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Abstract

Self-compacting concrete (SCC) needs a massive extent of natural �ne aggregate, which

is affecting the river ecosystems due to the nonstop over-mining of it. Researchers are

continuously working to decrease the dependence on natural �ne aggregates and looking

for green substitute materials. Hence, in this study, using ceramic wastes in SCC to
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replace �ne aggregate will lead to a green environment and �nd proper ways to reduce

waste disposal problems. This research aims to assess the systematic performance of SCC

in an acidic environment by introducing up to 100% ceramic waste tile aggregate (CWTA)

as a replacement for �ne aggregates. Performance of SCC was evaluated by sulphate

attack, chloride penetration, corrosion attack, carbonation, compressive strength, static

and dynamic modulus of elasticity, scanning electron microscope (SEM), Fourier

transform infrared (FTIR) and energy dispersive spectroscopy (EDS) tests. Outcomes

indicated that incorporating up to 100% CWTA provided higher compressive strength and

modulus of elasticity. All CWTA-based SCC mixes also showed superior resistance to

chloride penetration, carbonation, corrosion and sulphate attack. Furthermore, the

increment in replacement level after 60% has reduced most of the characteristics.

However, mixes prepared with 80 and 100% CWTA also performed better than the control

mix. It was noticed through SEM and EDS analyses that a considerable amount of

hydration products were developed in CWTA-based SCC, which con�rmed the reason for

the better performance of this mix compared to conventional SCC. Besides, FTIR analysis

noticed the lower decay of portlandite and calcium silicate hydrate (CSH) gel for CWTA-

based SCC mixes, which might cause higher resistance for them against sulphate attack.

Incorporating up to 60% CWTA can thus be recommended as a feasible substitute to �ne

aggregate in SCC structures subjected to harsh environments.
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1 Introduction

Self-compacting concrete (SCC), which has better fresh properties and superior

durability, has been gaining popularity in recent years. In 1980, Japanese researchers

created SCC for the �rst time to reduce the construction’s cost and time (Okamura et al.

2000). The primary goal of SCC is to provide a homogeneous �owable mix without

segregation, which can only be ful�lled by using a large content of powder or �ne

aggregate (Choudhary et al. 2021a). However, the Indian Government has limited river

sand mining due to severe environmental hazards (Jain et al. 2019). The shortage of

natural river sand has generated problems for the emergent concrete industry (Gupta and

Siddique 2020). The higher demand for �ne aggregate is challenging for the world

(Meena et al. 2023a). Thus, the search for a sustainable alternative to natural resources is

being worked on by researchers worldwide.

It is also stated that concrete structures are generally built for at least 50 years (Meena et

al. 2021). However, they are often impaired before their lifespan due to acidic

environments such as chloride attack, corrosion, carbonation, and sulphate attack.

Penetration of ions externally through soil, groundwater, and seawater into concrete

structures develops harsh environments and ultimately triggers their deterioration (Jain

et al. 2022a). As the rate of deterioration increases, occasional replacement or repair of

completely damaged concrete structures becomes essential, which is the most expensive

and creates numerous social problems (Dezhampanah et al. 2020). Earlier researchers

have recommended using various industrial by-products as an alternative to natural

aggregate for improving resistance against the harsh environment of concrete structures

(Choudhary et al. 2021a; Chouhan et al. 2019; Gautam et al. 2022c; Jain et al. 2020a). This

study is, hence, intended to assess the systematic behaviour of SCC subjected to the

aggressive environment by using up to 100% ceramic waste tile aggregate (CWTA) as a

replacement for �ne aggregates.

2 Literature Review

Ceramics is a worldwide decorative being exploited on walls, �oors, sanitary ware,

sculptures, interiors, etc. On the other hand, ceramic industries are continuously

rejecting large amounts of non-standard tiles during processing and quality control

(Vilas Meena et al. 2021). Another reason that adds to waste ceramic is transportation and
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�xing processing. About 30% of India's ceramic production was reportedly wasted by the

ceramics sector (Gautam et al. 2022a). This bulk quantity of ceramic waste creates

environmental problems (Vilas et al. 2022b). However, researchers worldwide reported

that concrete containing ceramic waste resulted in better strength and durability

properties and improved microstructure (Gautam et al. 2022b; Meena et al. 2023b;

Siddique et al. 2018a). Jerônimo et al. (2018) examined the corrosive behaviour of ground

clay bricks incorporated with SCC. They stated that up to 20–30% replacement of cement

with waste ground clay bricks enhanced the resistance to corrosion of the SCC mixture.

