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Abstract: To improve the utilization rate of municipal solid
waste incineration (MSWI) ash and achieve resource recy-
cling, this article conducted research on grinding MSWI ash
into fine powder for use as a concrete admixture. Initially,
the physical and chemical properties of the MSWI ash
micro-powder were tested. Subsequently, different amounts
of MSWI ash powder concrete were prepared. The macro
and micro properties of the concrete were then tested.
Finally, a life cycle assessment was utilized to evaluate
and compare ordinary concrete with MSWI ash micro-
powder concrete. The results indicate that the chemical
composition of the MSWI ash micro-powder is similar to
that of cement clinker. It exhibits potential hydraulicity
and a slow hydration reaction, making it an active admix-
ture suitable for concrete rawmaterials. With the increasing
proportion of MSWI ash micro-powder, the rate of hydra-
tion reaction in concrete slows down, resulting in decreased
mechanical properties. The microhardness value of the har-
dened cement paste in MSWI ash micro-powder concrete is
lower than that of ordinary concrete. Moreover, the addition
of MSWI ash micro-powder helps mitigate the environ-
mental impact of concrete in terms of non-biological energy
loss and CO2 emissions.

Keywords: MSWI ash micro-powder, concrete, mechanical
property, microhardness, LCA

1 Introduction

Concrete is the most widely used building material in the
world [1]. It plays an irreplaceable role in construction
projects such as construction, water conservancy, highway,
bridge, and tunnel. With the increase in concrete demand,
the production of cement, sand, and stone has also been on
the rise [2]. The mass production of commercial concrete
has led to excessive sales of various concrete materials and
pressure on the natural environment. China has announced
efforts to peak carbon dioxide emissions by 2030 and
achieve carbon neutrality by 2060 [3]. Based on this, experts
and scholars such as Poon, CS, and Xiao Jianzhuang have
carried out research on the application of solid waste
instead of some building materials to concrete and proved
its feasibility [4–6].

According to statistics from the National Bureau of
Statistics on garbage removal, the amount of municipal
solid waste removed in China has increased from 134.70
million tons in 2001 to 163.95 million tons in 2011, and then
to 267.08 million tons in 2021 [7]. The accumulation of
municipal solid waste and finding appropriate ways to
manage it have become significant challenges hindering
the sustainable and healthy development of China. Muni-
cipal solid waste incineration is considered the most favor-
able treatment method, with 80% of the substances produced
after incineration being bottom ash, and the remainder being
fly ash [8]. Due to the limited reuse of fly ash and its signifi-
cant environmental impact, most experimental studies have
focused on bottom ash produced by waste incineration,
referred to as MSWI ash.

Many scholars have conducted extensive research on
the application of solid waste in concrete [9–13]. Waste raw
materials can be used to make alkali-activated materials
(sometimes called geopolymer) as the new generation of
cement. There are also numerous studies on the use of
MSWI ash [14–20]. Some research indicates that the che-
mical composition of MSWI ash in some areas is similar to
that of cement clinker raw materials, making it suitable for
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use in concrete [21]. MSWI ash undergoes hydration reac-
tion and volume expansion due to hydrogen. It was found
that MSWI bottom ash causes both a hydration effect due to
existing calcium oxide, calcium sulfate, and silica dioxide
and volume expansion due to hydrogen gas evolution [22].
Weng utilized MSWI ash as a component in the concrete
mixture to produce specialized aerated blocks [23], while
Shi et al. substituted fine aggregate in concrete with MSWI
ash and investigated its mechanical properties [24]. The
research indicates that the strength of MSWI ash concrete
is inferior to that of conventional concrete; however, it
remains suitable for preparing concrete that satisfies basic
functional requirements. Dong et al. prepared high ductility
engineered cementitious composites (ECC) with MSWI as
mineral admixture [25]. Liu et al. novel application of
MSWIBA to produce cold-bonded aggregates (CBA) [26]. Gou-
louti studies have shown that MSWI has the potential to be
used as building materials. Life cycle assessment (LCA) has
also become an assessment tool applied to building mate-
rials [27].

This article seeks to analyze the raw materials of
MSWI ash, study the physical and chemical properties of
MSWI ash, grind it into micro-powder, and examine its
workability and environmental impact when added to con-
crete as an admixture. The MSWI ash powder was added to
the concrete instead of cement to prepare the specimen. The
compressive strength, splitting tensile strength, and elastic
modulus of the MSWI ash powder concrete were tested to
evaluate the effect of the MSWI ash powder on the concrete.
At the same time, these concretes were tested microscopi-
cally to explain the influence of different amounts of MSWI
ash powder on concrete under different water–binder ratios.
Then, LCA was used to evaluate the environmental impact of
MSWI ash powder to prove its usefulness.

