meters, far below UNICEF's severe water scarcity threshold of 500 cubic
meters (MWI 2016). Given these water sector challenges, treated
wastewater (TWW) became an integral part of the country’s water budget.
In 2021, the amount of TWW reached 185.6 million cubic meters (Mm®),
of which 88% was used for irrigation directly or after mixing with
rainwater (MWI 2021).

In 2021, approximately 531.1 million cubic meters (Mm?), representing
48.6% of Jordan's water budget, was allocated for agricultural use, with
164 Mm® coming from TWW. Jordan plans to expand sewer system
coverage services from 65% to 80% by 2040, which is expected to increase
the amount of TWW to 279 Mm?® by that year (MWI 2023). Besides
agricultural use, TWW is feasible for use in the construction sector, such
as in concrete production and stone cutting, to replace the huge amount of
fresh water consumed in this sector. Around one billion tonnes of fresh
water is used for washing aggregates, fresh concrete production, and
concrete curing (Varshney etal., 2021; British Standards Institution 2013).
Due to significant population growth caused by the influx of refugees over
the past few decades, the construction sector in Jordan is experiencing
rapid growth. Therefore, replacing fresh water with TWW in the
construction sector, which can integrate various types of liquid and solid
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wastes into its processes, is of high importance, especially for a country
like Jordan.

Many studies have explored the incorporation of different types of solid
wastes in the construction industry. Marble and granite sludge have been
successfully reused as substitutes for raw materials in the ceramic
industry and as fine aggregate in mortar and concrete (Al-Hamaiedeh
2010; Al-Hamaiedeh and Khushefati 2013; Al-Jarajreh, et al,, 2023). He
study investigated the partial replacement of fine aggregate with glass
waste (Al-Awabdeh et al,, 2022). Furthermore, the study achieved the
successful incorporation of face masks into concrete mixtures (Al Swalqah
etal,, 2023). The feasibility of using TWW in concrete production has also
been studied by many researchers, yielding varied and sometimes
contradictory results. This analysis using secondary TWW in concrete
production enhances compressive and flexural strength (Ahmad and
Ayyad 2021). In analysis, found that using TWW as mix water decreases
compressive strength and extends initial and final setting times
demonstrated that using a mixture of 25% fresh water and 75% TWW as
mixing water in concrete production yielded the highest compressive
strength found that TWW does not adversely affect concrete quality (Al-
Ghusain and Terro 2003; Bouaich etal,, 2022; Yao etal., 2022). Their study
showed a slight decrease in workability, an increase in compressive
strength, and similar values of density, setting time, and porosity
compared to control concrete. The result highlighted that using TWW in
plain cement concrete production did not affect concrete quality in terms
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of desired strength (compressive, tensile, and flexural) (Muhammad et al.,
2021). The study reported that using wastewater in brick production
increased the strength of the bricks by 15-25%, while maintaining the
physical and durability characteristics within the standard requirements
(Ghafoor et al., 2022).

It is expected that improving TWW quality will enhance concrete
properties. Dilution with fresh water offers a cost-effective and
environmentally friendly method for TWW quality improvement. This
research aims to explore the effect of TWW quality when used as mixing
water on the strength, workability, chemical properties, structure, and
microscopic form (morphology) of the produced concrete.

2. RESEARCH METHODOLOGY

The study was conducted in Al-Karak governorate - Jordan. Samples of
fresh water were collected from two sources, Ain-Sara spring and Al-
Harbeya ground water well. Samples of TWW were collected from two
wastewater treatment plants, Karak wastewater treatment plant
(KWWTP), which located not far from Ain Sara spring and Mutah-Mazar
treatment plants (MMWWTP) located near Al-Harbeya well. The collected
fresh water FW and TWW samples were tested for BOD according to 5210
D standard method; COD according to 5220 D standard method; Dissolved
Oxygen (DO) according to 4500 O standard method; pH according to 4500-
H+B standard method; TSS according to 2540 D standard method; TDS
according to 2540 C standard method; Turbidity according to 2130 A
standard method; Escherichia coli (E. coli) according to 9223 B standard
method and heavy metals according to 3111 B standard method to explore
the quality of water.

Different mixtures comprising fresh water (FW) and treated wastewater
(TWW) were prepared and used as mixing water in concrete mixtures.
TWW from KWWTP was mixed with FW from Ain Sara, and TWW from
MMWWTP was mixed with FW from Al Harbeya well in the following
ratios:

D0: 100% TWW and 0% FW.
D25: 75% TWW and 25% FW.
D50: 50% TWW and 50% FW.
D75: 25% TWW and 75% FW.
D100: 0% TWW and 100% FW.

