
Advances in Concrete Construction, Vol. 10, No. 5 (2020) 369-379 

DOI: https://doi.org/10.12989/acc.2020.10.5.369                                                                  369 

Copyright © 2020 Techno-Press, Ltd. 
http://www.techno-press.org/?journal=acc&subpage=7                                      ISSN: 2287-5301 (Print), 2287-531X (Online) 

 
1. Introduction 
 

In present decades, concrete is the most    important 

marrowy material used for infrastructure progress around 

the globe because of its incredible attributes. The 

application and use of recycled concrete are widely studied 

in recent decades. The idea of recycling demolition waste 

was first introduced in Germany (Khalaf and DeVenny 

(2004). After that, many countries have been researching 

about the properties of recycled aggregates and applying the 

recycled aggregate to produce new concrete. According to 

the European Commission and Report, 1999, in Germany, 

about 59 million construction and demolition waste are 

created in one calendar year. Recycled and reused materials 

are about 17% of the total construction waste and rest of 

them are deposited to the land (Report 1999). According to 

this report, 90% of demolition waste of Netherland is 

recycled and reused each year whereas in UK the amount is 

45%. Therefore, research on the utilization of recycled 

aggregate has become necessary for the construction sector.  

In developed countries, because of population growth 

and innovation of new design and technologies old 

structures are being knocked down and new structures are 

constructed as a replacement. The debris from demolished 

buildings results in a plethora of waste concrete. For 

example, the European Union has been produced about 850 

million tons of construction and demolition waste each year 
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which exhibited 31% of the total waste production 

(Weimann et al. 2003). In 2004 about 20 million tons of 

construction and demolition wastes were generated in Hong 

Kong (Poon and Chan 2007). Waste concrete also produces 

from man-made and natural disasters such as war, 

earthquake, flood etc. For example, 20 million cubic meters 

of demolition waste was exhausted due to the Chi-Chi 

earthquake in Taiwan on September 21, 1999 and 70-90% 

of them was concrete, bricks and fines which could be 

recycled and reused (Yang 2009). These waste concretes are 

commonly abandoned as landfill materials. However, a 

gradual increase of waste concrete increases environmental 

pollution, land reclamation, decreases environment 

aesthetics and affects the fertility of the land. Therefore, 

recycling these outsized concretes rather than dumping it 

will be environmentally friendly value-added materials for 

construction industry.  

On the other hand, rapid growth of new buildings 

increases the production of concrete that increases the 

consumption of natural aggregate, which is expensive as 

cost regarding buying and transporting aggregates are 

associated with it whereas lower transportation cost and 

energy consumption are related with recycled aggregate. In 

addition, a high proportion of demolition waste produced 

from concrete, bricks and tiles of razed buildings can be 

crushed properly and recycled as both fine and coarse 

aggregates. Utilization of waste concrete not only reduces 

environmental pollution but also it conjointly decreases the 

consumption of natural aggregate. The transport and 

delivery impacts associated with recycled concrete from 

demolished waste are almost the same as the natural 

aggregate but it can be cost-effective if these wastes are 

reused on the same site or near the other site (Yaragal et al. 

2016, Yaragal and Ak 2017). Different structures are being 
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constructed in different countries using reprocessed 

aggregate that induce a developing enthusiasm for the 

reusing of waste concrete. For instance, during the 

construction of Hong Kong Wetland Park, approximately 

14,300 m3 of concrete was prepared using recycled 

aggregate (Poon and Chan 2007).  

Many researchers have investigated various properties 

of recycled aggregate in the past. Some of them have 

conducted waste concrete as recycled fine aggregate 

(Evangelista and de Brito 2007, Zega and Di Maio 2011, 

Geng and Sun 2013, Djelloul et al. 2018, Liang et al. 2018, 

Liang et al. 2018) and some of them have carried out the 

structural properties of recycled concrete containing 

different percentage of recycled coarse aggregate (RCA) 

(Eguchi et al. 2007, Rao et al. 2007, Tabsh and Abdelfatah 

2009, Rao et al. 2011, Kwan et al. 2012). Evangelista and 

de Brito (2017) conducted the experimental investigation on 

flexural performance of RC beams made with recycled 

aggregate beams that contain fine recycled aggregate. All 

the researches have reached a final ending the properties of 

recycled aggregate exhibited less strength than the 

conventional aggregate. But Etxeberria, Vázquez et al. 

(2007) have found that the same result for compressive 

strength but they observed that the tensile strength of 

recycled aggregate concrete can be higher than that of 

conventional concrete. According to Ho, Lee et al. (2013), 

the recycled aggregate concrete showed higher compressive 

strength than normal concrete which shows a contradictory 

finding. It can be due to the quality of recycled aggregate. 

However, using a small amount of recycled aggregate with 

natural aggregate results demonstrated approximately the 

same strength as using normal aggregate. Concrete strength 

mainly depends on the quality and mix proportions of RCA 

with natural coarse aggregate (NCA) (Malešev et al. 2010).  

