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A Abstract 

The increasing production of construction waste on the one hand and the use of concrete as a widely used material 

in the construction industry, on the other hand, has always led researchers to reuse construction waste in concrete. 

Among the recycled materials that can be used in concrete, we can mention porcelain ceramic and recycled concrete. 

In the present study, these two types of recycled aggregates (recycled porcelain ceramics and recycled concrete) 

alone and together in different percentages of 20%, 40%, and 60% are used as the replacement of coarse aggregates 

in concrete with a strength of more than 50 MPa and high flowability. Slump test, compressive and flexural strength, 

water absorption, and water penetration tests have been performed on 150 samples made in 10 mixing designs along 

with an SEM test. The results showed that all the mixing designs had slumps of more than 180 mm. The compressive 

strength of the control sample averaged 60 MPa and the samples containing recycled aggregates averaged 68 MPa. 

Also, by combining two types of recycled aggregates, both the 7-day and 28-day strength increased with increasing 

replacement percentage with a linear trend. The highest increase was 28% for porcelain aggregates and 17% for 

combined recycled aggregates. In addition, the water penetration rate in the samples containing the combined 

recycled aggregates showed a significant decrease compared to the control sample. In the SEM test, it was observed 

that the samples containing the combined aggregates had a thicker and denser matrix. 
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41. Introduction 

The construction wastes are constantly increasing 

across the world due to the expansion of construction 

and the replacement of aged buildings with new ones. 

These wastes include wood, glass, plastics, stone, 

brick pieces, concrete, and ceramic. Millions of tons 

of waste are generated every year in each country. 

Recycling is a solution to mitigate the environmental 

impacts of accumulated wastes and has been of great 

interest to researchers in recent decades. The 

replacement of aggregates and cement with recycled 

materials in concrete production has become a core of 

attention as it reduces environmental depletion. There 

is a significant body of research on the production of 

eco-friendly concrete. Concrete is used in large 

quantities in the construction industry, and it would 
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be efficient to exploit waste in concrete production 

(Xiao et al. 2012; Kou et al. 2008; Okechi et al. 2022; 

Pacheco-Torgal and Ding 2013; Mostofinejad et al. 

2017). In particular, some recycled wastes can 

provide pozzolanic or quasi-pozzolanic properties in 

concrete and improve its mechanical properties and 

durability (Rostami et al. 2020; Hendi et al. 2020; 

Hendi et al. 2018; Pellegrino and Faleschini 2016; 

Evangelista and Guedes 2019). For instance, recycled 

glass particles of different sizes can partially replace 

cement or fine/coarse aggregates in the production of 

concrete. Research has shown that the replacement of 

common aggregates with glass particles would not 

significantly reduce concrete strength, and the 

replacement of fine aggregates with recycled glass 

powder improves strength and durability in light of its 
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quasi-pozzolanic properties (Hendi et al. 2017; 

Mostofinejad et al. 2020).  

Furthermore, alabaster and granite waste improves 

the microstructure and strength of concrete 

(Vijayalakshmi et al. 2013). Insulators in power 

towers have also been used as recycled aggregates in 

concrete and have been able to improve properties 

such as concrete strength (Gharibi et al. 2022). 

Several studies utilized rice husk ash (RHA) to 

partially replace cement in concrete (RawaidKhan et 

al. 2012).  

Concrete waste accounts for a large portion of 

construction waste. It arises from the disposal of extra 

concrete in construction or the destruction of the 

existing concrete structures. Numerous studies have 

been conducted on the use of recycled concrete to 

replace aggregates in concrete production (Gharibi et 

al. 2022). 

The literature on the use of recycled concrete as 

aggregates reported a reduction in concrete 

performance, an increase in permeability, and a 

decrease in strength. Earlier work also reported 

several transition zones, including the recycled 

concrete composite, recycled concrete-cement paste 

interface, and cement paste-common aggregate 

interface, as determinants of mechanical behavior and 

durability in concrete (Li et al. 2021; Etxeberria 

Larrañaga 2004; Tavakoli et al. 2018; Lauritzen 2004; 

Ahmed and Lim 2021). 

Recycled porcelain has also been of interest to 

researchers in recent decades. However, several 

studies employed conventional ceramic to replace the 

aggregates in concrete. Porcelain has a high content 

of SiO2, and it is produced at approximately 900°C, 

therefore, porcelain has very low water absorption 

and high strength. Furthermore, porcelain waste 

particles have sharp edges and undergo strong contact 

with cement paste, which potentially enhances the 

strength of concrete (Silvestre et al. 2013; Ghos et al. 

2016; Piyaphanuwat and Asavapisit 2017; Zimbili et 

al. 2014; Gaikwad and Bhonde 2019). 

Floor, roof tile, and ceramic brick waste with fine 

particles could serve as pozzolanic materials. 

Research has shown that the mixture of SiO2 in 

ceramic waste and Ca(OH)2 may induce pozzolanic 

and secondary hydration (C-S-H), enhancing concrete 

durability and strength (Higashiyama et al. 2013; 

Keshavarz and Mostofinejad 2019). 

Several studies have indicated that porcelain waste 

and even polished porcelain increased compressive 

and flexural strengths and thermal resistance in 

concrete. Water absorption was reported to be higher 

in most recycled concretes than the conventional 

ones; however, the increased water absorption level 

was acceptable (Talei and Mostofinejad 2021; Al-

Luhybi 2017; Sampaio et al. 2017; Jasim et al. 2019; 

Jasim et al. 2021; El-Abidi et al.2022; Wang et al. 

2021; Guerra et al. 2009; Ray et al. 2021; Keshavarz 

and Mostofinejad 2020; Jamal et al. 2018). 

The present study evaluates the simultaneous use of 

recycled concrete aggregates and porcelain waste. 

