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Abstract: This research aimed to identify the link between the chloride penetration behavior of con-
crete made from various types of recycled aggregate from three main sources—building demolition
waste (B-RCA), laboratory waste (L-RCA), and precast concrete waste (P-RCA)—and the 28-days
compressive strength of natural aggregate concrete with the replacement ration 30%, 60% and 100%
respectively. The results of the study revealed that the quality of recycled aggregate waste signifi-
cantly impacted concrete behavior. To elaborate, finer aggregate potentially increased the inter-facial
transition zone (ITZ), which is the weakness part of concrete, resulting in the concrete having less
compressive strength as well as increasing amount of chloride ion penetration thought rapid test. In
this research, an image processing technique, which is a simple method, was used to quantify the ITZ
area of concrete. It was found that concrete with low compressive strength and high permeability
values had an ITZ area significantly more than other types of concrete.

Keywords: construction demolition waste; recycle concrete aggregate; sustainable construction

1. Introduction

The urban expansion leads to the rise of building construction, especially in developing
countries. Therefore, the use of concrete which is the primary material in such construction
is also increasing [1]. This results in an increase in the use of natural crushed stone which
constitutes two-thirds of the total weight of concrete. Moreover, 5-10 percent of the concrete
used in construction has turned into waste [2]. However, the inappropriate disposal of
leftover concrete such as dumping it at a landfill and using it in the landfilling process has
been widely practiced. This leads to more problems in the future. To tackle the problem,
the concept of turning the leftover into aggregate used in concrete is developed.

The sources of aggregate waste from the construction industry come from three main
sources: building demolition waste, laboratory waste, and precast concrete waste. [3] The
behavior of recycled aggregate concrete differs from that of natural aggregate concrete [4,5]
in terms of compressive strength, the efficiency of fresh concrete, chloride penetration,
etc. The concrete properties have been tested over and over; however, there has been no
explanation of how concrete behavior from various sources is linked to its actual behavior.

This research aimed to analyze the behavior of concrete made from various types of
recycled aggregate from different sources in terms of compressive strength and chloride
penetration through an image processing technique.

1.1. Chloride Penetration Behavior

The longer the concrete is in use, the higher the probability of water and air penetrat-
ing it becomes. Ref. [6] The presence of water and air is the cause of other undesirable
compounds [7,8]. For example, chloride in the water might be found in the concrete. The
most undesirable effect of chloride is that it can react with passive film covering the rein-
forcement, resulting in the passive film deteriorating. As a result, the reinforcement without
the passive film will react with the penetrating water and air and will eventually rust. This
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in turn makes the reinforcement occupy a greater volume of the concrete, allowing more
air and water to penetrate the concrete. This process, as a chain reaction, accelerates the
deterioration of the concrete and reinforcement. [9-11]

According to the EN 1744-1 [12] Test for Chemical Properties of Aggregate, ASTM
C33 [13] Standard Specification for Concrete Aggregate, the amount of chloride in natural
aggregate must be less than 0.01 percent and can be up to 0.03-0.15 percent in recycled
aggregate by wet chemistry method. This is because chloride content might be present in
mortar waste in recycled aggregate or the recycled aggregate itself was previously used
where chloride content was present [14]. This results in the increase in water absorption of
the concrete corresponding with the amount of the recycled aggregate. This also applies
to the chloride penetration ratio of the concrete. According to previous studies, [15] the
problem of chloride penetration behavior could be solved by decreasing the water over
cement ratio. This would help the concrete yield the desirable strength. Moreover, the
research conducted by [16] found that the type of recycled aggregate also plays a role in the
chloride penetration behavior of concrete, with the chloride penetration of fine aggregate
higher than that of coarse aggregate.