Although most of the research was conducted on the 

properties of recycled concrete, still the number of 

researches is not quite enough specially in Bangladesh only 

a limited number of researches available in the existing 

literature. Therefore, for practical application users may get 

limited information about recycled aggregate concrete in 

context of Bangladesh construction industry. In this study, 

attempts were taken to incorporate recycled aggregate in the 

natural aggregate by hybridization in the concrete and 

compare the mechanical performance with the conventional 

(plain) concrete. Hence, the preliminary objective of this 

experimental investigation is to design a recycled concrete 

mix by replacing natural coarse aggregate with recycled 

coarse aggregate in various proportions replacement and to 

investigate the consequence of the recycled aggregate on 

the fresh and hardened properties of concrete. The 

secondary objective is to analyze the stress-strain behavior 

of concrete using NCA and different mixing proportions of 

RCA with NCA and to compare the behavior of normal 

concrete and the recycled concrete. The optimum 

proportion with strength performance of this study could be 

helpful in various construction activities. It will also help 

other researchers to study further about RCA with scatter 

concentration replacement in natural aggregate and with the 

addition of different admixtures in the structural concrete 

production. 

Table 1 Chemical constituents of cement 

Constituents Weight (%) 

Silica (SiO2) 21.45 

Alumina (Al2O3) 4.30 

Ferric oxide (Fe2O3) 3.28 

Calcium oxide (CaO) 64.32 

Magnesium oxide (MgO) 1.18 

Sulfur trioxide (SO3) 3.56 

IR 0.35 

LOI 

Free Lime 

2.055 

1.274 

 

 

Fig. 1 Gradation analysis of aggregates 

 

 

2. Materials and methods 
 

2.1 Materials 
 

2.1.1 Cement 
Cement is used as a binding material that is used to set, 

harden and to bind the materials with its adhere properties. 

Ordinary Portland cement of type I complying with ASTM 

C150-05 was used for this purpose and its chemical 

constituents are given in Table 1. 

 

2.1.2 Natural aggregate 
Sylhet sand of FM 2.65 was used as fine aggregate for 

research purpose that is naturally obtained from Sylhet 

district of Bangladesh. Sand is a granular material resulting 

from the disintegration of different rocks and minerals. As 

Sylhet sand is river washed sand, it contains earthy 

impurities. Therefore, it was washed before use in the 

concrete mix according to the standard of ASTM C33/ 

C33M18.   

During working, sand bulking properties were 

considered for this investigation. The fineness modulus of 

aggregates was determined by ASTM C136 / C136M-19. 

Fig. 1 illustrates the gradation analysis of natural coarse and 

fine aggregate. Stone chips were used as natural coarse 

aggregate for this study. As stone chips are angular in shape, 

mechanical interlocking between them could be increased 

and durable. The surface of the coarse aggregate was hard 

so that maximum bond strength could develop. They were 

not in flaky shape and elongated. All of the coarse 

aggregate passing with 38.1 mm sieve and retaining into 

4.75 mm was used for this study.  
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Table 2 Mix composition of the concrete 

Batch 

No 

% 

Replacement 

Cement 

(kg/m3) 

Sand 

(kg/m3) 

Natural 

Aggregate 

(kg/m3) 

Recycled 

Aggregate 

(kg/m3) 

Water 

(kg/m3) 

1 0% 262 420 954.58 0 131 

2 10% 262 420 859.16 95.42 131 

3 30% 262 420 668.21 286.37 131 

4 50% 262 420 477.29 477.29 131 

 
 
2.1.3 Recycled coarse aggregate 
Recycled aggregate was collected from the debris of a 

demolished old building. At first, some medium portions of 

slab and wall were collected from site and brought them to 

the laboratory. The collected slab was broken into small 

pieces and then crushed manually. The sieve analysis was 

performed and the particles passing from 25.4 mm and 

retaining into 4.75 mm these were collected for this 

investigation. Both crushed concrete and crushed masonry 

were accumulated in recycled aggregate and FM was 

obtained 3.01. Fig. 1 shows the gradation analysis of 

recycled aggregate. The water absorption of recycled 

aggregate was 6.8% and aggregate was soaked for 24 hours 

before use so that it could not absorb water during the 

process of mixing.  

 

2.1.4 Water 
Fresh potable tap water conforming to the drinking 

standard was used for mixing the concrete batches in this 

investigation. The pH value of the laboratory water was 

7.35. 

 

2.2 Mix proportion and mixing of concrete  
 

To perform the hardened properties tests of recycled 

concrete aggregate, four concrete mixes were selected with 

varying recycled aggregate content in this investigation. 

The basic mix proportions were kept 1:1.5:3 for cement: 

sand: coarse aggregate and 1: 0.5 for cement: water ratio. 

The first mix was prepared without the addition of recycled 

aggregate which is called ‘control mix’. In addition, three 

mixes were considered with 10%, 30% and 50% 

replacement rate of natural coarse aggregate by recycled 

aggregate respectively. Amount of concrete to prepare the 

per m3 of concrete mix with different composition of the 

concrete that is mentioned in Table 2. All of the concrete 

batches with varying concentration of recycled aggregate 

concrete mixes in natural aggregate was conducted in the 

Department of Building Engineering and Construction 

Management Structural and Material Engineering 

Laboratory at Khulna University of Engineering and 

Technology, Khulna-9203, Bangladesh. 