Huseien et al. (2020) detected that incorporating ceramic tile waste powder (0–80% at

10% intervals) enhanced the fresh characteristics of self-compacting alkali-activated

concrete. The concrete displayed excellent hardened state properties on incorporating

ceramic tile waste powder. Gonzalez-Corominas and Etxeberria (2014) tested hardened

characteristics of concrete made with ceramic waste as a substitution of up to 30% �ne

aggregate. They reported that compressive strength and �exural strength increased on

substitution of up to 30% �ne aggregate with ceramic waste. Medina et al. (2013) revealed

that the water resistance behaviour of concrete was enhanced by replacing up to 25%

recycled sanitary ware with coarse aggregate. Suzuki et al. (2009) examined the

consequences of ceramic porous aggregates on autogenous shrinkage of concrete. The

authors substituted the coarse aggregate with ceramic porous coarse aggregates at 10, 20,

30 and 40%. They observed the minimum shrinkage after the 40% substitution of

ceramic porous in concrete. Higashiyama et al. (2015) investigated the in�uence on

mortar behaviour of substituting natural river sand by waste ceramic aggregate produced

by grinding and crushing electric porcelain insulator wastes. Meena et al. (2023b)

assessed acid resistance performance of SCC incorporating waste ceramic as a

replacement up to 100% of natural �ne aggregate. They noticed the minimum loss of

compressive strength and weight after 180 days of contact with sulphuric acid solution at

up to 60% replacement level. Muniandy et al. (2018) studied viability of recycled waste

ceramic in hot mix asphalt as aggregate substitution. The outcomes show that the

resilient modulus strength and Marshall stability of the recycled waste ceramic hot mix

asphalt mixes increased with 20% replacement.

This research intends to systematically assess the SCC prepared with CWTA on exposure

to harsh environments. Earlier, fresh characteristics of CWTA-based SCC mixtures have

been calculated (Vilas et al. 2022a). In this study, the durability and mechanical properties

of SCC were assessed for sulphate attack, chloride penetration, corrosion attack,

carbonation, compressive strength, and static and dynamic modulus of elasticity. Fourier
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transform infrared (FTIR), scanning electron microscope (SEM), and energy dispersive

spectroscopy (EDS) were performed to examine the microstructural behaviour of SCC.

Test results can con�rm the reliability of CWTA as an SCC component in a harsh

environment. This study could help to reduce the environmental effect of SCC by

decreasing natural �ne aggregate utilization.

3 Materials and Methods

3.1 Materials

Ordinary Portland cement (OPC, 43 grade) was used as a binder, af�rmed by BIS 8112

(2013). CWTA, Banas river sand (i.e. natural �ne aggregate), and coarse aggregate

(highest 10 mm size) were used following BIS 383 (2016). Figure 1 depicts the distribution

of grain size of river sand and CWTA. Figure 2 shows that river sand particles are granular

and smooth, whereas CWTA particles are rough and angular. Polycarboxylic ether

Glenium Sky 877 was taken as a high water-decreasing superplasticizer. Material

properties of coarse aggregates, CWTA, cement, and natural river sand are depicted in

Table 1. X-ray �uorescence technique was used to assess the chemical composition of

river sand and CWTA, as reported in Table 2. XRD investigation (Fig. 3) of river sand and

CWTA shows the majority of quartz, albite, and microcline in river sand, whereas quartz,

calcium oxide, magnesium silicate, and aluminium in CWTA.

