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Abstract. Reducing the environmental impact and enhancing the properties of
concrete is of great significance environmentally and economically. Using sus-
tainable construction materials coming from construction wastes like recycled
concrete that comes out from demolishing or renovating of existing structures
could help in producing sustainable materials of good quality and low cost. The
use of recycled concrete improved the concrete quality and enhanced the mechan-
ical and microstructural properties of concrete. Tests and research done on this
type of sustainable concrete proved the applicability of usage of recycled con-
crete aggregates as a full replacement of coarse aggregate by using different grain
sizes of natural and recycled coarse aggregates. The desired concrete strength
as per the concrete mix design is 35 MPa with fixed water to cement ratio of
0.48. The concrete mechanical properties increased clearly after replacing the
natural coarse aggregates by recycled concrete aggregates. This research studied
the concrete density, workability, temperature, compressive strength, split tensile
strength, flexural strength, and microstructural analysis; which is the main focus
of this paper.

Keywords: Green concrete - Recycled concrete aggregates - Sustainable
construction materials - Mechanical properties - Microstructural analysis - Fresh
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1 Introduction

Concrete production and industry is the main concern in research nowadays, taking
into account the sustainability of the environment and the economic benefits from such
researches. From the environmental aspect, the ceramic wastes contribute with huge
percentage -about 30% from the production of ceramic tiles comes as waste, (Raval
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et al. 2013) - in the construction waste, and also the ceramic industry waste. The use
of these wastes enables us to get rid of these wastes in a useful way, instead of the
traditional ways that are harmful to the environment. From the economic aspect, using
ceramic as replacement to the aggregate has its own benefits as it reduces the cost of
concrete production and also it is a lightweight material, so it decreases the total weight
of the structure. In addition to lowering the cost of concrete mix itself, this will enable
the designers to decrease the foundation cost of the buildings as a result of using lighter
weight concrete. Using concrete waste could save energy, reduce the manufacturing cost
of concrete, and also save the environment, (Medina et al. 2012).

The replacement of aggregate in concrete can be done using several materials such as
ceramic which is the used material in this research, bricks (Adams 2012), oil palms shells
(Basri et al. 1999), tire rubber (Nehdi and Khan 2001), quarry wastes (Nataraja et al.
2001), building rubbles (Khalaf and DeVenny 2004), vitrified soil aggregate (Palmquist
et al. 2001), sand stone (Kumar et al. 2007), basaltic pumice (Binici 2007), and electric
arc furnace slag (Manso 2006). The use of all these materials has economical, and
environmental benefits by reducing the cost of concrete manufacture and decreasing the
landfill demand for such solid waste materials.

The use of construction wastes could be categorized into three main groups, coarse
aggregate replacement for concrete mixes, fine aggregate replacement for cement mortar,
and cement replacement for cement mortar. The used wastes are crushed using grinder.
Usage of construction wastes in construction industry is of significant importance from
the environmental and economic aspects; this requires implementing tests and experi-
ments on the different types of wastes after classifying it, to be examined for introducing
this type of material to the new sustainable construction materials technologies. By
classifying the construction wastes the following wastes were found to be of differ-
ent characteristics regarding its chemical composition, shapes and forms, strength, and
many other aspects. After studying the market and the construction industry especially
in Egypt, the first material that was tested in the previous research was the ceramic waste,
and its different properties as a specific material and also as new sustainable construction
material. The scope of this research is to continue testing the construction wastes and to
validate different types of materials and relate their behaviour to each other, reaching a
design methodology or a design technique for the green construction materials.

Marble waste is one of the strongest materials that we can predict a good behaviour
regarding the concrete strength; if it is introduced to the concrete design. Marble manu-
facturing and industry produces a huge amount of marble waste coming from two main
resources. The first and the main resource is coming from the preparation of the marble
and converting the raw blocks into the traditional tiles or sheets that is used in floor-
ings, finishing, or any other application, which produces about 70% of the mineral as a
waste during the mining, processing and polishing stages (Hebhoub et al. 2011). While
producing marble the most important aspect is the aesthetics and hardness according to
the type of application or how it would be used. It happens a lot that if the block is not
looking good or aesthetically not qualified for the market demands and specifications
that the whole block would not be used and it is considered as a waste. The other source
comes from demolishing buildings and old or used tiles or sheets of marble all of these
quantities could be considered as a waste and should be used in a way or another. The
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main idea is to use the marble waste as replacement for the natural aggregates in the
concrete manufacture and replacing the cement by the marble dust which is less than
1 mm size.