2 Experiment

2.1 Material

The test sand used is natural washed sand from the Dahei
River in Hohhot, Inner Mongolia. The gravel consists of
first-class granite gravel from Daqingshan, Hohhot, Inner
Mongolia. The cement used is P.O. 42.5 ordinary Portland
cement, and the water reducer is a polycarboxylate super-
plasticizer. Thewater usedmeets the concrete water standard.

The MSWI ash micro-powder utilized in this experi-
ment was processed from the MSWI ash of a solid waste
treatment plant in Hohhot, Inner Mongolia. The processing

flow includes transportation, primary screening, drying,
grinding, and fine screening. Untreated MSWI ash is trans-
ported from the waste disposal site to the laboratory for
convenient grinding. Upon arrival, it undergoes screening
to eliminate impurities such as metals and ceramics. The
morphology of sieved MSWI ash particles resembles that of
natural sand (Figure 1). To comprehensively analyze the
morphology, microscopic particles were observed using a
scanning electron microscope (SEM) (Figure 2). The SEM
microstructure reveals an uneven and irregular surface
with numerous fine pores. After coarse screening, the
MSWI ash undergoes drying at 105°C for 8 h and grinding
in a planetary ball mill for 45min at a speed of 120 rpm.
Sodium silicate solid is used as a grinding aid to improve
efficiency and prevent powder agglomeration. The resulting
MSWI ash micro-powder undergoes a second screening
using a vibrating screen machine with a 75 μm sand sieve.
The collected micro-powder is then bagged, and the residue
from the sieve is recovered for secondary grinding. The resulting
MSWI ash micro-powder after grinding and screening appears
as brownish-yellow powder particles (Figure 3).

Figure 1: MSWI ash.

Figure 2: Microscopic view of MSWI ash.

Figure 3: MSWI ash micro-powder.
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The laser particle size test indicates a refractive index
of the MSWI ash micro-powder sample as 1.61-0.1i, with a
medium refractive index of 1.33. The cumulative rate of
particle size for 30 μm is 60%, for 50 μm is 80.1%, and
the average particle size falls within the range of 30–40
μm. The distribution map of particle size accumulation is
shown in Figure 4. A leaching test was conducted on the
MSWI ash micro-powder to assess the presence of toxic
substances. The results indicate that the concentration of
each heavy metal substance complies with the “Hazardous
Waste Identification Standard” (GB5085.3-2019) [28]. The
chemical composition comparison of MSWI ash micro-
powder and cement is presented in Table 1.

2.2 Macroscopic test of concrete

This section aims to investigate the macroscopic properties
of MSWI ash micro-powder concrete, focusing on parameters
such as compressive strength, splitting tensile strength, elastic
modulus, and other mechanical properties. The objective is to
assess the suitability of MSWI ashmicro-powder as a concrete
admixture.

2.2.1 Cementitious sand specimen test

The MSWI ash micro-powder is mixed with cement in pro-
portions of 10, 20, and 30%, based on the “Cement Mortar
Strength Test Method (ISO Method)” standard (GB/T 17671-
2021) [29]. The concrete mix ratio is presented in Table 2,
and the cement mortar specimens are molded using a
40mm × 40mm × 40mm mold.

The broken state of theMSWI ash micro-powder mortar
specimens is similar to that of the ordinary cement mortar
specimen, but the internal failure structure is significantly
different. The compressive strength of the MSWI ash micro-
powder mortar specimens is presented in Figure 5. As the
blending rate of MSWI ash micro-powder increases, the
compressive strength of the mortar specimens gradually
decreases. The compressive strength of the 10% MSWI ash
micro-powder specimen is almost the same as that of the
ordinary cement mortar specimen, with only a 3.16%
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Figure 4: Accumulation and distribution of particle size.

