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ABSTRACT

The quest for an eco-friendly environment faces challenges posed by cement's high carbon
footprint, significant amounts of building and demolition waste, and industrial waste effluents. This
study aims to explore the potential of recycled aggregate geopolymer concrete (RGC) produced
using four types of effluents to enhance construction sustainability. Each effluent replaced fresh
water entirely in RGC to assess its impact on split tensile strength (STS) and compressive strength
(CS) at various curing periods. The findings indicate that the textile industry's effluent performed
well in enhancing RGC's CS (25% higher than the control mix) and STS (17% higher than the
control mix). Furthermore, the study showed that using effluents from textile, fertilizer, and sugar
factories had no significant effect on STS but significantly influenced the CS of the concrete.

KEYWORDS: recycled aggregate concrete; geopolymer concrete; BOD; sustainability;
compressive strength

1. INTRODUCTION

Urbanization, population growth, and market conditions in industrialized nations impact the
production of recycled aggregate concrete (RAC) from construction waste. Proper utilization of
this waste is crucial for environmental sustainability, as RAC reduces carbon footprint, minimizes
transportation routes for aggregates, and manages building and demolition debris [1]. Although
RAC has drawbacks like high water absorption (WA), low split-tensile strength (STS), and high
porosity compared to natural aggregate concrete (NAC), it offers improved ductility, a desirable
feature [2]. To reduce the carbon footprint of concrete, researchers have developed "geopolymer
concrete" (GPC) using recycled coarse aggregates (RCA) and alkaline activators such as blast
furnace slag, fly ash, silica fumes, and red mud, as a substitute for Portland cement [2].

Urban runoff and industrial waste contribute to environmental pollution, necessitating alternative
disposal methods due to strict regulations. Concrete, the second most utilized material after wood,
consumes a significant amount of freshwater, which is scarce due to rapid population growth and
increased economic activity. To address this, there is a need to reduce freshwater usage, especially
in the global construction industry, where concrete consumption is significant [3, 4]. By 2020, half
of the world's population was projected to face water scarcity [5]. Recycling waste, particularly in
concrete production, is gaining popularity as it offers cost-effective alternatives to sewage
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treatment [6]. Moreover, utilizing waste from concrete manufacturing can mitigate negative
environmental and health impacts caused by contaminated water [6].

Studies have demonstrated the use of different types of wastewaters in concrete production.
Recycled wash water in alkali-activated concrete showed no adverse effects on its development,
while mortar cubes made from recycled treatment plant water exhibited similar strength to
freshwater mortar cubes [7, 8]. Concrete made with treated effluent showed improved compressive
strength (CS) at 28 days and using processed effluent for curing enhanced CS by 1.5%. Substituting
freshwater with treated domestic sewage increased concrete strength by 9% without affecting
setting time [9, 10]. Concrete made with wash water achieved 96% of the CS of freshwater
concrete, while concrete tested with effluent for 180 days showed a 17% increase in CS but higher
WA values [11, 12].

Based on these findings, the use of RCA and wastewater in geopolymer concrete holds promise for
environmentally friendly products. Further research is needed to examine the mechanical properties
(CS and STS) of recycled aggregate geopolymer concrete (RGC) blends using various types of
effluents, such as sugar factory effluent (SE), fertilizer factory effluent (FE), and textile factory
effluent (TE), compared to RGC blends based on freshwater.

2. EXPERIMENTAL PROGRAM

2.1. Materials

Recycled concrete aggregates (RCA) replaced coarse aggregates in the production of
geopolymer recycled aggregate concrete (GRGC). The RCA was derived from crushing concrete
cylinders with a compressive strength (CS) ranging from 30 to 45 MPa at 6 to 12 months of age.
Table 1 presents the properties of the recycled aggregates, which have a maximum size of 10 mm.
Lawrancepur sand, with a fineness modulus of 2.25 and an apparent particle density of 2586 kg/m3,
was used. Figure 1 depicts the sieve analysis of the materials used. To ensure workability, Sika
ViscoCrete®-3425, a superplasticizer, was added to the GPC mix. The GRGC employed Class F
fly ash (60%) and GGBS (40%) as locally available binder. A mixture of NaOH (14M molarity)
and Na2SiO3 in a mass ratio of 1:2.5 served as the activator.