Porcelain and recycled concrete each replace coarse 

aggregates at 20%, 40%, or 60% fractions. Then, a 

combination of recycled concrete and porcelain with 

a 1:1 ratio is employed to replace standard coarse 

aggregates. The compressive test (curing ages of 7 

and 28 days), flexural test, water penetration test, 

water absorption test, and Scanning Electron 

Microscopy (SEM) are carried out. 

2. Experimental setup 

A total of 10 mixed designs are defined and named, 

as shown in Table 1.  

 

Table 1: Mix designs and descriptions 

Mix 

design 

No. 

Description 

1 Control sample 

2 
Replacement of 20% of gravel with 

porcelain ceramic chips 

3 
Replacement of 40% of gravel with 

porcelain ceramic chips 

4 
Replacement of 60% of gravel with 

porcelain ceramic chips 

5 
Replacement of 20% of gravel with 

recycled concrete 

6 
Replacement of 40% of gravel with 

recycled concrete 

7 
Replacement of 60% of gravel with 

recycled concrete 

8 

Replacement of 20% of gravel with 

ceramic and recycled concrete 

aggregates (10% of each) 

9 

Replacement of 40% of gravel with 

ceramic and recycled concrete 

aggregates (20% of each) 

10 

Replacement of 60% of gravel with 

ceramic and recycled concrete 

aggregates (30% of each) 

The control mix design was defined based on 

ACI211-14 (ACI 2014). To produce recycled 

concrete aggregates, standard cubic concrete 

specimens were collected from concrete test 

laboratories. The compressive strength of these 

specimens was mostly higher than 20 MPa since they 

were structural concretes used in ordinary urban 

buildings. They had an age of much longer than 28 

days. They could be assumed to be a concrete waste.  

To produce porcelain grains, unglazed ceramic was 

prepared. Then, both concrete waste and porcelain 

were crushed using a crusher. Regular gravel, 

recycled concrete, and ceramic waste were graded 

based on the provisions of ASTM C136 (ASTM 

2014), as shown in Figs. 1-7. According to Fig. 3, 

recycled ceramic had higher fineness than the 

standard level. This arose from the higher power of 

the crusher; in fact, ceramic grains mostly served as 

fillers. 
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Fig. 1: Grading curve 

for gravel aggregates 

Fig. 2: Grading curve 

for sand 

  

Fig. 3: Grading curve 

for ceramic aggregates 

Fig. 4: Grading curve 

for recycled concrete 

aggregates 

Type II Portland cement from the Ardestan Cement 

Factory, Iran, was employed. Tables 2 and 3 report 

the physical and chemical characteristics of the 

cement (manufacturer’s data) in compliance with the 

Iranian Standard for Portland Cement ISIRI-389 

(ISIRI 2020) and ASTM C150 (ASTM 2012).  

 

  
Figure 6. Recycled 

porcelain ceramic 

aggregates 

Figure 5. Recycled 

concrete aggregates 

 

5 

 

 

(a) (b) 

Figure 7. Conventional aggregates; (a): Sand, (b): 

Gravel 

 

Table 2: The chemical properties of Portland cement type II, the product of the Ardestan 

cement factory 

I.R A%3C LoI 2SiO 3OS MgO 3O2Fe 3O2Al Component 

0.2±0.46 1±6.5 0.2±1 0.4±22 0.2±1.5 0.2±1.9 0.2±3.82 0.3±5 
Cement 

used 

≤0.75 ≤8 ≤3 20≤ ≤3 ≤5 ≤6 ≤6 

ISIRI-389 

(ISIRI 

2020)  

≤1.5 ≤8 ≤3 -- ≤3 ≤6 ≤6 ≤6 

ASTM 

C150 
(ASTM 

2012) 

 

Table 3. Physical properties of Portland cement type II, the 

product of Ardestan cement factory 

Compressive 

strength (MPa) 

Standard 

expansion 

test of 

ment ce

by 

autoclave 

method 

(%) 

Setting time 

(min) 

fineness 

modulus 
(cm2/gr) 

 

28 

days 

7 

days 

3 

days 
 final Initial  

0/96≤ 0/06≤ 6/66≤ 6/2±68/2 62±622 2±02 22±9222 
Cement 

used 

8/96≤ 6/60≤ 7/66≤ ≤8/2 ≤962 82≤ 0822≤ 

ISIRI-

389 

(ISIRI 

2020) 

0/07≤ 67≤ 62≤ ≤8/2 ≤972 82≤ 0822≤ 

ASTM 

C150 
(ASTM 

2012) 

 

Micro-silica was obtained from Iran Ferrosilice 

Company, as reported in Table 4.  
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Table 4: Properties of used micro silica 

Bulk 

Density 

(3kg/m) 

Special 

surface 

(/gr2m) 

Special 

weight 

Particles 

size 
Colure  

310-350 15-30 2.2 µm40> 
Light 

gray 

 

Table 5 describes the polycarboxylate ether 

superplasticizer.  

Table 5: Properties of superplasticizer 

PH 6.5 

Appearance Clear liquid 

Volumetric mass 1.05 kg/Litre @ 20℃ 

Freezing point -4℃ 

Alkaline content 
Less than 1.5 gram/liter 

Na2o 

 

Once the recycled concrete and porcelain had been 

crushed, the water absorption test was carried out 

based on ASTM C566-89 (ASTM 2004) and ASTM 

C127-88 (ASTM 2015). It was found that recycled 

porcelain and concrete had a water absorption rate of 

1% and 5.38%, respectively.  

Table 6 provides the characteristics of recycled 

porcelain and concrete aggregates.  

