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The rapid development of industrialization, urbanization, and population of the society augments the rising amount of municipal
solid waste (MSW). With the advantage of considerably reducing mass and volume of solid wastes and generating energy, the
incineration is a widely used treatment method for MSW. During the incineration process, the organic substances contained in the
wastes are combusted, and the massive residues are remained. Of the incineration residues, bottom ash takes up to 80-90%, and
the remainders are fly ash along with air pollution control residues. Dealing with the municipal solid waste incineration (MSWI)
bottom ash in a sustainable manner is the primary principle. Significantly, MSWI bottom ash has been successfully utilized in
diverse beneficial applications in recent decades, especially in civil engineering applications. This paper investigates the me-
chanical properties and validity of MSWI bottom ash as applicable substitutes of conventional subgrade materials. For this reason,
a series of direct shear and CBR tests are performed on specimens with different water contents and dry densities.

1. Introduction

The rapid development of industrialization, urbanization,
and population of the society augments the increasing
amount of municipal solid waste (MSW). The disposal of
MSW has been a critical concern worldwide; meanwhile,
sustainable waste management is the core principle.
Landfill, compositing, recycling, and incineration are the
common treatment methods for MSW [1, 2]. Due to the
limit of the land resources and the potential ecological
damage to the environment, incineration and recycling are
preferred to landfill as the treatment method of MSW. The
incineration process can reduce 70% of the mass and 90%
of the volume in MSW [3], making it an appropriate
treatment to dispose the large volume of waste and generate
energy at the same time. The generated energy from the
incineration can be used for heating and electricity system

in the form of heat or steam [4]. However, the incineration
treatment also brings in a large amount of incineration
residues [5, 6]. Of the incineration residues, bottom ash
takes up to 80-90%, and the remainder is fly ash along with
air pollution control residues. Even if the advanced in-
cineration technology is adopted, large amounts of MSWI
bottom ash will also be produced, which become a critical
issue due to its increasing quantity, meanwhile containing
heavy metals and other hazardous pollutants. The main
elements of MSWI bottom ash are Si, Al, Fe, K, Na, Ca, Mg,
and Cl, whereas the oxides of these are contained [7]. For
this purpose, various treatment processes are required
before the recycle and reuse of bottom ash, including
processes of ferrous metals removing, separation methods,
thermal methods, compaction aging during storage, so-
lidification/stabilization, verification, chemical extraction,
and leaching process [8, 9].
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In the past few decades, MSWI bottom ash has been
successfully applied in various beneficial applications, es-
pecially in civil engineering applications. Given the great
demand of construction materials, MSWI bottom ash has
been widely used in road base layer, subbase layer, road
subgrade, and parking lot. MSWI bottom ash, as the reuse of
building materials, is conducive to reducing the production
cost of raw materials, saving natural resources and solving
disposal problems.

A number of researches have been carried out to further
verify the beneficial reuse of MSWI bottom ash in road
construction [10-14]. To some extent, MSWI bottom ash is
comparable to traditional mineral aggregate, insensitive to
water (from the perspective of geotechnical engineering),
noncohesive, and permeable [15].

At the same time, studies have been conducted, and the
results further validate the beneficial reuse of MSWI bottom
ash in road constructions. MSWI bottom ash is to some
extent comparable to the conventional mineral aggregates
[15]. It can be utilized with the hydraulic binder as an ag-
gregate alternative for primary sands and gravels in concrete
because its particle size distribution, fine content, and
compaction characteristics are comparable to the traditional
aggregates [16-18]. MSWI bottom ash can also be mixed
with conventional granular materials or soil at different
ratios as road base/subbase or subgrade layer. The geo-
technical characteristics of these mixtures such as shear
strength, resilient modulus, and California bearing capacity
(CBR) are comparable to those of the widely used base/
subbase or subgrade materials [11, 19-26].

MSWTI bottom ash is susceptible to freezing, so it is not
suitable to be used as asphalt wearing course. Moreover, the
MSWI bottom ash is applied in low-volume asphalt pave-
ment in proportions and exhibits higher stiffness, greater
resistance to fatigue, and rutting, whereas lower suscepti-
bility to water compared with conventional AC 16 [13, 27].

The objective of this paper is (1) to investigate the
mechanical properties of MSWI bottom ash with different
densities and water content combinations and (2) to verify
whether the best mechanical properties exhibit at optimum
water content and maximum dry density.

