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ABSTRACT: In Japan, a large amount of municipal solid waste (MSW) is discharged, most of which is
incinerated. Although most MSW incineration residues are buried in final disposal sites, it is necessary to
reduce the amount of MSW incineration residues because of the tight disposal capacity in Japan's final disposal
sites. In order to reduce the amount of MSW incineration residues, there is an urgent need to recycle MSW
incineration ash (MSWIA), which represents a large part of MSW incineration residues. On the other hand,
MSWIA contains heavy metals, and there are concerns about the leaching of heavy metals depending on the
recycling method. Therefore, one possible way to recycle MSWIA while preventing the leaching of heavy
metals contained in MSWIA is to mix MSWIA into concrete. However, when MSWIA is replaced as a part of
cement, the performance of concrete mixed with MSWIA in terms of compressive strength and prevention of
heavy metal leaching may be lower than that of ordinary concrete without MSWIA. In this study, in order to
determine whether or not concrete mixed with MSWIA as a partial replacement for cement can be used in a
field, a slump test, an air content test, a bleeding test, a compressive strength test, a length change measurement,
and a heavy metal leaching test are conducted, and material properties of the concrete are investigated. The
results of various tests proved that concrete mixed with MSWIA can be used as well as ordinary concrete
without MSWIA.
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1. INTRODUCTION residues is only about 30% [2, 3]. MSW
incineration residues are mainly classified into
In the 12th goal "Responsible Consumption and MSW incineration ash (MSWIA), which refers to
Production" of the Sustainable Development Goals the bottom ash, and MSW incineration soot and
(SDGs), it is aimed that "Substantially reduction of dust, which refers to the fly ash. As noted in [2],
waste generation through prevention, reduction, MSWIA accounts for about 70 to 90% of the total
recycling and reuse of waste by 2030". In recent MSW incineration residues, although the amount
years, the amount of discharged waste and its varies depending on the type of incinerator. In order
disposal has become an issue as a result of global to reduce the amount of MSW incineration residues,
population growth and economic development. there is an urgent need to recycle MSWIA, which
Although the amount of municipal solid waste represents a large part of MSW incineration
(MSW) discharged in Japan has been decreasing residues. However, MSWIA contains heavy metals,
year by year, the total amount of municipal solid and there are concerns about the leaching of heavy
waste discharged in FY2021 is still about 40 million metals depending on the recycling method. Thus,
tons. The situation that about 80% of MSW has there is a need for a method to recycle MSWIA
been incinerated has not changed in recent years. In while preventing the leaching of heavy metals
addition, approximately 3.4 million tons of MSW contained in MSWIA.
incineration residues are discharged annually. This As mentioned in [4-10], the use of MSWIA as a
amount accounts for three-fourths of the total civil engineering and construction material, such as
volume of waste for final disposal [1, 2]. On the geomaterial, molten slag, and cement, has been
other hand, the disposal capacity of final disposal studied as a potential recycling source for MSWIA.
sites in Japan is decreasing year by year and is However, there are concerns about the long-term
becoming increasingly tight. Therefore, there is a stability of the insolubilization process, and there
need to reduce the amount of MSW incineration are also issues related to the energy costs for the
residues. Recycling is a suitable method for production of molten slag and cement. Meanwhile,
reducing the amount of MSW incineration residues, hardened cement has the ability to immobilize
the current percentage of MSW incineration heavy metals, thereby preventing their leaching
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[11]. Therefore, the mixing of MSWIA with
concrete is suitable as the recycling method of
MSWIA while preventing the leaching of heavy
metals contained in MSWIA. On the other hand,
cement, which is one of the constituent materials of
concrete, emits a large amount of CO» during its
production. In recent years, with the focus on global
warming, the reduction of CO, emissions is
required to realize a low-carbon society. Thus,
replacing a portion of cement with MSWIA can lead
to a reduction in CO, emissions associated with
cement production. However, as noted in [12], it is
suggested that there may be negative effects on
mechanical properties, such as the compressive
strength of concrete when MSWIA is replaced as
part of the cement. In addition, it is possible that the
ability to prevent the leaching of heavy metals in the
concrete, of which cement is partially replaced with
MSWIA, may be lower than that of ordinary
concrete. Although it is necessary to verify the
heavy metal content in concrete mixed with
MSWIA and the amount of heavy metal leaching
from the concrete in case of changes in various
performances of concrete by MSWIA admixture,
few studies have conducted heavy metal leaching
tests on concrete mixed with MSWIA.