 

 

Table 6: Properties of gravel, sand, and porcelain 

aggregates 

Aggregat

e 

Densit

y (GA) 

Water 

absorpti

on in 

standard 

surface 

dry 

mode 

(Wssd, A) 

Dry-

rod 

bulk 

densit

y (g) 

Finene

ss 

modul

us 

(FM) 

Gravel 2650 0.05 1590 - 

Sand 2650 0.08 - 3.409 

Porcelain 

Ceramic 

Aggregat

es 

2450 0.07 s- - 

 

According to Figs. 1-7, the aggregates were 

constrained to a maximum nominal size of 12.5 mm 

to enhance concrete strength by increasing the 

specific surface area of aggregates and, as a result, 

hydrated cement paste (HCP) as the transition zone.  

As mentioned, the control mix design was defined 

based on ACI 211, with nine mix designs containing 

replaced aggregates. Table 7 provides the ten mixed 

designs. The present work replaced common 

aggregates once with recycled porcelain aggregates at 

different fractions, once with recycled concrete 

aggregates at different fractions, and once with a 

combination of recycled concrete and porcelain 

aggregates. The control mix design had a slump of 

higher than 150 mm and a characteristic compressive 

strength higher than 50 MPa. It is noted that C., SF., 

W., G., P.A., C.A., and SP denote the am of the 

cement, micro-silica, water, sand, porcelain 

aggregates, recycled concrete aggregates, and 

superplasticizer, respectively.  

Table 7: Mix Designs of Samples 

Mix 

No. 

Weight of concrete components 

(kg/m3) 

C. Sf. W. S. G. P.A. C.A. SP. 

1 423 47 188 1100 670 0 0 3.3 

2 423 47 188 1100 536 67 0 3.8 

3 423 47 188 1100 402 134 0 4.2 

4 423 47 188 1100 268 201 0 4.4 

5 423 47 188 1100 536 0 67 3.8 

6 423 47 188 1100 402 0 134 4.3 

7 423 47 188 1100 268 0 201 4.5 

8 423 47 188 1100 536 33.5 33.5 3.7 

9 423 47 188 1100 402 67 67 3.8 

10 423 47 188 1100 268 100.5 100.5 4.5 

 

 

2.1 Specimens 

This study performed the slump test, compressive test 

(on 100-mm cubic specimens, three at the age of 7 

days and three at 28 days), and three-point flexural 

test on 100*100*400mm prismatic specimens with a 

support spacing of 300 mm at the curing age of 28 

days (three specimens of each mix design), water 

absorption test, and 72-hour water penetration test on 

100mm cubic specimens (three specimens of each 

mix design at the age of 28 days). Hence, a total of 

120 cubic specimens and 30 prismatic specimens 

were produced and cured in water at ambient 

temperature for 28 days.  

3. Results 

3.1. Slump test 

Table 8 provides the fresh concrete slump test results 

of all ten mix designs based on the provisions of 

ASTM-C143-78 (ASTM 1979). As shown, the 

specimens were found to have slumps larger than 180 

mm. This is a remarkable result as earlier work 

reported reduced slumps upon the use of ceramic 

waste and even concrete waste. In particular, 

considering the sharp edges of porcelain aggregates 

and the water absorption of recycled concrete 

aggregates, such slump levels represent self-

compacting concretes with high performance, and 

satisfactory water penetration, water absorption, and 

compressive strength.  

Table 8: Slump test results 

Mi

x 
1 2 3 4 5 6 7 8 9 

1

0 



International Journal of Advanced Structural Engineering (2022) 12 : 631–645                             743 

 

 

No

. 

Slu
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3.2. Compressive strength 

Table 9 reports the compressive strengths of the 

specimens at the ages of 7 and 28 days. The 

compressive test was carried out based on BS EN 

12390 (BS EN 2002). The stress values were obtained 

by dividing the load on the surface area of the 

100*100 mm cubic specimens. Fig. 8 plots 

compressive strength versus recycled waste fraction. 

The average 28-day compressive strength of each mix 

design is reported. Since the cubic specimens had a 

size of 100*100 mm, two factors were used to convert 

the cubic strength into the strength of standard cubic 

specimens, and then, into the standard compressive 

strength (for cylindrical specimens). It should be 

noted that the product of these two factors is 0.75. 

Therefore, the standard compressive strengths 

reported in the plots are smaller than the tested 

strengths. 

 

 

Table 9: Compressive test results 

Mi

x 

N

o. 

7-day compressive 

strength (MPa) 

28-day compressive 

strength (MPa) 

1st 

sam

ple 

2nd 

sam

ple 

3rd 

sam

ple 

1st 

sam

ple 

2nd 

sam

ple 

3rd 

sam

ple 

1 43 42 44.1 59.5 61.8 60.6 

2 43.8 44.7 43.8 65.2 65.1 64.3 

3 44.1 45.8 45.7 68.9 69.3 65.8 

4 50.9 49.9 51.1 78.1 77.9 76.8 

5 46.1 45.8 46.6 62.9 63.1 63.2 

6 46.5 46.9 47.3 66.1 65.8 65.6 

7 52.8 54.7 53.9 68.9 68.7 68.4 

8 43.2 42.8 43.2 64.9 66.1 65.1 

9 45.1 43.9 43.9 67.6 68.1 67.6 

10 49.2 49.4 50.8 72.3 71.3 70.3 

  

Fig. 9 compares the concrete specimens to the control 

specimen in the 28-day compressive strength.  

 

Fig. 8: Compressive strength changes of samples in 

terms of the aggregate replacement percentage 

 

 

Fig. 9: Increase of compressive strength compared 

to the control sample (%), depending on the type of 

recycled aggregate and the percentage of 

replacement 

 

According to Fig. 9, the replacement of standard 

aggregates with recycled porcelain or concrete 

aggregates increased compressive strength at all three 

fractions. A rise in the recycled waste fraction 

increased compressive strength compared to the 

control specimen. According to Fig. 10, individual 

recycled porcelain aggregates led to the highest 

compressive strength, while the hybrid waste 

aggregates had the second-highest contribution to the 

compressive strength. The individual recycled 

concrete aggregates had the lowest impact on the 

compressive strength enhancement of the concrete.  