2. Materials and Methods

2.1. Materials. In this paper, the MSWI bottom ash is ob-
tained from Qizishan Waste Incineration Plant in Wuzhong
district, Suzhou, China. The MSWI bottom ash is commonly
crushed into smaller particle sizes and desired gradation for
recycling applications as shown in Figure 1. Approximately
6000 tons/day MSWTI is generated in Suzhou, and among
them, around 2500 tons is deposited and treated at this plant.
The beneficial applications of MSWI residues are valuable
for the sustainable development of the plant.

The particle size distribution is shown in Figure 2. It can
be noted that the particle size varies in range from 0.1 to
10 mm, which is comparable to the natural aggregate size
and distribution.

The C, (coeflicient of uniformity) and the C, (coeflicient
of curvature) are two crude parameters to classify if the soil is
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FIGURE 1: MSWI after being crushed.
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FiGure 2: Gradation curve of the MSWI bottom ash.

well graded or not, which are calculated as following
equations:

d
C,=-%, (1)
dyo
d2
C.= 70 (2)
dgy X dyg

The shape parameters of MSWI bottom ash are pre-
sented in Table 1, indicating they are well graded and valid as
alternatives of the subgrade materials.

2.2. Specimen Preparations. The MSWI bottom ash applied
in this paper was dried at 105°C for 24 hours to achieve the
required dry condition and then cooled to room tempera-
ture. The specimens were manufactured according to JTG
E40-2007 using the hand compactor JDS-3 (Nanjing Soil
Instrument, China) with the 4.5kg hammer for the heavy
duty use due to the road material application. Each specimen
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TaBLE 1: Shape parameters of MSWL

Item MSWI Well-graded range
C, 0.05 >5
C, 44 €, 3)

was prepared by 900 g MSWI bottom ash and compacted
with three layers. During the compaction procedure, it
should be ensured that each layer was compacted for 98
times as well as the height of each layer after compaction was
almost the same, and the hammer height was kept at 30 cm
for each compact work. It is well known that the optimum
water content can be predicted based on the plastic limit.
Because the plastic limit of MSWI is measured as 26.7%, the
optimum water content is estimated to be around 16%.
Accordingly, the six samples were manufactured with water
contents of 10%, 12%, 14%, 16%, 18%, and 20%, respectively.
In accordance with the compaction curve as presented in
Figure 3, the maximum py=1.76 g/cm’ and w=16% is the
optimum water content. For the following direct shear tests,
a wide variety of specimens with dry density of 1.23, 1.35,
1.61, 1.68, and 1.76 g/cm® and water content of 0%, 10%,
14%, 16%, and 17.5% combinations were manufactured. The
specimens for each combination had 2 replicates.

2.3. Direct Shear Test and CBR Test. The core cutter method is
employed in this paper to control the dry density of the
samples. Series of direct shear tests are conducted on the
samples at different water contents of 0%, 10%, and 16% with
the same py of 1.23 g/cm’, following tests at different p,; of
1.23, 1.35, and 1.61 g/cm3 with the same water content of
10%. All the aforementioned series of tests are performed at
different vertical stresses of 50, 100, 200, 300, and 400 kPa.
The purpose of these tests is to evaluate the effects of water
content, dry density, and vertical stress on the shear strength
of MSWIL.

CBR (California bearing ratio) is a method of classifying
and evaluating materials for flexible pavements [7], which is
used to evaluate the penetration resistance of the material to
the standard plunger under controlled moisture and density.
In this paper, the CBR tests are conducted for specimens
with 5 water contents of 10%, 14%, 16%, 18%, and 20%.

2.4. Finite Element Modeling of Pavements with MSWI Bottom
Ash. The finite element model of common pavement
structure is established, and the response and performance
of pavement structure with and without MSWI bottom ash
are evaluated. The commercial finite element software
ABAQUS is used for simulation. As shown in Figure 4, the
pavement consists of 15 cm hot mix asphalt (HMA), 25 cm
unbonded granular base, and 1.5 m subgrade. It is difficult
and time consuming to determine the modulus of resilience
with triaxial shear test equipment. For this purpose, the
modulus of elasticity is estimated according to the CBR
value. The conversion between the modulus of elasticity and
the CBR value of MSWI bottom ash is described in ac-
cordance with the Asphalt Institute’s soil manual for the
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Ficure 3: Compaction curves for MSWI.
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FIGURE 4: Pavement structure in the finite element model.