Thus, in this study, in order to determine
whether or not concrete mixed with MSWIA as a
partial replacement for cement can be used in a
field, a slump test, an air content test, a bleeding
test, a compressive strength test, a length change
measurement, and a heavy metal leaching test are
conducted, and material properties of the concrete
are investigated.

2. RESEARCH SIGNIFICANCE

Since the disposal capacity of final disposal sites
is tight, recycling is a suitable method for reducing
a large amount of discharged MSW incineration
residues, but its recycling rate is only about 30%.
Meanwhile, the reduction of CO, emissions is
required to realize a low-carbon society. Thus, the
recycling of MSWIA, which represents a large part
of MSW incineration residue, is examined as a
replacement for cement emitting a large amount of
CO; during its production. Not only the
achievement of some of the SDGs goals but also the
contribution to carbon neutrality are the
significance of this study.

3. MATERIALS

3.1 Cement, Aggregate and Chemical Admixture
The cement used in the tests is ordinary Portland

cement (3.16 g/cm? of density) as specified in JISR

5210 Japanese Industrial Standards. In addition,
mountain sand with 2.5 mm of maximum grain size
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and 2.57 g/cm® of surface dry density for fine
aggregate and crushed stone 2005 with 20 mm of
maximum particle size and 2.60 g/cm?® of surface
dry density for coarse aggregate are used in the
concrete specimens, respectively. Furthermore, the
air-entraining (AE) and water-reducing agent,
whose main components are a complex of lignin
sulfonic acid compounds and polycarboxylic acid
ethers, is used as a chemical admixture in the
concrete specimens.

3.2 Municipal Solid Waste Incineration Ash
(MSWIA)

™

Fig. 1 Municipal solid waste incineration ash
(MSWIA)
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Fig. 2 Spectrum of MSWIA analyzed with XRD.

Table 1 Concentrations of heavy metals leaching
from MSWIA

Environmental quality

MSWIA standards for soil
Cr®* (mg/L) 0.09 0.05
Pb (mg/L) 0.12 0.01
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MSW refers to waste other than industrial waste
and includes household waste such as combustible
waste, incombustible waste, and bulky waste, as
well as commercial waste discharged by companies
and stores through their business activities. As
mentioned in the introduction, MSWIA accounts
for a large portion of MSW incineration residue
discharged during the process of MSW incineration.
In order to recycle large amounts of MSW
incineration residues, it is important to examine
whether or not concrete mixed with MSWIA can be
used. For this reason, MSWIA is used as a concrete
admixture in this study. The maximum particle size
of MSWIA used in this study is 16 mm. In addition,
the average particle size is about 2.2 mm, which is
larger than the particle size of ordinary Portland
cement. Thus, in order to make it suitable as a
substitute for cement, MSWIA is dried at 100°C for
24 hours and then is pulverized in a ball mill. Fig. 1
shows the MSWIA after pulverization. Metals such
as iron nails, which are difficult to grind in a ball
mill, are removed with a magnet. Then, the
components contained in MSWIA are analyzed
with an X-ray diffraction (XRD) device, and the
crystalline phases are identified with the software
for the obtained XRD data. The software identifies
crystalline phases by comparing powder diffraction
peaks obtained from experiments with a database
containing reference diffraction peaks for phase
identification. Fig. 2 shows the spectrum of
MSWIA analyzed with an XRD device. As a result
of XRD analysis, the composition of MSWIA is
found to be 65% of calcium carbonate (CaCOs) and
35% of silicon dioxide (SiO2), both of which are
crystalline. Furthermore, in order to confirm the
leaching of heavy metals from MSWIA, the
leaching test is conducted in accordance with
Notification No. 46 of the Environment Agency.
The heavy metals to be analyzed are hexavalent
chromium (Cr®*) and lead (Pb). The reason why
they are selected as the analysis targets is that they
have been confirmed to be leached from MSWIA in
the past study by Fujikawa et al. [13]. Cr* and Pb
are analyzed by an absorption spectrophotometer
and an ICP-AES, respectively. Table 1 shows the
concentrations of heavy metals leaching from
MSWIA. All heavy metals are detected at
concentrations exceeding the environmental quality
standards for soil in Japan.

Table 2 Mix proportion of concrete (kg/m?)