1.2. Sources of Recycled Aggregate

There have been studies on recycled aggregate in concrete for some time. Reliable
studies mentioned the properties of concrete and the behavior of the construction from
recycled aggregate concrete. They found that recycled aggregate concrete plays a significant
role in water absorption in aggregate, leading to lowered permeability resistance [17]. The
water absorption capacity of recycled aggregate concrete is considered high (>7 percent)
according to the standardized measure provided by [18] JIS A5002. Moreover, recycled ag-
gregate concrete has a lower compressive strength compared to natural aggregate concrete
by 21 percent [19]. However, if the amount of recycled aggregate in the concrete is restricted
to not more than 20-30 percent of the total concrete, there is a negligible difference between
the properties of recycled aggregate concrete and those of natural aggregate concrete. [20]
In 2014, [21] Duan and Poon conducted research on the properties of concrete with mortar
on the stone surface and from different sources. The result was that recycled aggregate
with a little amount of mortar on the stone surface had low water absorption capacity
and therefore can be a substitute for natural aggregate. Likewise, the research by [22]
Pedro et al., 2014 also found that the water absorption capacity of recycled aggregate was
medium as represented by 3.9-7.6 percent. As a result, a recycled aggregate could be used
in concrete with high compressive strength.

Still, the aforementioned research did not analyze the cause of different behaviors of
three different types of aggregate concrete. Also, it is worth mentioning that the research
did not take the recycled aggregate which came from different sources into account. More
importantly, the area of ITZ which significantly affects the properties of the concrete was
not considered.

2. Materials and Methods

The recycled aggregate made from 3 sources was investigated (Figure 1). The first
was the leftover cube concrete specimens from laboratory testing, with an existing strength
ranging from 40-45 MPa. The second was the waste from the rejected product from
the precast hollow core slab industry with an average strength of 35 Mpa. The last one
was the building demolition waste, especially the building demolition concrete from the
building of which the location interposes the new underground MRT Orange line in the
capital city of Thailand. This example emphasizes the increasing demand for infrastructure
renovation from the fast-growing city. The coring sample of concrete structure from the
building was tested to verify its existing compressive strength which turned out to be
16 Mpa on average. B-RA, P-RA, and L-RA represent recycled aggregate from building
demolition, aggregate from precast concrete waste, and aggregate from laboratory waste
respectively. The concrete waste was crushed and graded according to ACI 555 [23]. Then,
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the natural aggregate concrete was replaced by L-RCA, P-RCA, B-RCA with the proportion
of 30 percent, 60 percent, and 100 percent respectively as indicated in Table 1. Short-Term
properties of concrete from recycled aggregate were verified in terms of strength and elastic
modulus in the period of 7, 14, and 28 days. The durability of the concrete was represented
by a rapid chloride penetration test (ASTM C 1202) [24] at 28 day-age concrete.

37

L-RCA: 40 Mpa.

Figure 1. Recycled aggregate from various sources.

Table 1. Mixed proportions of concrete mixture.

Mix Proportion (kg/m?)

Mix Cement Water Sand Stone RA
NCA 411 206 827 1028 -
L-RA 30 411 206 827 719 309
L-RA 60 411 206 827 616 412
L-RA 100 411 206 827 - 1028
P-RA 30 411 206 827 719 309
P-RA 60 411 206 827 616 412
P-RA 100 411 206 827 - 1028
B-RA 30 411 206 827 719 309
B-RA 60 411 206 827 616 412
B-RA 100 411 206 827 - 1028

The standard controlled concrete mix ratio for comparison with recycled aggregate
concrete was Natural Concrete Aggregate (NCA). The mixing ratio was calculated to obtain
the required tensile strength of approximately 25 Mpa. Then in the experiment, different
proportions of the aggregates from natural stone were substituted. By using aggregate
from the recycling as mentioned above. Table 1 shows the proportion of concrete mix used
in the sample for this test.