2 Problem Statement and Motivation

Hebhoub et al. (2011), using the marble waste in the concrete manufacturing solves this
problem environmentally and economically, especially with a 75% replacement value
-of any formulation- under constant water to cement ratio. The use of the marble waste
as replacement for coarse and fine aggregate separately or together leads to an increase
in the concrete mechanical properties. Not only enhancing the concrete properties, the
use of ceramic tiles waste also reduces the cost of concrete production and saves the
environment from the huge amount of wastes that couldn’t be easily get rid of, and save
the natural non-renewable materials and resources as well.

3 Background and Previous Research

Researches were done to examine the sustainable concrete properties using different
types of wastes. The characteristics of the produced concrete were handled in different
ways; some researches studied only the mechanical properties or studied one of the
mechanical properties only neglecting the other properties. After collecting different
results and interpretations from previous researches the following data were found.

El-Hawary et al. (2019), introduced sustainable concrete using marble aggregates
with different sizes as a replacement for the natural aggregates in concrete. The concrete
mix was done according to the ACI standards and with water to cement ratio of 0.48.
replacement percentages of natural aggregates with marble aggregates varied from 0%
till reaching 100%. The research proved the applicability of using the full replacement
of natural aggregates by marble aggregates; which improved the concrete mechanical
and microstructural properties.

Binici et al. (2008), investigated the cement and aggregate replacement with marble
waste in concrete with constant water to cement ratios. The results showed improvements
in the mechanical and chemical properties of cement and concrete after adding the marble
waste to the mix with fixed water to cement ratio of 0.4, shown in Table 1.

Ergun (2011), added marble to the concrete as a replacement for the coarse aggregate;
which enhanced the concrete mechanical properties, workability and chemical resistance
if compared to the traditional concrete as shown in Table 2. The reason behind using the
marble in producing more durable concrete is not only economic but also environmental;
for example in Turkey, which has huge amounts of marble waste due to the availability
of the raw material. Experiments and tests done on replacing natural aggregates with
recycled marble sand and recycled marble gravel showed better concrete mechanical
properties and a significant increase in the concrete compressive and tensile strength,
especially for the 25%, 50%, and 75% of replacement of natural aggregates by marble
waste aggregates. The workability could be improved using the optimized water to
cement ratio as mentioned in the results.
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Table 2. Concrete mechanical properties Ergun (2011)

Compressive strength 7vs 28 |28 vs | Flexural strength 7vs |28 vs
MPa days 90 MPa 28 90
days days | days
7 days |28 90 days 7 days |28 90
days days |days

Control | 27.2 354 356 23.16 |0.56 |5.1 53 |57 |38 |70
D5 29.8 36.1 | 379 1745 475 |5 51 |59 |20 |13.6
D7.5 334 404 415 17.33  |2.65 |5.1 52 |55 19 |55
D10 34.7 42.6 |46.1 1854 759 |51 53 |58 |38 |[8.6
M5 30.3 39.4 1409 2310 |3.67 |5.1 53 |6 38 117
M7.5 29.5 399 |41.1 2607 292 |51 51 |56 |00 |89
M10 25.8 31.1 |31.3 17.04 |0.64 |48 5 51 40 |20
D5MS5 34.2 39.7 (424 1385 637 |54 55 6.1 1.8 9.8
DIOM5 |353 42 43.8 1595 411 |53 55 |61 |36 |98
D5M10 |29.5 39.2 413 2474 |5.08 |5.1 52 |55 1.9 |55
D10M10 |30.3 37.5 1405 19.20 |7.41 |5.1 53 |54 |38 |19

30.9 38.5 140.22 19.68 |4.16 |5.11 525 |5.70 |2.76 |7.65

Hebhoub et al. (2011), stated that seventy percent of the marble considered as a
waste during the process of mining and preparation of the materials. This huge amount
of waste should be used in one way or another, to reduce the negative environmental
impact of the marble. As the marble consumption grows and consequently, the production
of marble increases, which in turn, decreases the strategic natural resources from the raw
material. This waste is of alarming danger to the environment and require large areas of
well-designed and prepared landfills.

The usage of ceramic waste has significant importance economically and environ-
mentally; especially that it is considered as a safe disposal method for this type of
construction wastes. Raval et al. (2013), tested the compressive strength and tensile
strength of ceramic concrete concluded that, by increasing the replacement percentage
of cement by ceramic powder up to 30% by weight, the compressive strength of the M20
grade concrete also increase. Any increase above this percentage in the cement replace-
ment is accompanied by decrease in the strength. The 30% replacement for cement by
ceramic powder gives 22.98 MPa for the compressive strength, and the cost of the cement
reduced by 12.67% in the M20 grade concrete. Table 3, shows the design mix weights
and volumes according to the Indian standard methods (IS 10262-2009), according to
the same standards all the test samples were prepared. Table 4, identifies the design mix
and the percentage of replacement for the cement in the concrete specimens.