Binder

C MSWIA
MSWIAQ 175 318 0 734 985 3.18
MSWIA10c 175 286 32 732 981 4.14

G CA

*W: Water, C: Cement, S: Fine Aggregate, MSWIA: Municipal
Solid Waste Incineration Ash, G: Coarse Aggregate, CA:
Chemical Admixture (AE-water reducing agent)

4, TEST METHOD
4.1 Concrete Mix Design

In the mix proportion, all concretes are designed
at water binder ratio of 55% and fine aggregate ratio
of 46%. Table 2 shows the mix proportions of
concrete in the test. “MSWIAO0” and “MSWIA10c”
represent ordinary concrete without MSWIA and
concrete mixed with MSWIA, respectively. Here,
numbers such as "0" and "10" refer to the
replacement rate of MSWIA, and "c" refers to the
target for MSWIA replacement (in this case,
cement). In the test, 10% of the mass of cement used
in ordinary concrete is replaced with MSWIA. In
addition, in order to achieve approximately the
same slump and air content in the two types of
concrete, the amount of the AE water-reducing
agent added to the cement mass used in ordinary
concrete is 1.0% for MSWIAO and 1.3% for
MSWIA10c. Concrete samples are prepared by
mixing materials such as water, cement, and
aggregate in accordance with the Japanese
Industrial Standards JIS A 1138.

4.2 Slump Test and Air Content Test

In order to determine the fresh properties of the
concrete samples, the slump and air volume tests are
conducted in accordance with the Japanese
Industrial Standards JIS A 1101: 2020 and JIS A
1128: 2019, respectively. In this test, assuming the
use in a field, the target slump and air content values
aresetat 12 + 2.5 cm and 4.5 £ 1.5%, respectively.

4.3 Bleeding Test

The bleeding test is conducted in accordance
with JCI-S-015-2018 "Method of Test for Bleeding
of Concrete Using Small Container”, which is one
of the standards developed as a result of a
specialized committee of the Japan Concrete
Institute. In this test, a cylindrical concrete form
with 125 mm of inner diameter and 250 mm of
height is used as a small container. The bleeding
rate of a small container is defined by the following
Eg. (1) and (2).

VXpo

s

Br(%) =

x 100 €Y

w
W, = xS x 1000 2)

where, “Br” is the bleeding rate of a small container,
“V” is the cumulative volume of water due to
bleeding from initial to end, “pw” is the density of
water at the test temperature, “Ws” is the mass of
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water in the concrete sample, “W” is the unit water
content of concrete, “C” is the weight per unit
volume of concrete and “S” is the mass of a concrete
sample. The bleeding test is conducted twice for
each mix proportion, and the mean value of the two
tests is adopted for the test results.

4.4 Preparation of Test Specimens for Concrete

In this study, the specimens are prepared for
compressive strength test and for length change
measurement. First, the cylindrical specimen of 100
mm of diameter x 200 mm of height is for
compressive strength test in accordance with the
Japanese Industrial Standards JIS A 1132: 2020.
After the prepared cylindrical specimen is removed
from the concrete form, it is cured in water for 28
and 91 days after casting. In addition, the loading
surface (upper surface) of the cylindrical specimen
is ground with a polishing grinder so that the
specimen loading surface (upper surface) becomes
flat. Then, the prismatic specimen of 100 mm of
height x 100 mm of depth x 400 mm of width is for
length change measurement. After removing the
prepared prismatic specimens from the concrete
form, the specimen is cured in water for 7 days after
casting.

4.5 Compressive Strength Test

After the specimen is cured in water for 28 and
91 days, the compressive strength test is conducted
in accordance with Japanese Industrial Standards
JIS A 1108: 2018. In the case of actual use, the
compressive strength after 28 days of curing should
achieve 24 N/mm? which is the durability design
standard strength for the standard service period.
The compressive strength is defined by the
following Eq. (3).

P
2y —
fc(N/mm*) = nd?/a 3)
where “fc” is compressive strength, “P” is

maximum load and “d” is the diameter of the
cylindrical specimen measured with a caliper. The
compressive strength test is conducted three times
for each mix proportion, and the mean value of the
three tests is adopted for the test results.

4.6 Length Change Measurement

The length change of concrete due to drying
shrinkage is measured in accordance with the
contact type strain gauge method of Japanese
Industrial Standards JIS A 1129-2: 2010. The
procedure for the length change measurement is as
follows. First, gauge plugs are attached to the
specimen after curing at two points on both sides of
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each side adjacent to the concrete placing surface of
the specimen so that the base length is 100 mm near
the center of the specimen. Then, the concrete
specimens are stored in a room at 20°C and the
length change of the concrete specimen is measured
every 7 days after the curing in water. The length
change rate is defined by the following Eq. (4).