Table 1: Examples of chemical composition of MSWI ash and cement
clinker (%)

Item SiO2 Al2O3 CaO Fe2O3 MgO K2O SO3

MSWI ash micro-
powder

35.72 18.81 28.19 6.23 3.83 0.48 2.15

Cement 21.20 5.21 64.19 2.78 1.51 0.48 2.01

Table 2: Different dosing of MSWI ash admixture cementitious sand
specimen fitting ratio

Material

Dosage (%) Binding material (g) Standard
sand (g)

Water (g)

Cement MSWI ash
micro-
powder

0 450 0 1350 ± 5 225 ± 1
10 405 45 1350 ± 5 225 ± 1
20 360 90 1350 ± 5 225 ± 1
30 315 135 1350 ± 5 225 ± 1
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Figure 5: Compressive strength of mortar specimen.
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decrease. However, the compressive strength of the 20 and
30% specimens significantly decreases with increasing
dosage. The 30% specimens show a significant decrease in
compressive strength, with a reduction of 28.34%. The failure
morphology of the mortar specimens confirms that the
incorporation of a small amount of MSWI ashmicro-powder
has no effect on the strength, while an increase in the con-
tent of MSWI ash micro-powder reduces the internal hydra-
tion reaction rate of the specimens, resulting in a decrease
in compressive strength.

2.2.2 Mix proportion design and preparation of MSWI
ash micro-powder concrete

The test mix ratio is derived and calculated using the
volume method described in the “Ordinary Concrete Mix
Ratio Design Specification” (JGJ 55-2011) [30]. Utilizing the
adaptive method, mix ratios of MSWI ash micro-powder
concrete that meet the working performance requirements,
with a slump of 15–20 cm and no aggregate separation, are
obtained. To investigate the influence of MSWI ash micro-
powder on concrete of different strength grades, three
water–binder ratios (0.2, 0.4, 0.6) were selected. Four dif-
ferent admixture dosages (0, 10, 20, and 30%) are set for
each water–binder ratio, resulting in a total of 12 mix ratios.
The basic mechanical properties of MSWI ash micro-powder
concrete under different water–binder ratios and dosages
are studied using these 12mix ratios, as presented in Table 3.

The specimens used in the test were prepared according
to the requirements of the “Standard for Test Methods for
Mechanical Properties of Concrete” (GB/T 50081-2019) [31].
Compressive strength and splitting tensile strength were mea-
sured using cube specimens with dimensions of 100mm ×

100mm × 100mm, while the elastic modulus was measured
using cuboid specimens with dimensions of 100 mm ×

100 mm × 300 mm. The curing ages of the specimens
were set at 7, 28, and 90 days. The choice of the 90-day
age was based on previous test results of solid waste con-
crete with similar components, considering the longer time
required for the hydraulicity of the MSWI ashmicro-powder
to have an effect [32,33].

2.2.3 Mechanical performance test of MSWI ash micro-
powder concrete

Following the “Standard for Testing Methods for Mechanical
Properties of Ordinary Concrete” (GB/T 50081-2019) [31], a
200-ton universal testing machine was utilized to test the
compressive strength of 7-, 28-, and 90-day concrete cubes,
with the test blocks were adjusted to dimensions of 100mm ×

100mm × 100mm. Continuous uniform loading was applied
in the test, with a loading rate ranging from 0.3 to 1.0MPa·s−1.
The loading rate varied based on the cube compressive
strength, with specific rates detailed in themethodology. Addi-
tionally, the splitting tensile strength (100mm × 100mm ×

100mm cubes) and elastic modulus of the 28-day and 90-day
specimens were tested, and the results are presented in
Table 4.

As depicted in Figure 6, the compressive strength of
ordinary concrete and MSWI ash micro-powder concrete
is generally similar. However, as the water–binder ratio
increases, the compressive strength of concrete gradually
decreases. With an increase in curing age, the compressive
strength of concrete with the same mix ratio tends to
increase. Nonetheless, the increase in compressive strength
is higher in MSWI ash micro-powder concrete compared to

Table 3: Concrete mix proportion of MSWI ash micro-powder

W/B Dosage (%) Water (kg) Water reducer (kg) Cement (kg) Ash micro-powder (kg) Sand (kg) Stone (kg)

0.60 0 180 1.2 300.0 0.0 742 1,064
10 180 1.2 270.0 30.0 742 1,064
20 180 2.4 240.0 60.0 742 1,064
30 180 2.4 210.0 90.0 742 1,064

0.40 0 170 2.5 425.0 0.0 777 985
10 170 2.5 382.5 42.5 777 985
20 170 2.9 340.0 85.0 777 985
30 170 5.1 297.5 127.5 777 985

0.20 0 165 10.8 825.0 0.0 700 726
10 165 10.8 742.5 82.5 700 726
20 165 13.0 660.0 165.0 700 726
30 165 13.0 577.5 247.5 700 726