design of asphalt pavement structures [28]. The conversion
formula is as follows:

Mr (Mpa) = 10.342 CBR. (3)

Aiming to simulate the pavement dynamic response in a
more realistic manner, the 3-dimensional pavement struc-
ture model subjected to the moving tire load is employed in
this paper, as shown in Figure 5. At the initial step, the tire
print load is applied on #1 to #6 elements, then the load is
removed on element #1 and imposed on the element #7, step
by step until the imprint passes through the loading area as
one load cycle (Figure 6). It is noted that the typical sim-
plification for repeated moving tire load is to use cyclic plate
loads [29], in which the cyclic load time is equivalent to the
load duration (time of passing the imprint at certain speed
multiplied by the load cycles). However, according to the
previous study, compared with moving load with equivalent
load magnitude and number of cycles, much lower per-
manent deformations are observed in the cyclic plate loads
due to the shear stress reversal [30, 31]. It is resulting from
the direction principal stresses rotate and shear stress re-
versals (tension to compression or vice versa). Conse-
quently, although more time consuming, the moving load
simulation is closer to the wheel load mechanism, than the
cyclic plate load method.



FIGURE 5: 3-Dimensional pavement model subjected to moving
load.

FIGURE 6: Loading step of moving load.

3. Results and Discussions

3.1. Direct Shear Test Results. The shear test results are
presented as below in Figure 7 for specimens at different
water contents of 0%, 10%, and 16% and various vertical
pressures of 50, 100, 200, 300, and 400 kPa, while with the
same dry density of 1.23 g/cm”. It can be noted that the shear
stress tends to increase with the rising of the shear dis-
placement, and the profound differences of shear stress
among different water contents exhibit at the low vertical
stress. Meanwhile, with the increase of vertical pressure, the
differences among the different water contents decrease and
no significant differences are observed. The test results are
summarized in Table 2, implying with the same water
content, the shear stress goes up with the vertical stress
increasing. As can be seen, no peak point is observed in
Figure 7, which probably results from the low density of
1.23g/cm’. Different direct shear tests were studied to
evaluate the shear strength, as well as the cohesion and
friction angle [19, 32-34]. The results show that the strength
and friction angle of dry bottom ash and saturated bottom
ash are 34.8°~51.1° and 26.0°~37.2°, respectively. The de-
formation decreases with the increase of shear stress, and the
strength and stiffness decrease with the increase of wet stress.
The results of this paper are similar to those mentioned
above.

Advances in Civil Engineering

Different shear tests are carried out on specimens of
different dry densities with the same water content of 10%.
In Figure 8, the maximum shear stress is observed for
specimens with p,=1.61 g/cm’, while shear stress contin-
uously increases with shear displacement, and no peak point
is occurred for specimens with low density of 1.23 g/cm” and
1.35g/cm’. Meng used direct shear test to study the variation
of shear stress with shear displacement. Under different
normal stresses, the strength of the saturated specimen is
lower than that of the dry specimen, indicating that the
higher the water content is, the lower the shear strength is. In
addition, the stiffness of saturated specimen is also smaller
than that of the dry specimen, which indicates that the
increase of water content may lead to the decrease of stiffness
and strength. The curve in Meng’s study is similar to that in
this paper. In the early stage, the initial shear stress increases
with the increase of shear displacement. When the stress is
close to the failure state, the peak strength is not obvious.
Except for the specimens with p;=1.61 g/cm’, all specimens
show fairly tough behavior. The above behavior was also
observed in other density samples [35].

Because no peak values are observed in Figures 7 and 8, the
supplementary experiments are also performed for specimens
with different water content and dry density. The peak shear
stresses occur at all the curves in Figure 9. It is observed that
shear stress increases proportionally with shear displacement
at the early stage, following a slower approach to a peak value,
and then decreases to a stable value. It is noted that the higher
shear stresses exhibit at greater vertical pressures which is due
to the larger interlock and friction among the particles with the
greater vertical pressures. The specimens with w=16%,
pa=1.76 g/cm’ present the greatest shear stress and dilatancy
compared with the specimens with different water contents
and dry densities. According to previous studies [26, 36-38],
and compared with previous studies, the maximum dry
density (pg=176g/cm’) and optimum water content
(w=16%) in this paper are reasonable.