Table 1: Parameters of recycled aggregates

Quantity Value Quantity Value
WA at 24 hours 6.62% Apparent density 1723 kg/m?
10% fine value 142 Minimum size 4.75 mm
Los Angeles abrasion 38.22% Maximum size 10 mm
Bulk density 1316 kg/m? Specific gravity 2.23

For RGC manufacture, four different types of waste were collected from their sources. Freshwater
was used to completely replace each type of wastewater. Table 2 summarizes the chemical
characteristics of all effluent types used in this study.
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Figure 1: Granulometry (a) sand (b) RCA

Table 2: Parameters of all forms of effluent investigated in this research

Parameter (unit) FW SE FE TE
pH value 7.0 7.2 2.5 7.0
COD (mg/L) 23 412 867 105
TSS (mg/L) 25 459 50.4 21
TDS (mg/L) 806 986 2547 344
BOD (mg/L) 12 268 528 64
DO (mg/L) 6 3 4 5
Hardness (mg/L) 325 648 2304 307
Fluoride (mg/L) 0.4 1.1 0.1 0.7
Iron (mg/L) 0.8 0.8 33 0.9
Chloride (mg/L) 11 306 945 571
Sulphate (mg/L) 6.6 679 405 94.5
Nitrate (mg/L) 1.3 92 59 2.6

2.2. Manufacture and Testing

Four recycled aggregate geopolymer concrete (RGC) mixtures were created using different types
of sewage: FW, SF, FF, and TF. The performance of the RGC mix with freshwater (FW) was
compared to that of mixes containing various effluents. Equal amounts of effluent were used in
each RGC mix. To assess the compressive and split-tensile strength (STS) of these specimens at
different curing ages, 18 cylindrical samples (150 mm x 300 mm) were produced for each RGC
blend. Table 3 details the mix design of geopolymer concrete and the water absorption (WA) of

recycled concrete aggregates (RCA).

A mixer with a 0.15 m3 volumetric capacity and a speed of 20 rotations per minute was used to
blend the concrete for ten minutes. The aggregates were initially mixed with half of the water,
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followed by the remaining water and cement, and agitated for 5 minutes to achieve a uniform RGC
blend. A workability test, conducted according to ASTM C143 [16], indicated a range of 85 to 110
mm for all types of wastewater. The RGC blends were cured using regular water and assessed for
compressive and split-tensile strength (STS) at different ages. Compressive strength (CS) was
measured at seven, twenty-eight, and ninety days, while STS was evaluated using ASTM C496 at
the same curing durations [17, 18].

Table 3: Mix design of GRGC (kg/m’)

Material Quantity Material Quantity
Recycled aggregate 1105 Sand 495
Water 125 Superplasticizer 40
Fly ash 245 NaOH solution 40

(14M)
GGBS 170 NazSiO; 110

3. DISCUSSION OF RESULTS

3.1. Compressive Strength

According to ASTM C39 [17], the compressive strength (CS) of all four RGC blends was
tested at seven, twenty-eight, and ninety days. Figure 2 illustrates the CS of each RGC mix. Three
specimens of each RGC blend were tested at each age, and the average results were recorded. The
TF RGC blend exhibited the highest CS, while the FF RGC blend showed the lowest CS across all
curing periods. The reference mix (FW) was included for comparison with other RGC blends made
with different effluents. The FW mix showed a 21% increase in CS, reaching 19.5 MPa after
twenty-eight days of curing. After seven days, the CS was 130% of the expected value, and after
ninety days, it reached 23.7 MPa, up from the initial 13.89 MPa. Consequently, the CS of the FW
mix improved with increasing curing time.

The CS of the TF blend significantly surpassed that of the FW blend at all ages. After seven
days, the TF blend exhibited a CS of 17.2 MPa, surpassing the FW blend. At twenty-eight days,
the TF blend's CS increased by 133% to 25.8 MPa, representing a 25% improvement over the FW
blend on average. The FF blend achieved a higher strength of 21.6 MPa after ninety days of testing,
but it was only 16% stronger on average than the FW blend. When TF was used in RGC mixes,
higher CS was observed compared to FW. This is attributed to the reaction of fluoride and
bicarbonates in TF with Al1203 in cement and FA, forming a calcium fluoroaluminate structure
that contributes to increased CS. The rapid setting and hydration of cement due to this high
reactivity further enhance CS [19]. Additionally, FA's pozzolanic activity with CH and its role in
densifying the cementitious mixture by filling voids and transforming the binder blend into CSH-
gel contribute to improved CS.
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Figure 2: CS of various RGC mixes
3.2. Split Tensile Strength

