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Abstract: The aggregate makes up about 65–75% of the total volume of concrete and the use of
artificial aggregates manufactured from waste and by-product materials, as an alternative to natural
aggregate, has attracted considerable research interest. Washing aggregate sludge (WAS) is obtained
as a waste during the process of washing the aggregates, which is disposed or used as landfill. The
utilization of WAS as a major component to manufacture artificial aggregates remains unexplored.
Therefore, the focus has been directed towards the production of cold-bonded and sintered aggregates
using WAS and their incorporation in concrete. The fresh pellets were manufactured using WAS,
ground granulated blast furnace slag (GGBFS) and ordinary Portland cement (OPC) and kept in the
laboratory conditions at 20 ± 2 ◦C and 95 ± 5% relative humidity to obtain cold-bonded aggregates,
whereas WAS and GGBFS were utilized to manufacture sintered aggregate by heating the fresh
pellets up to 1150 ◦C. The manufactured aggregate properties were characterized through physical,
mechanical, chemical, and microstructural analysis. Concrete specimens were also produced by
introducing the artificial aggregates in replacement with the coarse aggregate. The results showed
that the concrete containing artificial aggregates can be produced with lower oven-dry density and
comparable mechanical properties to efficiently utilize WAS.

Keywords: washing aggregate sludge; cold-bonded aggregate; sintered aggregate; concrete;
compressive strength

1. Introduction

Concrete is the most widely utilized material in the construction industry throughout
the world [1,2]. Cement, natural sand, coarse aggregate, and water are the major ingredients
of concrete. Natural resources of sand and aggregates are progressively diminishing due to
the tremendous growth of construction activities across the world [3,4]. Therefore, there is
an urgent need to identify alternative options to either replace or minimize the utilization
of these aggregates. The construction industries have been facing significant challenges
for many years to build sustainable and environmentally friendly structures. The rapid
growth of the construction industry has also resulted in the generation of waste associated
with construction. In this respect, researchers have been exploring the applications and
utilization of industrial by-products and wastes to achieve desired sustainability [5–7].

Washing aggregate sludge (WAS) is a silty clay waste material [8] generated during
the classification of crushed aggregates [9]. In other words, the very fine particles (<63 µm)
generated during production of crushed sand are removed to improve the quality of
sand/aggregate by washing aggregates in an aggregate washing system and the remanent
of those aggregates in cake form known as WAS. Approximately 1 million tons of crushed
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sand were processed through the aggregate washing system which resulted in the genera-
tion of about 100,000 tons of waste WAS, as per the data obtained from the OYAK Cement
Concrete and Paper Company located in Cendere, Turkey. This significantly generated
WAS is either disposed or landfilled, which consequently creates both environmental and
economic problems.

In the last few years, utilization of industrial by-products by blending or partially re-
placing ordinary Portland cement (OPC) has become popular [10]. However, the utilization
of these by-products in the production of artificial aggregate might be an alternative for the
consumption of the waste materials since the aggregate volume makes up approximately
65–75% of the total concrete volume [11]. Furthermore, the rapid development and frequent
utilization of construction materials have increased the demand for aggregate, cement, and
concrete production [12,13]. Artificial aggregates are generally manufactured employing
two processes: cement-based granulation (cold-bonding) and firing at high temperature
(sintering) [14,15]. In the cold-bonding process, waste material or by-product becomes a
water-resistant material with low compressive strength at the initial stage and gains strength
depending on the curing method and age [16]. On the other hand, the sintering method,
which is mainly based on atomic diffusion, is a common application for mass production of
lightweight aggregates without the requirement of long-term curing periods [14]. Cheese-
man et al. [17] stated that artificial aggregates should have high strength and low density,
and the aggregates should bond strongly with the cement matrix. Generally, sintered
aggregates are manufactured using fly ash due to its massive production of approximately
15 million tons per annum from a wide variety of industries [14,18]. The fly ash-based
sintered aggregate is generally manufactured at the sintering temperature ranging between
900 and 1200 ◦C [19]. The properties of artificial aggregates are significantly affected by
the binder types and amount [14]. Studies on utilization of mining wastes [20,21], sewage
sludge [22,23], WAS [22], different types of ashes [24], and natural materials [25] have been
reported in the literature to manufacture artificial aggregates. However, in most of these
studies, few of them considered the waste material as the primary source material for
artificial aggregate production.