Based on the test results presented in Table 3, the re-
lationship between shear strength and vertical stress is
obtained, and then the Mohr—Coulomb equation is derived.
Accordingly, the internal friction angle ¢ and cohesion C are
calculated as shown in Table 4. In previous studies, the
friction angle is from 25° to 50°. The cohesion measured by
the triaxial test of consolidated drainage is between 13.8 and
34.5kPa [39-42]. The frictional angle of bottom ash varies
greatly. Influenced by complex factors, the frictional angle
and cohesion of this paper are relatively low, mainly because
the water content used in previous studies is 20% and nearly
5% higher than that used in this paper.

Song studied the influence of water contents on the
strength properties of MSWI bottom ash. The results show
that the best water content is about 15.5% with the largest
dry density of about 1.52 g-cm >, which are for well-graded
gravel soils and close to the results of this paper. The me-
chanical mechanism is that the cohesion increases with the
increase of water content in the range of optimum water
content. When the optimum water content reaches, the
cohesion and internal friction angle decreases, and the shear
strength increases. The water content shows significant



Advances in Civil Engineering

Shear stress 7 (kPa)

Shear stress 7 (kPa)

5
15 25
12 1 20 -
<
[=W
=
9 A w 154
g
6 2 101
3
3
34 5
0 T T T T 0 T T T T
0 2 4 6 8 10 0 2 4 6 8 10
Shear displacement s (mm) Shear displacement s (mm)
e w=0% —a— w=0%
—— w=10% —— w=10%
—— w=16% —— w=16%
(a) (b)
60 90
50 A 75
g
40 & 60 1
[N
30 1 2 45 -
B
20 - § 30
<
w
10 A 15 A
0 T T T T 0 T T T T
0 2 4 6 8 10 0 2 4 6 8 10
Shear displacement s (mm) Shear displacement s (mm)
—a— w=0% —=— w=0%
—o— w=10% —o— w=10%
—A— w=16% —— w=16%
(c) (d)
100
801
<
A,
X
w60 A
g
%40 -
3
>
20 |
0 T T T T
0 2 4 6 8 10

Shear displacement s (mm)

—=— w=0%

—— w:IO%
—— w=16%

(e)

FIGURE 7: Shear stress versus shear displacement with different water contents. (a) Vertical pressure 50 kPa, (b) vertical pressure 100 kPa,
(c) vertical pressure 200 kPa, (d) vertical pressure 300 kPa, and (e) vertical pressure 400 kPa.

influence on the strength [43]. Based on the test results, the
same as the conventional natural aggregates, the maximum
shear strength and dilatancy of MSWI bottom ash are ob-
served at maximum dry density and optimum water content.

Owing to the characteristic similarities between MSWI
bottom ash and natural aggregates, it is recommended that
the MSWI bottom ash is compacted for applications as road
subgrade or base materials [44].
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TaBLE 2: Shear strength of specimens at density of 1.23 g/cm’.

Vertical stress (kPa)

Water content 0%

Shear strength (kPa)
Water content 10%

Water content 16%

50 13.71 9.49 5.8
100 19.51 15.25 13.02
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300 43.68 36.91 32.17
400 55.90 50.60 43.63
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Figure 8: Continued.
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FIGURE 8: Shear stress versus shear displacement with different dry densities. (a) Vertical pressure 50kPa, (b) vertical pressure 100 kPa,
(c) vertical pressure 200 kPa, (d) vertical pressure 300 kPa, and (e) vertical pressure 400 kPa.
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FIGURE 9: Supplementary shear stress versus shear displacement with different water contents and dry densities. (a) Water content
w=17.5%, p;=1.68 g/cm3, (b) water content w=16%, p;=1.76 g/cm3, (c) water content w =14%, p;=1.68 g/cm3, and (d) water content
w=10%, py=1.61 g/cm’.
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TaBLE 3: Test results summary.

