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Abstract 

The growth of the construction industry has expanded the demand for ceramic building products such as ceramic tiles, 

which constitute essential building materials. Nonetheless, a huge quantity of waste powder is produced during the 

polishing of ceramic tiles. The disposal of ceramic waste powder is a key environmental concern that needs to be properly 

addressed. The purpose of this research is to evaluate the potential of recycling ceramic waste powder as a geopolymer 

binder. The main objective consists of exploring the impacts of two types of ceramic waste powder (vitrified tiles and wall 

tiles) on the partial substitution of fly ash in geopolymer concrete. For this, concrete was prepared under ambient conditions 

without oven curing. Slump, compressive strength, split tensile strength, and modulus of elasticity tests were performed to 

measure the workability and the mechanical properties of the geopolymer concrete. Its durability was evaluated through 

water absorption and sorptivity tests. The microstructural behavior was investigated using scanning electron microscopy 

and X-ray diffraction measurements. The investigation revealed that a 15% partial replacement of fly ash by wall-tile 

ceramic waste powder in geopolymer concrete gave similar compressive strength, a 3% increase in tensile strength, and a 

7% improvement in the modulus of elasticity. Partial replacement of fly ash with 15% vitrified ceramic waste powder 

reduced sorptivity and improved the microstructure of geopolymer concrete. The findings revealed that ceramic waste 

powder can be used to replace 10–15% of the fly ash in M35 grade structural geopolymer concrete, which can be cured 

under ambient conditions. 
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1. Introduction 

The concrete industry is now moving toward the development of sustainable concrete using industrial by-products 

for partial replacement of cement. The use of industrial wastes in geopolymer concrete (GPC) facilitates waste recycling 

and promotes the production of eco-friendly concrete [1]. Fly ash geopolymer has been used as a substitute for Portland 

cement owing to its availability, low water demand, and low CO2 emissions, [2, 3], essentially as a recycled geopolymer 

binder [4, 5]. Materials with high aluminosilicate compositions, such as fly ash, slag, and meta-kaoline, produce 

geopolymers with alkali content [6, 7], where NaOH, KOH, and Na2SiO3 are commonly used in most studies [8]. 

Polycondensation helps aluminosilicate materials form geopolymer gels. Thus, geopolymer produces concrete that is as 

firm as Portland cement concrete. Heat curing has a vital influence on GPC properties, which has been used from 40 to 

85 °C for geopolymerization reactions [9]. Bakria et al. found an optimum GPC temperature of 60 °C [10]. Nonetheless, 

the heat curing is hindering the use of GPC in regular applications due to its demanding energy budget. Thus, current 

research efforts are being made toward the development of GPC that can be cured at an average room temperature. 
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The ceramic industry generates huge amounts of ceramic waste powder (CWP) during tile grinding and polishing 

processes [11]. Approximately 8 to 12% of the total waste is generated during the tile glazing and polishing processes 

[12]. This waste is discarded inland, causing ground, water, and air pollution in the surrounding environment [13]. CWP 

contains high amounts of silica and alumina; some are reactive [14] and constitute suitable source materials for GPC. 

Many researchers have replaced cement with CWP to create cement-based concrete. The M25 grade of self-

compacting concrete (SCC) was developed by Dieb et al., incorporating CWP as a cement substitute with an optimum 

percentage of 10–20% of cement. CWP showed better segregation resistance than ground granulated blast furnace slag 

(GGBS)-based SCC [13]. However, the use of CWP in GPC is reported to be significantly lower. Huseien et al. prepared 

an alkali-activated (AA) self-compacting concrete (SCC) using CWP and GGBS. The flow and passing ability of the 

concrete increased and the segregation resistance decreased with increasing CWP. The addition of CWP as a replacement 

for GGBS in alkali-activated SCC improves its resistance to sulfuric acid [15]. 

Aly et al. [16] examined the potential of using CWP in geopolymer concrete by using mortar specimens. The effects 

of air- and water-curing at 60 °C were investigated. Mixing with 40%, slag and 60% CWP achieved 40 MPa strength 

after seven days. A high percentage of superplasticizer (4%) was used for flowability. The authors reported that CWP 

has excellent potential for use in GPC applications. Rashad and Essa [17] developed alkali-activated pastes with slag 

and CWP, which they cured under ambient conditions in a hot environment at 45 °C. The paste strength was increased 

when CWP was used to replace 0 to 50% of the slag in alkali-activated slag paste. The negative effect on flowability 

with an increase in CWP level is acknowledged. Zhang et al. [18] developed an AA paste with slag, fly ash, and ceramic 

waste. The samples were oven-cured at 45 ± 2 °C. The different pastes were tested under thermal exposure for 2 h. The 

use of 20% CWP showed the highest strength after curing and thermal exposure. 