Figure 3 presents the split-tensile strength (STS) of various RGC blends made with different
effluent types at 7, 28, and 90 days, following ASTM C496 [18]. The mean STS of the FW blend
was 2.3 MPa at 7 days, 2.6 MPa at 28 days, and 3.1 MPa at 90 days, representing 117% of its
strength at 28 days after 90 days. The TF blend exhibited the highest STS, while the FF blend
showed the lowest. The STS of the TF blend was 2.6 MPa at 7 days, 3 MPa at 28 days, and 3.7
MPa at 90 days, representing an 11%, 14%, and 16% increase over the FW blends at those ages.
This higher STS in the TF blend is attributed to its lower bicarbonate content compared to other
effluents, as higher bicarbonate levels are associated with reduced concrete STS [20]. Fly ash
contributed to increased STS in RGC blends by altering the pore size distribution in the
cementitious mixture and filling spaces between cement matrices, resulting in a stronger bond
between RGC particles.

3.3. Relationships between CS and STS

Several studies have been published in the literature to predict the CS and STS of plain and fiber-
reinforced concrete. The majority of the scholars provided the following general correlation
between the CS and STS of concrete:

fsts = kfc’n (1
According to Ali and Qureshi [21] the below expression can be used to estimate the STS (f;s) of
natural aggregate concrete (NAC) and RAC manufactured with sugar cane molasses:

fots = 0.106£°7° )

fors = 0.153£/%%7 3)
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In terms of the concrete testing age, Zain et al. [22] established a basic correlation between the CS
and STS of concrete, which can be represented by Eq (4).
4
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Figure 3: STS of various RGC mixes
— ¢ \0.04
fits = 059 x 7 () “)

where f is concrete’s ultimate CS at any testing age ‘t’. As per Ali and Qureshi [23], empirical
study models for analyzing the STS of glass fibre reinforced recycled aggregate concrete are stated
as follows:
fots = (—0.17 X GF? + 0.23 X GF + 0.45)\/f]
(%)
fous = 0.332f (©)
GF stands for the volumetric quantity of glass fibres in RAC. Dashti and Nematzadeh [24] proposed
the below expressions to accurately predict the STS of concrete manufactured with standard
Portland cement, Forta-Ferro fiber, and calcium aluminate cement.
furs = 0.363£/%°° R2 = 0.87 (7)
fors = 0.465£/%°° R2 = 0.96 (8)
In the manufacture of RAC, Wang et al. [25] employed both fine and coarse recycled aggregates
and proposed a correlation between the CS and STS of RAC as described by Eq (9).
fits = 0.49£/%%% —1.93 )
Moreover, Wang et al. [25] suggested an expression between the fy; of RAC (fR4) and fis
natural coarse aggregate concrete (f:4¢) in terms of different variables of NAC and natural coarse
aggregate concrete.

VINAC_0.57(rcraVRAC Crag+7rrAVRAC) "7

Rac = 0,89 A yac (10)
NA
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where VA€ is the volumetric fraction of natural aggregates, rcgy4 is the substitution ratio of RCA,

VEAC is the volumetric fraction of coarse aggregates, V¢ represents the volumetric fractions of

fine aggregates, Cgy is the content of RCA residual mortar, and g4 is the replacement ratio of
fine aggregates.

Figure 4 illustrates the empirical correlation between compressive strength (CS) and split-tensile
strength (STS) for various RGC blends. The figure also includes theoretical predictions showing
the relationship between the compressive and tensile strength of RGC blends made with different
effluents. These test results were compared to several proposed models (shown in Table 4) that
describe the correlation between the compressive and tensile strength of plain concrete blends after
twenty-eight days of curing. Figure 5 compares the experimental data of STS for RGC blends with
the predictions of different models.
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Figure 4: Forecasts for the CS and STS of RGC blends using various codes