2.1. Aggregate

The aggregate used in the concrete mixture was from three sources. From Figure 2, the
particles of L-RCA and B-RCA were larger than that of P-RCA due to the smaller size of
natural crushed stone used in precast concrete. Another point was that L-RCA possessed
less cement paste on the aggregate’s surface because of its higher parent strength compared
to that of B-RA. The shape of L-RA aggregates is angular, similar to those obtained from
natural stone. The B-RA is also angular, but from a comparative physical appearance, it
appears to have more porosity from old-adhered mortar. The final aggregates that make up
the fraction of Precast Hollow Core Slab are round but small and very porous as well.

According to the test, the distribution of different particle sizes of the coarse aggregate
corresponded to ASTM C135 [25] Standard Test Method for Sieve Analysis of Fine and
Coarse Aggregates as shown in Figure 3. However, it could be observed that the distribution
of precast concrete waste of different sizes with mostly fine aggregate was higher than that
of other types of aggregate.



Sustainability 2022, 14, 2768 40f14

L-RA B-RA P-RA

01 2 4 cm. 01 2 4 cm. 01 2

4 cm.

P-RA

1 cm.

—

Figure 2. Recycled aggregate from laboratory waste (L-RA), building demolition waste (B-RA) and
precast concrete waste (P-RA).
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Figure 3. Aggregate particle size distribution.

2.2. Unit Weight and Absorption Rate of Aggregate

The unit weight of natural aggregate is a little bit higher than that of recycled aggregate,
as represented by 14-19%. From Figure 4, the unit weight of natural aggregate was higher
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than that of every type of recycled aggregate. This was because there was mortar waste
on the surface and the crushing process might leave the shape of the surface distorted.
Moreover, the particle size of recycled aggregate was mostly at the same size range, resulting
in more rooms in concrete and eventually in lower unit weight. Considering the water
absorption rate, it was obvious that the unit weight of natural aggregate was lower than
that of recycled aggregate. From Figure 5, the water absorption percentage of recycled
aggregate was 6.65, 8.72, and 6.78 times higher than that of natural aggregate. This was
because there was mortar present on the outer surface of recycled aggregate, resulting in
higher porosity, lower specific gravity, and higher water absorption when compared to
natural aggregate.

2000
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Figure 4. The unit weight of aggregate.
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Figure 5. Percentage of Water Absorption for each type of Aggregates.

2.3. Rapid Chloride Penetration

The chloride penetration concrete test according to ASTM C 1202 was conducted
using a rapid chloride permeability test after a 28-day period of curing. From Figure 6,
the test consisted of a clamp tab, a concrete cube containing a 3 percent concentration of
sodium chloride (NaCl) solution on the cathode side and a 0.3M concentration of sodium
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hydroxide (NaOH) on the anode side. Then, it is connected to a 60-volt DC power supply
and data logger.

60 V Power Supply

+ -
] 1
1 I

Data Logger

0.3 M NaOH 3% NaCl

Reservoir Reservoir

Stainless Steel Cathode Stainless Steel Anode

Concrete Specimen

50 mm. Long, 100 mm. Diameter
Figure 6. Test setup of the Rapid Chloride Penetration Test.

According to the experiment, although the chloride ion permeability, which is an
indicator of concrete durability, could not be measured, the total amount of chloride
ion permeating through the concrete was measured. Still, the result might not be easily
applicable in real-life situations. However, ASTM C1202 presented a table to determine the
concrete quality with different chloride ion permeabilities as shown in Table 2.

Table 2. Chloride permeability based on the total charge passed.

Total Charge Passed (Coulombs) Chloride Permeability
>4000 High
20004000 Moderate
1000-2000 Low
100-1000 Very low
<100 Negligible

2.4. Image Processing

Figure 7 shown vertical cross section of concrete sample so that the properties of the
concrete could be carefully examined. Then, the concrete was captured with a digital
camera with at least 5 MB resolution. The image was then analyzed by the MATLAB
program, in which the process involved converting the image to greyscale so that the color
intensity of each element in the concrete could be clearly seen. After this process, the image
was denoised. Subsequently, the area of ITZ of each element was processed. The result
was the differences in color intensity, with the void being the highest, followed by mortar
and aggregate respectively. In order to analyze the area of ITZ, the perimeter needed to be
identified. Then, the area of ITZ could be determined by multiplying the perimeter by an
average ITZ thickness.
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Figure 7. Color pixel population from image processing.