Only few studies regarding the utilization of WAS to manufacture artificial aggregates
have been reported in the literature. González-Corrochano et al. [8] manufactured sintered
aggregates using WAS and sewage sludge at sintering temperatures between 1175 and
1275 ◦C for various durations ranging between 1 and 30 min. The produced sintered
aggregates had the highest strength of about 3.03 MPa, and maximum dry particle density
of 1.48 g/cm3. González-Corrochano et al. [22] investigated various properties of artificial
aggregates produced with WAS, sewage sludge, and clay-rich sediment. The authors stated
that the artificial aggregate containing 50% WAS and 50% clay-rich sediment achieved the
highest compressive strength, lowest water absorption and density. Furthermore, González-
Corrochano et al. [26] studied the physical, mechanical and mineralogical properties of
sintered aggregate manufactured with WAS, FA and used motor oil.

To the knowledge of the authors, no studies have been reported about the investigation
on cold-bonded aggregate using WAS, OPC, and GGBFS and sintered aggregate containing
WAS and GGBFS along with their incorporation in concrete. In the present study, physical
and mechanical properties of aggregates manufactured using WAS, GGBFS, and OPC were
investigated. Furthermore, the produced aggregates were partially replaced in different
ratios with coarse aggregate to manufacture concrete. Compressive strength, oven-dry
density and water absorption tests were carried out to determine the effectiveness of the
manufactured aggregate in concrete.

2. Materials and Methodology

WAS, GGBFS, and OPC were used as raw materials in the present study to manufacture
cold-bonded and sintered aggregates. WAS was supplied from the sandstone aggregate
quarry of the OYAK Cement Concrete and Paper Company located in Cendere, Istanbul,
Turkey, whereas GGBFS and OPC were obtained from the local market. OPC of grade
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CEMI 42.5 R was also used as the binder in concrete production. WAS was obtained in cake
form, which was moist and contained more than 25% water. WAS was initially oven-dried
at 100 ◦C to eliminate water, followed by grinding into powder. The major compounds
in WAS were SiO2, Al2O3, and Fe2O3, whereas GGBFS comprised of mainly CaO, SiO2,
and Al2O3.

3. Manufacturing of Aggregates

The sintered aggregates were manufactured by using WAS and GGBFS powder in
equal mass ratios. The optimum sintering temperature and duration were determined
based on the preliminary test results. Similarly, different mix ratios were tested to obtain
appropriate mix design for cold-bonded aggregates; consequently, WAS, OPC, and GGBFS
were mixed in 50%, 30%, and 20% mass ratios, respectively, to manufacture cold-bonded
aggregates. Initially, the powder materials were mixed homogenously and placed in the
pelletizing machine. The pelletizing machine was then started, and water was sprayed over
the blended powder continuously until the formation of spherical fresh pellets occurred.
The pelletizing machine and formation of fresh pellets are demonstrated in Figure 1. The
fresh pellets were collected and kept in sealed conditions for 24 h. The hardened pellets
were sintered at 1150 ◦C for a duration of 15 min and kept in a controlled environment
(20 ± 1 ◦C, 95 ± 1% relative humidity) for 28 days to obtain sintered and cold-bonded
aggregates, respectively. The appearances of the manufactured cold-bonded and sintered
aggregates are shown in Figure 2.
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4. Test Procedure
4.1. Aggregate Tests

The mechanical and physical tests were performed to characterize the manufactured
cold-bonded and sintered aggregates. The particle crushing strength (PCS) was determined
by placing single aggregate particles between two parallel plates and loading each particle
diametrically by using a 28 kN capacity compression machine until failure. A total of
15 aggregate particles were used for the test and the PCS was determined by using the
following equation.