Fig. 1
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Gradation of river sand and CWTA

Fig. 2
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SEM images a CWTA b River sand

Table 1 Physical properties of raw materials (Vilas et al. 2022a)

Table 2 Chemical constituent of river sand and CWTA (Vilas et al. 2022a)

Fig. 3

XRD patterns a River sand b CWTA

3.2 Mix Proportioning

The SCC mixes (Table 3) were prepared with cement (560 kg/m3) as binder material. Fine

aggregate (928 kg/m3) was substituted in amounts of 0, 20, 40, 60, 80 and 100% with
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CWTA. The total coarse aggregate quantity taken was 731 kg/m3. A uniform w/c ratio

(0.33) was selected for all mixtures. The superplasticizer amount (0.9–2.12%) was used

by the weight of cement in the SCC mixture. The following nomenclature was used for

SCC mixes as D , where x indicates the percentage substitute of CWTA with �ne

aggregate. Fresh characteristics were evaluated as per the requirements of EFNARC

standards (EFNARC 2005). All the developed mixtures ful�lled the limitation for SCC

fresh characteristics, as reported in an earlier study (Vilas et al. 2022a).

Table 3 Self-compacting concrete mixtures (kg/m3)

3.3 Testing Procedure

3.3.1 Compressive Strength

Compressive strength test was performed on 100 mm cube size specimens using a digital

Compression Testing Machine (CTM) at up to 365 days of curing as per BIS 516 (1959).

For assessing the compressive strength of SCC for every mix, an average of three cube

specimens was taken.

3.3.2 Static Modulus of Elasticity (SME)

SME was evaluated for 300 mm high and 150 mm diameter cylindrical samples, as per the

standard of ASTM C469 (2002). An automatic 300-tonne CTM was used to determine

SME.

3.3.3 Dynamic Modulus of Elasticity (DME)

DME is a non-destructive experiment. For this experiment, 100 mm size cubic samples

were used. Ultrasonic pulse velocity values and sample unit weight were determined for

the assessment. DME values were calculated as per the following equation (Eq. (1)) given

by Jain et al. (2020b).

X

$$ {\text{DME}} = \rho V^{{2}} /{1}00g $$

(1)
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where DME in GPa, ρ = unit weight of concrete (kg/m3), g = gravitational acceleration

equivalent to 9.81 m/s2 and V = ultrasonic pulse velocity values in (m/s).

3.3.4 Chloride Penetration

This test was done on 28 days water cured cubes. Three 100 mm cubes for every SCC

mixture were chosen for measuring chloride penetration, as per ASTM C1543 (2014).

Samples were immersed in a 3% sodium chloride (NaCl) solution for 7, 28, 90 and

180 days. After every sample’s immersion period, it was removed and surface dried with a

dry fabric. The sample was then broken into two pieces, and the inner surface of it was

sprayed over with 0.1 N AgNO  solution. The free chlorine on the surface reacts with the

AgNO  and precipitates a silver-white colour of the silver chloride (AgCl) layer, showing

the penetration level of chloride. Figure 4 displays measurements of the depth of chloride

ingress in the split specimens. The average of three samples was taken as the �nal

penetration value.

Fig. 4

Measurement depth of chloride ingress of SCC samples

3.3.5 Sulphate Attack

This experiment was conducted on 28 days water cured cubes of 100 mm in accordance

with ASTM C1012 (2015). Cubes were immersed in 3% magnesium sulphate (MgSO )

solution for up to 180 days (Fig. 5). Magnesium sulphate solution was replenished

3

3

4
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frequently to maintain uniform concentration throughout the investigation. The impact

of MgSO  attack was measured by detecting changes in weight and compressive strength

of SCC specimens as per Eqs. (2) and (3):

Fig. 5

SCC specimens exposed to MgSO  solution a 0 days b 180 days

4

$$ {\text{Variation in weight (\% )}} = \frac{{W_{{\text{a}}} - W_{{{\text{sb}}}} }}

{{W_{{\text{a}}} }} \times 100 $$

(2)

$$ {\text{Variation in compressive strength (\% )}} = \frac{{F_{{\text{c}}} -

F_{{{\text{sb}}}} }}{{F_{{\text{c}}} }} \times 100 $$

(3)

4
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Here, W  and F  are the oven dry weight and compressive strength of 28 days cured SCC

specimen, respectively.