This makes the concrete more economic without compromising its strength than the
standard concrete and makes the concrete with ceramic powder used; technically and
economically feasible and viable.
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Table 3. Concrete mix design for cement replacement Raval et al. (2013)

Water (Liter) | Cement | FA.(kg/m3) |C.A. (kg/m?) Chemical
(kg/m3) 20mm | 10 mm admixture
By Weight 169.3 325.5 730.2 759.2 506.1 2
(kg)
By Volume |0.52 1 1.8 2.35 1.49 -
(m?)
Table 4. Different percentage of replacement Raval et al. (2013)
Number Concrete type Replacement percentage for cement by ceramic waste
1 A0 Standard concrete
2 Al 10% replacement
3 A2 20% replacement
4 A3 30% replacement
5 A4 40% replacement
6 A5 50% replacement

Giridhar et al. (2015), designed the concrete mix according to the Indian standard
methods (IS 10262-2009), the mix proportions were as follows (0.48:1:1.53:2.88) -
(Water: Cement: Fine Aggregate: Coarse Aggregate), as shown in Table 5. The mix
design was done by weight for better concrete workability. As stated, the increase
in ceramic waste coarse aggregate replacement in concrete, decreases the compres-
sive strength values. At 100% replacement the compressive strength was found to be
32.15 MPa, which is more than the design target value —mean value- of the M20 grade
concrete. Therefore, the 100% replacement concrete was assigned to be used as M20
grade concrete. The 40% replacement also gives a good compressive strength with loss
for only 5.6%, which is marginal and could be tolerated. This ends up by the validity of
using 40% replacement concrete to be used safely without taking into consideration the
amount of loss in the compressive strength as it is not a significant value.

Split tensile strength results showed that the increase in the replacement percentage
is accompanied by decrease in the tensile strength values. The results indicated that the
decrease in the tensile strength is only 6.2% up to 20% replacement, which is a minor
loss in the tensile strength. As a result, it was recommended that the usage of the 20%
replacement concrete could be used safely instead of M20 grade concrete from the tensile
strength tests.

Daniyal and Ahmad (2015), studied the fresh and hardened concrete properties for
the replacement percentages from 0 to 50%-replacement of coarse aggregate by ceramic
tiles aggregate-. The concrete mix was done according to the ratio (1:1.5:3) as shown
in Table 6, and all the performed tests were according to the IS 516-1959. Slump,
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Table 5. Concrete mix design with different replacement percentages Giridhar et al. (2015)

Number | Percentage of | W/C | Cement |FA CA (kg) | Ceramic Water
replacement | ratio (kg/ m3) (kg) Aggregate (Liter)
(kg)
1 0 0.48 383 586 1103 0 183.8
2 20 0.48 383 586 882 221 183.8
3 40 0.48 383 586 662 441 183.8
4 60 0.48 383 586 441 662 183.8
5 80 0.48 383 586 221 882 183.8
6 100 0.48 383 586 0 1103 183.8

compressive strength, unit weight, and flexural strength were measured and the following
results are obtained. For the fresh concrete, by increasing the replacement percentage
the concrete workability decreases for all the mixtures by increasing the ceramic tile
waste percentage. The concrete mass density decreases by increasing the water to cement
ratio, also the density of concrete decreased by increasing the ceramic tile waste content.
For the hardened concrete properties, regarding the concrete compressive strength, the
concrete compressive strength increased by increasing the percentage of replacement up
to certain limits, for example the 20% increase in the compressive strength for concrete
with water to cement ratio of 0.4, 30% for concrete with water to cement ratio 0.5, and
40% for concrete with water to cement ratio of 0.6. The maximum compressive strength
gained for concrete C5-10-10% replacement-. The increase in flexural strength was
32.2% higher than the flexural strength of the normal concrete, which means that the
use of ceramic tile waste increases the flexural strength of concrete with considerable
value. The use of ceramic tile waste in concrete has a useful effect, so as the usage of
the ceramic waste in concrete enhance its properties, increase the compressive strength,
the flexural strength, and also decrease its unit weight. The optimum use of ceramic tiles
waste was found to be within the range of 10 to 30% of replacement.