Fig. 10 represents compressive strength enhancement 

upon the use of the three types of recycled waste 

aggregates at different fractions along with the 

regression coefficient of R2 for the fitted curve. As 

indicated, the compressive strength showed almost 

linear behavior under all three types of recycled waste 

aggregates. These lines are formulated below. 

IP=0.44*RP-1.58 Porcelain Recycled Aggregates  

IP=0.22*RP-0.22 concrete Recycled Aggregates 

IP=0.28*RP+0.73 Combined Recycled aggregates 
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 * IP=Strength Increase Percentage 

 * RP= Aggregates Replacement Percentage 

 

 

Fig. 10: Increase in compressive strength (%) trend 

lines 

 

Recycled porcelain aggregates increased compressive 

strength by 7%, 12%, and 28% at fractions of 20%, 

40%, and 60%, respectively. Furthermore, recycled 

concrete aggregates at fractions of 20%, 40%, and 

60% led to a 4%, 8%, and 13% rise in compressive 

strength, respectively. The hybrid recycled waste 

aggregates enhanced compressive strength by 8%, 

12%, and 17% at fractions of 20%, 40%, and 60%, 

respectively. Fig. 11 compares the recycled 

aggregate-containing concretes to the control 

specimen in strength at different waste fractions at the 

age of 7 days. As illustrated, the 7-day strength of the 

waste aggregate concretes was higher than that of the 

control specimen, and a rise in the waste fraction 

raised the 7-day strength.  

 

Fig. 11: 7-Day compressive strength changes of 

samples in terms of the aggregate replacement 

percentage 

 

To further evaluate strength enhancement upon the 

replacement of standard aggregates with waste 

aggregates at the ages of 7-28 days, figs. 12-14 plot 

compressive strength versus waste fraction. As can be 

seen, porcelain aggregates at fractions of 20%, 40%, 

and 60% led to 2.5%, 5.0%, and 17.5% higher 

strength at the curing age of 7 days and 7%, 12%, and 

28% higher strength at the age of 28 days, 

respectively. Thus, it can be said that recycled 

porcelain aggregates had even a greater contribution 

to strength enhancement at longer ages.  

  
Fig. 13: Strength 

growth of concrete 

containing recycled 

concrete aggregates   

Fig. 12: Strength growth 

of concrete containing 

porcelain aggregates   

 

 

 

Fig. 14: Strength growth of concrete containing 

combined recycled aggregates   

 

Table 10: Strength increase percentage of samples 

to control case 

 
Replacement 

aggregates 

Replacement 

percentage 

20% 40% 60% 

Increase 

of 28 days 

strength to 

control 

mix (%) 

P. A. 7 60 08 

R. C. A. 4 8 69 

C. R. A. 8 60 67 

Increase 

of 7 days 

strength to 

control 

mix (%) 

P. A. 9 5 68 

R. C. A. 7 0 05 

C. R. A. 2 9 66 

* P.A.: Porcelains Aggregates; 

* R. C. A.: Recycled Concrete 

Aggregates; 

* C. R. A.: Combined Recycled 

Aggregates. 

 

  

Recycled concrete aggregates at fractions of 20%, 

40%, and 60% raised the compressive strength by 7%, 

9%, and 25% at the age of 7 days and by 4%, 8%, and 

13% at the age of 28 days, respectively. This implies 

that recycled concrete aggregates had a lower 

contribution than porcelain aggregates to compressive 

strength at the ages of 7-28 days. This may be 

attributed to the sharp edges of porcelain aggregates.  
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The concretes with hybrid waste aggregates increased 

in compressive strength compared to the control 

specimen over time. Hybrid aggregates increased 

compressive strength by nearly 0%, 3%, and 16% at 

the age of 7 days and by 8%, 12%, and 17% at the age 

of 28 days under fractions of 20%, 40%, and 60%, 

respectively.  

Porcelain aggregates led to an average rise of 140% 

in compressive strength (i.e., 2.4-fold strength). 

Recycled concrete aggregates raised compressive 

strength by 70% on average, and hybrid waste 

aggregates led to an average compressive strength 

nearly 4.4 times as high as the control specimen. 

Interestingly, a rise in the waste fraction reduced the 

strength enhancement rate at the ages of 7-28 days. 

This suggests that the transition zone formed more 

effectively at lower waste fractions. In other words, 

new transition zones (between the recycled waste 

aggregates and cement paste and between cement 

paste and standard aggregates) at high waste fractions 

diminished compressive strength enhancement.  

Table 10 reports compressive strengths at different 

waste aggregate fractions. Porcelain, recycled 

concrete, and hybrid aggregates led to an average rise 

of 8.6%, 13.6%, and 6.3% in the 7-day compressive 

strength and 15.6%, 8.3%, and 12.3% in the 28-day 

compressive strength, respectively. The hybrid of 

recycled porcelain and concrete aggregates led to 

lower 7-day compressive strength than individual 

recycled porcelain and recycled concrete aggregates; 

however, at the age of 28 days, the hybrid aggregates 

resulted in higher compressive strength than 

individual recycled concrete aggregates and lower 

compressive strength than individual porcelain 

aggregates. It should be noted that the concretes with 

all three types of recycled waste aggregates had 

higher compressive strength than the control 

specimen.  

3.3. Flexural strength 
Table 11 shows the flexural strengths of the concretes. 

The fracture load of the flexural specimens in the 

three-point flexural test under ASTM C78-09 (ASTM 

2010) and flexural strengths (rupture modulus) are 

provided. Figs. 15 and 16 plot flexural strength and 

flexural strength enhancement versus waste aggregate 

fraction. As can be seen, the average flexural strength 

of the waste aggregate concretes was lower than that 

of the control specimen. Porcelain, recycled concrete, 

and hybrid aggregates led to an average reduction of 

approximately 11%, 7%, and 12% in flexural 

strength, respectively.  