Shoaei et al. [19] prepared geopolymer mortars using waste ceramic powder. The samples were designed with 

different alkaline liquid-to-binder ratios (A/B) and cured at temperatures varying from 60 to 105 °C. The highest strength 

(27.5 MPa) is achieved at 105 °C. The optimum mixture was cured at 90 °C with a 0.6 A/B. The flow of mortar improved 

with an increase in the A/B. Huseien et al. [20] used fly ash to replace GGBS in AA mortar made with CWP. The acid 

and sulfate attacks on the mortar reduced with a higher fly ash quantity. In another study, the use of red ceramic waste 

was reported as a substitute binder for a metakaolin-based geopolymer mortar developed at 60 °C oven curing. A 

reduction in the compressive strength (CS) accompanied by an improvement in particle packing with partial replacement 

of read ceramic waste were reported [21]. Metakaolin was replaced by ceramic waste and found to be suitable for 

producing geopolymer roof tiles. A longer duration is necessary to produce tiles at ambient temperature [22]. Saxena 

and Gupta (2022) recommended five percent ceramic waste as a replacement for fly ash for 60 °C oven-cured GPC. The 

properties of GPC with 5% CWP are found comparable to the reference mix [23]. The use of rice husk ash and ceramic 

dust as GPC binders produced negative results on flow and water absorption. However, only ceramic dust replacement 

has shown positive effects on GPC [24]. 

Previous studies have reported that fly ash can be used to make GPC and avoid a high amount of slag. A higher 

quantity of slag yields calcium-based reaction products and a lower amount of geopolymer gel. Previous studies have 

reported class F fly ash with other binders for GPC under ambient conditions [6, 12, 25–30]. The method of heat curing 

limits the application of GPC in cast-in situ operation. The reactivity of fly ash was lower at room temperature, thus 

GGBS, nanosilica, carbon nanotubes, and alccofine were added as binders to enhance the reactivity of GPC at ambient 

temperature [25, 27, 29, 31]. 

The properties of concrete differ from those of mortar and paste. The mortar performance cannot replicate the exact 

performance of concrete. The aforementioned literature survey reports previous studies on geopolymer mortar or 

geopolymer paste incorporating CWP as a binder, mainly focusing on replacing GGBS with CWP. The majority of 

works reported oven-cured GPC. Simultaneously, the use of GGBS and CWP also requires a high quantity of admixture 

for workability, which may increase the cost of GPC. The long-term performance of AA slag could weaken, whereas 

the performance of fly ash GPC is more stable [32]. Shah and Huseien (2020) have recently reported on the improved 

performance of an AA mortar mixes (comprising a high quantity of CW and fly ash) against acid attacks and under high 

temperatures, compared to mortar consisting of high GGBS quantities [33]. 

The past decade has seen an increase in the use of ceramic products, which is expected to rise in the future. There is 

a need to identify multiple alternatives for recycling and using ceramic waste effectively. So far, very limited research 

has been carried out on CWP as a fly ash substitute for geopolymers. To the best of our knowledge, no work has been 

reported yet on the incorporation of CWP as a fly ash replacement in GPC with curing at ambient temperatures. The use 

of CWP as a substitute for fly ash in GPC prevents environmental degradation and preserves the valuable minerals used 

in cement manufacturing. More importantly, it effectively contributes to reducing the CO2 release inferred by the 

manufacturing of the cement, which promotes concrete sustainability. 

Hence, the current research aims at exploring the impact of CWP on low-calcium fly ash GPC developed during 

ambient curing, in which fly ash was selected as the prime source material and CWP was used as the substitute binder. 
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The ceramic wastes used here were polishing wastes, which further highly reduced energy consumption compared to 

the process of crushing ceramic tiles into a powder form. The main objectives of this study are twofold: preparing an 

economical, average-strength, and workable M35 grade GPC and identifying the optimum replacement of CWP for 

GPC. For this, two types of CWP were explored. A 100% fly ash-based GPC was prepared as the base mix, and CWP 

was used to replace 10, 15, and 20% of the fly ash. A lower A/B and ambient curing was used to minimize the cost of 

GPC. The experiments were performed at an ambient temperature of 35 ± 2°C. 

2. Materials and Methods 

2.1. Research Methodology 

Figure 1 explains the workflow diagram of the research procedure adopted. 

 

Figure 1. Research methodology diagram 

2.2. Fly Ash 

The fly ash was acquired from the Wankbori Thermal Plant, India. The results of a chemical analysis by X-ray 

fluorescence is summarized in Table 1. This result confirms the chemical necessity of fly ash used in concrete as per IS 

3812–1:2013 [34]. The specific gravity of the fly ash was 2.71, and its surface area was 5538 cm2/g. SEM imaging 

reveals a spherical shape particles microstructure in the fly ash, as shown in Figure 2. Owing to their spherical form, 

these micro-particle inclusions help improving the workability and decrease water demand. 