According to ACI 318 [26], the percentage disparities for FW, TF, FF, and SF mixes were 11.25%,
7.94%, 30.85%, and 27.91%, respectively, which were the largest discrepancies compared to other
models. This could be due to ACI 318 [26] being designed for ordinary concrete with freshwater
and natural coarse aggregates (NCA), while this study used recycled coarse aggregates (RCA) for
RGC mixes. The percentage disparities for FW, TF, FF, and SF blends, as per Xiao et al. [27], were
21.65%, 22.25%, 7.96%, and 15.89%, respectively. GB: 10,010 [28] showed disparities of 14.65%,
14%, 0.19%, and 12.47% for FW, TF, FF, and SF blends, respectively. Iravani [31] indicated
disparities of 15.65%, 0.15%, 8.76%, and 15% for SF, FF, TF, and FW blends, respectively. Zain
et al. [30] estimated disparities of 12.5%, 3.4%, 10.95%, and 11.89% for SF, FF, TF, and FW
blends, respectively. Eurocode 2—04 [29] showed disparities of 10%, 21.33%, 2.77%, and 3.3% for
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SF, FF, TF, and FW blends, respectively. JCI-08 [32] indicated disparities of 19.64%, 17.82%,
5.75%, and 21.27% for FW, TF, FF, and SF blends, respectively. Finally, NZS: 3101:2006 [33]
revealed disparities of 11%, 13.66%, 4.68%, and 2.33% for FW, TF, FF, and SF blends,
respectively. Based on the equations provided in this study, Eurocode 2—-04 [29] is recommended
for predicting the STS of FW and TF blends, JCI-08 [32] for estimating the STS of FF blend, and
NZS: 3101:2006 [33] for forecasting the STS of SF mix, as they showed the highest accuracies.

Table 4. Correlation between CS and STS of normal concrete existing in past research

Standard/Research Formula (MPa)
ACI 318 [26] fors = 0.55 X [
Xiao et al. [27] fors = 0.24 x f1%%°
GB: 50010 [28] fers = 0.19 X fC’O'75
Eurocode 2—-04 [29] furs = 0.30 X f‘CIZ/B
Zain et al. [30] Furs = 08f¢
Sts ™ 0.ax(0.8f))+7.11

Iravani [31] fets = 0.301 X (0.8f,)065
JCI-08 [32] firs = 0.13 x f/°8°
NZS: 3101 [33] fars = 0.44 X [/ f!
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Figure 5: Comparison of STS forecasts for RGC blends using various equations
4. CONCLUSIONS

The following important conclusions can be drawn from the experimental findings:
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1. The compressive strength (CS) of the RGC blend using textile manufacturing effluent
was 25% higher on average than that of freshwater concrete. However, when sugar plant
effluent was used, the CS decreased by half due to the presence of organic materials that
tend to absorb water. RGC blends with fertilizer plant effluent showed the highest CS
increase of 91%, while those with sugar plant effluent had a 90% higher strength than
freshwater RGC. The formation of CSH gel in RGC contributed to the improved CS.

2. In split-tensile strength (STS) tests, concrete made with textile industry effluent
exhibited a 17% higher STS compared to freshwater concrete. RGC blends with fertilizer
plant effluent displayed the highest STS at 97% compared to freshwater, while those with
sugar industry effluent and SE had STS increases of 92% and 95%, respectively, compared
to freshwater blends.

ACKNOWLEDGMENTS

None.

REFERENCES

1.

Azua, G., et al., Recycled coarse aggregates from precast plant and building demolitions:
Environmental and economic modeling through stochastic simulations. Journal of cleaner
production, 2019. 210: p. 1425-1434.

Ma, H., Xue, J., Zhang, X., Seismic performance of steel-reinforced recycled concrete columns
under low cyclic loads. Construction and Building Materials, 2013. 48: p. 229-237.

More, A.B.G., R. B. Nimbalkar, H.N. Chandake, P.P. Maniyar, S.P. Narute, Y.D., Reuse
of treated domestic wastewater in concrete — a sustainable approach. Indian Journal of Applied
Research, 2014: p. 182 — 184.

Al-Jabri, K., et al., Effect of using wastewater on the properties of high strength concrete.
Procedia Engineering, 2011. 14: p. 370-376.

Nishida, T., Otsuki, N., Ohara, H., Garba, Z. and Nagata, T.. Some considerations for the
applicability of sea water as mixing water in concrete. in 3rd inter. Conf. Sust. Const. Mat.
and Tech., Japan. 2013.

Hassani, M.S., et al., The difference in chloride ion diffusion coefficient of concrete made with
drinking water and wastewater. Construction and Building Materials, 2020. 231: p. 117182.
Bilek, V. Development of alkali-activated concrete containing recycled wash water. in 2nd
International Conference on Sustainable Construction Materials and Technologies. 2010.
Silva, M. and T.R. Naik. Sustainable use of resources—recycling of sewage treatment plant
water in concrete. in Proceeding of the Second International Conference on Sustainable
Construction Materials and Technologies. 2010. Universita Politecnica delle Marche Ancona,
Italy.

350



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

3" International Conference on Advances in Civil and Environmental
Engineering (ICACEE-2024)

University of Engineering & Technology Taxila, Pakistan
Conference dates: 21°' and 22" February 2024, ISBN: 978-969-23675-2-3

Tay, J.H., Yip,W.K. , Use of reclaimed wastewater for concrete mixing. Jour. of Envir. Eng.,
Ameri. Soci. of Civil Eng., 1987: p. 1156 — 1161.