W  and F  are the weight and compressive strength of sulphate-exposed SCC specimens

on a speci�c day of testing, respectively.

3.3.6 Corrosion

Corrosion evaluation of SCC samples was performed using half-cell potential and Macro-

cell current following ASTM C876 (2015) and ASTM G109 (2011), respectively. For

corrosion assessments, three samples of dimensions 275 mm × 225 mm × 115 mm were

prepared with ponding provision. The ponding of the sample was �lled with 3% NaCl

solution for 15 days, as shown in Fig. 6. Three Fe415 grade of 12 mm diameter

reinforcement bars were used. One reinforcement bar 25 mm from the top and two

25 mm from the bottom were longitudinally placed before casting in the corrosion mould.

Fig. 6

a c

sb sb
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Corrosion specimens with ponding facility

3.3.7 Carbonation

The carbonation experiment was performed on 28-day cured specimen of 50 mm × 

50 mm × 100 mm size as per RILEM guidelines (Rilem and Matt 1988). 50 mm × 50 mm

surface of the samples was epoxy coated and then put in a carbonation chamber for 7, 14,

28, 90, 180, 365 days. The chamber was kept at a 5% CO  concentration, a 25 ± 3 °C

temperature, and 50 ± 3% relative humidity. Samples were split into two halves along

their length after the required exposure duration. To measure the carbonation depth, 1%

phenolphthalein indicator was sprayed on split sides of the samples. Non-carbonated area

changed to a pink colour, while the carbonation depth was noted in the colourless area.

The mean value of three samples was recorded.

3.3.8 Microstructural Properties

The surface morphology, void patterns, ITZ, and particle structure of SCC mixtures were

examined using SEM analysis at 90 days on 10 mm cubic samples. Samples were

suf�ciently ground to counteract the effects of damage during cutting. Cubes were then

put in the oven at 60 °C for 24 h to prevent the issue of vacuum generation. The elemental

composition of the SEM samples was also observed using EDS analysis. Calcium (Ca) to

silicon (Si) ratio is examined, which is often accountable for the strength of concrete

composite (Choudhary et al. 2021b). FTIR study using the K–Br method was done on

MgSO  exposed specimens for 180 days. A powder sample was used for the FTIR study. In

this analysis, wavelengths ranged between 4000 and 400 cm−1.

4 Results and Discussion

4.1 Compressive Strength

The observations of the compressive strength experiment showed that substitution of

�ne aggregate with CWTA in SCC increased strength at all ages ranging from 7 to

365 days (Fig. 7). The highest and lowest compressive strength values were found at 60%

replacement and for control mix, respectively.

Fig. 7

2

4
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In�uence of CWTA on compressive strength of SCC

The 28 days compressive strength of the control mix improved from 43.42 to 57.05 MPa

for 60% CWTA substitution. Similarly, 365 days compressive strength improved from

49.20 MPa to 67.35 MPa for 60% CWTA substitution. This increment might be possible

due to the pozzolanic nature of CWTA, which produced a denser matrix (as observed by

SEM analysis in Sect. 4.8.1). The enhanced strength might be due to the pore re�nement

of the resulting concrete, which was related to the smaller size of CWTA particles

compared to �ne aggregate. The rough surface and irregular shape of CWTA might also be

the reason for better interlocking between aggregate and cement paste, in turn

improving the compressive strength of the mix. However, incorporating CWTA beyond an

optimum level (greater than 60% GP in the present case) slashed the �ller effect. Hence,

the increase in inter-particle voids for incorporating CWTA of more than 60% initiated

the reduction of compressive strength.
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Earlier researchers observed similar variations in the compressive strength for CWTA-

modi�ed concrete. Faldessai et al. (2023) detected enhanced compressive strength on

25% cement substitution with waste ceramic. Gautam et al. (2022a) observed enhanced

strength on 10% cement substitution with waste bone china ceramic. Medina et al.