PCS = 2.8 F/(πd2)

In this equation, F and d represent the failure load (N) and the distance between the
loading points (mm), respectively.

Sieve analysis was performed to determine the particle size distribution (PSD) of
manufactured aggregates. Chemical tests were carried out for both aggregates to determine
sulfate, sulfur, water-soluble chloride salt, water-soluble alkali, and hummus contents in
accordance with TS EN 1744-1. The loose bulk density of the manufactured aggregates was
determined following the EN 1097-3 standard. Similarly, the water absorption and particle
density of the aggregates were determined in accordance with EN 1097-6.

4.2. Concrete Tests

The effectiveness of the manufactured aggregates was experimentally investigated in
concrete by partially replacing the coarse aggregate in different ratios and by determining
the physical and mechanical properties of the concrete. The aggregates used in the reference
concrete consisted of a crushed coarse fraction (5–12 mm) and a crushed sand fraction
(0–5 mm) obtained from the Cendere quarry, Istanbul. The cold-bonded and sintered
aggregates replaced the coarse aggregate in 4 different ratios: 0%, 15%, 30%, and 45%
by volume. OPC, CEM I 42.5R, was used as the binder in the production of concrete.
A commercially available polycarboxylate formaldehyde-based superplasticizer with a
density of 1.07 g/cm3 was used to adjust the workability in all mixes. Potable water was
used as the mix water throughout the investigation as well as for the curing of concrete
specimens. The water-to-cement ratio was kept constant in all mixes as 0.50. Table 1
shows the mix proportions of the concrete mixtures considering air content of 2% by
volume. For mix IDs, “Ref” represents the reference concrete without manufactured
aggregates. Similarly, the letters “C” and “S” represent cold-bonded and sintered aggregate-
containing concrete, respectively, and the numbers following these letters denote the
volume replacement ratios of the corresponding manufactured aggregate with the coarse
aggregate. The aggregates were soaked in water for 24 h, and excess water was drained to
obtain saturated surface-dried (SSD) conditions prior to concrete mixing. In total, 7 concrete
mixes were prepared to systematically investigate the effect of manufactured aggregates on
the physical and mechanical performance of the concrete. The compressive strength of the
concrete samples was determined according to EN 12390-3 on three 150 × 150 × 150 mm3

cubes at 28 days, and the average was recorded. The water absorption and the oven-
dry density of the concrete mixes were determined at 28 days using two replicate disc
specimens with dimensions of 100 mm in diameter and 50 mm in height following the
ASTM C 642 standard.
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Table 1. Mix proportions (in kg) for 1 m3 of concrete.

Mix-ID

Concrete Mixes

OPC Water Chemical
Admixture

Natural
Sand

Crushed
Sand

Coarse
Aggregate

Cold-Bonded
Aggregate

Sintered
Aggregate

Ref 360 180 7 355 640 826 0 0
C-15% 360 180 7 355 640 702 88 -
C-30% 360 180 7 355 640 579 176 -
C-45% 360 180 7 355 640 455 265 -
S-15% 360 180 7 355 640 702 - 91
S-30% 360 180 7 355 640 579 - 183
S-45% 360 180 7 355 640 455 - 274

5. Results and Discussion

Table 2 shows the physical and mechanical properties of the manufactured aggregates,
and Figure 3 presents the PSD of the manufactured aggregates, natural sand, crushed sand,
and coarse aggregate. The oven-dry particle density and loose oven-dry bulk density of
both cold-bonded and sintered aggregates were less than 2000 kg/m3 and 1200 kg/m3,
respectively, indicating that both manufactured aggregates may be classified as lightweight
aggregate according to EN 206 standard. The PCS results indicated that the sintered
aggregate had more than 3 times higher strength compared to the cold-bonded aggregate.
The water absorption of cold-bonded aggregate was found as 26.4%, about 16% greater
than sintered aggregate, indicating that the sintering process enhances the microstructure
and results in lower porosity and water absorption compared to the cold-bonding process.
Similarly, the particle density of the sintered aggregate was comparatively higher than
the cold-bonded aggregate. Figure 3 shows that cold-bonded and sintered aggregates had
comparable PSD ranging between 4 and 11.2 mm, and that the manufactured aggregates are
slightly finer than the coarse aggregate. Figure 4 shows that the manufactured aggregates
are nearly spherical in shape with rough surface texture.