Ten concrete mixes were designed in accordance with the guidelines of BS
1881-125 [4] (Table 1). Five of these mixtures utilized a combination of
treated wastewater (TWW) from the KWWTP and fresh water (FW) from
the Ain Sara spring as the mixing water. The other five mixes employed a
blend of TWW from the MMWWTP and FW from the Al-Harbeya well as
the mixing water. The concrete mixtures comprised ordinary Portland
cement with a grade of 42.5 N, limestone crushed aggregate with a
maximum size of 25 mm, and silica sand with a maximum size of 4.75 mm,
and were designed to achieve a compressive strength of 30 MPa.

Table 1: Mix design composition for all mixtures.

Component Quantity (Kg/m?3)
Coarse aggregate 696
Medium aggregate 464
Fine aggregate 630
Water 210

The mixing process was performed using an electrically powered mixer in
accordance with BS 1881-125:2013. Ten concrete mixes were prepared
following the composition mentioned in each mixture was prepared using
one dilution.

The workability of each concrete mixture was assessed using a slump test,
conducted in accordance with BS 1881-102:1983 as shown in Table 2. A
total of 60 cubes were prepared and tested for this study. From each
concrete mixture, 6 cubes were made, with three cubes tested at 7 days
and three at 28 days. The average compressive strength of each set of three
cubes was recorded, along with the standard deviation, as shown in Table
3. The composition of each concrete mixture was evaluated using
attenuated total reflectance-fourier transform infrared spectroscopy
(ATR-FTIR) analysis. Small samples from each mixture were ground into
powder and placed inside a PerkinElmer Spectrum Two FT-IR device
equipped with ATR. The analysis was conducted over a wavenumber

range of 600 cm-1 to 4000 cm-1. Additionally, changes in the morphology
of the concrete mixtures, as well as the bond between the aggregate and
the cementitious matrix, were investigated using scanning electron
microscopy (SEM) analysis. This technique was used to analyze the
chemical elements present in the sample and their respective percentages,
thereby determining the microscopic structure of the sample.

The film samples were coated with platinum to a thickness of ~300 A
under an argon atmosphere using AGAR sputter coater machine (model
AGB7340, UK) in a high-vacuum evaporator. SEM-EDS analysis performed
on concrete samples at 28 days of curing from mixtures prepared with mix
water containing (0%, 50%, and 100% TWW). The samples undergo a
microstructure using electron beam to scan the surface for a three-
dimensional image. EDS analysis was used to analyze the X-rays that are
emitted when the sample interacts with the electron beam.

One of the benefits of conducting this test is obtaining accurate structural
details of the concrete sample, including the distribution and arrangement
of particles, as well as identifying the chemical elements in the sample and
ensuring that there are no unwanted chemical elements and compounds
resulting from the interaction between the elements that make up the
concrete mixture and the chemicals and organic materials present in the
TWW.

3. RESULTS AND DISCUSSION
3.1 Concrete Tests
3.1.1 Slump Test Result

The slump test was performed on all prepared concrete mixtures. Table 2
shows the slump test results for concrete mixtures prepared with mixing
water from KWWTP and Ain Sara, as well as those prepared with mixing
water from MMWTP and Al-Harbeya well, using various dilution ratios.
The results indicate that as the proportion of treated wastewater (TWW)
increases, there is a corresponding decrease in slump values. Concrete
mixtures prepared and cured with fresh water from Ain Sara spring and
Al-Harbeya well exhibit higher slump values, suggesting greater
workability. The reduction in workability is likely due to the higher solid
concentrations in TWW. These findings are consistent with the
observations made by (Aldossary et al., 2020).

Table 4: The slump test values for concrete mixtures
Mix water from Mix water from
Mixing water MMWTP and Al-Harbeya KWWTP and Ain Sara
used well spring
Slump (mm)

Do 0 0
Das 5 0
Dso 5 0
D7s 10 15
D100 15 20

3.1.2 Compressive Strength

The concrete compressive strength was assessed at 7 days and 28 days of
curing. For each mixture, three cubes were tested at 7 days and three cubes
were tested at 28 days. Table 5 displays the mean compressive strength
results and standard deviations for samples prepared using water from
KWWTP and Ain Sara spring.