Hemanth (2015), experimental program stated that the use of ceramic powder as
replacement for fine aggregate, and the use of ceramic wastes as replacement of coarse
aggregate enhanced the compressive strength by using 20% and 10% respectively. In
case using both fine and coarse aggregate replacements simultaneously the compressive
strength values increased in all cases. However, the optimum mix can be obtained by
replacement of fine aggregate by 20% and the replacement of coarse aggregate by 10%.
Also, by increasing the powder percentage, the workability of concrete increased, which
means that the ceramic powder can be used in producing RMC “Ready Mix Concrete”.
By using the ceramic as a replacement for the coarse aggregate minor improvements
to the workability occurred. Regarding the concrete mix design, all the mixes were
done according to the IS 10262:2009. Nine different mixes were done as shown if the
following Table 7, showing the different percentages of replacement for the fine aggregate
and coarse aggregate.
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Table 6. Concrete mix design coarse aggregate replacement with different water-to-cement ratios
Daniyal and Ahmad (2015)

Group W/C ratio Cement Water FA (kg/m3) CA (kg/m3 ) Ceramic
(kg/m3) (kg/m3) coarse
aggregate
(kg/m?)
C4-0 0.4 300 120 450 900 0
C4-10 300 120 450 810 90
C4-20 300 120 450 720 180
C4-30 300 120 450 630 270
C4-40 300 120 450 540 360
C4-50 300 120 450 450 450
C5-0 0.5 300 150 450 900 0
C5-10 300 150 450 810 90
C5-20 300 150 450 720 180
C5-30 300 150 450 630 270
C5-40 300 150 450 540 360
C5-50 300 150 450 450 450
C6-0 0.6 300 180 450 900 0
C6-10 300 180 450 810 90
C6-20 300 180 450 720 180
C6-30 300 180 450 630 270
C6-40 300 180 450 540 360
C6-50 300 180 450 450 450

Shruthi et al. (2016), prepared a concrete mix -M20 grade- according to the IS
10262-2009, as shown in Table 8. The tests done on the specimens for the hardened
concrete characteristics stated that, by the increase in the population the increase in the
construction wastes also increase, which proves that the research on the usage of the
construction wastes is a very important topic. The main concern of this study is to use
the tiles wastes that come from the demolition of buildings, as partial replacement for
aggregate in concrete mixes. The use of tiles in concrete has positive effects on the envi-
ronment, also it helps in saving cost and non-renewable resources —natural aggregate—.
The tile aggregate is cheaper than the natural aggregate. After all the experiments done
on using tiles as a replacement for aggregate by certain amount of replacement the results
are as follows, based on the compressive strength, split tensile strength tests. The maxi-
mum compressive strength was obtained from 30% replacement of natural aggregate by
ceramic tile aggregate and the maximum split tensile strength was obtained from 30%
replacement.
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Table 7. Different percentage of replacement for fine aggregate and coarse aggregate Hemanth
(2015)

Mix | Fine aggregate Coarse aggregate
(%) (%)
Sand | Tiles C.A | Crushed

powder tiles

A0 100 0 100 0

Al 100 0 90 10

A2 100 0 80 20

A3 90 10 100

A4 80 20 100

A5 90 10 90 10

A6 90 10 80 20

A7 80 20 90 10

A8 80 20 80 20

Table 8. Concrete mix design for different percentages of coarse aggregate replacement Shruthi
et al. (2016)

Percentage of | W/Cratio |Cement | Water FA (kg/m3) CA (kg/m3) Ceramic

replacement (kg/m3) (kg/m3) coarse

of CTA aggregate
(kg/m?)

0% 0.5 383.2 205.53 721.99 1099.66 NA

10% 383.2 220.79 721.99 989.7 94.7

20% 383.2 236.06 721.99 879.73 189.4

30% 383.2 251.33 721.99 769.76 284.1

Awoyera et al. (2016), focused in their study on the validity of using ceramic as
a replacement for fine and coarse aggregate in concrete mix design. The concrete mix
designed according to the British standards BS8110, as shown in Table 9 the concrete
mix proportions. The results showed that the workability values for the ceramic waste
aggregate concrete is better than the control concrete, for both coarse and fine aggregate
replacements. The workability ranged between medium and high workability. And the
mechanical properties of the ceramic waste aggregate (CWA) concrete enhanced, as
the highest compressive strength and the highest split tensile strength were achieved
from the 100% replacement of the natural aggregate by ceramic for both coarse and
fine aggregate separately. The enhancement in the mechanical properties increase by
the increase in the percentage of replacement, also within the scope of this study the
ceramic waste aggregate concrete is suitable for construction. And also, if the strength
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is the main concern in the concrete mix design, the ceramic waste aggregate concrete is
more efficient than the traditional concrete.