(2012b) found higher strength for substituting up to 25% coarse aggregate with waste

sanitary ceramic. Rashid et al. (2017) also revealed an augmentation in compressive

strength for concrete blends incorporating up to 30% waste ceramic as a coarse

aggregate. Other studies have also mentioned increased compressive strength using

ceramic waste (Awoyera et al. 2018; Bommisetty et al. 2019; Guerra et al. 2009; Keshavarz

and Mosto�nejad 2019).

4.2 Static Modulus of Elasticity (SME)

Figure 8 depicts the SME observed for different SCC mixtures at 28 days of curing. The

trend of rising SME with the increase in CWTA content is similar to the trend for

compressive strength. For the substitution of 60% CWTA (D  mix), SCC recorded the

maximum SME. The roughness of the CWTA increased the interlocking between cement

paste and aggregate (Siddique et al. 2018c), thereby causing an increase in SME. It may

also be noted that the prominent factors affecting the SME are the stiffness of mortar

paste and coarse aggregate, the porosity, and the bond of paste with aggregate (Rashid et

al. 2017). The stiffness of the paste increased on substituting river sand with CWTA due to

its better packing effect, thereby causing an improved SME.

Fig. 8

60
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In�uence of CWTA on SME of SCC

Anderson et al. (2016) found an increase in SME on substituting up to 100% coarse

aggregate with waste ceramic aggregate. Similarly, Siddique et al. (2018c) also stated an

increment in SME on incorporating up to 100% waste ceramic �ne aggregate in vibrated

concrete.

4.3 Dynamic Modulus of Elasticity (DME)

DME results for 28-day cured SCC specimens are displayed in Fig. 9. This experiment was

conducted by measuring ultra-pulse velocity without applying stress (Vilas et al. 2022a).

CWTA inclusion in the SCC mixture resulted in an increment in DME. The outcome

established that all CWTA-based SCC mixes have more DME than D  mix. Maximum DME

was found for D  mix compared to D  mix.

Fig. 9

0

60 0
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In�uence of CWTA on DME of SCC mixtures

This behaviour could be credited to lower voids and water absorption of CWTA-based SCC

mixes associated with the �ner particles of CWTA than �ne aggregate (Vilas et al. 2022a).

In addition, higher formation of CSH gel in CWTA-based mixes led to strong interfacial

transition zones, which might have in�uenced modulus of elasticity. A similar

experiment result was also observed by Anderson at el. (2016), who stated the increment

in modulus of elasticity by 26.9% for concrete prepared with up to 100% ceramic tile

waste.

4.4 Chloride Penetration

It can be witnessed from Fig. 10 that chloride penetration depth reduced with the rise in

CWTA content. The minimum chloride penetration depth was witnessed for D  mix at all

immersion period. However, the highest chloride penetration depth was found for D  mix.

This improved resistance against chloride penetration was attributed to the rough surface

and pozzolanic nature of CWTA (Siddique et al. 2018a). The dense and pore microstructure

80

0
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re�nement enhanced resistance against chloride penetration, owing to the incorporation

of �ner CWTA particles. The formation of the tortuous path within the CWTA-based SCC

might also decrease the chloride penetration due to the angular shape of CWTA (Jain et al.

2022b). Siddique et al. (2019) detected decreased chloride penetration depth values for

entirely substituting river sand with bone china ceramic in concrete. Ali et al. (2016) also

concluded a reduction in chloride ions permeability with the incorporation of waste

ceramic powder in concrete.

Fig. 10

In�uence of CWTA on chloride penetration depth of SCC mixes

4.5 Sulphate Attack

Sewerage water, groundwater and Ca(OH)  are leading causes of sulphate attack in

concrete. Chemical action between sulphate and Ca(OH)  generates byproducts like

2
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thaumasite, expansive ettringite and gypsum, which are often root causes of concrete

deterioration (Neville 2004). To simulate the sulphate attack on concrete, MgSO  solution

was used.

4.5.1 Change in Weight

Figure 11 depicts weight change in the SCC samples immersed in MgSO  solution. It was

found that weight increased continuously up to 28 days exposure for all SCC mixtures.