A free fall type-mixing machine with a fixed drum and a 

capacity of 100 liters was used to mix all the concrete 

batches. In this investigation, all the required materials were 

weighted first based on mix proportions. Then all the dry 

ingredients were discharged into the mixture first and then 

mixed them until it was a uniform mixture. After that 70% 

of the total amount of water was poured into the mix and 

mixed them thoroughly. The rest of the 30% water was 

added gradually into the mix. The concrete mixing was 

performed until it observed the visual flow of the mix. 

Concrete was mixed with electric power generated auto 

machine. The overall mixing was performed according to 

guideline ASTM C192/C192M–19. 

 

2.3 Specimen design and curing 
 

To determine the compressive and split-tensile strength 

properties of concrete with varying replacement levels of 

recycled aggregate, cylinder molds of size 100×200 mm 

were used for this experimental investigation. A total 

number of 48-cylinder molds were prepared for 

compressive and tensile tests. Prism size of 100×100×500 

mm was prepared to determine the flexural strength of 

concrete. A total number of 24 prism specimens were 

prepared for the flexural test. Total 24-cylinder specimens 

of size 100×200 mm were made for the stress-strain 

response of recycled concrete with each replacement 

percentage. Before pouring the concrete, the steel molds 

were placed and lubricated the inside surface with lubricant 

material. Then the concrete was poured in the molds in 

three layers and each layer had compacted properly with 25 

strokes by tamping rod. Surplus concrete was visualized at 

the top of the mold and smoothened by trowel without 

imposing pressure on it. After that, the molds were marked 

by a marker pen with its each mix proportion for future 

identification. All the specimens were covered with plastic 

and then rest them at room temperature until the test day. 

After 24 hours, demolding work was carefully done so that 

no damage occurs of the specimens. The specimens were 

immerged in curing tanks for a period of 7 and 28 days. All 

the specimens were prepared and cured at the laboratory 

according to ASTM C192/C192M–19. 

 

2.4 Test setup and instrumentation 
 

2.4.1 Slump test 
Slump test is a common process to measure the 

workability of concrete in site. The test was completed 

according to ASTM C143/C143M-18. For this test, a slump 
cone was used and fresh concrete was poured into the cone 
in three layers. Each portion was tamped 25 times with a 16 
mm diameter tamping rod. After filling, the cone was lifted 
vertically slowly and carefully with handles with no 
sideway motion. The slump cone was placed beside the 

fresh concrete and the temping rod placed on top of the 
cone. Then the gap between bottom of the rod to the top of 
the concrete is the slump of concrete.   

 

2.4.2 Compressive strength  
In this study, the compressive strength of concrete 

specimens was measured according to ASTM C39/C39M-

18. A digital compression machine with 3000 kN capacity 

was used for this purpose. The specimen was placed 

between the top and bottom plate of the machine. During 

this test, a compressive load of 0.25 MPa/s was 

continuously applied to the specimens until failure 

occurred. After failure, the compressive strength of concrete 

and its failure pattern was noted. Stress-strain responses 

were determined for varying concentrations of recycled  
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Fig. 2 Slump value of concrete 

 

 

coarse aggregate concrete mixes.  

 

2.4.3 Splitting tensile strength  
The splitting tensile strength of specimens was 

measured according to ASTM C496/C496M-17. For this 

test, a digital compression machine with 3000 kN capacity 

was used. The bearing bar was placed between the bearing 

blocks and bearing strips were placed between bearing bar 

and bearing blocks. Specimen was placed ensuring that it 

was centered along the length of the upper block and lower 

blocks. A compressive load of 1.5 MPa per minute was 

applied continuously and without shock until failure. After 

failure, the splitting tensile strength of concrete specimen 

and its failure pattern was recorded. 

 

2.4.4 Flexural (rupture) strength  
The flexural or rupture strength of concrete was 

determined according to ASTM C78/C78M-18. This test 

method covers the determination of the flexural strength of 

concrete with the simple prism specimen with third-point 

loading. The test fixtures were installed before the test to 

complete the flexural strength test. The load applying 

blocks were cleaned as well as possible. The test concrete 

prism specimens were placed and centered on the support 

blocks. The distance between two upper load support blocks 

was 150 mm. The load was applied at a constant rate of 

0.850 MPa per minute until rupture occurred. The flexural 

strength of the specimen was recorded and the fracture 

pattern was noted. 

 

 
3. Results and discussion 
 

 

3.1 Influence of recycled aggregate on slump values 
 

Fig. 2 shows a graphical representation of slump value 

versus different replacement rates of recycled aggregate 

content. Some researchers have confirmed that the 

replacement of natural aggregates by recycled aggregates 

creates greater stiffness and as a result, slump value 

decreases gradually (Topcu and Şengel 2004, Lima et al. 

2013, Vázquez et al. 2014). The range of slump value of 

concrete was 50-100 mm that indicates the concrete had a 

medium degree of workability. From Fig. 2, it is seen that 

the workability of concrete is linearly decreased with the 

regular increase of replacement rate of recycled aggregate 

involvement in concrete. It indicates high water absorption 

and porosity property of recycled aggregate due to mortar 

adhered to it. The formation of slump was true slump and it 

demonstrates the ideal condition of the concrete 

workability. Therefore, the observed test result looks 

reliable and a related observation was also found by other 

researchers (Topcu and Şengel 2004, Yaragal and Ak 2017, 

Thomas et al. 2018, Leite and Santana 2019). 