Explanation: The water is the sum of water consumption and water reducer.
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ordinary concrete. When the water–binder ratio remains
the same, the compressive strength of concrete gradually
decreases with a higher proportion of MSWI ash micro-
powder. For instance, the compressive strength of speci-
mens with a 7-day curing age, a water–binder ratio of 0.4,
and a 30% MSWI ash micro-powder blending rate decreases
by 42.33%. Conversely, the compressive strength of speci-
mens with a 90-day curing age, a water–binder ratio of
0.2, and a 10% MSWI ash micro-powder blending rate
decreases by only 3.68%. The addition of a small amount
(10%) of MSWI ash micro-powder has minimal effect on
the compressive strength of concrete specimens, with only

an 8% decrease. Interestingly, the compressive strength of
certain MSWI ash micro-powder concrete specimens is even
higher than that of ordinary concrete (with a water–binder
ratio of 0.4 and MSWI ash micro-powder content of 10%).
This is attributed to the potential hydraulic properties of
MSWI ash micro-powder.

In evaluating the growth rate of compressive strength,
it is evident that MSWI ash micro-powder concrete sur-
passes ordinary concrete, particularly during the crucial
curing periods of 7–28 days and 28–90 days. During the
initial curing phase of 7–28 days, ordinary concrete with a
water–binder ratio of 0.6 exhibits a growth rate of 7.41%.
In contrast, MSWI ash micro-powder concrete outper-
forms, with the 10% blending rate showcasing the highest
growth rate at 24.54%. The growth rates of concrete speci-
mens with water–binder ratios of 0.4 and 0.6 are compar-
able, but MSWI ash micro-powder concrete, especially at
20 and 30% blending rates, achieves growth rates of
approximately 30%. The compressive strength of these
specimens significantly improves from 30–40 to 50–60MPa
between the 7- to 28-day timeframe, indicating a substantial
enhancement.

As the curing period extends from 28 to 90 days, the
growth pattern remains consistent. Ordinary concrete with
a water–binder ratio of 0.6 sees a growth rate of 13.18%,
while MSWI ash micro-powder concrete outpaces it, espe-
cially at 20 and 30% blending rates, exceeding 20%. For
ordinary concrete with a water–binder ratio of 0.4, the
growth rate is 7.47%, yet MSWI ash micro-powder concrete
maintains a higher growth rate. In specimens with a
water–binder ratio of 0.2, both ordinary concrete and
10% MSWI ash micro-powder concrete experience signifi-
cant changes, with the 10% blend exhibiting particularly
notable alterations.

Table 4: Experimental data on mechanical properties of MSWI ash
micro-powder concrete (MPa)

Types of
mechanical
properties

Water–binder
ratio

Blending
rate (%)

Curing age (days)

7 28 90

Compressive
strength
(MPa)

0.6 0 36.58 39.29 44.47
10 28.93 36.03 42.22
20 29.01 33.51 41.26
30 26.85 32.95 39.92

0.4 0 55.94 59.18 63.60
10 57.32 61.58 68.59
20 40.94 56.71 61.91
30 32.26 40.28 45.53

0.2 0 66.96 68.76 75.37
10 61.94 65.12 72.60
20 55.16 60.56 66.17
30 53.88 55.64 58.21

Modulus of
elasticity
(MPa)

0.6 0 / 2.67 2.86
10 / 2.54 2.71
20 / 2.40 2.57
30 / 2.21 2.36

0.4 0 / 3.02 3.10
10 / 2.93 3.05
20 / 2.68 2.84
30 / 2.54 2.66

0.2 0 / 3.36 3.42
10 / 3.10 3.21
20 / 3.03 3.12
30 / 2.89 3.03

Splitting
tensile
strength
(104 N·mm−2)

0.6 0 / 2.02 2.28
10 / 1.70 2.02
20 / 1.58 1.93
30 / 1.54 1.87

0.4 0 / 2.78 2.83
10 / 2.99 3.07
20 / 2.76 2.80
30 / 2.11 2.21

0.2 0 / 4.40 4.62
10 / 3.70 3.78
20 / 3.40 3.57
30 / 3.33 3.40
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Figure 6: The relationship between cube compressive strength and age,
as well as the mixing rate of MSWI ash micro-powder.
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The overarching comparative analysis underscores
that the growth rate of compressive strength in ordinary
concrete lags behind that of concrete mixed with MSWI ash
micro-powder admixture as the curing period progresses.
This discrepancy is attributed to the faster hydration reaction
rate in ordinary concrete, essentially completing within 28
days, resulting in minimal changes in compressive strength.
Conversely, MSWI ash micro-powder concrete demonstrates
a slower hydration reaction, leading to a gradual and sus-
tained increase in compressive strength with the prolonged
curing age.