This might be owing to the development of gypsum and ettringite within voids of SCC

samples. However, at ages 90 and 180 days, weight loss was observed. During the later

stages of test, MgSO  causes a signi�cant damaging impact on hydration products due to

the expansive nature of gypsum and ettringite. Weight loss was also observed due to the

decay of CSH gel in reaction with MgSO  (Nyunin 1984). Nevertheless, concrete mixes

containing CWTA have shown lower weight loss than D  mix. After 180 days, mix D

performed superior to all other SCC mixes. The lower weight loss of CWTA-based SCC

mixes after exposure to sulphate attack might be due to the low decay of portlandite and

CSH gel than D  mix (as observed in FTIR analysis Sect. 4.8.3). Earlier, Siddique et al.

(2018b) also observed lower weight loss for concrete containing ceramic aggregate after

exposure to sulphate attack. Gautam et al. (2023) observed lower weight loss for granite-

based SCC containing bone-china ceramic powder as an substitute to cement.

Fig. 11
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Variation in weight of CWTA-based SCC after exposure to sulphate attack

4.5.2 Change in Compressive Strength

The changes in compressive strength for 7, 28, 90 and 180 days exposure to MgSO  are

depicted in Fig. 12. Maximum decrement in compressive strength percentage was found

for D  mix. However, maximum residual strength was noticed for D  mixture at all ages,

showing better performance of SCC containing CWTA against sulphate attack.

Fig. 12
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Variation in compressive strength of CWTA-based SCC after exposure to sulphate attack

These outcomes are in correlation with the variation in weight. The enhancement in

sulphate attack resistance of CWTA-based SCC can be attributed to the robust nature of

CWTA, which is less reactive when it comes into contact with the MgSO  solution. The

re�ned microstructure and tortuous path in CWTA-based SCC prevent the ingress of

sulphate ions due to the �ner and angular shape CWTA particles. Outcomes analogous to

these were also stated by Siddique et al. (2018b), who substituted waste ceramic bone

china with �ne aggregate. Mixtures with 100% bone china �ne ceramic aggregate noted

the minimum loss in compressive strength percentage after exposure to 180 days. Cheng

et al. (2014) stated that replacing up to 40% cement with ceramic polishing powder in

concrete slightly enhanced the sulphate resistance properties.

4.6 Corrosion Test

Chloride solution was used to measure corrosion resistance of SCC mixes. Free chloride

ions often start corrosion of steel bars present in concrete. The corrosion experiment data

4
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are organized into expressions focusing on macro-cell current and the potential values

measured at half-cells. This classi�cation helps us better understand and interpret the

corrosion behaviour of the material under investigation.

4.6.1 Macrocell Current

Figure 13 depicts the results of macrocell current found for CWTA-based SCC. Macrocell

current values for all mixes were observed to be less than + 10μA for the whole analysis

duration, which indicated zero corrosion possibility. It can also be observed that corrosion

for all mixes did not initiate even after 360 days of testing. The values found for CWTA-

based SCC showed an increment in resistance against corrosion than D  mix. The

increased resistance against corrosion for CWTA-based SCC is owing to microstructure

densi�cation associated with the �ller ef�cacy of CWTA. The additional formation of CSH

gel in CWTA-based mixes works as a block by absorbing the chloride ions (Siddique et al.

2019), thereby causing an increment in resistance against corrosion.

Fig. 13
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Macrocell current of SCC mixes

4.6.2 Half-Cell Potential

Figure 14 depicts results of half-cell potential (consistent with outcomes of macro-cell

current) for CWTA-based SCC. Half-cell potential values varying from 0 to –200 mV,

−200 to −350 mV, and more than −350 mV depict a 90% possibility of zero corrosion,

unclear corrosion, and 90% possibility of corrosion, respectively. A weak concrete

microstructure, along with higher voids, generally creates samples highly prone to

corrosion. However, CWTA-based SCC with relatively better microstructure depicts

greater corrosion resistance than D  mix. Another reason could be the angular and rough

particles of CWTA, which form the tortuous path within the concrete, thereby limiting the

ingress of chloride ions. The outcomes were consistent with the results revealed by

Siddique et al. (2019). Jeronimo at el. (2018) observed a decrease in the chloride transport

rate of concrete on 20%-30% substitution of cement with waste ground clay bricks.