 

3.2 Hardened properties of concrete  
 

3.2.1 Influence of recycled aggregate on compressive 
strength of concrete 

Compressive strength results were obtained for different 

percentage of replacement rate of recycled coarse aggregate 

for 7 and 28-days period of curing. Table 3 represents the 

compressive strength of concrete specimens according to 

each mix design with the corresponding days in terms of 

mean compressive strength, standard deviation, coefficient 

of variation, standard error and 95% confidence interval of 

the compressive strength for each specimen. It is worth 

noting that three specimens have tested for each mix design 

and the mean values were calculated to obtain the 

compressive strength at 7 and 28-days. 

From the Table 3, it is noticed that the lowest 

compressive strength of 7 days concrete specimens was 

found for the specimens which contained 50% recycled 

coarse aggregate and the value was 10.81 MPa with a 95% 

confidence interval of 10.75 MPa to 10.87 MPa and the 

highest compressive strength of 7 days was found for the 

specimens containing no recycled coarse aggregate and the 

value was 20.60 MPa with a 95% confidence interval of 

20.40 MPa to 20.80 MPa. It is also found that 28 days  

 

 

 

Table 3 Compressive test results of RCA specimens for varying mixes 

Mixes Days 

Compressive Strength 95% Confidence Interval 

Mean Strength, 

MPa 

Standard 

Deviation, MPa 

Coefficient of 

Variation 

Standard 

Error 

Lower Limit, 

MPa 

Upper Limit, 

MPa 

0% 
7 20.60 0.36 0.0175 0.208 20.40 20.80 

28 24.98 0.03 0.0011 0.015 24.97 24.99 

10% 
7 16.75 0.37 0.0218 0.211 16.55 16.95 

28 20.88 0.07 0.0035 0.042 20.84 20.92 

30% 
7 12.48 0.13 0.0105 0.076 12.41 12.55 

28 17.87 0.07 0.0040 0.042 17.83 17.91 

50% 
7 10.81 0.12 0.0107 0.067 10.75 10.87 

28 13.47 0.14 0.0105 0.082 13.39 13.55 
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Fig. 3 Compressive strength of different concrete mixes at 

varying curing days 

 

 

compressive strength of lowest value was 13.47 MPa with a 

95% confidence interval of 13.39 MPa to 13.55 MPa which 

was for those specimens containing 50% recycled concrete 

and the highest compressive strength of 28 days was found 

for the specimens which contained no recycled coarse 

aggregate and the value was 24.98 MPa with a 95% 

confidence interval of 24.97 MPa to 24.99 MPa. It is also 

observed that the standard deviation of the tested cylinders 

ranging from 0.03 to 0.36 with the corresponding 

coefficient of variation of 0.0011 to 0.0175 and a standard 

error of 0.015 to 0.208. It is also calculated that the 

specimens at 7 days have gained 69.87-82.47% strength of 

its 28-day strength of the concrete specimens. The concrete 

containing 50% recycled aggregate has gained 80.25% 

strength of its 28-days strength which is the highest value 

among recycled aggregate concretes while concrete 

containing 30% recycled concrete has the lowest value that 

is 69.87%. 

Fig. 3 exhibits a graphical representation of compressive 

strength of different concrete mixes at varying curing days 

with error bars. From the graph, it is noticed that the 

compressive strength of concrete decreases with the 

increase of percentage of replacement rate of recycled 

coarse aggregate and this gradual decrease is almost linear 

at the age of 28 days. Old mortar had adhered to the surface 

of recycled aggregate. As a result, a weak bond developed 

between recycled aggregate and new mortar and the 

specimen failed at an early stage. The another reason behind 

the less strength of concrete using recycled aggregate was 

achieved due to the high water absorption capacity of 

mortar which adhered to the recycled aggregate. Many 

investigators have found the same observations (Rahal 

2007, Kou et al. 2011, Verma and Ashish 2017). From the 

Figure, it can be observed that the compressive strength of 

specimens at 28 days is greater than the compressive 

strength of specimens at 7 days. According to ASTM C330/ 

C330M-17a, minimum compressive strength should be 

achieved 17 MPa to satisfy the requirement of lightweight 

concrete. From the graph, it is remarkable that the 

compressive strength at 30% replacement rate is 17.87 

MPa, which is greater than the ASTM code requirement at 

28-days. At 28-days, the strength at 10% RAC is 16.41% 

less than normal concrete. At 30% and 50% RAC the 

strength is 28.46% and 46% less than the NAC respectively. 

For 7 days, strength of 10%, 30% and 50% RAC is 18.63%,  

 

Fig. 4 Size effect and failure modes of specimen (a) when 

h<d (b) when h=d (c) when h>d (Kim and Yi 2002) 

 

 

Fig. 5 Sketches of types of cylinders fracture (a) conic (b) 

shear-conic (c) shear-diagonal (d) shear and (e) column-like 

(Bezerra et al. 2016) 

 

 

39.41% and 47.42% less than the conventional aggregate 

concrete. So the rate of increment of compressive strength 

of the specimens at 28-days is greater than 7-days. The 

error bar shows that the variation of compressive strength 

results is very low. Hence the test results are reliable. 