Table 1. Chemical analysis of the binder (%) 

Binder SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3 P2O5 TiO2 

Fly ash 58.98 15.19 12.5 1.82 0.62 0.25 1.88 1.60 0.58 3.98 

VCWP 70.71 11.56 2.86 3.45 1.21 1.39 3.39 0.46 0.17 1.48 

WCWP 57.55 11.54 7.77 10.86 1.68 0.96 1.50 2.88 0.28 2.45 
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Figure 2. SEM image of fly ash 

2.3. Ceramic Waste Powder 

Two types of CWP were collected from the ceramic industry. Vitrified tile ceramic waste (VCWP) and wall-tile 

ceramic waste (WCWP) powders were used. Wastes were obtained during the polishing of ceramic tiles. The specific 

gravity of both VCWP and WCWP were 2.53. Their specific surface areas were 4976 cm2/g and 5778 cm2/g, 

respectively. Dieb et al. reported a 5550 cm2/g surface area for CWP [35]. The chemical properties of both CWPs are 

described in Table 1. Both CWPs particles had angular shapes, as displayed shown in the SEM images in Figure 3. 

 

(a) 

 

(b) 

Figure 3. SEM image (a) VCWP (b) WCWP 
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2.4. Activators 

Commercially available technical-grade sodium hydroxide (NaOH) flakes were used in this study. Previous 

investigations found that high NaOH molarity increases strength. Kumar et al. [36] found that 14 molar (14 M) solution 

resulted in a higher compressive strength when blended geopolymer concrete was prepared. Hence, a NaOH 14 M 

solution was prepared by dissolving 404 g of flakes in 556 g of water. The concentrated NaOH solution was prepared 

24 h prior the concrete mixing. Sodium silicate (Na2SiO3) was purchased from the supplier at a 1.97 SiO2 to Na2O 

proportion by mass. The percentages of SiO2, Na2O, and water in the Na2SiO3 were 31.4, 15.9, and 52.7%, respectively. 

2.5. Aggregates 

Coarse aggregates (CA) (10- and 20-mm in size) were used in this experiment. The fine aggregates (FA) were smaller 

than 2 mm with a fineness modulus of 2.56 and Zone II as per the Indian standard (IS). FA and CA had specific gravity 

values of 2.6 and 2.69, respectively. Both aggregates were graded according to the requirements of IS 383:2016 [37]. 

The grading curve for FA and CA is presented in Figure 4. 

 

Figure 4. Grading of aggregates 

2.6. Concrete Sample Preparation 

The GPC mixes were designed by referring to a study by Lloyd & Rangan [38]. The anticipated GPC weight per 

square meter was 2400 kg/m3. The proportions of FA and CA were considered to be 77% of the total mass of concrete. 

All mixtures had 0.35 A/B and a 2.5 Na2SiO3/NaOH ratio. Additional water was added to form a workable concrete 

mix. Seven mixes were developed with a control mixture of fly ash GPC. The fly ash was partly substituted by VCWP 

and WCWP at 10%, 15%, and 20% by weight. The workability and target strength were experimentally determined. 

Surface-Saturated Dry (SSD) aggregates were used to prepare concrete samples. The NaOH and Na2SiO3 solutions 
were combined 30 min before concrete mixing, and the dry ingredients were mixed in a pan mixture for 1–2 min before 
adding the NaOH and Na2SiO3 solutions. After 2–3 minutes of mixing, additional water was added and the concrete was 
mixed until the slurry was completely homogeneous. The total mixing period was 4–5 min. All the molds were filled 
with three layers of concrete and compacted for 2 min on a vibrator. After 24 h, the samples were demold and kept at 
room temperature. The final design mixes for the GPC are summarized in Table 2. The average results for the three 
specimens from different batches are reported for discussion. 

Table 2. Geopolymer concrete mix (kg/m3) 

Mixture: GC- Geopolymer Concrete, Vx-Percentage of VCWP, Wx- Percentage of WCWP, aVCWP, bWCWP 
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Mix no. Mixtures 

Aggregates Binders Alkaline Solution 

Extra Water Superplasticizer Coarse 
Sand Fly Ash CWP Na2SiO3 NaOH 

20 mm 10 mm 

1 GC 610 406 832 408.88 - 102.22 40.89 41 - 

2 GCV10 610 406 832 368.00 40.88a 102.22 40.89 41 - 

3 GCV15 610 406 832 347.56 61.33a 102.22 40.89 41 - 

4 GCV20 610 406 832 327.11 81.77a 102.22 40.89 53 6.13 

5 GCW10 610 406 832 368.00 40.88b 102.22 40.89 41 - 

6 GCW15 610 406 832 347.56 61.33b 102.22 40.89 41 - 

7 GCW20 610 406 832 327.11 81.77b 102.22 40.89 53 6.13 
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3. Fresh and Mechanical Properties 

A slump test was performed to assess the fresh properties proposed mixes. It was performed in compliance with the 

IS 1199–2:2018 standard [39]. The slump behavior of all the measured samples was the true natural slump. Concrete 

with a shear or collapsible nature was rejected. 