Table 5: Compressive Strength Results for Concrete Samples
Prepared Using Mixing Water of TWW from KWWTP and FW from Ain
Sara Spring

. Compressive strength at | Compressive strength at
Proportions of 7 days, MPa 28 days, MPa
mixing water
Average SD Average SD

Do 29.69 1.3 37.48 2.89

D2s 30.13 0.55 38.64 1.96

Dso 28.78 2.03 37.73 1.35

D7s 32.73 0.58 36.39 1.15

D1oo 32.69 2.84 37.50 1.76
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Figure 1: Scatter plot of the Compressive strength at 7, 28 days for the samples prepared using water from KWWTP and Ain Sara spring

The results shown in Table 5 and Figure 1 demonstrate that the concrete Figure 2 indicate that the compressive strength at both 7 days and 28 days
strength at 7 days and 28 days remains unaffected by the proportions of is notinfluenced by the proportions of FW from Al-Harbeya well and TWW
(FW) from Ain Sara spring and treated wastewater (TWW) from KWWTP from MMWWTP.
used in the mixing water. Similarly, the data presented in Table 6 and
Table 6: Compressive strength results for concrete samples prepared using Mixing water from MMWWTP and Al-Harbeya well
Compressive strength at 7 days, MPa Compressive strength at 28 days, MPa
Proportions of mixing water
Average SD Average SD

Do 28.81 1.69 35.14 0.57

D2s 24.73 3.37 33.47 0.59

Dso 21.15 2.10 35.75 2.6

D7s 26.21 2.66 29.92 2.01

D100 29.04 1.81 36.51 1.00
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Figure 2: Scatter plot of the Compressive strength at 7, 28 days for the samples prepared using water from MMWWTP and Al-Harbeya well
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Figure 3 shows a scatter plot of the ratio of compressive strength at 7 days to the compressive strength at 28 days with different proportions of (TWW) and

FW in mixing water.
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Figure 3: Scatter plot of the ratio of average compressive at 7 days to average compressive strength at 28 days

3.1.2.1 Statistical Analysis Of The Compressive Strength Results

The data were analyzed using a univariate general linear model in SPSS,
with dilution percentage treated as a covariate, and curing time and source
of mixing water as factors. The analysis, as shown in Table 7, revealed that
the effect of dilution percentage on strength was not significant. Increasing
the percentage of treated wastewater did not adversely affect the
compressive strength of concrete at either 28 days or 7 days. There was
no significant difference in compressive strength between concrete

prepared with undiluted treated wastewater (TWW) and that prepared
with fresh water (FW). On average, the compressive strength at 7 days was
approximately 7 MPa lower than at 28 days. A significant difference was
observed between the compressive strength of concrete prepared using
water from KWWTP and Ain Sara compared to that prepared using water
from MMWWTP and Al-Harbeya. However, in both cases, the percentage
of treated wastewater did not affect the compressive strength of the
concrete.

Table 7: Parameter Estimates for the dependent variable of compressive strength
Parameter Bb Std. Error t Sig. 95% Confidence Interval
Lower Bound Upper Bound

Intercept 37.876 0.921 41.108 0.000 36.029 39.723

dilution -.652 1.064 -613 0.543 -2.784 1.480

[curing=7] -6.947 1.064 -6.529 0.000 -9.079 -4.815
[curing=28] 0a

[ KWWTP and Ain Sara =0] -3.394 1.064 -3.190 0.002 -5.526 -1.262
[ MMWWTP and Al-Harbeya=1] 0a

[curing=7] * [Source=0] -1.221 1.505 -.812 0.420 -4.237 1.794
[curing=7] * [Source=1] 02
[curing=28] * [Source=0] 02
[curing=28] * [Source=1] 0a

a. This parameter is set to zero because it is redundant
b. Parameters estimates

The ratio of compressive strength at 7 days to that at 28 days was
statistically analyzed to ascertain whether the utilization of treated
wastewater influences the concrete's curing rate. A deceleration in
strength development is considered undesirable for concrete

performance. As indicated in Table 8, the dilution rate does not
significantly impact the rate of strength development. Additionally, the
data reveal that the concrete on average reached approximately 79% of its
28-day compressive strength after 7 days of curing.