Table 9. Concrete mix for fine aggregate and coarse aggregate replacement Awoyera et al. (2016)

Mix Cement | Fine aggregate Coarse aggregate
(kg/m?) | (kg/m?) (kg/m?)
Natural FA. |CFA | Natural C.A. | CCA

cc 92 184 0 368 0
CFA-25 92 138 46 |368 0
CFA-50 92 92 92 368 0
CFA-75 92 46 138|368 0
CFA-100 |92 0 184 |368 0
CCA-25 |92 184 0 276 92
CCA-50 |92 184 0 184 184
CCA-75 |92 184 0 92 276
CCA-100 |92 184 0 0 368

Adekunle et al. (2017), stated that concrete mixtures that uses ceramic waste is more
sustainable and it uses the ceramic tiles as replacement for the aggregate in concrete
with different replacement percentages making a new mixture with new properties —
according to the ratio 1:2:4 Cement:FA:CA- as shown in Table 10 and 11. From the
experimental results the compressive strength of concrete with 5% replacement can be
used instead of the normal concrete as it deviates 11.37% from the strength of the control
specimens after 28 days. Also, the deviation occurred due to the replacement of coarse
aggregate by ceramic tile waste is 18.66% from the strength of the control specimens for
compressive strength value corresponding to 25% replacement after 28 days. Regarding
the ceramic tile fine replacement, it showed loss in concrete compressive strength up to
51.37% and 55.42% for 15% and 20% replacement respectively. These values are below
the target strength of grade 20 concrete, so it is not recommended to use ceramic tiles as
fine replacement in concrete with the mentioned percentages. For the coarse aggregate
replacement, the concrete compressive strength reduced by using the replacement values
50% and 75% by 33.3% and 55.8% respectively corresponding to compressive strength
values of 18.4 MPa and 12.2 MPa, which is also below the target strength values of
grade 20 concrete. The optimum concrete mix design using ceramic tiles waste as a fine
aggregate is 5% replacement, and the optimum concrete mix design using ceramic tiles
as a coarse aggregate is 25% replacement. By increasing the percentage of replacement,
the concrete mix for both fine and coarse aggregate replacement will not meet the target
strength value of grade 20 concrete, which is from the code requirements as per BS 1881
part 4 (1997). Regarding the economical aspect, the use of ceramic tile as replacement
of fine and coarse aggregate by 5% and 25% replacement respectively reduces the cost
by 2.3% for every cubic meter of concrete.
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Table 10. Concrete mix for fine aggregate replacement Adekunle et al. (2017)

Tile replacement (%) WI/C ratio Cement (kg) Sand (kg) Granite (kg)
0 0.6 13.89 27.77 55.54
5 13.89 26.38 55.54
10 13.89 24.99 55.54
15 13.89 23.6 55.54
20 13.89 22.22 55.54

Table 11. Concrete mix for coarse aggregate replacement Adekunle et al. (2017)

Tile replacement (%) W/C ratio Cement (kg) Sand (kg) Granite (kg)
0 0.6 13.89 27.77 55.54
25 13.89 27.77 41.68
50 13.89 27.77 27.77
75 13.89 27.77 13.89

Sekar (2017), concluded that the usage of ceramic waste as a coarse aggregate
replacement affect the concrete compressive strength, the optimum value in this study
is 15% replacement. By experiments on the control beams and the beams using ceramic
wastes, the ultimate load for the control beams is 610 KN, while the ultimate load for
the 15% replacement is 600 KN, using the percentage of replacement shown in the fol-
lowing Table 12. The value of the ultimate load started to decrease by increasing the
percentage of coarse aggregate by ceramic waste aggregate, as the ultimate load reached
565 KN and 550 KN for 30% and 45% replacement values respectively. So, the optimum
percentage of replacement of coarse aggregate by ceramic is 15%.

Table 12. Concrete mix percentages of replacement Sekar (2017)

Mix

Percentage of replacement

C-15

15

C-30

30

C-45

45

Not only ceramic and marble; introducing RCA to the concrete is of main concern in
research environmentally and economically. Concrete produced from the demolition of
building and construction wastes contributes by 70% from the total amount of construc-
tion wastes, 14% for Asphalt concrete, 3% asphalt shingles, 2% brick and clay tiles, 1%
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steel, 3% dry wall and plasters, 7% wood (USEPA 2016). This significant amount of con-
crete gives an indication on the importance of recycling this type of construction wastes
and reusing it in the field of construction and especially in the concrete manufacture
which is the second most consumed material (Ravindra et al. 2019).

The concrete compressive strength is the key characteristic property of concrete that
is used to evaluate the concrete properties, quality and performance; as it has a significant
correlation with other mechanical properties of concrete like tensile strength and flexural
strength and also has a correlation with the concrete durability and its ability to resist
abrasion, chemical penetration, and permeability. According to literature on the RCA
collected from 79 publications used 977 different concrete mixes; the replacement of
natural aggregates by RCA could not be studied just by studying the concrete mechanical
properties; as the RCA concrete compressive strength at 28 days varied from a maximum
and minimum values of 1.35 and 0.5 times the NA concrete compressive strength. This
proves that the mechanical properties are not the only indication for the applicability of
using such type of concrete (Ravindra et al. 2019).