The compressive strength experiment was performed on a 2000 kN AIMIL digital compression testing machine 

(CTM), as per IS 516:1959 [40]. A constant load was applied at a pace-rate of 14 N/mm2/min. The testing periods were 

3, 7, 28, and 56 days. The split tensile (ST) experiment was performed according to IS 5816:1999 [41]. The cylindrical 

specimen was maintained horizontally, as shown in Figure 5. This was examined after 28 days. 

 

Figure 5. Tensile strength test 

The Young’s modulus (MOE) of GPC was evaluated as per the IS 516: 1959 standard procedure [40]. The 

experiment was performed by keeping the specimen vertically in the CTM. As indicated in Figure 6, a specimen was 

fitted with a longitudinal extensometer. The compression load was given at a rate of 14 N/mm2/min. The deformations 

at corresponding loads were measured using a dial gauge and CTM reading. A stress-strain curve was plotted, and the 

MOE was calculated by finding the slope of the stress-strain line. MOE of three specimens were measured after 56 days, 

and an average value is reported. 

 

Figure 6. Test setup of MOE 

4. Durability Performance 

The water absorption (W.A) was determined using the ASTM C642–13 standard procedure [42]. The samples were 

dried in an oven at 110 °C for 24 h until a constant mass was obtained. Then, they were immersed in water at 23 °C for 

48 h regain their saturated weight. The dry weight of the specimen is denoted as (A) whereas the saturated weight of the 

specimen is referred to as (B). Equation 1 was used to determine the water absorption (W.A) percentage of each 

specimen. The samples were then immersed in boiling water for 5 h and allowed to cool for 15 h to a final temperature 

of 23 °C. The saturated weight of the boiled specimen is denoted as (C), and the water absorption of the boiled specimen 

(W.Ab) was calculated using Equation 2. 
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𝑊. 𝐴 =
𝐵−𝐴

𝐴
× 100  (1) 

𝑊. 𝐴𝑏 =
𝐶−𝐴

𝐴
× 100  (2) 

According to ASTM C 1585–13 [37], a water sorptivity test was performed on a cylindrical specimen. The samples 

were stored for three days at a (50  2) °C temperature and 80  3% relative humidity. All samples were stored in 

sealable containers for 15 days prior to testing. The sealing material was applied to the side surfaces. Figure 7 shows the 

sorptivity experimental setup. The specimens were placed in a tray on raised supports and water was filled 1–3 mm 

above the support. Sorptivity was obtained as the slope of a line plotted between the absorption (I) versus time square 

root (√t). “I” was calculated from Equation 3. 

𝐼 =
𝑚𝑡

𝑎∗𝑑
 ,  (3) 

where I is the absorption, 𝑚𝑡 is change in mass of a specimen in grams, at time 𝑡, a is area of the specimen in 𝑚𝑚2, and 

𝑑 is density of water 𝑔/𝑚𝑚3. 

 

Figure 7. Sorptivity test setup 

SEM was carried out on paste samples of 5 mm diameter for the microstructural analysis of GPC. An alkaline 

solution with a Na2SiO3/NaOH ratio of 2.5 was used. Paste samples GP, GPV15, and GPW15 were prepared by replacing 

15% fly ash with CWP. The samples were stored at ambient temperature for 56 d, and coated with platinum prior to 

SEM imaging. For comparison, all micro-images were captured at the same magnification and microscope voltage. 

Paste samples of GP, GPV15, and GPW15 were crushed into fine powders for X-ray diffraction (XRD) analysis. 

The analysis was done at an age of 56 days, and crystalline phases were identified at 2 angles from 10° to 70°. 

5. Results and Discussion 

5.1. Workability of GPC 

The flow of GPC relies on the binder, water, and additives used. The developed GPC could be handled easily for 

two hours without any sign of setting whereas it hardens after 24 h of casting. 

Figure 8 shows the slump values for the GPC mixtures. The slump values were significantly influenced by the CWP 

replacement, showing a decreasing trend as the percentage of CWP increased. The maximum slump was recorded for 

reference GPC with 100% fly ash. In comparison to the reference mix, the slump was reduced by 10%, 40%, and 70% 

for GCV10, GCV15, and GCV20, respectively. This was reduced by 50%, 30%, and 55% for GCW10, GCW15, and 

GCW20, respectively. When 10% fly ash was substituted with VCWP, the slump fall was acceptable at approximately 

10%. For 15% replacement of VCWP and WCWP slump was reduced by 40% and 30%. With an increase in the CWP 

content to more than 15%, the concrete became stiff. Hence, a superplasticizer was necessary to improve the workability 

of mixtures GCV20 and GCW20. For these mixes, a 1.5% naphthalene-based superplasticizer was used to increase the 

workability. Despite the additional water and admixture in mixes GCV20 and GCW20, a lower slump was reported. 