As shown in Figure 7a, the change pattern of MSWI ash
micro-powder concrete aligns with that of ordinary con-
crete. The splitting tensile strength of concrete gradually
decreases with an increase in the water–binder ratio,
while it increases with the rise in curing age for concrete
with the same mix ratio. Notably, the splitting tensile
strength of ordinary concrete (water–binder ratio 0.6)
undergoes significant changes, whereas that of medium
and high-strength concrete (water–binder ratio 0.4, 0.2)
shows minor variations. In instances where the water–
binder ratio remains constant, the splitting tensile strength
of concrete gradually decreases as the proportion of MSWI
ash micro-powder admixture increases. Among these cases,
the specimen with a curing age of 90 days, a water–binder
ratio of 0.2, and a 30% MSWI ash micro-powder admixture
rate exhibits the highest decrease of 26.41%. Conversely, the
specimen with a curing age of 90 days, a water–binder ratio
of 0.6, and a 10%MSWI ashmicro-powder content shows the
lowest decrease of 12.87%. In fact, the splitting tensile
strength of certain specimens (water–binder ratio 0.4,
MSWI ash micro-powder content 10%) even surpasses
that of ordinary concrete.

Figure 7b represents the nonlinear fitting of compres-
sive strength and splitting tensile strength data. It illus-
trates a nonlinear correlation between the two properties
in MSWI ash micro-powder concrete, with scattered points
on both sides of the regression nonlinear line. The coeffi-
cient of determination (R2) is 0.86, indicating a good overall
fit. The fitting equation is represented by formula (1):

=y x0.023 .1.21 (1)

From the analysis, it is evident that the splitting tensile
strength and compressive strength of concrete specimens
with the same mix ratio exhibit a nonlinear positive corre-
lation. Points with higher compressive strength and split-
ting tensile strength are more scattered on both sides of
the regression line, while points with lower compressive
strength and splitting tensile strength are more concen-
trated, especially in high-strength concrete with a water–
binder ratio of 0.2.

In Figure 8a, the elastic modulus values are relatively
concentrated, ranging between 2 and 3 (104N·mm−2). The
elastic modulus values of MSWI ash micro-powder concrete
and ordinary concrete are very similar, and their variation
patterns are consistent. The elastic modulus of concrete spe-
cimens gradually decreases with an increase in water–
binder ratio. Similarly, the elastic modulus increases with
the rise in curing age, although the overall growth rate is
small. Within the same water–binder ratio, the elastic mod-
ulus decreases as the proportion of MSWI ashmicro-powder
increases. The specimen with a curing age of 90 days, a
water–binder ratio of 0.6, and a 30% MSWI ash micro-
powder mixing rate experiences the largest decrease in
elastic modulus, with a decrease of 17.48%. Conversely, the
specimen with a curing age of 90 days, a water–binder ratio
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Figure 7: (a) Splitting tensile strength of specimen and (b) linear fitting of compressive strength and splitting tensile strength.

6  Li Hanghang et al.



of 0.4, and a 10% MSWI ash micro-powder mixing rate
exhibits the smallest decrease in elastic modulus, with a
decrease of only 1.61%. Overall, the analysis indicates that
a 30% MSWI ash micro-powder mixing rate leads to the
greatest decrease in elastic modulus, approximately 15%,
while a 10% micro-powder mixing rate results in the least
decrease, around 5%. This suggests that the incorporation of
MSWI ash micro-powder has minimal impact on the elastic
modulus of concrete.

The compressive strength and elastic modulus data are
fitted using the empirical formula provided in the “Code
for Design of Concrete Structures” (GB50010-2010) [34], as
described by formula [35].

Upon performing fitting and analyzing the correlation,
Figure 8b is obtained. From the diagram, it is evident that
the compressive strength of MSWI ash micro-powder con-
crete is positively correlated with the elastic modulus,
aligning with the empirical formula of concrete structure
design specifications. The scatter points are evenly distrib-
uted on both sides of the regression line, with an R² value
of 0.85, indicating a good overall fit. Additionally, the ana-
lysis demonstrates that the elastic modulus and compres-
sive strength of MSWI ash micro-powder concrete and
ordinary concrete are consistent. The equation for the
fitted curve is shown in formula (2):

= +E f0.32 0.55. (2)

2.3 Micromechanical analysis of concrete

In this section, the microhardness tester is employed to assess
the micro-mechanical properties of MSWI ash micro-powder
concrete, aiming to analyze the strength of the hardened

cement paste and the ITZ and investigate the influence of
MSWI ash micro-powder on the mechanical properties of
concrete at a microstructural level. The specimens used in
this experiment consist of 28- and 90-day cured samples of
MSWI ash micro-powder concrete with different blending
ratios.