The compressive strength decreases by increasing the replacement percentage of the
NA by RCA. (Teranishi et al. 1998; Dhir et al. 1999; Limbachiya 2004; Etxeberria et al.
2007; Yang et al. 2008; Akbarnezhad et al. 2011; Fan et al. 2016). The concrete strength
is directly related to the water to cement ratio, cement type, cement content, grain sizes
and sources of aggregates used, the properties of the natural aggregates or recycled
aggregates, and many other factors. All these factors should be studied comprehensively
and correlated to the concrete compressive strength to determine the RCA concrete
behavior (Ravindra et al. 2019).

The previous researches indicated different values for the optimum design of the con-
crete mixes for the coarse aggregate, fine aggregate, and cement replacement. However,
the hardened concrete properties were not addressed in a comprehensive way, which
means that the determination of the hardened concrete properties under the same condi-
tions and the same materials to be used is not possible. In this research all the concrete
mixes share the same materials and surrounding conditions to compare between the
different characteristics fairly and without any change in the external factors that may
affect the results and comparing it together.

4 Methodology

The concrete mix was designed according to the ACI code and the European standards.
Fresh and hardened concrete properties were tested and analyzed to be compared by the
traditional concrete. The required concrete strength is 35 MPa using natural aggregates,
cement, and water to produce traditional normal concrete. Water to cement ratio was
fixed for all the concrete mixes and equals to 0.48. the percentages of replacements of
natural coarse aggregates by recycled concrete was 0%, 25%, 50%, 75%, and 100%
-by volume- to be tested after 7, 28, and 90 days. The sustainable recycled aggregate
concrete was designed to replace natural coarse aggregates by recycled concrete. Aggre-
gates replacement was done by volume for different grain sizes. Using different sizes of
aggregates by different percentages has a great impact on the enhancement of concrete
fresh and hardened properties.
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All aggregates used was oven dried till reaching constant mass; which means that the
water content of the used aggregates equals to zero. Aggregates of different sizes were
separated and sieves to remove fine marble dust less than 1 mm. the curing process for
the fresh concrete specimens were done at room temperature (23 °C), and then demolded
and transferred to water during the whole curing period. Specimens tested after 7, 28 and
90 days after measuring the exact dimensions for each type of specimens and calculate
the exact force and stress in MPa. The machine used and the setup of the testing shown
in Fig. 1.

Fine Aggregate
120
—— SIEVE ANALYSIS
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(S

100

80
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60
40
20
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Fig. 1. Fine aggregate sieve analysis

After testing different types of sustainable concrete, a mathematical model was estab-
lished and validated to estimate the mechanical properties of concrete taking into account
the type of aggregates used and its properties. This mathematical model leads to an equa-
tion that could be used to determine the different mechanical properties compressive, split
tensile and flexural strength; this equation involves some fresh and hardened concrete
properties and the properties of the aggregates used.

5 Materials Used

Cement

Cement grade used is 42.5R, the initial setting time is 180 min and the final setting time
is 280 min. The compressive strength of the cement after 2 days and 28 days is 34 MPa
and 61.5 MPa, respectively.

Sand
Sand with grain size 0-2 mm is used in the concrete mix design with the following sieve
analysis curves as shown in Fig. 2. The moisture content of sand is 0.1%.

Coarse Aggregates

Coarse aggregates, natural and recycled, with sizes from 2 mm to 16 mm are used with
sieve analysis grading curves shown in Fig. 3. The used natural aggregates are well
sieved, washed, and dried. recycled aggregate was used after being well dried until
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Fig. 2. Coarse aggregate sieve analysis (natural and recycled concrete aggregates)

constant mass. RCA abrasion, durability due to impact, moisture content and absorption
were tested and found to be 30%, 25.6, 0 and 3.47 respectively. Same properties were
tested for the natural aggregates to be able to compare the material properties and its effect
on the green concrete behavior and found to be 41.1%, 30.6, 0.1 and 1.52 respectively.
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Fig. 3. Density of fresh concrete

The properties of water as specified in the ACI, potable water should be used in concrete
mixing with the accurate percentage and weight according to the design of the concrete

mix.
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6 Results and Discussion

Mechanical properties of concrete were tested using cubes (100 * 100 * 100 mm),
cylinders (100 * 200 mm) and prisms (75 * 75 * 280 mm) to test concrete compressive
strength, split tensile strength and flexural strength respectively.

Density

Density of fresh concrete shown in Fig. 4 slightly decreased by increasing the percentage
of coarse aggregate in the concrete mix. The concrete density compared to the reference
normal concrete decreased to reach 94.62%,97.21%, 95.83% and 96.08 % for 25%, 50%,
75% and 100% replacement of coarse aggregates by recycled aggregates; respectively.