The slump reduction was attributed to the high water absorption and angular shape (Figure 3) of the CWP particles [13]. 

The angular shape of the particles increases the friction between the particles, and hence, reduces the workability. 
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Figure 8. Slump results of GPC 

Previous research has shown a negative trend for workability when CWP replacement increases with other binders 

in paste, mortar, and concrete mixes. [17, 23]. 

There are several ways to overcome the workability problems of GPC. This can be improved using a high water-to-

binder ratio and admixture. Although the compatibility of traditional admixtures must be investigated. Shoaei et al. 

reported that the flow of CWP mortar could be enhanced by increasing the A/B, which ranges from 0.4 to 0.7 [19]. 

However, increasing the alkaline content may decrease the strength and increase the cost of GPC. 

5.2. Mechanical Strength of GPC 

The essential properties of GPC with incorporated CWP are described in Table 3. 

Table 3. Mechanical properties 

Mixtures 

Density 

(kg/m3) 

Cube Compressive Strength 

(MPa) 

Tensile Strength 

(MPa) 

MOE 

(MPa) 

28 d 3 d 7 d 28 d 56 d 28 d 56 d 

GC 2387 12.07 27.10 49.02 49.96 3.65 26414.00 

GCV10 2395 10.86 26.99 45.95 44.00 3.69 25482.00 

GCV15 2392 10.80 27.32 45.38 45.62 3.74 26545.33 

GCV20 2319 2.87 9.88 26.07 32.68 1.29 21514.00 

GCW10 2385 16.92 30.76 48.78 47.81 3.64 26043.33 

GCW15 2379 10.91 29.42 43.84 49.96 3.78 28411.33 

GCW20 2300 3.24 11.73 27.00 31.42 2.27 18661.00 

Generally, a high-density concrete provides better strength and fewer voids. In this study, the densities of all designed 

mixtures ranged from 2300 to 2395 kg/m3 (Table 3). The maximum reduction in density of GPC was observed in the 

mixture of GCV20 and GCW20, which was approximately 3%. The remaining mixtures exhibited similar density values. 

The evaluated density values matched the density of plain cement concrete specified by the IS 456:2000 standard [43]. 

Our findings corroborate with previous studies, which recorded GPC density values within the range of 2147 to 2463 

kg/m3 [3, 27, 30, 44]. A decrease in density with an increase in CWP was reported for geopolymer mortars [45]. 

Figure 9 represents the effects of compressive strength at varying ages. In comparison to control mix, compressive 

strengths at 56 d for GCV10, GCV15, and GCV20 were reduced by 11.92%, 9.69%, and 34.58%, respectively. Similarly, 

the strengths of GCW10, GCW15, and GCW20 were reduced by 4%, 0%, and 37.0%, respectively. GCW10 and GCW15 

resulted in a greater early strength (7 d) and final strength (56 d) relative to GCV10 and GCV15. 
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Figure 9. Compressive strength of GPC 

The compressive strength of all mixtures improved gradually with age. This confirms the Geopolymerization process 

with increasing age [46]. GCW10 and GCW15 exhibited a high compressive strength due to the availability of 10% 

CaO (Table 1) in the WCWP, which resulted in tobermorite (CSH) gel at early stage. In addition, the compressive 

strengths at 28 and 56 d for GC, GCV10, GCV15, GCW10, and GCW15 were higher than the target strength (43.25 

MPa) calculated as per the IS 10262:2019 standard, for the M35 grade concrete [47]. This implies that 15% CWP 

replacement with fly ash can produce M35 grade geopolymer concrete under ambient conditions. These designed 

mixtures (GC, GCV10, GCV15, GCW10, and GCW15) are appropriate for extreme exposure conditions, in agreement 

with IS 456:2000 [43]. The high water content and admixture increased the porosity of the GCV20 and GCW20 mixtures 

and reduced their density and compressive strength. 

A lower mortar compressive strength with an increase in CWP as substitute of GGBS has been reported [15, 16, 48]. 

The decrease in the compressive strength of concrete could be attributed to the reduced lime percentage with the 

replacement of CWP with GGBS [15]. This validates the improvement in the compressive strength at an early days for 

GCW10 and GCW15. However, the percentage of CaO was very small; hence the 56-day strength was similar to that 

of the reference mix. In contrast, Rashad & Essa observed an improvement in the compressive strength of AA slag paste 

at 7 and 28 d, with an increase in CWP when replacing slag. The authors reported that hot climate conditions increased 

the geopolymerization rate and helped increase the strength at an early age [17]. In our present study, the high ambient 

temperature increased the rate of polymerization and resulted in a strength higher than 43 MPa at 28 days for 15% CWP 

replacement. Saxena and Gupta (2022) reported that a decrease in strength with increasing ceramic waste, disturbed the 

homogeneity of GPC owing to the angular shape of the ceramic waste [23]. 