 
Figure 15. Flexural strength changes according to 

aggregate replacement percentage 

 

Table 11. Failure loads in flexure test (kN) 

Mix 

No. 

1st 

sample 

2nd 

sample 

3rd 

sample 

Average 

flexural 

strength 

(MPa) 

1 29.76 32.16 31.29 13.98 

2 26.60 27.41 26.40 12.06 

3 28.80 26.45 28.39 12.55 

4 28.32 31.36 29.54 13.38 

5 26.52 29.41 28.16 12.61 

6 29.69 30.20 30.00 13.48 

7 29.47 30.27 30.37 13.52 

8 26.65 28.68 27.90 12.48 

9 28.42 28.30 27.81 12.7 

10 26.93 31.72 30.50 13.37 

 

According to Table 11 and Fig. 16, the replacement 

of standard aggregates with recycled waste aggregates 

reduced flexural strength. The flexural strength 

reduction was smaller at larger waste fractions; the 

lowest reduction in flexural strength occurred at a 

waste fraction of 60%.  Recycled concrete and 

porcelain aggregates resulted in the lowest and 

highest reductions in flexural strength, respectively. It 

is worth mentioning that recycled concrete aggregates 

at a fraction of 60% decreased flexural strength by 

3.5% on average, which shows a negligible decrease.  
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Fig .16 change of flexural strength in different 

percentage of aggregates replacement  

 

 

Fig. 17 Fitted curve on changes in flexural strength 

to replacement percentage 

 

IP = -0.0003*RP3 + 0.0401*RP2 - 1.3644*RP Porcelain Recycled Aggregates  

IP = -0.0005*RP3 + 0.0475*RP2 - 1.2566*RP concrete Recycled Aggregates 

IP = -0.0002*RP3 + 0.0267*RP2 - 0.9955*RP Combined Recycled aggregates 

 * IP=Strength Increase Percentage 

 * RP= Aggregates Replacement Percentage 

 

Fig. 17 plots the third-order fitted curves of the 

flexural strength difference between the recycled 

aggregate concretes and control specimen with an R2-

value of 1. The fitted curves are formulated below. 

3.4. Water penetration 

The water penetration test was carried out on the mix 

designs under the BS EN-12390-8 (BS EN 2019). The 

specimens were subjected to a water pressure of 5 

bars and were split into halves. The water penetration 

depths in both halves were measured using a caliper. 

Fig. 18 shows a specimen split into halves with the 

water penetration lines. The larger penetration depth 

would be reported as the penetration value. Table 12 

reports the average water penetration depth of three 

specimens of each mix design. Fig. 19 plots the 

average water penetration depth of the halves versus 

waste fraction.  

Table 12: Water penetration (mm) 

Mix No. 1st part 2nd part 

1 11.0 15.0 

2 12.0 17.1 

3 13.0 13.0 

4 14.7 13.6 

5 18.0 16.5 

6 20.6 13.4 

7 38.9 34.4 

8 5.5 6.1 

9 5.9 8.2 

10 11.6 13.1 

 

  

(b) (a) 

Fig. 18 

 

A rise in the porcelain fraction reduced water 

penetration, except at the fraction of 20% –the bar 

charts of the water penetration difference from the 

control specimen in Fig. 20, however, the average 

penetration depth was found to be nearly 14 mm (10% 

higher than the control specimen).  

 

Fig. 19 water penetration changes according to 

replacement percentages 

 

The concrete with recycled concrete aggregates 

showed 32%, 31%, and 189% higher water 

penetration than the control specimen. This indicates 

that recycled concrete aggregates increased water 

penetration into the concrete, with a direct 

relationship between the waste fraction and water 

penetration.  

Interestingly, hybrid waste aggregates reduced water 

penetration into the concrete. The water penetration 

depth was 55% and 5% lower than that of the control 

specimen at the hybrid waste fractions of 20% and 

60%, respectively. In other words, the concretes that 

contained hybrid waste aggregates had lower water 

penetration than the control concrete, and a rise in the 

fraction lowered the water penetration depth 

reduction rate.  

Fig. 20 plots quadratic curves fitted to the penetration 

depths of the concretes containing waste aggregates, 

along with the R2-values. The R2-value of 1 represents 

a high fit. As can be seen, a rise in the recycled 

concrete aggregate fraction raised water penetration, 

while the concretes containing porcelain or hybrid 

waste showed lower water penetration at higher 

aggregate fractions. 
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Fig. 20 Fitted curves on water penetration changes 

to control specimen 

 

3.5. Water absorption 

The water absorption test was implemented on the 

concrete specimens under ASTM C642 (ASTM 

2013). The specimens at the age of 28 days were kept 

within water for 24 h. The wetted specimens were 

weighed. Then, the specimens were placed within a 

furnace to be completely dried at 110°C and 

reweighed. The difference between the wet and dry 

weights was divided by the dry weight to obtain water 

absorption, as shown in Table 13.  