Slump cm - Fresh

7.5
7 7.08

0% 25% 50% 75% 100%

—— Slump Reference  -------- Linear (Slump)

Fig. 4. Fresh concrete slump values

Slump

Slump values for the recycled aggregate concrete are all within the design range from
5 cm to 7 cm, as shown in Fig. 5. The slump values started to decrease by increasing
the percentage of coarse aggregate replacement by recycled aggregate after the 25%
replacement concrete which recorded slump value of 7.08 cm.

Shock Table

Shock table tests were performed on the recycled aggregate concrete to determine the
quality of concrete concerning its consistency, as shown in Fig. 6, cohesiveness and its
proneness to segregation. The reference value for the normal concrete was 40.5 cm and
a slight decreasing behavior in the shock table test values was accompanied by increas-
ing the percentage of replacement of natural aggregates with recycled aggregate. The
minimum value was 37.5 cm and the maximum value was 41.5 cm which corresponds
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Shock Table (cm) - Fresh
41.5

40.5/\

——— Shock table

0% 25% 50% 75% 100%

Reference  -------- Linear (Shock table)

Fig. 5. Shock table values (measuring workability)

to the 50% and 25% replacement values, respectively. These values indicate concrete of
class F2 (Plastic concrete), according to the European standards in the German index
(DIN EN 206-1/DIN 1045-2); Table 13.

Air Content %
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——— Air content Reference  -------- Linear (Air content)

Fig. 6. Air content values for fresh concrete
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Table 13. Workability classes as per the European standards

Grade | Slump values | Consistency range
(mm)

Fl1 <340 Stiff

F2 350 to 410 Plastic

F3 420 to 480 Soft

F4 490 to 550 Very soft

F5 560 to 620 Very flowable

F6 >630 Hardworking

Air Content

Air content values, as shown in Fig. 7, indicate all values are less than 2%, which is
the value indicated by the requirements of ACI 318 match the recommended total air
content values of ACI 210.2R, ACI 211.1, ACI 345, and ASTM C 94.
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Air Temperature  ----- Beton Temperature
Fig. 7. Air and Concrete Temperature
Temperature

Concrete temperature had the same behavior of air temperature which indicates a strong
relation between both temperatures; except for the 100% replacement of coarse aggre-
gates by recycled aggregates which indicated an obvious increase in the concrete behavior
as shown in Fig. 8.

Concrete Compressive Strength
As shown in Fig. 9 the average concrete compressive strength increased by increasing
the percentage of recycled concrete starting from 100% which is the reference normal
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Fig. 8. Compressive Strength after different aging

concrete, then the compressive strength after the age of seven days increased to reach
114.58%, 113.54%, 109.44% and 110.91% for 25%, 50%, 75% and 100% replacement
of coarse aggregates by recycled aggregates; respectively. After 28 days the concrete
compressive strength improved to reach 109.2%, 107.99%, 105.73% and 103.65% for
25%, 50%, 75% and 100% replacement of coarse aggregates by recycled aggregates;
respectively. the compressive strength after age of 90 days, reached an increase by 9% at
the full replacement of the natural aggregates by the RCA when compared to the tradi-
tional concrete compressive strength at the same age. Traditional concrete compressive
strength value after 90 days is 100%, reaching 112.41%, 116.77% and 112.46%, 108.52%
for replacement percentages equivalent to 25%, 50%, 75% and 100% respectively.
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Fig. 9. Split tensile Strength after different aging

Concrete Split Tensile Strength
Figure 10 shows the concrete split tensile strength values which decreased slightly after
the age of seven days and increased at the age of twenty-eight days. The concrete
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split tensile strength after 7 days decreased by approximately 4%, 4%, 3% and 3% for
25%, 50%, 75% and 100% replacement of coarse aggregates by recycled aggregates;
respectively. An increase in the split tensile strength occurred after 28 days by 30%,
26%, 19% and 12% for 25%, 50%, 75% and 100% replacement of coarse aggregates
by recycled aggregates; respectively. By increasing the recycled concrete aggregates
in concrete after 90 days the concrete flexural strength increased reaching 109.97%,
113.75%, 109.97% and 106.74% for percentages of replacements 25%, 50%, 75% and
100% respectively. The value of seven percent gain strength was recorded for the 100%
replacement when compared to the traditional concrete.