Table 2. The physical and mechanical properties of manufactured aggregates.

Aggregate
Types

PCS
(MPa)

Water
Absorption (%)

Bulk Density
(kg/m3)

Particle Density
(kg/m3)

Oven-Dry SSD

Cold-bonded 3.1 ± 0.5 26.4 ± 1.0 930 ± 55.5 1530 ± 45.0 1940 ± 65.0
Sintered 10.0 ± 2.1 22.8 ± 1.0 940 ± 62.5 1640 ± 75.0 2010 ± 82.0
Coarse - 0.8 ± 0.1 1480 ± 60.0 - 2710 ± 65.0

Crushed
sand - 1.3 ± 0.1 1500 ± 63.0 - 2700 ± 50.0

Natural sand - 1.2 ± 0.1 1380 ± 70.0 - 2620 ± 45.0

Table 3 presents the chemical analysis results of the manufactured aggregates. The
acid-soluble sulfate and total sulfur contents of cold-bonded aggregate were higher com-
pared to the sintered aggregate, whereas water-soluble chloride and alkali content were
similar. Furthermore, the presence of organic matter content was insignificant for both
cold-bonded and sintered aggregates. The results indicate that both aggregates satisfy the
conditions for their utilization in concrete manufacturing according to the TS EN 12,620
and TS 13,515 standards.
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Table 3. Chemical analysis and results of cold-bonded and sintered aggregate according to TS EN 1744-1.

Test
Result

Cold-Bonded Aggregate Sintered Aggregate

Acid-soluble sulfate content (SO3) 0.48% 0.20%
Total sulfur content (S) 0.77% 0.07%

Water-soluble chloride salts (Cl−) <0.001% <0.001%
Water-soluble alkali content 0.04% 0.03%

Hummus content Resulting color was lighter than standard color

Table 4 presents the physical and mechanical properties of the investigated concrete
mixes. The oven-dry density and the water absorption of the reference concrete were
found as 2315 kg/m3 and 5.2%, respectively. The replacement of sintered and cold-bonded
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aggregates gradually reduced the oven-dry density (Figure 5), and on the other hand, in-
creased the water absorption (Figure 6). The concrete mixes containing sintered aggregates
generally achieved lower oven-dry density and water absorption values for corresponding
replacement ratios. For 45% replacement ratio, the water absorption increased by about
54% and 38% in cold-bonded and sintered aggregate-containing concretes, respectively. The
significant increase in water absorption can be attributed to the higher water absorption
characteristics of the manufactured aggregates compared to the coarse aggregate they
replaced. The oven-dry density slightly reduced by 5.9% and 6.7% for concretes containing
cold-bonded and sintered aggregates, respectively, compared to the reference concrete.
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Table 4. Physical and mechanical properties of concrete.

Mix-ID Oven-Dry
Density (kg/m3)

Water Absorption
(%)

Compressive Strength
(MPa)

Ref 2315 ± 9 5.2 ± 0.1 55.3 ± 1.3
C-15% 2280 ± 16 6.1 ± 0.3 57.7 ± 1.8
C-30% 2213 ± 8 7.2 ± 0.3 55.7 ± 1.7
C-45% 2179 ± 18 8.0 ± 0.4 48.9 ± 1.6
S-15% 2239 ± 11 6.3 ± 0.2 52.7 ± 1.6
S-30% 2197 ± 21 6.9 ± 0.3 50.8 ± 1.8
S-45% 2159 ± 18 7.2 ± 0.2 46.6 ± 1.7

Figure 7 shows the 28 days compressive strength of the concrete mixes. The compres-
sive strength of the cold-bonded aggregate-containing concrete ranged between 48.9 MPa
and 57.7 MPa, and the strength consistently reduced with the increasing replacement ra-
tios. The compressive strength of the concrete specimens containing 15% of cold-bonded
aggregate enhanced by about 4%, whereas the strength was comparable and slightly lower
for 30 and 45% of cold-bonded aggregate incorporation, respectively, compared to the
reference concrete.
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Figure 7. Compressive strength of concrete with: (a) cold-bonded aggregate and (b) sintered aggregate.