Table 8: Parameter Estimates for the dependent variable of ratio of strength (7days/28days)

95% Confidence Interval
Parameter Bb Std. Error t Sig.
Lower Bound Upper Bound
Intercept .850 .055 15.550 .000 .720 979
Dilution -.068 .077 -.878 409 -251 115
[source=0] -.051 .055 -938 .380 -.180 .078
[source=1] 0a

a. This parameter is set to zero because it is redundant
b. Parameters estimates
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3.2.1 FTIR Result

The infrared spectra of fabricated harden cement specimens using
different mixing water matrix are illustrated in Figure . The characteristic
absorption bands of hardened cement specimen using fresh water are
attributed to the hydroxyl groups (0-H) expanding at 3420 cm.. The peak
at 800-1050 cm-!could be attributed to the antisymmetric stretching
vibration of Si-0-Si and the stretching vibration of 0-Si-0. In addition, the
bands at 1640 cm-!in the spectra of all samples belonged to the H-O-

Hvibration of the coordinated water. The absorption band at 1450
cm-! was assigned to the C-OH bending vibrations. These bands embody
the unique silicon-oxygen tetrahedral structure of CSH (Richardson,
2004). However, the intensity of these bands became weaker when CSH
was prepared using TWW.

The results demonstrated that the addition of TWW did not cause any new
bonds to form within the concrete mixture, or new components to develop
in the concrete.

(€) S5 —— (d) S4

(c) S3—— (b) S2 (@) S|

]

7934793 798",

Offset Transmitance (%)

1420

T T T
4000 3500 3000 2500

T T
2000 1500

Wavenumber (cm'1)

Figure 4: The FTIR spectra of concrete mixtures (a) S1 (b) S2, (c) S3, (d) S4, (e) S5, and (f) Sé.

S1: Concrete mixture made with 100% fresh water (FW) from Ain Sara
spring.

S2: Concrete mixture made with a mix of 50% FW from Ain Sara spring
and 50% treated wastewater (TWW) from KWWTP.

S3: Concrete mixture made with 100% TWW from KWWTP.

S4: Concrete mixture made with 100% FW from the Al-Harbeya well.

S5: Concrete mixture made with a mix of 50% FW from Al-Harbeya well

and 50% TWW from MMWWTP.
S6: Concrete mixture made with 100% TWW from MMWWTP.
3.2.2 Scanning electron microscopy SEM coupled with EDS analysis

The surface morphology of fabricated hardened concrete specimens using
different weight percentages of mixing water matrix were scanned under
SEM-EDS. SEM images confirm the formation of main hardened CSH
phases.

Table 8: Element analysis of concrete samples (atomic fraction at %)
Code C 0 Ca Si Al Mg S K Fe Total ratio
s1 section A / 51 / 49 / / / / / 100
section B 17.08 48.55 17.38 8.79 43 0.7 0.7 0.8 1.7 100
<2 section A / 51.5 / 48.5 / / / / / 100
section B / 345 42.2 3.4 3.7 / / 0.7 15.5 100
<3 section A 12.59 57.84 19.38 / / 10.19 / / / 100
section B / 19.23 64.65 8.06 2.01 / 191 / 413 100
" section A / 44.44 49.75 4.7 / / / 1.1 / 100
section B 7.64 52.96 32.76 3.12 191 / 1.61 / 100
S5 section A / 41.3 / 58.7 / / / / 100
section B 5.69 48.35 39.06 4.7 0.8 / 0.7 0.7 / 100
<6 section A / 60.6 / 39.4 / / / / 100
section B 5.5 42.8 47.3 25 0.8 / 1.1 / 100
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S6

Figure 4: SEM-EDX analysis of section A and B S1, S2, S3, §4, S5 and Sé6.

The results of the SEM-EDs microstructure test show that adding TWW did
not lead appreciable changes in the elemental composition of concrete
samples, and did not lead to the appearance of new compounds resulting
from the interaction of the constituents of TWW with the chemicals that
make up the concrete mixture. This means that no chemical change
occurred that might lead to a change in the properties of the concrete.

4. CONCLUSIONS

The study demonstrated the feasibility of using treated wastewater
(TWW) as mixing water in concrete production. It examined the effects of
TWW on the workability, compressive strength, chemical composition,
and morphology of the resulting concrete. The findings were as follows:

e Concrete workability decreased proportionally with increasing TWW
content in the mixing water.

o Different proportions of TWW did not affect the compressive strength
of concrete or the ratio of 7-day to 28-day strength.

e The chemical characteristics of the concrete samples were not
influenced by TWW, and no new chemical compounds were detected in
the concrete structure.

e A significant amount of TWW can be utilized in concrete production,
conserving fresh water and supporting circular economy goals. This
study contributes to the development of low-cost concrete and fresh
water conservation.

The primary goal of the study was achieved, confirming the potential of
replacing fresh water with TWW in concrete production. However, further
research is needed to explore the impact of TWW on other concrete
properties.

This work was supported by the deanship of scientific research - Mutah
University (grant numbers 704/2022).
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