Average Flexural Strength %

120.00

115.00
115.82

110.00 112.52 107.51 108.03
R
] 108.73 104.57
% 105.00 102.31
& 100.00 90ls6
10000 | e==ooo_____ 9883 98.10 ci R B
10000 O TTTTTTTTmssse-o---o-momTTOT
95.00
90.00
0% 25% 50% 75% 100%
- - -~ Prisms avg. stresses 90 days Prisms avg. stresses 28 days Prisms avg. stresses 7 days

Fig. 10. Flexural Strength after different aging

Concrete Flexural Strength

The average flexural strength shown in Fig. 11 increased by increasing the percentages
of replacement of coarse aggregates by recycled concrete aggregates after aging of
seven and twenty-eight days. At the age of seven days the flexural strength increased
from 100% to 102.31%, 107.51%, 108.03% and 104.57% for 25%, 50%, 75% and 100%
replacement of coarse aggregates by recycled aggregates; respectively. After 28 days the
flexural strength gained higher values of strength reaching 112.52%, 113.67%, 108.73%
and 115.87% for25%, 50%, 75% and 100% replacement of coarse aggregates by recycled
aggregates; respectively. The flexural strength of concrete after age of 90 days which
decreased from 100% for the traditional concrete reaching 98.93%, 98.1%, 98.83% and
99.56% for 25%, 50%, 75% and 100% replacement values for natural aggregates by
RCA.

Microstructure Analysis

All the microstructure analysis tests showed a perfect bond between the concrete particles
especially at the interfacial transition zone (ITZ), nonoccurrence of micropores, air voids
and microcracks. The concrete microstructure images showed homogenous paste as
shown in the following Figs. 11, 12, 13, 14 and 15.
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Fig. 14. Microstructure analysis for RCA concrete 75%

Resistance to Abrasion

The concrete resistance to abrasion was tested according to the DIN 52108 standards,
for both the normal concrete and the RCA concrete and the results showed a decrease
in the resistance to abrasion by increasing the percentage of the RCA in concrete till
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Fig. 15. Microstructure analysis for RCA concrete 100%

reaching 50% replacement. The behavior of the RCA after the 50% replacement showed
an increase in the concrete abrasion resistance for the 75% and 100% replacement.
However, the 100% replacement of natural aggregates by RCA showed a decrease in the
resistance due to abrasion by 13% when compared to the normal concrete, as shown in
Fig. 16.
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Fig. 16. Abrasion resistance for RCA concrete

7 Failure Modes

All failure modes were observed and photographed; compared to the traditional concrete
failure mode and were found similar in all percentages of replacement. The cracking and
failure behavior of specimens were observed to determine the ductile behavior of the
manufactured concrete. After testing all the failure modes and the cracking behavior of
the different kinds of specimens -cubes, cylinders, and prisms- the concrete behavior was
determined as ductile -including the reference specimens- compared to other specimens
from other batches.
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8 Mathematical Model and Design Equation

A design equation concluded from the green concrete fresh and hardened properties
Eq. (1), estimates the average concrete compressive strength after seven days of curing.
The design equation includes the fresh concrete density, concrete air content at fresh
state, slump values, air temperature at the time of mixing, and the concrete temperature
at mixing time. The aggregates hardness factor could be selected from the Tables 14 a,
b, and c.

Table 14. (a, b & c) Aggregates properties that determines the concrete mechanical properties
and factors in the green concrete design equation first mathematical model

Shape Hardness tests Cumulative
Aggregates Aggregates Hardness Aggregates
Roughness Factor Factor Hardness Factor
Normal 1 Normal | Normal 1
Aggregate Aggregate Aggregate
Marble 1 Marble 0.95 Marble 0.95
Ceramic 1.45 Ceramic 0.35 Ceramic 0.5
Recycled Recycled Recycled
Concrete 155 Concrete 0.78 Concrete 1.2

Where; density in kg/cm3, Air content in %, Slump and shock table in centimeters,
Air and concrete temperatures in °C, Aggregates Hardness Factor from Table 14-c.

Average Concrete Compressive Strength (7 days) = ((Density 4+ Air content + Slump

+ shock table + Air Temperature + Concrete Temperature) *+ AHF)/55.2 (1)

9 Conclusions

Using recycled concrete aggregates in sustainable green concrete manufacture enhanced
the fresh and hardened concrete properties significantly especially at the full replace-
ment of natural aggregates by the recycled concrete aggregates; after testing different
percentages of replacements -25%, 50%, 75% and 100%- in green concrete and compar-
ing the results by the reference normal concrete. The benefit from this full replacement
of coarse aggregates by sustainable recycled concrete aggregates has environmental
and economical benefits in addition to the improvement of the concrete characteristics
under the same water to cement ratio and external factors with high quality control and
restrictions during concrete mixing, pouring curing and testing.

The tests done on the concrete mechanical and microstructure properties proved
the usability of RCA-concrete for high strength structural elements reaching 66.2 MPa,
3.96 MPa and 6.8 MPa for concrete compressive, split tensile and flexural strength after
90 days respectively.
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