3. Results
3.1. Compressive Strength

The compressive strength of concrete was tested by using a block of concrete with a
compressive strength of 28 MPa. Then, each new concrete block was cast from standard
cylinder-shaped concrete formworks with a 10 cm. diameter and a 20 cm. in height.
After 24 h, the concrete formworks were removed and the concrete blocks were aged
in clean water for 7 days, 14 days, and 28 days respectively. The concrete blocks were
subsequently tested for compressive strength. Concrete samples with four different coarse
aggregates were collected: natural aggregate concrete, laboratory waste concrete (L-RCA),
precast concrete waste (P-RCA), and building demolition waste (B-RCA). The natural
aggregate concrete was replaced by L-RCA, P-RCA, B-RCA with the proportion of 30
percent, 60 percent, and 100 percent respectively.

From Figure 8a—c the decreasing trend in compressive strength corresponded with the
increasing amount of recycled aggregate mixed in the concrete. Three types of recycled
aggregate concrete with a 30 percent replacement rate showed negligible differences in
terms of compressive strength compared to the other two replacement rates. As for the
recycled aggregate concrete blocks with a 30 percent replacement rate, the vertical crack
propagation occurred, and the cracks split apart into two pieces. This stemmed from the fact
that the mortar waste could handle less compressive strength than the coarse aggregate. On
the other hand, the coarse aggregate and recycled aggregate themselves did not suffer any
damages or cracks. As for the 60 percent replacement rate, the vertical crack propagation
occurred and reached half of the concrete’s height at a 70-degree angle. The crack resulted
from the shear force coming from the bond strength of composite and internal friction. As
for the 100 percent replacement rate, the vertical crack propagation occurred and reached
one-thirds of the concrete’s height, but the crack did not cover all the cross-section concrete
areas. Moreover, some of the cracks split into tiny pieces due to the dramatic differences
in compressive strength of each recycled aggregate, shear force coming from the bond
strength of composite and internal friction. However, their failure tended to be the lowest
and could handle the least compressive strength compared to the other two.
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Figure 8. Compressive strength of concrete at 0%, 30%, 60% and 100% replacement rate at: (a) 7 days,
(b) 14 days, and (c) 21 days.
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3.2. Chloride Penetration Resistance

From Figure 9, the result showed total charge passed at 28 days of natural coarse
aggregate and various types of recycled aggregate by rapid chloride test. It obviously seen
that natural aggregate concrete (NCA) was the only type that had a moderate chloride
ion permeability rate (2000-4000 coulombs) in accordance with ASTM C1202. On the
other hand, all the proportions of recycled aggregate concrete were considered to have a
high chloride ion permeability. Concrete made from laboratory and building demolition
aggregate are slightly higher than NCA based value about 25% at any replacement ratio.
There is also an increase in the recycled aggregate to natural aggregate ratio of these two
types of samples do not increase the chloride permeability much. It is worth noting that
concrete made from scraps of prefabricated concrete slabs. Instead, the permeability value
of the chloride is very high. In one way it could be said that at 30% displacement, the
permeability rate is close to that of natural aggregate concrete. But increasing the percentage
of renewable aggregates to 60% or 100% increased the permeability significantly, over 71%
and 106% compared to the 30% recycle aggregate samples, respectively.

10,000
9,000
8,000
7,000 High permeability

6,000

5,000

Total Charge Pass (Coulomb)

Very low permeability

NCA L-RA 30 L-RA 60 L-RA 100 P-RA 30 P-RA 60 P-RA 100 B-RA 30 B-RA 60  B-RA 100

Figure 9. The total charge passed at 28 days of natural coarse aggregate and various types of recycled
aggregate.