 

 

 

Table 13: Water absorption (%) 

Mix 

No. 
1st sample 2nd sample 3rd sample 

1 2.80 2.90 2.70 

2 3.48 3.51 3.49 

3 3.41 3.37 3.40 

4 3.51 3.34 3.38 

5 3.67 3.47 3.53 

6 4.10 4.20 3.89 

7 4.89 4.28 4.30 

8 2.61 2.47 2.51 

9 2.01 2.18 2.20 

10 2.05 1.85 2.01 

 

Figs. 21 and 22 depict the average changes in the 

water absorption of the concretes at different waste 

fractions and the average water absorption ratio of the 

concretes to the control specimen. Fig. 3333 shows 

the fitted water absorption curves of the concretes 

containing recycled concrete, porcelain, and hybrid 

waste aggregates, along with the R2-values. As can be 

seen, the water absorption difference from the control 

specimen had an almost direct relationship with the 

waste fraction. It can be said that: 

 

Fig. 21 water absorption changes according to 

replacement percentages 

 

 

Fig. 22 Fitted curves on water absorption changes 

to control specimen 

 

(I) Porcelain aggregates at a fraction of 

20% increased water absorption by 

nearly 25% compared to the control 

specimen. A further rise in the porcelain 

fraction led to smaller changes in water 

absorption, and absorption remained 

almost unchanged at larger fractions.  

(II) An increase in the recycled concrete 

aggregate fraction from 20% to 60% 

raised water absorption from 27% to 

60%. 

(III) Hybrid waste aggregates diminished 

water absorption by 10-30%. 

 

3.6. Scanning electronic microscope (SEM) 

The specimens were subjected to SEM to evaluate 

their microstructures (Keshavarz and Mostofinejad 

2020). Here, only the SEM results of the specimens 

with 60% waste aggregates are provided. Figs. 23-26 

depicts the SEM images of the control specimen and 

the concretes containing 60% recycled concrete, 

recycled porcelain, and hybrid aggregates.  
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(b) (a) 

Fig. 23: Control specimens 

  

The interfacial transition zone between the recycled 

concrete aggregates and cement mortar is observable 

in the SEM image of the specimen with 60% recycled 

concrete aggregates at a 50X magnification, which is 

presented in fig. 24. Vacancies are even observable at 

lower magnifications. 

  

(b) (a) 

  

(d) (c) 

Fig. 24: 60% concrete 

 

Vacancies and the interfacial transition zone between 

recycled porcelain and cement mortar are observed in 

the SEM image of the concrete with 60% porcelain at 

a 500 times magnification (Fig. 25). 

For the specimen with 60% hybrid aggregates (i.e., 

30% recycled concrete and 30% porcelain), a more 

solid and compact matrix appeared, as shown in Fig. 

26. At magnifications of 2000X and 5000X, 

interfacial transition zones are observed between the 

recycled aggregates and cement paste.  

4. Conclusion 

In the present study, ten mix designs were produced, 

including a control concrete and nine concretes in 

which standard aggregates were partially replaced 

with recycled concrete, porcelain, or hybrid recycled 

concrete-porcelain aggregates. The experimental 

setup included the slump test, compressive test, 

flexural test, water penetration test, water absorption 

test, and SEM. The results can be summarized as: 

 

 

  

(b) (a) 

  
(d)  (c) 

Fig. 25: 60% Porcelain 

 

  

  

(b) (a) 
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(d) (c) 

Fig. 26: 60% combined 

 

  

(1) The specimens had slumps larger than 180 

mm. Hence, the concretes containing all 

three types of recycled aggregates were 

concluded to have high consistency. 

(2) The average compressive strength of the 

control specimen was 60 MPa, while that of 

the recycled aggregate concretes was found 

to be 68 MPa. The flexural strengths of the 

control and recycled aggregate concrete 

were obtained to be nearly 14 and 13 MPa. 

Therefore, they could be viewed as relatively 

high-strength concretes.  

(3) An increase in the fraction of all three types 

of recycled aggregates increased 

compressive strength at both curing ages of 

7 and 28 days. The largest and smallest 

compressive strength enhancements 

occurred under recycled porcelain and 

hybrid aggregates, respectively. Porcelain 

aggregates led to a maximum increase of 

28% in compressive strength, whereas 

hybrid aggregates enhanced compressive 

strength by a maximum of 17%.  

(4) The relationship between the 28-day 

compressive strength and waste fraction was 

efficiently fitted to a curve. Porcelain and 

hybrid aggregates led to a maximum rise of 

28% and 17% in compressive strength, 

respectively.  

(5) Compressive strength underwent larger 

growth rates at larger porcelain fractions, 

while it showed smaller growth rates at 

larger recycled concrete aggregates. Hybrid 

aggregates led to a positive growth rate of 

compressive strength at higher fractions at 

the ages of 7-28 days.  

(6) Recycled aggregates reduced flexural 

strength compared to the control specimen. 

The largest flexural strength reduction was 

approximately 13%, while the smallest 

decrease in flexural strength was nearly 3%. 

An increase in the waste fraction raised 

flexural strength, diminishing the flexural 

strength difference from the control 

specimen.  

(7) The recycled aggregate concretes showed 

higher water penetration than the control 

specimen. The water penetration depth 

became even larger at higher waste fractions. 

Water penetration decreased in comparison 

to the control specimen as the porcelain 

fraction increased; the water penetration 

difference from the control specimen 

became negligible at larger porcelain 

fractions. The concretes containing hybrid 

aggregates showed substantial water 

penetration declines compared to the control 

specimen, regardless of the hybrid waste 

fraction; however, the water penetration 

decline became smaller as the hybrid waste 

fraction increased.  

(8) Water absorption remained almost 

unchanged (nearly 20%) upon the 

replacement of standard aggregates with 

porcelain aggregates. However, the water 

absorption of the concretes containing 

recycled concrete aggregates linearly 

increased with the recycled concrete 

fraction. The concretes with hybrid 

aggregates showed lower water absorption 

than the control specimen, and a rise in the 

hybrid waste fraction linearly diminished 

water absorption. 

(9) The microstructural analysis of the concretes 

via SEM revealed that the concrete 

containing recycled concrete aggregates had 

more vacancies. The transition zone between 

the recycled concrete aggregates and cement 

mortar was observable in the SEM image of 

the corresponding concrete, whereas the 

concrete containing hybrid aggregates 

showed a more solid and compact matrix.  