Fig. 14
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Half-cell potential of SCC mixes

4.7 Carbonation test

The experimental results of the carbonation experiment up to 365 days of exposure are

displayed in Fig. 15. Mix containing up to 60% CWTA had minimum carbonation depth

compared to D  mix. Moreover, all other CWTA-based SCC showed lower carbonation

depth than D  mix. The lower carbonation depth for CWTA-based SCC mixes might be

due to the better pore packing ef�cacy of CWTA. The decrement of permeable voids on the

inclusion of CWTA might also result in lower carbonation depth (Vilas et al. 2022a). The

roughness in texture of CWTA reduces the continuity of capillary paths, which leads to

better carbonation resistance for SCC containing CWTA. The development of strong

microstructure on incorporation of CWTA also increased the carbonation resistance (Vilas

et al. 2022a). Earlier, Medina et al. (2012a) also discerned an improvement in carbonation

resistance by including recycled ceramic aggregate in concrete. The minimal cover

provided for the reinforcement for moderate and mild exposure levels is 30 mm and

20 mm as per BIS 456 (2000), respectively, which is more than 20 mm (the maximum

value for carbonation depth). The carbon dioxide content in the environment is around

0.04%, but a 5% level was maintained in the carbonation chamber, which is 125 times

greater than atmosphere level (Esquinas et al. 2018). Therefore, all mixtures could be

regarded as harmless against carbonation-related corrosion.

Fig. 15
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In�uence of CWTA on carbonation depth of SCC mixtures

4.8 Microstructural Properties

4.8.1 SEM Analysis

Figure 16 shows SEM micrographs of all SCC mixtures (a–f). The presence of voids,

cracks, CSH gel, and interfacial transition zone (ITZ) were seen in the SEM micrograph.

Fig. 16

12/21/24, 10:14 AM Performance Evaluation of Self-Compacting Concrete Containing Ceramic Waste Tile Fine Aggregate in Aggressive Environ…

https://link.springer.com/article/10.1007/s40996-024-01346-4 24/44

https://link.springer.com/article/10.1007/s40996-024-01346-4/figures/15


Microstructure images of all SCC mixtures a D ; b D ; c D ; d D ; e D ; f D0 20 40 60 80 100

12/21/24, 10:14 AM Performance Evaluation of Self-Compacting Concrete Containing Ceramic Waste Tile Fine Aggregate in Aggressive Environ…

https://link.springer.com/article/10.1007/s40996-024-01346-4 25/44

https://link.springer.com/article/10.1007/s40996-024-01346-4/figures/16


In the control and D  mixes, there are evident surface �ssures and poor ITZ. An SCC mix

with 60% CWTA showed reduced crack width and enhanced ITZ relative to the control

mix, which might cause enhanced mechanical performance. The compacted and dense

microstructure for D  (Fig. 16d) mix owing to the better distribution of CSH gel (Gautam

et al. 2022c). Incorporating CWTA in SCC mixtures resulted in enhanced ITZ and no

discernible crack. Siddique et al. (2017) also reported similar results for concrete mixes. It

can be concluded that a 60% CWTA was the optimum substitution, where CWTA

considerably �lled the pores of SCC.

4.8.2 EDS Analysis

The elemental compositions along with Ca/Si (calcium to silica) ratio were examined,

which demonstrates the C–S–H gel formation in the SCC mix (Gupta and Siddique 2020;

Jain et al. 2020a). The other elements observed by EDS analysis are Fe, Al, Mg, C, Na, K, O,

and Ti. Reduction in Ca/Si ratio suggests the CSH gel formation, thus improving the

compressive strength of SCC. It is clear from Table 4 that D  has the lowest Ca/Si ratio

when related to other mixtures with varying proportions of CWTA. Maximum silica

content was observed in 60% CWTA-based SCC mixture. It can be stated that an increase

in the amount of silica develops a better pozzolanic reaction. The formation of the CSH gel

might be responsible for the increased strength and durability characteristics of CWTA-

based SCC.