The compressive strength of the concrete specimens containing sintered aggregate
varied between 46.6 and 52.7 MPa. The compressive strength of the mixes in which sintered
aggregates replaced the coarse aggregate consistently reduced with increasing replacement
ratios. The highest reduction in strength was about 16% for 45% of sintered aggregate
replacement compared to the reference mix.

The concrete containing cold-bonded aggregate achieved higher compressive strength
for all corresponding replacement ratios compared to the concrete with sintered aggre-
gate. As previously mentioned, the cold-bonded aggregate had higher water absorption
compared to sintered aggregate, which might have contributed to the strength via in-
ternal curing [27–29], although the PCS value of cold-bonded aggregate was lower than
sintered aggregate.

Figures 8 and 9 show the relationship between oven-dry density and water absorption
and compressive strength and oven-dry density of the concrete mixes. The results demon-
strate that, the higher the oven-dry density, this results in higher compressive strength and
lower water absorption values for the concrete mixes.



Sustainability 2022, 14, 4205 9 of 12Sustainability 2022, 14, x FOR PEER REVIEW 9 of 12 
 

  
(a) (b) 

Figure 8. The relationship between oven-dry density and (a) water absorption and (b) compressive 
strength of cold-bonded aggregate-containing concrete. 

  
(a) (b) 

Figure 9. The relationship between oven-dry density and (a) water absorption and (b) compressive 
strength of sintered aggregate-containing concrete. 

Figure 10 illustrates the optical microscopic observations of cold-bonded and sin-
tered aggregate concretes. The distribution of the manufactured aggregates in the concrete 
matrix are evidently observed. The aggregates are well bonded, with the cement matrix 
showing no signs of separation, which can be attributed to the irregular surface texture of 
the manufactured aggregates, as previously shown in Figure 4. 

y = -0.0198x + 51.056
R² = 0.9927

4

5

6

7

8

9

2150 2200 2250 2300 2350

W
at

er
 a

bs
or

pt
io

n 
(%

)

Oven-dry density (kg/m3)

y = 0.0435x - 43.327
R² = 0.4983

40

45

50

55

60

2150 2200 2250 2300 2350

C
om

pr
es

si
ve

 st
re

ng
th

 (M
Pa

)
Oven-dry density (kg/m3)

y = -0.0131x + 35.666
R² = 0.9893

4

5

6

7

8

9

2150 2200 2250 2300 2350

W
at

er
 a

bs
or

pt
io

n 
(%

)

Oven-dry density (kg/m3)

y = 0.0524x - 65.465
R² = 0.9154

40

45

50

55

60

2150 2200 2250 2300 2350

C
om

pr
es

si
ve

 st
re

ng
th

 (M
Pa

)

Oven-dry density (kg/m3)

Figure 8. The relationship between oven-dry density and (a) water absorption and (b) compressive
strength of cold-bonded aggregate-containing concrete.

Sustainability 2022, 14, x FOR PEER REVIEW 9 of 12 
 

  
(a) (b) 

Figure 8. The relationship between oven-dry density and (a) water absorption and (b) compressive 
strength of cold-bonded aggregate-containing concrete. 

  
(a) (b) 

Figure 9. The relationship between oven-dry density and (a) water absorption and (b) compressive 
strength of sintered aggregate-containing concrete. 