The specific steps for specimen preparation and testing
are as follows: first, a 100mm × 100mm × 100mm cube
specimen is cut into approximately 10mm thick slices using
a cutting machine. The surfaces of the concrete are then
polished using a polishing machine. The test piece is placed
smoothly on the polishing machine, and a solution prepared
with a 1:1 ratio of silicon carbide and water is poured onto
the polishing plate in increasing mesh sizes (320, 600, 800,
1,200, and 2,000). Each solution is applied for about 15min
until the surface of the test piece becomes smooth and flat.
The same process is repeated for the other side of the spe-
cimen. After polishing, the specimen is cleaned, marked, and
air-dried. It is then placed in an oven and dried at 60°C for
30min to ensure complete dryness. The treated slice is cut
into specimens with side lengths of about 30mm and thick-
nesses of about 10mm using an angle grinder or cutting
machine. These prepared specimens are placed flat on the
specimen tray of the microhardness tester for measure-
ment, and the microhardness value is observed and calcu-
lated using the Vickers microhardness method.

Due to the inhomogeneity of concrete materials, var-
ious arrangement methods are employed in the experi-
ment. First, the cement stone area and aggregate area
are identified and observed under a microscope. The ITZ
between the aggregate and hardened cement paste is
located approximately 40 μm from the aggregate area.
Once the ITZ is identified, points are evenly marked in
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Figure 8: (a) Modulus of elasticity of specimen and (b) fitting relationship between compressive strength and elastic modulus.
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the surrounding area at intervals of 10–20 μm. Care is
taken during marking to target the hardened cement paste
and ITZ as much as possible, while avoiding areas that may

affect the average microhardness, such as the aggregate.
The specimen and point arrangement post-grinding are
illustrated in Figure 9. Subsequently, confocal microscopy

Figure 9: (a) The specimen after grinding and (b) arrangement method for microhardness testing.

Figure 10: ITZ microhardness value normal distribution diagram.
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is used to capture images and observe the marked points.
Due to the unevenness of the concrete surface, some data
points may exhibit discrete variation. Data analysis elim-
inates potential problematic points.

The test was conducted using Vickers microhardness cal-
culation. The principle of Vickers microhardness involves
pressing a 136° diamond quadrangular pyramid indenter
into the surface of the sample under a test force of
100–200 g. After a specific duration, the test force is with-
drawn, and the diagonal length of the indentation is mea-
sured. Subsequently, the microhardness test value is obtained
by referencing the corresponding table correlating the diag-
onal length with the microhardness value.

In this experiment, a total of 24 specimens are arranged,
including different curing ages (28 and 90 days), water–
binder ratios (0.6, 0.4, 0.2), and blending ratios of MSWI
ash micro-powder (0, 10, 20, and 30%). To clearly distinguish
the microhardness differences between the ITZ and the har-
dened cement paste area, 100 points are designated for
observation and photography using a microscope for each
specimen.

The micro-morphology of the ITZ and hardened cement
paste exhibits similarities, but the indentation in the ITZ
appears deeper. Indentation marks are not clearly visible
on the aggregate due to the insufficient pressure of the
indenter to leave distinct marks on hard materials like
sand and gravel.

During the microhardness testing, each specimen
undergoes indentation in both the hardened cement paste
and ITZ, following lattice requirements. The microhardness
values of the hardened cement paste and ITZ are distin-
guished through microscopic analysis, leading to separate
data processing and analysis. This approach facilitates the
determination of microhardness values for the hardened
cement paste and ITZ in concrete specimens with different
water–binder ratios and blending ratios of MSWI ash micro-
powder. Figures 10 and 11 present the normal distribution
diagrams of microhardness between the hardened cement
paste region and ITZ under different proportions. These
figures reveal that the peak in the low water–binder ratio
is relatively gentle, and the hardness value is large. Simul-
taneously, the peak overlap area of different amounts of

Figure 11: Hardened cement paste microhardness value normal distribution diagram.
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MSWI ash micro-powder at low water–binder ratio is exten-
sive. The comparison shows that the microhardness value at
90 days is higher than that at 28 days, and the microhard-
ness value of the hardened cement paste is greater than that
of the ITZ.

Analysis and calculation of the normal diagram allow
obtaining the average microhardness values of the har-
dened cement paste and ITZ regions in the concrete speci-
mens with different water–binder ratios and blending
ratios of MSWI ash micro-powder. These average values
are presented in Figure 12.