Vertical stress (kPa) Shear stress (kPa) Residual stress (kPa) Peak residuals (kPa) Dilatancy (mm)

50 25.3 14.4 10.9 0.86
100 41.4 27.5 13.9 0.78
w=10% p,=1.61 g/cm3 200 74.4 58.2 16.2 0.54
300 110.7 89.5 21.2 0.24
400 148.7 122.9 25.8 0.09
50 14.2 9.1 5.1 1.49
100 23.8 15.8 8 0.84
w=14%, ps=1.68 g/cm3 200 62.5 31.2 31.3 0.81
300 113.4 71.2 42.2 0.8
400 135.5 89.1 46.4 0.66
50 37.4 14.9 22.5 2.03
100 58.5 21.6 36.9 1.28
w=16%, p;=1.76 g/cm3 200 91.8 359 55.9 1.04
300 129.2 67.5 61.7 0.91
400 181.9 102 79.9 0.83
50 18.19 591 12.28 1.31
100 35.33 11.6 23.73 0.96
w=17.5%, p;=1.68 g/cm3 200 80.53 50.54 29.99 0.5
300 114.96 80.95 34.01 0.46
400 148.2 106.6 41.6 0.44

TaBLE 4: Internal friction angles and cohesions corresponding to different conditions.

Water content (%) Dry density (g/cm3) Internal friction angle ¢ (°) Cohesion (kPa)
0.0 1.23 6.90 7.43
10.0 1.23 6.60 2.80
16.0 1.23 6.00 0.87
10.0 1.35 7.80 7.49
10.0 1.61 19.40 6.16
14.0 1.68 18.80 0.43
17.5 1.68 20.70 0.30
16.0 1.76 21.80 15.7

Pressure (kPa)
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FiGURE 10: Penetration at water content of 16% and CBR at different water contents.

3.2. CBR Test Results. Figure 10 shows the penetration versus ~ conducted an experimental study on the application of
pressure at the water content of 16% and the CBRs at dif- ~ MSWI as a building material in the pavement structure layer.
ferent water contents. It is worth noting that CBR is the  The results of CBR test show that with the change of water
largest when the optimum water content is 16%. Audrius content, the CBR value increases first and then decreases.
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FIGURE 12: Compressive stress along the pavement depth.

Under the optimum water content of 16.6%, the CBR value
is the largest [45]. R. Forteza studied the effects of MSWI
components on engineering properties and CBR tests on
cases of different densities. The experimental results show
that the use of bottom ash seems to be feasible in actual
pavement of road bases [26, 46-48]. In light of the road
subgrade design specification JTG D30-2015, the CBR of
MSWI bottom ash satisfies the requirements of CBR values
as subgrade materials.

3.3. Finite Element Analysis. The strain history at the un-
derside of the HMA layer in the model with/without MSWI
bottom ash is depicted as Figure 11. At the same time,
Figure 12 presents the compressive stress distribution along
the pavement depth. As shown in Figures 11 and 12, al-
though the presence of MSWI bottom ash slightly reduces
the strain at the bottom of the HMA and the compressive
stress along the depth, the stress and strain values are
comparable in both models. The results show that the tensile
strain diminishes at the bottom of HMA and the

compressive strain decreases at the top of subgrade, thus
reducing fatigue and rutting damage.

4. Conclusions

To research the mechanical properties of MSW incineration
bottom ash as subgrade material, and observe its best per-
formance under the optimum water content and maximum
dry density, CBR test and a series of direct shear test were
carried out on the samples with different water content and
dry density. To further verify the feasibility of MSWI as a
subgrade alternative, a three-dimensional finite element
model of pavement is established, and the response of
pavement under moving load in the model is compared. The
following conclusions are drawn:

(1) The MSWI bottom ash after being crushed from
Qizishan Waste Incineration Plant are comparable to
the traditional aggregates in terms of particle size
distribution, fines content, and compaction
characteristics.

(2) The C, and the C, of MSWI bottom are both in the
well-graded range, indicating it has reasonable size
distribution and validity as alternatives of the sub-
grade materials.

(3) The maximum shear strength and dilatancy of MSWI
bottom ash are observed at the optimum water
content w=16% and maximum dry density
pa=1.76 g/cm’, which are the same as conventional
natural aggregates. It is recommended that the
MSWI bottom ash is compacted for applications as
road subgrade or base materials.

(3) 4. It is seen that placing a MSWI bottom ash layer
between unbound base course and subgrade di-
minishes the tensile strain at the bottom of HMA,
and lessens compressive strains on top of subgrade,
indicating it can mitigate the fatigue and rutting
damage. It is concluded that the presence of MSWI
bottom ash layer between unbound base course and
subgrade is beneficial to prolong the service life and
reduce the rutting distress of asphalt pavements.
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