5. References 

 

- ACI 211-14, Standard Practice for Selecting 

Proportions for Normal, Heavyweight, and 

Mass Concrete. 

- Ahmed, W., & Lim, C. W. (2021). 

Production of sustainable and structural fiber 

reinforced recycled aggregate concrete with 

improved fracture properties: A review. 

Journal of Cleaner Production, 279, 123832. 

- AL-Luhybi, A. S. (2017). Studying the 

Effect of Adding Marble and Porcelain 

Waste on Mechanical Properties of Concrete 

Containing Recycled Aggregate. 

Engineering and Technology Journal, 35(7 

Part (A) Engineering). 

- ASTM C127 Standard Test Method for 

Density, Relative Density (Specific 



750                                                International Journal of Advanced Structural Engineering (2022) 12 : 739–751 

      

Gravity), and Absorption of Coarse 

Aggregate. 

- ASTM C136 Standard Test Method for 

Sieve Analysis of Fine and Coarse 

Aggregates 

- ASTM C143-78 Standard Test Method for 

Slump of Portland Cement Concrete. 

- BS EN 12390-3:2002 Testing hardened 

concrete. Compressive strength of test 

specimens (Withdrawn), British Standards 

Institution. 

- BS EN 12390-8:2019 Testing hardened 

concrete Depth of penetration of water under 

pressure. 

- El-Abidi, K. M. A., Mijarsh, M. J. A., & 

Abas, N. F. (2022). Properties of porcelain 

influenced concrete. European Journal of 

Environmental and Civil Engineering, 26(3), 

879-890. 

- Etxeberria Larrañaga, M. (2004). 

Experimental study on microstructure and 

structural behaviour of recycled aggregate 

concrete. Universitat Politècnica de 

Catalunya. 

- Evangelista, L., & Guedes, M. (2019). New 

Trends in Eco-Efficient and Recycled 

Concrete. 

- Gaikwad, A., & Bhonde, C. B. A Review on 

use of Ceramic waste as coarse Aggregate 

Replacement in Concrete, 

DOI:10.23883/ijrter.2019.5065.bl4x5, 

Corpus ID: 216649248. 

- Gharibi, H., Mostofinejad, D., Bahmani, H. 

and Hadadzadeh, H., “Improving thermal 

and mechanical properties of concrete by 

using ceramic electrical insulator waste as 

aggregates,” Construction and Building 

Materials, Vol. 338, 2022, pp. 

https://doi.org/10.1016/j.conbuildmat.2022.

127647. 

- Ghos, S., Emrun, A. A., Saifullah, I., Islam, 

M. T., & Riyad, A. S. M. (2016). 

Engineering Properties of Concrete Using 

Waste Ceramic as Coarse Aggregates. 

Imperial Journal of Interdisciplinary 

Research (IJIR), 2. 

- Guerra, I., Vivar, I., Llamas, B., Juan, A., & 

Moran, J. (2009). Eco-efficient concretes: 

The effects of using recycled ceramic 

material from sanitary installations on the 

mechanical properties of concrete. Waste 

management, 29(2), 643-646. 

- Hendi, A., Behravan, A., Mostofinejad, D., 

Kharazian, H. A., & Sedaghatdoost, A. 

(2020). Performance of two types of 

concrete containing waste silica sources 

under MgSO4 attack evaluated by durability 

index. Construction and Building Materials, 

241, 118140. 

- Hendi, A., Behravan, A., Mostofinejad, D., 

Moshtaghi, S. M., & Rezayi, K. (2017). 

Implementing ANN to minimize sewage 

systems concrete corrosion with glass beads 

substitution. Construction and Building 

Materials, 138, 441-454. 

- Hendi, A., Behravan, A., Mostofinejad, D., 

Sedaghatdoost, A., & Amini, M. (2018). A 

step towards green concrete: Effect of waste 

silica powder usage under HCl attack. 

Journal of Cleaner Production, 188, 278-

289. 

- Higashiyama, H., Sappakittipakorn, M., 

Yamauchi, K., and Takahashi, O., 

“Effectiveness of Ceramic Waste as Fine 

Aggregates in Mortar,” New Developments 

in Structural Engineering and Construction, 

Yazdani, S. and Singh, A. (eds.) ISEC-7, 

June 18-23, 2013, ISBN: 978-981-07-5354-

2 (Hardbound) 

- Jamal, M., Noh, M. Z., Al-juboor, S., 

Haziman, M., Wan, B., & Ibrahim, Z. 

(2018). Mechanical properties of the 

concrete containing porcelain waste as sand. 

International Journal of Engineering & 

Technology, 7(4.30), 180-184. 

- Jasim, M. J., Noh, M. Z., Zaidan, S. A., & 

Ibrahim, M. H. W. (2021). Mechanical 

Strength of Concrete by Replacement of 

Sand with Porcelain Waste with Addition of 

Superplasticizer. Annals of the Romanian 

Society for Cell Biology, 5394-5405. 

- Jasim, M. J., Noh, M. Z., Zaidan, S. A., 

Ibrahim, M. H. W., & Takai, Z. I. (2019). 

Effect of superplasticizer on thermal 

properties of concrete containing porcelain 

waste as sand replacement. Journal of 

Advanced Research in Fluid Mechanics and 

Thermal Sciences, 63(1), 82-91. 

- Jianzhuang Xiao, J., Li, W., Fan, Y. and 

Huang, X., “An overview of study on 

recycled aggregate concrete in China (1996–

2011),” Construction and Building 

Materials, Vol. 31, 2012, pp. 364-383, 

doi:10.1016/j.conbuildmat.2011.12.074. 

- Keshavarz, Z., & Mostofinejad, D. (2019). 

Porcelain and red ceramic wastes used as 

replacements for coarse aggregate in 

concrete. Construction and Building 

Materials, 195, 218-230. 