3.3. Chloride Penetration and Compressive Strength

The relationship between chloride penetration and compressive strength of 28-day
recycled aggregate concrete is shown in Figure 10. The decreasing penetration rate of
L-RCA (Circle), P-RCA (Square), and B-RCA RCA (Triangle) corresponded with their
increasing compressive strength. The effect of replacement percentage, it has a high
effect on the concrete mixed with P-RCA aggregate when the ratio is increased it will
increase the compressive strength and chloride permeability as well. However, for the
L-RCA and B-RCA samples, it was found that the increase in the aggregate’s substitution
ratio had a large effect on the compressive strength and chloride permeability. The two
relationships between L-RCA and P-RCA could be explained by R?> which was well fit
up to 95 percent and 99 percent respectively. Based on this result, it can be confirmed
that linear regression relationship between compressive strength and chloride penetration.
However, as for aggregate from the precast slab waste, the chloride penetration rate tended
to be very high, which was indirectly proportional to the compressive strength. On the
other hand, when considering the water absorption of P-RCA aggregates, it is found that
higher water absorption rates than other aggregates have a reliable effect on the absorption
values. The passivity of chloride was also higher. This highlighted the sensitivity to a
change of compressive strength which significantly affected the porosity of this type of
recycled aggregate.
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Figure 10. The relationship between the total charge passed and compressive strength.

4. Discussion
4.1. Failure Mode

The aggregate porosity played a vital role in how the crack occurred, which also
directly affected the compressive strength of the concrete. Ref. [26] Normally, the crack
path advances through aggregate, mortar, and ITZ, depending on the ability to handle the
strength of each part as shown in Figure 11. In natural aggregate concrete (NCA), the crack
path went through the mortar and ITZ around the aggregate. In contrast, in laboratory
waste (L-RA) and building demolition waste aggregate concrete (B-CA), it was possible
for some crack paths to go through the previously existing ITZ, which occurred between
some of the previously existing mortar and aggregate, while other crack paths might go
through the new ITZ, depending on which ITZ could bear higher strength. This result is
explained by research from Li et al. [27] which found that old mortar is the weakest of
Recycle Concrete Aggregate. If the parent strength of recycled aggregate is high, the ITZ
might be able to handle more strength. Lastly, in precast slab waste aggregate (P-RA), due
to high porosity in this type of aggregate, which resulted from the use of small-sized stones
and in turn leading to a larger area of ITZ. Thus, the crack path could go through its ITZ
much more easily compared to the other two.

b) L-RA and B-RA

Figure 11. Crack propagation in composition containing: (a) concrete containing NCA, (b) concrete
containing L-RA and B-RA, and (c) concrete containing P-RA.
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4.2. Durability Mode

Photos from an image processing technique showed the area of each phase as shown
in Figure 12. In the first row are raw photos which were denoised. The photos in the second
row show the phase distribution in the cross-section area of the concrete after using an
image processing technique. Finally, in the last row are the percentages of each phase of
NCA, B-RA and P-RA. The phase of NCA and B-RA showed a similar distribution, unlike
that of P-RA. To elaborate, the phase area of P-RA aggregate was nearly twice that of NCA
and B-RA. The larger phase area of P-RA resulted in the increase in ITZ. The length of ITZ
was determined by drawing a line in the CAD program as shown in Figure 13. Then, the
area of ITZ of concrete cross-section was identified by multiplying the length of ITZ by its
thickness 40 um on average based on the research by Zouaoui et al. [28] which proposed
that the ITZ thickness ranged from 30-50 pm.

50,000

40,000

30,000

Pixel Count
Pixel Count
Pixel Count

20,000
10,000

0
0 50 100 150 200 250 0 5 100 15 200 250 0 50 10 150

Colour Intensity Colour Intensity Colour Intensity

16.56% 12.54% 14.30%
40.99%
18.30%
55.00% 3246%
65.14
44.71%
Mortar Aggregate Other Mortar Aggregate Other Mort Agg i Ot
a.) NCA b.) B-RA ¢.) P-RA

Figure 12. Phase distribution of (a) NCA and (b) B-RA and (c) P-RA using an image processing
method from picture (top) to pixel distribution (middle) and pixel distribution (bottom).