The key factors for higher compressive strength at ambient temperature for reference mix and mix with 15% ceramic 

replacement are high surface area of binders, high ambient temperature, and presence of CaO in WCWP. The higher 

surface area of the binders and extended curing at room temperature can offer higher compressive strength of fly ash 

GPC [49]. Chindaprasirt and Rattanasak (2017) reported better later-age strength for fly ash GPC cured at 35 °C for 72 

h compared to cure at 65 °C for 24 h [50]. An extended curing period improves the strength of ceramic dust-based 

geopolymer bricks. However, high curing temperature degrades the strength [51]. 

The values presented in Table 4 validate the experimental outcomes of compressive strength and imply that the 

average strength of GPC is achievable under ambient conditions. For comparison, the cube strength results of the study 

were converted into cylindrical strength. The strength gain process was frequently found slow in fly ash GPC at 28 d, 

taking a long time to complete geopolymerization. However, Saxena and Gupta (2022) reported a lower compressive 

strength than that in the present study because of oven curing. Also, different Na2SiO3/NaoH ratios, curing temperatures, 

and molarities of sodium hydroxide may result in a lower compressive strength. 
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Table 4. Comparison of results with previous works 

Authors Binders 
Compressive Strength 

(MPa) 

Curing 

condition 

NaOH 

molarity 

Na2SiO3/ 

NaOH 

Testing time 

(days) 

Albatiar et al. [30] Class F Fly ash 49.1 Ambient 14 M 0.6 90 

Nath and Sarkar [3] Class F Fly ash 33.1- 41.1 Ambient 14M 2.5 90 

Vaidya et al [52] Class F Fly ash 43.1 Ambient Not reported 
Not 

reported 
28 

Ngarm et al. [53] Class C Fly ash 45.34,39.02 Ambient 15M 1.0,2.0 28 

Saxena and Gupta [23] 
Class F Fly ash + 5% 

CWP 
18.8 

1 day 60⁰C 
oven 

Not reported 2 28 

Present Study 
Class F Fly ash + 10 -

15% CWP 
35.2- 40 Ambient 14M 2.5 56 

The split tensile strength (ST) is a vital property of concrete, whose results are presented in Figure 10. The results 

were compared with those of the control mix. Minor changes in ST, +1.16%, +2.63%, -0.12%, and +3.62% were 

observed for GCV10, GCV15, GCW10, and GCW15 mixtures, respectively. Replacement of CWP by 20% for GCV20 

and GCW20 reduced the ST by 64% and 37%. A comparable ST was observed up to 15% CWP replacement. This 

implies that the recycling of 15% CWP as a fly ash substitute for GPC is plausible. In the past, the replacement of GGBS 

with CWP resulted in a low rate of chemical reaction and the formation of C-A-S- H gel [15]. However, in the present 

study, fly ash was replaced by CWP, and ST was not affected by a 15% CWP substitution. These results indicate that 

replacing CWP with fly ash has a more positive effect than replacing CWP with GGBS. 

 

Figure 10. Split tensile strength (28 days) 

Sofie et al. proposed Equation 4 to determine ST (𝑓𝑐𝑡𝑚) from the characteristic compressive cylinder strength of 

concrete (𝑓𝑐𝑘) at 28 d with an experimental study carried out at 23 °C for fly ash and slag based GPC [44], whereas Lee 

and Shin proposed Equation 5 [54]. The relationship between ST and compressive strength in the present study is 

presented in Figure 11 and compared with the values obtained from Equations 4 and 5. Here, the 28-d cube strength was 

converted to cylindrical compressive strength as per IS 516:1959 [40]. The ST was slightly higher in the present study 

compared to previously reported works because of the differences in the curing temperature and binder composition [44, 

54]. 
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Figure 11. Compressive strength vs. ST strength in this work and previous studies 

The modulus of elasticity (MOE) is an important property that must be consideration in the development of structural 

concrete. Figure 12 shows the MOE values obtained for different GPC at 56 days. The MOE decreased by 3.65% and 

1.42% for GCV10 and GCW10, respectively, whereas it increased by 0.49% and 7% for GCV15 and GCW15, 

respectively. The MOE results for 15% CWP are equivalent to the reference GPC. The highest MOE was achieved for 

GCW15 among all mixtures, which is consistent with the compressive strength findings. The lime content of WCWP 

helped in the C-A-S-H gel creation and increased the MOE of GCW15. MOE values were reduced by 22.77% and 41.4% 

for GCV20 and GCW20, respectively, which is attributed to the extra water and superplasticizer creating more voids in 

GCV20 and GCW20. 