- Keshavarz, Z., & Mostofinejad, D. (2020). 

Effects of high-temperature exposure on 

concrete containing waste porcelain coarse 

aggregates and steel chips. Journal of 

Building Engineering, 29, 101211. 

- Kou, S. C., Poon, C. S., & Chan, D. (2008). 

Influence of fly ash as a cement addition on 

the hardened properties of recycled 

aggregate concrete. Materials and 

Structures, 41(7), 1191-1201. 

https://doi.org/10.23883/ijrter.2019.5065.bl4x5


International Journal of Advanced Structural Engineering (2022) 12 : 631–645                             751 

 

 

- Lauritzen, E. K. (2004). Recycling concrete-

an overview of challenges and opportunities. 

Special Publication, 219, 1-10. 

- Li, L., Xuan, D., Sojobi, A. O., Liu, S., Chu, 

S. H., & Poon, C. S. (2021). Development of 

nano-silica treatment methods to enhance 

recycled aggregate concrete. Cement and 

Concrete Composites, 118, 103963. 

- Mostofinejad, D., Hosseini, S. M., 

Nosouhian, F., Ozbakkaloglu, T., & Tehrani, 

B. N. (2020). Durability of concrete 

containing recycled concrete coarse and fine 

aggregates and milled waste glass in 

magnesium sulfate environment. Journal of 

Building Engineering, 29, 101182. 

- Mostofinejad, D., Noorpour, S., Noorpour, 

M., Karbati Asl, R., Sadeghi Balkanlou, V., 

& Karbati Asl, A. (2017). Effects of 

petrochemical wastes incinerator ash 

powder instead of Portland cement on the 

properties of concrete. Scientia Iranica, 

24(3), 1017-1026. 

- Okechi, I. K., Aguayo, F., & Torres, A. 

(2022). Coefficient of Thermal Expansion of 

Concrete Produced with Recycled Concrete 

Aggregates. Journal of Civil Engineering 

and Construction, 11(2), 65-74. 

- Pacheco-Torgal, F., & Ding, Y. (Eds.). 

(2013). Handbook of recycled concrete and 

demolition waste. Elsevier. 

- Pellegrino, C., & Faleschini, F. (2016). 

Sustainability improvements in the concrete 

industry: use of recycled materials for 

structural concrete production. Springer. 

- Piyaphanuwat, R., & Asavapisit, S. (2017). 

Utilization ceramic wastes from porcelain 

ceramic industry in lightweight aggregate 

concrete. Int. J. Environ. Sci. Dev, 8, 342. 

- RawaidKhan, R., Abdul Jabbar, Ahmad,, I. 

Khan, W., Naeem Khan, A. and Mirza, J., 

“Reduction in environmental problems 

using rice-husk ash in concrete,” 

Construction and Building Materials, Vol. 

30, 2012, pp. 360-365, 

https://doi.org/10.1016/j.conbuildmat.2011.

11.028. 

- Ray, S., Haque, M., Sakib, M. N., Mita, A. 

F., Rahman, M. M., & Tanmoy, B. B. 

(2021). Use of ceramic wastes as aggregates 

in concrete production: A review. Journal of 

Building Engineering, 43, 102567. 

- Rostami, R., Zarrebini, M., Sanginabadi, K., 

Mostofinejad, D., Abtahi, S. M., & Fashandi, 

H. (2020). An investigation into influence of 

physical and chemical surface modification 

of macro-polypropylene fibers on properties 

of cementitious composites. Construction 

and Building Materials, 244, 118340. 

- Sampaio, Z. L. M., Martinelli, A. E., & 

Gomes, T. S. (2017). Formulation and 

characterization of structural lightweight 

concrete containing residues of porcelain tile 

polishing, tire rubber and limestone. 

Cerâmica, 63, 530-535. 

- Silvestre, R., Medel, E., García, A., & 

Navas, J. (2013). Utilizing recycled ceramic 

aggregates obtained from tile industry in the 

design of open graded wearing course on 

both laboratory and in situ basis. Materials & 

Design, 50, 471-478. 

- Specification for Portland cement, Institute 

of Standards and Industrial Research of 

IRAN, ISIRI 389, 8th Edition. 

- Standard Specification for Portland Cement 

ASTM C 150. 

- Standard Test Method for Density, 

Absorption, And Voids In Hardened 

Concrete ASTM C642-13. 

- Standard Test Method for Specific Gravity 

Coarse Aggregates, ASTM-C127-88. 

- Standard Test Method for Total Evaporable 

Moisture Content of Aggregate by Drying 

ASTM C566-97. 

- Standard Test Method for, Flexural Strength 

of Concrete Beams, ASTM C78. 

- Talaei, M., & Mostofinejad, D. (2021). 

Mechanical properties of fiber-reinforced 

concrete containing waste porcelain 

aggregates under elevated temperatures. 

Construction and Building Materials, 289, 

122854. 

- Tavakoli, D., Hashempour, M., & Heidari, 

A. (2018). Use of waste materials in 

concrete: A review. Pertanika J. Sci. 

Technol, 26(2), 499-522. 

- Vijayalakshmi, .M., Sekar, A.S.S and 

Ganesh prabhu, G., “Strength and durability 

properties of concrete made with granite 

industry waste,” Construction and Building 

Materials, Vol. 46, 2013, pp. 1-7. 

- Wang, B., Yan, L., Fu, Q., & Kasal, B. 

(2021). A comprehensive review on recycled 

aggregate and recycled aggregate concrete. 

Resources, Conservation and Recycling, 

171, 105565. 

- Zimbili, O., Salim, W., & Ndambuki, M. 

(2014). A review on the usage of ceramic 

wastes in concrete production. International 

Journal of Civil, Environmental, Structural, 

Construction and Architectural Engineering, 

8(1), 91-95. 

 

  

 