Table 4 Elemental composition of SCC mixes

4.8.3 Sulphate Attack FTIR Analysis

Figures 17, 18, 19, 20, 21, and Fig. 22 display the FTIR results for 28 days water cured and

180 days sulphate-exposed samples. As shown in Table 5, substantial change is seen in

molecular groups of Si–O (CSH gel), O–H (Ca(OH)  or portlandite) and SO  (ettringite).

Bands of ettringite, CSH gel and Ca(OH)  are observed around 1109–1131 cm−1 (Bisht and

Ramana 2019), 968–1006 cm−1 (Rubio et al. 1997; Siddique et al. 2021) and 3614–

3645 cm−1 (Guo et al. 2019; Števula et al. 1994), respectively. Sulphate-exposed specimens

showed lower wave number for portlandite bands when related to water cured specimens.

The development of additional peaks of ettringite bands was also observed for sulphate
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exposed specimens. The consumption of Ca(OH)  and the development of ettringite

groups indicate sulphate attack. It may also be noted that the moving of bands to lower

wave numbers shows its weakening (Bisht and Ramana 2019; Siddique et al. 2018b).

Sulphate-exposed SCC mixes containing CWTA showed lower shifting of portlandite

bands than control mix, inferring greater sulphate attack resistance by CWTA-based SCC

mixes. The CSH gel bands were also moved to lower side for all the mixes when exposed to

sulphate solution. However, CWTA-based SCC mixes showed a lower drop in CSH gel

bands than D  mix on exposure to sulphate, demonstrating higher sulphate resistance of

CWTA-based SCC mixes. The lower decay of portlandite and CSH gel for CWTA-based SCC

mixes might be the prime cause for their higher strength against sulphate attack.

Fig. 17

FTIR spectra for D  mix at 180 days MgSO  exposure period
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Fig. 18

FTIR spectra for D  mix at 180 days MgSO  exposure period

Fig. 19
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FTIR spectra for D  mix at 180 days MgSO  exposure period

Fig. 20
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FTIR spectra for D  mix at 180 days MgSO  exposure period

Fig. 21

FTIR spectra for D  mix at 180 days MgSO  exposure period

Fig. 22
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FTIR spectra for D  mix at 180 days MgSO  exposure period

Table 5 FT-IR wave numbers (cm−1) examined on CWTA self-compacting concrete

samples

5 Conclusions

This study promotes the use of CWTA in place of natural �ne aggregate in the

manufacturing of SCC. The following conclusions can be drawn on completing the

experimental work.

Compressive strength was increased for SCC mixes containing up to 60% CWTA

than reference SCC.

An increment in modulus of elasticity was observed for SCC mixes containing up to

100% CWTA relative to the control mix.

CWTA-based SCC showed superior resistance to chloride penetration and

carbonation than the reference SCC. Moreover, the lowest penetration depth was
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found for the optimum mix (i.e. D  mix).

Slight alterations have been noticed in compressive strength and weight of CWTA-

based SCC mixes on sulphate attack. The primary reason for this could be the

reduced chances of disintegration of SCC constituents on sulphate attack due to the

durable and less reactive behaviour of CWTA.

The initiation of corrosion was not observed for any mix, even after an exposure of

12 months. The corrosion experiment also revealed signi�cant resistance to

corrosion for D  mix. The tortuosity and considerable CSH gel in CWTA-based SCC

provided a higher resistance against corrosion.

D  mixture showed improved microstructural properties. SEM study revealed an

enhanced interfacial transition zone (ITZ) and fewer voids.

EDS analysis revealed a decrement in Ca/Si ratio for incorporating up to 60% CWTA

in SCC compared to reference SCC, causing higher strength for CWTA-based SCC

matrix. The lower Ca/Si ratio also suggested the higher development of CSH gel in

CWTA-based SCC.

FTIR analysis con�rmed the lower deterioration of portlandite and CSH gel in

CWTA-based SCC mixes than control SCC mix on exposure to sulphate attack.

As an outcome of this research, incorporating up to 60% CWTA can be recommended as a

feasible substitute to �ne aggregate in SCC structures subjected to harsh environments.
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