 

Observed failure modes and fracture pattern 
The observation of fracture pattern of concrete in 

compression is difficult due to its composite nature of 

concrete. The concrete is a brittle material and weak in 

tension and it has some drawbacks such as poor 

confrontation to crack propagation, poor fracture toughness 

and low impact strength. Fig. 4 demonstrates the impact of 

the viewpoint proportion of the compressive stress 

accepting that the estimation of the slope was roughly 

chosen as 45º since the restriction impacts of frictional force 

would be irrelevant if the perspective proportion h/d turns 

out to be exceptionally enormous. In this way, a cylinder 

with an angle proportion h/d=1 will have the option to 

oppose higher loads than a cylinder with a viewpoint 

proportion of 2 (Kim and Yi 2002). 

Five types of fractures are seen in concrete cylinder 

specimens. They are cone, shear-conic, shear diagonal, 

shear and columnar. Fig. 5 shows different types of fracture 

pattern of cylindrical specimens. The type of fracture 

pattern observed in the compression test was shear-conic 

fracture. Fig. 6 shows the types of fractures of specimens 

observed during the test. When the concentric compressive 

force is applied and the friction on the testing machine 

plates holds back the concrete lateral expansion, cone 

failure happens. However, when the bond between concrete 

is strong enough then the cone failure of specimens reaches 

mid of its lateral dimension and then split. Therefore, the 

fracture pattern indicates enough bond is developed 

between aggregate and the mortar. 

 

3.2.2 Effects of recycled aggregate on splitting tensile 
strength of concrete  
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Splitting tensile strength was conducted for different 

percentages of replacement rate of recycled coarse 

aggregate for 7 and 28-days in the laboratory. Table 4 

demonstrates the splitting tensile strength of specimens 

according to each mix design with the corresponding days 

in terms of mean splitting tensile strength, standard 

deviation, coefficient of variation, standard error and 95% 

confidence interval of the splitting tensile strength for each 

specimen. It is worth mentioning that like the compressive 

strength test, three specimens have tested for each mix 

design and mean values were calculated to obtain the split-

tensile strength (instead of compressive strength) at 7 days 

and 28 days. 

From the Table 4, it is understood that the lowest 

splitting tensile strength of 7-days was found for the 

specimens which containing 50% recycled coarse aggregate 

and the value was 1.68 MPa with a 95% confidence interval 

of 1.47 MPa to 1.89 MPa. One the other hand, the highest 

splitting tensile strength of 7-days was found for the 

specimens which contained no recycled coarse aggregate 

and the value was 2.60 MPa with a 95% confidence interval 

value of 2.35 MPa to 2.85 MPa. It is also observed that 28 

days splitting tensile strength of lowest value was 1.91 MPa 

with a 95% confidence interval of 1.79 MPa to 2.03 MPa 

which was for those specimens containing 50% recycled 

concrete. The highest splitting tensile strength of 28-days 

was found for the specimens which contained no recycled 

coarse aggregate and the value was 3.50 MPa with a 95% 

confidence interval of 3.16 MPa to 3.84 MPa. It is also 

observed that the standard deviation of the tested cylinders 

 

 

 

Fig. 7 Splitting tensile strength of different concrete mixes 

at varying curing days 

 

 

ranging from 0.21 to 0.95 with the corresponding 

coefficient of variation of 0.1114 to 0.4548 and a standard 

error of 1.28 to 3.16. It is also calculated that the specimens 

at 7-days have gained 62.22 - 87.96% strength of its 28-day 

split tensile strength of the concrete specimens. The 

concrete containing 50% recycled aggregate has gained 

87.96% strength of its 28-day strength which is the highest 

value among recycled aggregate concretes while concrete 

containing 30% recycled concrete has the lowest value that 

is 62.22%. 

Fig. 7 shows a graphical representation of strength 

variation at 7 and 28-days of the various concrete mixes 

with error bar which is an average of three specimens of  

Table 4 Splitting tensile test results of RCA specimens for varying mixes 

Mixes  Days 

Splitting Tensile Strength 95% Confidence Interval 

Mean Strength, 

MPa 

Standard 

Deviation, MPa 

Coefficient of 

Variation 

Standard 

Error 

Lower Limit, 

MPa 

Upper Limit, 

MPa 

0% 
7 2.60 0.46 0.1763 0.265 2.35 2.85 

28 3.50 0.62 0.1784 0.361 3.16 3.84 

10% 
7 2.08 0.95 0.4548 0.546 1.56 2.60 

28 3.00 0.44 0.1453 0.252 2.76 3.24 

30% 
7 1.68 0.73 0.4371 0.424 1.28 2.08 

28 2.70 0.50 0.1852 0.289 2.43 2.97 

50% 
7 1.68 0.38 0.2262 0.219 1.47 1.89 

28 1.91 0.21 0.1114 0.123 1.79 2.03 

 

  

 