(Xo1 — Xo2) — (Xin — Xi2)
Ly

£(x107%) = 4)

where “¢£” is length change rate, “Xo1” and *“Xo,” are
the measured value of the standard length and the
specimen at a certain standard point, “Xi;” and “Xi,”
are the measured value of the standard length and
the specimen at each point “i” and “Lo” is the base
length. It is noted that the units for the lengths of
“Xo1”, “Xo2”, “Xir”, “Xiz” and “Lo” must be the same,
and that “i” indicates the week in which the
measurement is taken. The length change
measurement is conducted twice for each of the
three specimens of each mix proportion, and the
average value of these measurements is adopted for
the test results.

4.7 Heavy Metals Leaching Test

As has mentioned above, the concrete has the
ability to prevent the leaching of heavy metals.
However, it has not been examined whether or not
heavy metals are leached from concrete mixed with
MSWIA when the concrete mixed with MSWIA is
dismantled. Thus, the heavy metal leaching test on
the crushed concrete is conducted in accordance
with Notification No. 46 of the Environment
Agency using the specimens after the compressive
strength test. In this test, Cr® and Pb, which are
confirmed to be leached from MSWIA at
concentrations exceeding environmental quality
standards for soil, are analyzed. First, a concrete
specimen is crushed with an electric hammer, and
the crushed one which passed through a sieve (2
mm aperture) is utilized as a sample for the leaching
test. Next, 50 mL of distilled water is poured into
the centrifuge tube, and 5 g of the sample is added
into the solution. It is noted that the ratio of distilled
water to the sample in the specimens is 10 % of the
weight-volume ratio. The prepared specimens are
shaken at 200 rpm for 6 hours at 20°C. After
shaking, the specimens are allowed to stand for 10
to 30 minutes and then are centrifuged at 3000 rpm
for 20 minutes. After centrifugation, the solution in
the specimens is filtered through a membrane filter
with 45 um of pore size. The concentration of Cré*
and Pb in the filtered test solution is analyzed by an
absorption spectrophotometer and an ICP-AES,
respectively. In order to ensure reproducibility,
each test is conducted three times each, and the
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average of the three tests is shown as the test result
of the relevant test.

5. RESULTS AND DISCUSSIONS

5.1 Results of Slump Test and Air Content Test

Table 3 shows the results of the slump and air
content tests. Table 3 indicates that both the slump
and air content values achieve the target values for
both types of concrete. However, in order to achieve
the target values for the slump and air content, the
amount of AE water-reducing agent added for
MSWIA10c should be 1.3 times that for MSWIAQ.
This is because the water absorption of MSWIA is
higher than that of cement.

5.2 Results of Bleeding Test

Fig. 3 shows the results of the bleeding test. Fig.
3 indicates the bleeding rate of MSWIAOQO and
MSWIA10c are almost equivalent. On the other
hand, the bleeding in MSWIA10c completes earlier
than that in MSWIAOQ. This may be because the
particle size of MSWIA is different from that of
cement. Regarding the relationship between particle
size and the amount of bleeding, Fukudome [14]
also suggests that the increase in bleeding is related
to the particle shape of the admixture. The analysis
of the microstructure of MSWIA is needed to clarify
the relationship between the time of bleeding
termination and particle shape in the future.
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Fig. 3 Results of bleeding test

Table 3 Results of slump test and air content test

MSWIAO MSWIA10c
Slump (cm) 12.0 11.0
Air content (%) 4.7 5.9
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5.3 Results of Compressive Strength Test

Fig. 4 shows the results of the compressive
strength. Fig. 4 indicates the compressive strength
of MSWIA10c is lower than that of MSWIAO. This
is because the amount of cement in MSWIAZ10c is
less than that in MSWIAOQO. Meanwhile, the
compressive strength of both MSWIAO and
MSWIA10c after 28 days of curing exceeds 24
N/mm?, which is the durability design standard
strength for the standard service period. The fact
suggests that the concrete with 10% of the mass of
cement replaced with MSWIA performs
comparably to ordinary concrete without MSWIA
in the mix. In order to examine the effect of the
amount of MSWIA admixture on compressive
strength, it is necessary to investigate the
relationship between the replacement rate of cement
with MSWIA and compressive strength in the
future. On the other hand, comparing the increase
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Fig. 4 Results of compressive strength test
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Fig. 5 Results of length change measurement
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rate in the compressive strength of MSWIAQO to that
of MSWIA10c during the curing, the rate of
MSWIA1O0c is higher than that of MSWIAQ. Rice
husk ash, known as a pozzolanic substance,
contains a large amount of amorphous silica, which
is a component contributing to an increase in long-
term strength [15-18]. Although MSWIA contains
SiOy, its content is not so much (about 35%), and its
structure is crystalline. Therefore, it is assumed that
the crystalline SiO; in MSWIA is unlikely to
contribute to an increase in long-term strength.
However, Alderete et al. [19] indicate that MSWIA
may be a pozzolanic substance. Further
investigation is needed to clarify the causative
substance that contributes to the increase in strength
of concrete mixed with MSWIA.