 

Figure 12. MOE of GPC (56 days) 

Figure 13 displays the relationship between the MOE and the compressive strength obtained through Equations 6 to 

8 given by IS 456:2000, Nath & Sarker, and Daiz-Loya et al. for fly ash GPC [3, 43, 55]. In the present work, the MOE 

of GPC was observed in the range of 26.41 to 28.41 GPa, which is lower than the MOE of plain cement concrete 

specified by IS 456:2000 [43]. Sofie et al. identified an MOE in the range of 23–39 GPa for fly ash GPC cured at 23 °C 

until testing [44]. The results of the present study match those proposed by Diaz-Loya et al. The present results are 

higher compared to those reported by Nath & Sarker due to the difference in ambient temperatures between the two 

studies. The comparison indicates that the MOE of fly ash GPC increases at a high ambient temperature of (35 ± 2) °C 

compared to that at 23 °C. A decrement in MOE was observed as the percentage of CWP increased for fly ash GPC 

made under oven curing [23, 27]. In addition, the MOE values reported by Saxsena and Gupta were high for lower 
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compressive strengths. This implies that temperature curing improves the MOE [23]. The MOE comparison with 

previous works suggests that the MOE of GPC depends on the compressive strength, curing temperature and curing 

time. 

𝐸 = 5000√𝑓𝑐𝑐  (6) 

𝐸 = 3510 × 𝑓𝑐𝑘
0.5  (7) 

𝐸 = 0.037 × 𝜌1.5 × √𝑓𝑐  (8) 

where, fcc is cube compressive strength, fck is compressive cylinder strength, and fc is compressive cylinder strength after 

3 d of curing at 60 °C for 3 d. 

 

Figure 13. MOE vs. Compressive strength in this work and previously reported studies 

5.3. Water Absorption 

Water absorption (WA) provides an essential indication of the porosity and water tightness of concrete. Figures 14 

and 15 show the percentage of WA after immersion in water at 23 °C and boiling temperature, respectively. 

 

Figure 14. Water absorption after immersion in water 
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Figure 15. Water absorption after immersion in boiled water 

Water absorption below 3% is considered a good durability indicator, while 3-5% is average, and more than 5% is 

considered as poor [56]. This study showed that WA increased with CWP, indicating that the porosity of GPC increases 

when CWP substitutes fly ash. However, it was below 5% for all mixes when the sample was immersed in water at 

standard temperature, and below 6% when the sample was immersed in boiling water. Previous studies have also 

reported an increase in WA with an increase in CWP as an alternative to fly ash or GGBS [15, 23]. 

5.4. Sorptivity 

Aggressive ions are transported into the concrete through water. The sorptivity characterizes the transport 

mechanism of water into unsaturated concrete pores. It is an essential durability parameter for determining the 

microstructure and permeability of concrete. A lower sorptivity prevents the ingress of calcium and sulfate into concrete 

[57]. Figure 16 shows a sorptivity graph and Table 5 summarizes the corresponding sorptivity and R2 values for each 

mix. GCV10, GCV15, and GCV20 showed lower sorptivity compared to GC, whereas the sorptivity values of GCW10 

and GCW15 were slightly lower than that of GC. 

 

Figure 16. Initial rate of water absorption by capillary action 
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Table 5. Sorptivity values for different mixtures 

Mix S (mm/√s) S (mm/√h) R2 

GC 0.0211 1.27 0.98 

GCV10 0.0179 1.07 0.99 

GCV15 0.0183 1.11 0.99 

GCV20 0.0195 1.17 0.99 

GCW10 0.0207 1.23 0.99 

GCW15 0.0204 1.22 0.98 

GCW20 0.0226 1.35 0.98 

Table 6 shows the sorptivity index for concrete structure at early age, as proposed by Alexander et al [58]. It indicates 

that the sorptivity of the mixes designed in our study are excellent. Aly et al. [16] reported lower sorptivity for mortar 

samples when a 100% CWP mixture was used compared to a 60% CWP and 40% GGBS mixture. Another concrete 

based study on recycled aggregate concrete showed 10% replacement of CWP with cement reduces the sorptivity [59]. 

The impermeability of the concrete is improved with the addition of CWP in place of cement [11]. The reason for 

reduction in sorptivity is the influence of CWP on the reactivity and alteration in the pore structure. 

Table 6. Sorptivity Index 

S (mm/√h) Durability class 

<6 Excellent 

6-10 Good 

10-15 Poor 

>15 Very Poor 

5.5. Microstructure Analysis 

Figure 17 shows SEM images of the paste specimens for GP, GPV15, and GPW15. The paste microstructure includes 

unreacted particles, voids, and geopolymer gel [60]. 

 
(a) 

 
(b) 
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(c) 

Figure 17. SEM image (a) GP (b) GPV15 (c) GPW15 

Figure 17-a shows an SEM image of GP revealing unreacted fly ash particles, voids, micro cracks, and geopolymer 

gels. It also shows small 2 μm needle-shaped products above the unreacted fly ash particles, which could be possibly 

attributed to zeolites that have developed as secondary products [26]. Figure 17-b shows the image of GPV15, which 

has a compact surface microstructure, voids, and needle-shaped reaction products with a fully developed geopolymer 

gel, which indicates the improvement in pore structure with the use of VCWP in fly ash geopolymers. A compact 

microstructure was also observed for GPW15 (Figure 17-c). This compactness was attributed to the high compressive 

strength and formation of the C-A-S-H phase. The combination of CWP may increase the compactness of the paste, and 

the remaining CWP can seal the paste voids [17, 18, 21]. 