From the comparison, the following observations can be
made: As the water–binder ratio increases, the microhard-
ness value of the hardened cement paste area decreases. For
specimens with the same water–binder ratio, the microhard-
ness value gradually decreases with an increase in MSWI ash
micro-powder content. The microhardness values improve
with an increase in curing age. The trend of microhardness
values in the hardened cement paste area ofMSWI ashmicro-
powder concrete follows a similar pattern as the mechanical
property tests. The microhardness value of the ITZ is gener-
ally lower than that of the hardened cement paste. In the ITZ
area, themicrohardness values of both ordinary concrete and
MSWI ashmicro-powder concrete increase with a decrease in
water–binder ratio. The microhardness of the ITZ for each
water–binder ratio gradually decreases with an increase in
MSWI ash micro-powder blending rate. A small amount (10%)
of MSWI ash micro-powder in concrete has little effect on the
microhardness of the ITZ, indicating good bonding between the
aggregate and hardened cement paste. This effect is particularly
evident in ordinary and medium-high strength concrete
(water–binder ratio of 0.6 and 0.4). The microhardness value
and compressive strength are linearly fitted, indicating a corre-
lation between them. The fitting results are shown in Figure 13.

These results demonstrate a good correlation between
microhardness values and compressive strength, providing
additional evidence that the microhardness method used in
this test is feasible. This information serves as a valuable

reference for future civil researchers to evaluate the perfor-
mance of concrete.

3 LCA

3.1 Goal, functional unit, and system
boundaries

In the LCA study, the goal is to compare the environmental
impact of ordinary concrete and MSWI ash micro-powder con-
crete. The assessment aims to determine whether MSWI ash
micro-powder concrete has a lower environmental impact
than ordinary concrete. Specific data regarding the influence
of various aspects in the production process of both types of
concrete are obtained. The study focuses on preparing 1 L of
each concrete type in the laboratory: ordinary concrete with a
water–binder ratio of 0.4 and MSWI ash micro-powder con-
crete with a water–binder ratio of 0.4 and 20% micro-powder
content (refer to Table 3 for specific material amounts).

The systemboundaries for concrete preparation include the
production of various concretemixingmaterials, transportation,
and mixing in the laboratory. Additionally, the environmental
impact of MSWI ash should be taken into account, considering
that it is processed from municipal solid waste incineration.

3.2 Life cycle inventory analysis and data
collection

The production list and data of raw materials in two types
of concrete (except MSWI ash micro-powder) are

Table 5: List of MSWI ash micro-powder

Mode Energy source

Transport Size
reduction

Screening

Oil
consumption
(L)

Distance
(km)

Power consumption (MJ)

Petroleum 0.00027 15 / /
Electrical / / 0.378 0.333

Table 6: Raw material transportation list

Concrete type Material Fuel consumption (L)

Ordinary concrete Cement 2.3875
Sand 3.36
Coarse aggregate 1.71

MSWI ash micro-
powder concrete

Cement 1.91
Sand 3.36
Coarse aggregate 1.71
MSWI ash micro-
powder

0.38

Table 7: Concrete mixing list

Concrete type Power consumption Unit

Ordinary concrete 6.11 Degree
MSWI ash micro-powder concrete 6.11 Degree

MSWI ash micro-powder as concrete admixture  11



determined according to the existing research and data-
base. The production of MSWI ash micro-powder is shown
in Table 5 Raw material transportation is shown in Table 6
and concrete mixing is shown in Table 7. SimaPro version
9.4.0 and Ecoinvent V3.8 were used in this study.

3.3 Life cycle impact assessment selection

In the life cycle impact assessment, the following impact
assessment options have been selected to assess the envir-
onmental impacts of the analyzed products or processes:
1) Non-biodepletio (fossil fuels),
2) Global warming,
3) Ozone layer depletion,
4) Human toxicity,
5) Freshwater aquatic ecological toxins,
6) Marine aquatic ecotoxicity,
7) Terrestrial ecotoxicity,
8) Photochemical oxidation,
9) Acidification, and
10) Eutrophication.

3.4 Sensitivity analysis

Sensitivity analysis is also conducted to assess the impact of
variables such asmaterial transportation, concretemixing, and
laboratory environment on the data. This helps to understand
the potential uncertainties and variations in the results.