5.4 Results of Length Change Measurement

Fig. 5 shows the results of the length change
measurement. From Fig. 5, it is found that the length
change rate of MSWIA10c is almost the same as
that of MSWIAO. According to [20, 21], it is shown
that the length change rate in concrete mixed with
ecocement, which is mainly composed of MSWIA,
tends to be similar to or smaller than the length

change rate in ordinary concrete without ecocement.

Considering the energy costs in the production of
ecocement, it is possible to reduce energy costs by
mixing MSWIA into concrete as a partial
replacement for cement rather than mixing MSWIA
as a cement raw material. On the other hand, it
seems that the difference in length change rates
between MSWIAQ and MSWIA10c gradually
increases with the passage of measurement days. In
the test, the length change rate is only measured for
a brief period of approximately three months and a
half. In order to examine the effect of MSWIA
mixed on drying shrinkage in the long-term, it is
necessary to measure the length change rates of both
over a long period of time, with test periods of 182
days or a maximum of 365 days, in the future.

5.5 Results of Heavy Metals Leaching Test

Table 4 shows the results of the heavy metals
leaching test. It is noted that the environmental
quality standards for soil of Cr® and Pb in Japan
proposed by the Ministry of the Environment are
0.05 mg/L or less and 0.01 mg/L or less,
respectively. Table 4 indicates that the
concentrations of Cr8* and Pb leaching from

Table 4 Results of heavy metals leaching test

MSWIAO MSWIA1L0c
Cro* (mg/L) 0.08 0.06
Pb (mg/L) 0.04 0.04
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MSWIA10c are almost the same as those from
MSWIAQ. As with the result of the compressive
strength test, the fact suggests that the concrete with
10% of the mass of cement replaced with MSWIA
performs comparably to ordinary concrete without
MSWIA in the mix. On the other hand, the leaching
concentrations of Cr®* and Pb in both of MSWIAO
and MSWIA10c exceed the environmental quality
standards for soil. This is presumably due to the fact
that the specimens are crushed into small pieces
during the test. Therefore, when concrete mixed
with MSWIA is dismantled, it is considered that the
treatment to reduce the concentration of heavy
metals leaching from the concrete mixed with
MSWIA is needed.

6. CONCLUSION

In this study, the recycling of MSWIA for a
cement replacement was examined so as to recycle
a large amount of MSWIA discharged by
incineration and to reduce a large amount of CO;
emitted during cement production. Additionally, in
order to determine whether or not concrete mixed
with MSWIA as a partial replacement for cement
can be used in a field, a slump test, an air content
test, a bleeding test, a compressive strength test, a
length change measurement, and a heavy metal
leaching test are conducted, and the material
properties of concrete were investigated.

Test results indicate that the concrete with 10%
of the mass of cement replaced with MSWIA
performed comparably to ordinary concrete without
MSWIA in the mix. Moreover, mixing MSWIA
into the concrete resulted in not only a shorter time
to completion of bleeding but also a high rate of
increase in compressive strength during the curing.
In order to clarify the cause of these, it is necessary
to analyze the material for MSWIA, such as
microstructure analysis. Since the difference in
length change rates between the concrete mixed
with MSWIA and the ordinary concrete without
MSWIA gradually increases with the passage of
measurement days, it is necessary to examine the
length change rates of both over a long period of
time. On the other hand, whether the concrete is
mixed with MSWIA or not, it is confirmed that
heavy metals were leached from dismantled
concrete samples at the concentrations exceeding
the environmental quality standards for soil.
Therefore, when concrete mixed with MSWIA is
dismantled, it is considered that the treatment to
reduce the concentration of heavy metals leaching
from the concrete mixed with MSWIA is needed.

Since the high rate of increase in compressive
strength of concrete mixed with MSWIA suggests
that concrete mixed with MSWIA may become
dense, it is necessary to verify the durability
performance of concrete mixed with MSWIA and
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ordinary concrete without MSWIA such as
resistance to neutralization and freezing and
thawing in the future.
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