Fig. 6 Failure of specimens (a) shear (b) shear-conic fracture 
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Fig. 8 Various types of fracture patterns (a) pure tensile (b) 

tensile-shear (c) bedding tensile-shear (Dan et al. 2013) 

 

 
(a) 

 
(b) 

Fig. 9 Splitting tensile failure of specimens (a) Matrix-

bedding tensile-shear failure; (b) Propagation of crack 

 

 

each mixes. The split tensile strength results show a 

decreasing pattern of strength when the percentage of 

recycled aggregate is increased. Silva, De Brito et al. (2015) 

found the same observation. This decline rate of tensile 

strength is illustrated in the Fig. 7. The concrete specimen 

containing 50% RCA had exhibited the lowest tensile 

strength and reduction of strength for 10%, 30% and 50% 

were 20%, 35.39% and 51.92% compared to NAC at 7-days 

respectively. For 28-days, these reduction values were 

14.29%, 22.85% and 42.85% respectively. Therefore, from 

these strength values, it indicated that the strength of RCA 

increases faster than the normal concrete aggregate. This 

leads to the presence of lower-density residual cement 

mortar accumulate to the aggregate particles and this causes 

high water absorption of RCA.  

Based on ASTM C330/C330M-17a, the minimum 

splitting tensile strength of lightweight concrete is 2 MPa 

for 28-days. From Table 4, it can be seen that the splitting 

tensile strength at 30% replacement rate is 2.7 MPa, which 

is greater than the minimum splitting tensile strength of 

concrete at 28-days. The error bar in the graph illustrates 

that the deviation of splitting tensile strength results is very 

low so it can be said that the test results are acceptable. 

 

Observed failure modes and fracture pattern 
As concrete is made of coarse aggregate with small 

 
(a) 

 
(b) 

Fig. 10 Splitting tensile failure of specimens (a) Bedding 

tensile- shear failure; (b) Propagation of crack 

 

 

sizes, it always has microscopic cracks in its body. These 

cracks do not cause any troubles when compressive loads 

are applied but they become elongated when tensile loads 

are applied. Therefore, tensile strength of concrete is 

exhibited lower value than its compressive strength. It is 

generally considered that crack produced due to splitting 

tensile test should initiate at center and then spread along 

the periphery of loading diameter. The crack can be initiated 

at any region of the specimen for example near the load arc 

or especially along the weak axis in parallel to the 

anisotropic rock specimens (Colback 1966). Three types of 

fracture patterns due to split tensile strength are generally 

observed-pure tensile rupture, matrix- bedding tensile shear 

rupture and bedding tensile- shear final failure. Fig. 8 shows 

various types of fracture patterns produced due to splitting 

tensile test. 

Fig. 9 shows matrix-bedding tensile-shear failure of 

specimens produced due to splitting tensile test. The crack 

was propagated along the loading diameter. The crack 

pattern also indicates that the fracture occurred in the 

interfacial transition zone between the mortar and 

aggregate. That indicates crack developed in the mortar 

around the aggregate along the loading diameter. 

Fig. 10 shows shear failure of concrete produced due to 

splitting tensile test. The crack was propagated along half of 

the loading diameter. That indicates the bond between 

mortar and aggregate was strong but due to the use of 

recycled aggregate, the splitting tensile strength of the 

specimen was less than normal aggregate. It may be due to 

less strength of recycled aggregate or low water binder ratio 

as mortar remained to recycled aggregate has higher water 

absorption capacity. 

 

3.2.3 Correlation between splitting tensile strength 
and compressive strength 
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Fig. 11 Splitting tensile strength vs compressive strength 

 

 

Both compressive strength and split tensile strength 

were done for cylindrical specimens. Fig. 11 shows a 

graphical plot between splitting tensile strength and 

compressive strength test. Based on the ACI, splitting 

tensile strength will be 

0.50√𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ (𝑓𝑐), So, according to ACI 

code, the splitting tensile strength of concrete at 28-days is 

0.5√24.98=2.49 MPa. From Table 4, the tensile strength of 

normal concrete is found 3.5 MPa, which is greater than 

2.49 MPa. Therefore, the value of the test is appropriate 

according to the ACI code. For seven days splitting tensile 

for each specimen can be expressed as splitting tensile 

strength=(0.129×compressive strength)+0.0532 and for 28-

days it can be expressed as splitting tensile strength= 

(0.1359×compressive strength)+0.1538. Both the regression 

line indicates that strength is increasing for each specimen. 

The regression line indicates that the splitting tensile for 

both curing days significantly improved with increasing 

compressive strength in a similar manner. 

 

3.2.4 Effects of recycled aggregate on flexural 
strength of concrete 

The flexural strength test was conducted on 100 mm× 

100 mm×500 mm concrete small beams of different mix 

designs at the age of 7 and 28-days curing period. Table 5 

illustrates the flexural strength of specimens according to 

each mix design with the corresponding days in terms of 

mean flexural strength, standard deviation, coefficient of 

variation, standard error and 95% confidence interval of the 

flexural strength for each specimen. 