< N
%

@ cm.

ITZ of NA ITZ of B-RA ITZ of P-RA

2.43 cm. 3.60 cm. 23.51 cm.

Figure 13. The length of Inter-Facial Transition Zone in concrete.
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Figure 14 demonstrates the schematic of chloride penetration through the cross-section
of concrete. Chloride could penetrate the mortar to certain extent, but could penetrate
the ITZ area better, while chloride could barely penetrate or could not penetrate the stone
area at all. According to the research by Silva et al. which investigated the relationship
between the total charge passed and chloride migration coefficient based on 120 studies,
the relationship between these two is linear as presented in the equation below

y = 0.0034x
If
y = Chloride migration coefficient (De), x10-12 m?/s
x = Total charge passed, Coulombs

Mortar Metrix

Inter-Facial Transition Zone (ITZ)

Aggregate

=——3 Low Penetration

——p High Penetration

Chloride Penetration === Zero Penetration

= High Penetration

=3 Low Penetration

=

e

Figure 14. The schematic of chloride penetration through concrete.

The relationship between the ITZ area determined by the calculation above and
the total charge passed was exponential. To illustrated, the area of ITZ obtained by an
image processing technique played a crucial role in the amount of chloride penetration
in exponential relationship which R? = 0.9994 (Figure 15). This also directly affects the
concrete durability in accordance with the research by Azarsa and Gupta [29].

0.001

0.0008

A

Areca of ITZ (cm”)

y = 0.00002¢%00%42
0.0006 :

R?=0.99993
0.0004

0.0002

2000 3000 4000 5000 6000 7000 8000 9000 10000

Total Charge Pass (Coulomb)

Figure 15. The relationship between the area of Inter-facial Transition Zone and the total charge passed.
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5. Conclusions

This research analyzed the chloride penetration behavior of natural aggregate concrete
and that of recycled aggregate from three different sources. An image processing technique
was used to explain the results which could be summarized as follows:

(a) Although the unit weight was similar to that of NA, the % Water Absorption difference
was 6-8 times more on average. In this respect, the pre-formed RCA concrete has
been used from different sources, including from old buildings (B-RCA), from precast
concrete slab specimens (P-RCA), and from laboratory test specimens (L-RCA) has
lower chloride permeability properties than NA based concrete, but its penetration
rate also depends on the shape of the aggregate which the aggregates are small and
the quantity of old-adhered mortar. It will make the permeability a lot. Otherwise,
the compressive strength was not significantly different between the ages of 7, 14 and
28 days.

(b) Increasing of percent replacement is added, higher the compressive strength and
chloride penetration resistance, the better from the Rapid Chloride Penetration Test
at all 30%, 60% and 100% Replacement Rations. It is worth noting that P-RCA
has the highest chloride permeability. When considering the % Water Absorption
that P-RCA has the most and considering the mixed part of the aggregate which is
somewhat more detailed than other types of aggregate, it can be determined that the
chloride permeability properties and the strength is linked to the physical nature of
the aggregates. In this experiment, the area of the ITZ was taken into account, which
has a significant effect in the case of Recycle Aggregate concrete, since the aggregate
is attached to the old ITZ from old-adhered Mortar.

(c) Using the Image Processing method for considering ITZ in this experiment, it was
found that a highly consistent relationship between the size of the imaging ITZ area
was identified and the amount of chloride permeation. An image processing technique
could be used to explain the characteristics of each element in the cross-section of the
concrete. The method yielded the results in accordance with the concrete behaviors.
In the future, it would be possible to predict the properties of concrete if there are
ample information archives of the cross-section of concrete.
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