Cebeci, O.Z., Saatci, A.M., Domestic sewage as mixing water in concrete, ACI Mater. Jour.,
1989: p. 503 — 506.

Sandrolini, W., Franzoni, E., Waste wash water recycling in ready mixed concrete plants. Cem.
Concr. Res., 2001. 31(3): p. 485-489.

Shekarchi, M., Yazdian, M. and Mehrdadi, N. , Use of biologically treated domestic wastewater
in concrete. Kuw. Jour. of Sci. and Eng., 2009: p. 97 — 111.

ASTM C 187, Standard Test Method for the Determination of the Normal Consistency of the
hydraulic Cement, ASTM International, West Conshohocken, PA 19428-2959, United States,
2017.

ASTM C151 / C151M-18, Standard Test Method for Autoclave Expansion of Hydraulic
Cement, ASTM International, West Conshohocken, PA, 2018.

ASTM C115-10, Standard Test Method for Fineness of Portland Cement by the Turbidimeter,
ASTM International, West Conshohocken, PA, 2010.

ASTM/C143, Standard Test Method for Slump of Hydraulic Cement Concrete, ASTM
International, West Conshohocken, PA, 2005.

ASTM C39 / C39M-18. Standard Test Method for Compressive Strength of Cylindrical
Concrete Specimens, ASTM International, West Conshohocken, PA 2018.

ASTM C496 / C496M-17. Standard Test Method for Splitting Tensile Strength of Cylindrical
Concrete Specimens, ASTM International, West Conshohocken, PA 2017.

Saxena, S., Tembhurkar, AR., Developing biotechnological technique for reuse of wastewater
and steel slag in bio-concrete. Journal of Cleaner Production, 2019. 229: p. 193-202.
Venkateswara RV., S.R., Jayaveera, K.N., Effects of Alkalinity Present In Water on Strength
and Setting Properties of Fly Ash Concrete. CI-Premier PTE Ltd Singapore 2004.

Ali, B. and L.A. Qureshi, Durability of recycled aggregate concrete modified with sugarcane
molasses. Construction and Building Materials, 2019. 229: p. 116913.

Zain, M.F.M., et al., Prediction of splitting tensile strength of high-performance concrete.
Cement and Concrete Research, 2002. 32(8): p. 1251-1258.

Ali, B. and L.A. Qureshi, Influence of glass fibres on mechanical and durability performance
of concrete with recycled aggregates. Construction and Building Materials, 2019. 228: p.
116783.

Dashti, J. and M. Nematzadeh, Compressive and direct tensile behaviour of concrete containing
Forta-Ferro fiber and calcium aluminate cement subjected to sulfuric acid attack with optimized
design. Construction and Building Materials, 2020. 253: p. 118999.

351



25.

26.

27.

28.

29.

30.

31.

32.
33.

3" International Conference on Advances in Civil and Environmental
Engineering (ICACEE-2024)

University of Engineering & Technology Taxila, Pakistan
Conference dates: 21°' and 22" February 2024, ISBN: 978-969-23675-2-3

Wang, Y., et al., Prediction of the elastic modulus and the splitting tensile strength of concrete
incorporating both fine and coarse recycled aggregate. Construction and Building Materials,
2019. 215: p. 332-346.

ACI 318-08, Building Code Requirements for Structural Concrete and Commentary, American
Concrete Institute, Detroit, Mich, 2008.

J. Xiao, J.L., C. Zhang, , Mechanical properties of recycled aggregate concrete under uniaxial
loading. Cement and Concrete Research, 2005. 35(6): p. 1187-1194.

GB: 50010-2002. Chinese standard: code for design of concrete structures. Beijing (China):
China building press; 2002 [in Chinese].

B.S. Eurocode 2: Design of Concrete Structures: Part 1-1: General Rules and Rules for
Buildings, 2004.

M.F.M. Zain, H.B.M., A. Ilham, M. Faizal,, Prediction of splitting tensile strength of high-
performance concrete. Cement and concrete research, 2002. 32(8): p. 1251-1258.

S. Iravani, Mechanical properties of high-performance concrete. Material Journal, 1996. 93(5):
p. 416-426.

JCI, Guidelines for Control of Cracking of Mass Concrete 2008, Japan Concrete Institute, 2008.
N.Z. Standard, Concr. Struct. Standard: NZS 3101 (2006). NZS.

352