3.5 LCA environmental analysis results

The LCA environmental analysis results you have presented
in Table 8 indicate a positive environmental impact for

MSWI ash micro-powder concrete compared to ordinary
concrete. Here are some key points based on the informa-
tion provided:
• Environmental performance improvement: MSWI ash
micro-powder concrete shows lower values in each
impact category compared to ordinary concrete. This
suggests that, across various environmental indicators,
the environmental impact of MSWI ash micro-powder
concrete is generally lower.

• Specific impact reductions: The results highlight specific
reductions in environmental impact categories such as
freshwater aquatic ecological toxins and global warming.
For example, the freshwater aquatic ecological toxin
impact of MSWI ash micro-powder concrete is only 26%
of that of ordinary concrete, and the global warming
impact is 72% compared to ordinary concrete.

• Positive impact of MSWI ash addition: The conclusion
drawn is that the addition of MSWI ash powder contri-
butes to reducing the environmental impact of concrete,
particularly in terms of non-biological energy loss and
CO2 emissions.

• Quantitative comparison: The quantitative values pro-
vided (e.g., percentages) offer a clear comparison between
MSWI ash micro-powder concrete and ordinary concrete,
making it easy to understand the degree of improvement.

• Holistic view: The use of multiple impact categories pro-
vides a more holistic view of the environmental perfor-
mance, considering various aspects beyond just CO2

emissions.

In summary, the LCA results suggest that incorporating
MSWI ash micro-powder into concrete has positive environ-
mental implications, supporting the goal of creating more
environmentally friendly construction materials. This infor-
mation can be valuable for decision-makers in the construc-
tion industry, policymakers, and other stakeholders con-
cerned with sustainable practices.

Table 8: Different concrete environmental impact category values

Impact category Unit MSWI ash micro-powder concrete Ordinary concrete Specific value

Non-biodepletion (fossil fuels) MJ 1566.29 1868.21 0.84
Global warming kg CO2 eq 325.07 449.06 0.72
Ozone layer depletion kg CFC-11 eq 0.000011 0.000013 0.84
Human toxicity kg 1,4-DB eq 55.75 81.04 0.69
Freshwater aquatic ecological toxins kg 1,4-DB eq 60.75 232.28 0.27
Marine aquatic ecotoxicity kg 1,4-DB eq 105072.01 200774.30 0.53
Terrestrial ecotoxicity kg 1,4-DB eq 0.43 0.64 0.67
Photochemical oxidation kg C2H4 eq 0.029 0.046 0.64
Acidify kg SO2 eq 0.73 0.88 0.83
Eutrophication kg PO4

− eq 0.25 0.508 0.49
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4 Conclusion

The conclusions drawn from the comprehensive study on
the incorporation of MSWI ash micro-powder into concrete
are insightful and provide a valuable overview of the mate-
rial’s mechanical and environmental characteristics. Here’s
a summary of the key points:
• Mechanical properties: The macroscopic mechanical prop-
erties of MSWI ash micro-powder concrete follow a similar
trend to ordinary concrete. The increase in the water–
binder ratio leads to a decrease in compressive strength,
splitting tensile strength, and elastic modulus, a common
behavior in concrete materials. Higher proportions of
MSWI ash micro-powder result in a slower hydration
reaction, leading to reduced mechanical properties, espe-
cially compressive strength. Specimens with a water–
binder ratio of 0.4 and 10% MSWI ash micro-powder con-
tent exceed themechanical properties of ordinary concrete,
with a notable compressive strength value of 61.58MPa at
28 days.

• Microhardness: The microhardness value of cement paste
in MSWI ash micro-powder concrete is lower than that of
ordinary concrete. An increased proportion of MSWI ash
micro-powder corresponds to a decrease in microhard-
ness in the ITZ. This is consistent with the performance
of mechanical properties.

• LCA: LCA results demonstrate the positive environmental
impact of incorporating MSWI ashmicro-powder into con-
crete production. Significant reductions in non-biological
energy loss and CO2 emissions are observed. Specific
reductions in environmental impact categories, such as
freshwater aquatic ecological toxins and global warming,
highlight the environmental benefits of MSWI ash micro-
powder concrete.

• Sustainability implications: The findings suggest that
MSWI ash micro-powder has the potential to be a green
recycled building material, contributing to the reuse of
solid waste resources. Despite a slight impact on mechan-
ical properties, the positive environmental aspects make
MSWI ash micro-powder a promising option for sustain-
able construction.

In summary, the study underscores the potential of
MSWI ash micro-powder as a viable and environmentally
friendly admixture in concrete production. The dual focus
onmechanical performance and environmental impact pro-
vides a well-rounded understanding of its feasibility and
benefits in the context of sustainable construction practices.
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