From the Table 5, the lowest flexural strength of 7 days 

was found for the specimens which contained 50% recycled 

coarse aggregate and the value was 2.13 MPa with a 95% 

confidence interval value of 2.05 MPa to 2.21 MPa. The 

 

 

Fig. 12 Flexural strength of different concrete mixes at 

varying curing days 

 

 

highest flexural strength of 7-days was found for the 

specimens containing no recycled coarse aggregate and the 

value was 3.92 MPa with a 95% confidence interval of 3.72 

MPa to 4.12 MPa. It is also examined that 28-days flexural 

strength of lowest value was 3.32 MPa with a 95% 

confidence interval of 3.18 MPa to 3.46 MPa which was for 

those specimens containing 50% recycled concrete. In 

contrast, the highest flexural strength of 28-days was found 

for the specimens had no recycled coarse aggregate and the 

value was 4.90 MPa with a 95% confidence interval of 4.57 

MPa to 5.23 MPa. The standard deviation of the tested 

cylinders ranging from 0.15 to 0.61 with the corresponding 

coefficient of variation of 0.071 to 0.20 and a standard error 

of 0.087 to 0.351. It is also calculated that the specimens at 

7-days have gained 64.16-80% strength of its 28-day 

flexural strength of the concrete specimens. The concrete 

containing 10% recycled aggregate has gained 77.27% 

strength of its 28-day strength which is the highest value 

among recycled aggregate concretes while concrete 

containing 50% recycled concrete has the lowest value that 

is 64.16%. 

Fig. 12 illustrates a graphical representation of flexural 

strength variation of the various concrete mixes at 7 and 28-

days with error bar which is an average of three specimens 

of each mix design. The flexural strength result also 

indicates a reduction of strength when the content of 

recycled aggregate is incorporated higher amount as like as 

compressive strength and tensile strength. This reduction of 

flexural strength is graphically shown in Fig. 12. The 

concrete specimen containing 50% RCA had exhibited a 

decreasing trend of flexural strength and reduction of  

Table 5 Flexural test results of RCA specimens for varying mixes 

Mixes Days 

Flexural Strength 95% Confidence Interval 

Mean Strength, 

MPa 

Standard 

Deviation, MPa 

Coefficient of 

Variation 

Standard 

Error 

Lower Limit, 

MPa 

Upper Limit, 

MPa 

0% 
7 3.92 0.37 0.0945 0.214 3.72 4.12 

28 4.90 0.61 0.1241 0.351 4.57 5.23 

10% 
7 3.23 0.55 0.1698 0.317 2.93 3.53 

28 4.18 0.30 0.0719 0.173 4.02 4.34 

30% 
7 2.99 0.60 0.2000 0.345 2.66 3.32 

28 3.97 0.22 0.0556 0.127 3.85 4.09 

50% 
7 2.13 0.15 0.0710 0.087 2.05 2.21 

28 3.32 0.26 0.0769 0.147 3.18 3.46 
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Fig. 13 Fracture of concrete due to flexural loading failure 

 

 

 

Fig. 14 Flexural strength vs compressive strength 

 

 

flexural strength for 10%, 30% and 50% were 17.60%, 

23.72% and 45.66% compared to NAC at 7-days 

respectively. For 28-days, these reduction values were 

14.69%, 18.98% and 32.24% respectively. Therefore, from 

these strength values, it is noticed that the strength of RCA 

increases faster than the normal concrete aggregate. This 

leads to the presence of lower density residual cement 

mortar presented to the aggregate particles and also because 

of high water absorption of RCA. From this graph, it is also 

visible that the rate of increment of flexural strength of 

specimens at 28-days is greater than strength at 7-days. 

Based on ASTM C 330 (2005), the minimum 

compressive strength of lightweight concrete should reach 

around 17 MPa. In addition, the minimum flexural strength 

is equal to 0.64√17=2.64 MPa according to the ACI 

equation. From graph 12, it is shown that for 28-days, the 

flexural strength of different specimens is greater than the 

minimum value of flexural strength of concrete according to 

ACI. It is also noticeable that the differences of value of 

flexural strength between the concrete containing recycled 

aggregate and the concrete containing only natural 

aggregate are very small. Because the influence of the 

aggregate shape is more apparent in the flexural strength 

test than the type of concrete, probably because of a stress 

gradient that delays the progress of cracking leading to an 

ultimate failure (Silva, De Brito et al. 2015). For this study, 

angular shape coarse aggregates were used and improved 

bond between the angular-shaped crushed aggregate and the 

cement paste impact on the value of the flexural strength of 

concrete (Neville and Brooks 1987). The error bar shows 

that the deviation of flexural strength results is very low. So 

the test was feasible. 

 

Fig. 15 Stress vs strain curve 

 

 

Observed failure modes and fracture pattern 
Concrete is a combination of mortar and cement. In 

concrete, the water/cement ratio around a narrow space of 

coarse aggregate is high i.e., around aggregate amount of 

cement is sometimes lower than any area. These areas are 

known as interfacial transition zone. During flexural 

strength, failure usually takes place in the interfacial 

transition zone (ITZ) between mortar and aggregate. The 

flexural cracks initially start from the tension face and 

spread perpendicular to the axis of the specimen. During the 

test, it was also observed that the crack distance from near 

end space to the crack point of recycled concrete is greater 

than conventional aggregate concrete. Moreover, crack 

distance from near end space is almost same in specimens at 

7 and 28-days test. It was also observed that the concrete 

small beam prisms were suddenly broken into two pieces at 

mid-position when the ultimate flexural strength has 

reached and this type of failure is known as brittle failure. 