Figure 10 illustrates the optical microscopic observations of cold-bonded and sin-
tered aggregate concretes. The distribution of the manufactured aggregates in the concrete 
matrix are evidently observed. The aggregates are well bonded, with the cement matrix 
showing no signs of separation, which can be attributed to the irregular surface texture of 
the manufactured aggregates, as previously shown in Figure 4. 

y = -0.0198x + 51.056
R² = 0.9927

4

5

6

7

8

9

2150 2200 2250 2300 2350

W
at

er
 a

bs
or

pt
io

n 
(%

)

Oven-dry density (kg/m3)

y = 0.0435x - 43.327
R² = 0.4983

40

45

50

55

60

2150 2200 2250 2300 2350

C
om

pr
es

si
ve

 st
re

ng
th

 (M
Pa

)
Oven-dry density (kg/m3)

y = -0.0131x + 35.666
R² = 0.9893

4

5

6

7

8

9

2150 2200 2250 2300 2350

W
at

er
 a

bs
or

pt
io

n 
(%

)

Oven-dry density (kg/m3)

y = 0.0524x - 65.465
R² = 0.9154

40

45

50

55

60

2150 2200 2250 2300 2350

C
om

pr
es

si
ve

 st
re

ng
th

 (M
Pa

)

Oven-dry density (kg/m3)

Figure 9. The relationship between oven-dry density and (a) water absorption and (b) compressive
strength of sintered aggregate-containing concrete.

Figure 10 illustrates the optical microscopic observations of cold-bonded and sintered
aggregate concretes. The distribution of the manufactured aggregates in the concrete
matrix are evidently observed. The aggregates are well bonded, with the cement matrix
showing no signs of separation, which can be attributed to the irregular surface texture of
the manufactured aggregates, as previously shown in Figure 4.
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6. Conclusions

This paper presents an alternative methodology to utilize the WAS waste generated
during classification of aggregates. WAS, OPC and GGBFS were used to manufacture
cold-bonded aggregate, whereas sintered aggregate was produced using WAS and GGBFS.
Physical, mechanical, chemical, and microstructural properties of the manufactured aggre-
gates were studied. Furthermore, the manufactured aggregates were partially replaced
with the coarse aggregate in various ratios to produce concrete, and its physical and me-
chanical properties were investigated. The following conclusions can be made based on the
outcomes of the test results:

(1) The cold-bonded aggregate manufactured with a blend of WAS, OPC and GGBFS
in 50%, 30% and 20%, respectively, by mass ratios cured at 20 ± 1 ◦C, 95 ± 1%
relative humidity for 28 days had PCS and water absorption values of 3.1 MPa and
26.4%, respectively.

(2) The sintered aggregate containing WAS and GGBFS in equal mass ratios and sintered
at 1150 ◦C for a duration of 15 min attained PCS value of about 10 MPa and water
absorption of 22.8%.
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(3) The replacement of either aggregate consistently reduced the oven-dry density and
increased the water absorption of concrete; however, the performance of sintered
aggregate inclusion was better compared to cold-bonded aggregate.

(4) The concrete incorporating 15% of cold-bonded aggregate had approximately 4%
higher compressive strength, whereas 30% and 45% cold-bonded aggregate-containing
concrete mixes showed similar strength compared to the reference concrete. This
enhancement or preservation of strength can be attributed to the internal curing.

(5) The replacement of sintered aggregate by 15%, 30% and 45% reduced the concrete
strength by about 5%, 8% and 16%, respectively.

(6) The concrete produced with either cold-bonded or sintered aggregate showed com-
pressive strength greater than 45 MPa at 28 days, which might be appropriate for
most civil engineering applications requiring high strength.

(7) The WAS waste generated during washing of aggregate can be efficiently used to
produce cold-bonded or sintered aggregate with attractive properties such as particle
crushing strength and density. Furthermore, the utilization of WAS-based manufac-
tured aggregate in concrete may be an environmentally friendly approach considering
the fact that there is an urgent need to identify the replacement of natural aggregate in
concrete. Furthermore, life cycle assessment of concrete containing WAS-based manu-
factured aggregates should be performed in future studies to investigate economic
and environmental benefits.
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