A similar behavior was observed through a sorptivity test of the GCV10 and GCV15 mixes. However, unreacted 

SiO2 increases porosity and degrades compressive strength [15]. In the paste matrix, the voids were not interconnected, 

and they improved the impermeability; hence, the compressive strength was decreased, while the impermeability and 

microstructure were enhanced. Figure 17-c shows an image of GPW15 with a product similar to that of the C-S-H gel. 

This confirms the formation of a C-A-S-H gel along with an N-A-S-H gel in the GPW15 [15]. This helped to improve 

the early compressive strength and high MOE. 

5.6. XRD Analysis 

Figure 18 shows the XRD patterns for the binders, indicating amorphous humps between 2 values of 15°- 30°, 20°-

30° and 23°- 32° for fly ash, VCWP, and WCWP, respectively. The peaks of the fly ash and VCWP show the crystalline 

phases of quartz, mullite, and merwinite, whereas those of the WCWP show other phases, such as aluminium, nepheline, 

and calcite, with quartz and mullite. 
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Figure 18. XRD of fly ash, VCWP, and WCWP 
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Figure 19 shows well-developed crystalline peaks of quartz at 2 angles of 16°, 20.7°, and 26.5° for all three 

diffraction patterns of GP, GPV15, and GPW15, respectively. The peaks of mullite were found in the patterns of GP 

and GPW15 between 32°- 35°. Peaks that were not present on the VCWP pattern were also absent on that of the GPV15. 

Similar quartz and mullite phases have also been reported in GPs [26, 29, 60]. 
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Figure 19. XRD of GP, GV-15, and GW-15 

Most of the identified crystalline phases were similar to those observed in the source materials. This result indicates 

that the geopolymer gel is amorphous and is produced by the reaction of the source materials with the alkaline liquid 

[60]. The pattern of GW-15 shows the C-S-H gel phase and nepheline development, and similar phases have also been 

reported in other studies [17, 29]. Rashad and Essa found that the intensities of quartz, nepheline, calcite, and mullite 

peaks increased as CWP increased [17]. The presence of calcite in the WCWP (Figure 18) transformed it into a C-S-H 

gel-like product (Figure 17-c), which was also confirmed by SEM analysis. The C-S-H phase did not appear in the GP 

and GV-15 diffraction patterns because of the missing lime content. 

6. Conclusions 

The study explored the changes in the early and later age compressive strength of GPC by incorporating fly ash and 

CWP. The essential mechanical properties of GPC incorporating CWP were compared with those of IS 456:2000. 

Sorptivity testing revealed durability improvements with the use of CWP. Our findings contribute to the promotion of 

recycling VCWP and WCWP to produce fly ash GPC at ambient temperatures. The main conclusions of this study are 

summarized as follows: 

 The crucial factors for the high performance of CWP and fly ash-based GPC are the high surface area of binders, 

extended ambient curing, the presence of lime, and optimum replacement of CWP. The optimum replacement may 

vary with changes in the curing temperature, curing time, properties of CWP, and the addition of other binders. 

 The workability of GPC decreases with an increase in VCWP and WCWP in substitution of fly ash. The use of 

superplasticizers can further improve the workability, but the compatibility of the superplasticizer and its dosage 

needs to be determined. 

 Compressive strength, split tensile strength, and MOE values for 15% replacement of the fly ash by CWP (VCWP 

and WCWP) are found appropriate for making an average-strength (35–45 MPa) GPC at ambient temperature (35 

± 2) °C without oven curing. This also suggests that 15% CWP can be utilized as a recycling binder in fly ash-based 

GPC. 

 Replacing 15% of the fly ash with WCWP in GPC provides equivalent compressive strength, 3% higher split tensile 

strength, and 7% higher MOE. The replacement of fly ash with WCWP in GPC yielded a higher MOE than VCWP. 

Partial replacement of fly ash with 10–15% VCWP decreases the sorptivity and improves the compactness of fly 

ash GPC. The sorptivity performance of the VCWP replacement was better than that of the WCWP. 

 The Young’s modulus of fly ash and CWP-based GPC was lower than that mentioned in IS 456:2000. The equation 

suggested by Diaz-Loya et al. can be used to evaluate the MOE of fly ash and CWP-based GPC at ambient curing. 
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 SEM and XRD analyses confirmed the contribution of CWP to the polymerization process and the development of 

a better microstructure. This result revealed the presence of a C-A-S-H gel with an N-A-S-H gel owing to the 

replacement of fly ash by WCWP. 
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