Fig. 13 shows failure of concrete produced due to the 

flexural test. 

 

3.2.5 Relationship between flexural strength and 
compressive strength 

Both compressive strength and flexural strength tests 

were conducted for different concrete mix batches. Fig. 14 

illustrates a graphical presentation between flexural strength 

versus compressive strength of concrete specimens. For 7- 

days flexural strength test, for each specimen can be 

expressed as flexural strength=(0.1577×compressive 

strength)+0.6769 and for 28-days it can be expressed as 

flexural strength=(0.1328×compressive strength)+1.5288. 

Both the regression line indicate that strength is increasing 

for each specimen. The regression line demonstrates that 

the flexural strength for the specified curing days 

significantly increased with increasing the compressive 

strength in a parallel trend. 

 

3.3 Stress-strain response of recycled aggregate 
concrete  
 

Fig. 15 illustrates a graphical presentation between 

stress and strain performance of recycled aggregate 

concrete. The more a stress-strain curve is flatter, it starts to 

break at an early stage against loads and continues to break 

until it collapses. Concrete with 50% recycled concrete had 

more flatter curve. Peak strain of concrete was 0.0025, 
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0.0021, 0.0019 and 0.0021 for 0%, 10%, 30% and 50% 

recycled concrete respectively. 

Higher compressive strength of concrete means smaller 

deformation i.e., tends to less strain of concrete. The 

concrete using recycled aggregate deforms at an early stage 

that indicates fracture of concrete develops at an early stage. 

The ultimate strain of concrete using 0%, 10%, 30% and 

50% recycled aggregate was 0.0048, 0.0068, 0.0068 and 

0.0065 respectively that means concrete with recycled 

aggregate achieve more strain than normal concrete. Rahal 

(2007) and Xiao et al. (2005) also found the same 

observation. The stress of normal concrete at peak strain is 

greater than the concrete using recycled concrete. It 

indicates the crack in concrete using recycled aggregate 

develops faster. The post-peak behavior indicates the 

function of stiffness of concrete and rate of strain. The post-

peak curve of recycled concrete is flatter than normal 

concrete. It demonstrates recycled concrete is less stiff than 

normal concrete. 

 

 

4. Conclusions 
 

A comprehensive experimental investigation has been 

carried out on recycled aggregate concrete in this paper. 

Based on the experimentation the following findings are 

summarized: 
• With the increase percentage of recycled aggregate in 
natural aggregate of concrete, the value of slump 

followed the decreasing trend because of the presence of 
high-water absorption capacity of old mortar which 
adhered to its surface and it is possible to prepare 
medium workability of concrete using recycled coarse 
aggregate.  

• It has been noticed that the incorporation of recycled 

aggregate in the concrete showed decreasing trend of the 

strength and the rate of increment of the strength of 

specimens at 28-days is greater than 7-days. In this 

study, a maximum 30% replacement of recycled 

aggregate is recommended for structural purposes.   

• The compressive strength shows a falling trend with 

increasing the amount of recycled aggregate in concrete. 

It is due to the old mortar adhered to the surface of 

concrete that causes weak bond development between 

new mortar and aggregate. 

• The 28-days target tensile strength for the mixes were 

achieved except the concrete with 50% recycled 

aggregate where the observed strength was slightly 

lower than the target strength. The average reduction 

value of splitting tensile strength of concrete with 

recycled aggregate was 26.67% than the normal 

concrete at 28-days and for 7-days, the reduction value 

was 35.77%. The splitting tensile strength of concrete 

was obtained approximately 14% of its compressive 

strength for each mix proportion of concrete. 

• All the mixes were achieved 28-days target flexural 

strength value. Therefore, it can be observed that 

aggregate type does not influence the flexural strength. 

The average reduction value of flexural strength of 

concrete with recycled aggregate was 29% than the 

normal concrete at 7-days and for 28-days, the reduction 

value was 21.97%. The flexural strength performance of 

concrete was about 19-24% of its compressive strength 

for each of the designated mix proportions of concrete. 
• Shear conic failure develops in cylindrical concrete 

specimens due to compressive strength test that 
indicates the concrete gains enough strength. Failure of 
concrete takes place in the interfacial transition zone 
(ITZ) between mortar and aggregate. In this area, the 
amount of cement is less than in other designated areas. 
As a result, weak bond develops and leads to failure of 

the specimens. 

• The concrete with recycled aggregate gains more strain 

compared to normal concrete. It indicates that recycled 

concrete is less stiff than normal concrete. With the 

increase of recycled aggregate content in concrete, the 

stiffness of concrete decreases. It also indicates the 

concrete using RCA develops crack faster than the 

normal concrete. The concrete using RCA also deforms 

quickly and it can resist compressive load after its 

deformation.  

• Further study can be conducted by determining fresh 

and hardened properties of concrete using more scatter 

content of recycled aggregate and waste steel fiber that 

can be a great initiative to reuse the waste materials in 

the construction industry.  
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