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Abstract: The large-scale implementation of municipal solid waste incineration (MSWI) has put
great pressure on waste management and environmental protection. Road construction engineering
has also been confronted with the challenges of the heavy consumption of non-renewable mineral
resources. Therefore, we evaluated the feasibility of recycling and reusing MSWI residue as an alterna-
tive to limestone filler (LF) in transport infrastructure. We investigated the rheological characteristics
and fatigue performance of asphalt mastics and mixtures containing MSWI residue. Firstly, a particle
size analyzer and environmental scanning electron microscope were adopted to characterize the
particle distribution and surface micromorphology of the investigated fillers, respectively. Then,
tests for determining the steady shear viscosity and multiple-stress creep recovery were conducted
to evaluate the high-temperature rheology of five asphalt mastics. Meanwhile, we used Burgers
models with fitting parameters to describe the classic creep recovery measurements and viscoelastic
responses. The wheel-tracking test revealed the rutting resistance, and the linear amplitude sweep
(LAS) and time sweep tests were combined to investigate the fatigue performances of the five asphalt
mastics. A dynamic creep test identified the fatigue life of the asphalt mixtures according to the flow
number index. Finally, statistical analysis was conducted to identify the correlations between the
rheological and fatigue properties of the mastics and mixtures (R2 over 0.87 and 0.78, respectively).
Since the fatigue life predictions for the asphalt mastic decreased by over 42.9% according to the
MSWI residue/LF volume ratio, the results of the correlations could improve pavement designs.
The substitution of the mineral filler in asphalt mixtures with MSWI residue could be a sustainable
strategy for the road construction sector.

Keywords: municipal solid waste incineration; MSWI; asphalt pavement; rheology characteristics;
fatigue performances

1. Introduction

Municipal solid waste (MSW) disposal approaches involve various treatments at
different development levels (e.g., thermal processes [1,2], anaerobic co-digestion [2],
composting [3], and landfill bioreactors [4,5]). Among these, incineration is the most
frequently adopted because of its matured technology, high volume reduction, and small
land footprint [6,7]. Incineration can achieve approximately 80% energy recovery for
heating or 20–30% energy recovery for electricity [8]. Meanwhile, about 30% of the mass
can be used to generate inert residues, also called municipal solid waste incineration
(MSWI) residues [9,10].

MSWI residues result from coal-burning processes [11,12] or energy plants [13], and
their disposal requires a solution. Usually, MSWI residues are stockpiled and occupy large
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areas of fields [14]. However, disposal areas are gradually becoming less able to accom-
modate redundant MSWI residues. Therefore, researchers and workers have proposed the
use of increasing amounts of MSWI residues in construction engineering. For example, the
application of MSWI residues to partially replace light aggregates or sand has been pro-
moted in the European construction industry, including in France (70%), Germany (80%),
Denmark (90%), and the Netherlands (over 90%) [2]. Indeed, research on MSWI focusing
on applicability improvement, performance enhancement, and pollution minimization has
increased [8,9].

Researchers have identified beneficial applications of MSWI products, including mine
remediation, building construction, landfill cover, Portland cement concrete, and road
materials. Their use in the construction field has attracted the most interest [15]. Researchers
have investigated the wide-ranging applications of MSWI residues and have confirmed the
potential for environmental pollution prevention and the technical opportunities offered by
this material [3,16]. Regarding the road construction sector, MSWI residues were employed
with alkaline activators to stimulate and accelerate pozzolanic reactions in reclaimed asphalt
pavement (RAP) stabilized with MSWI products [17]. A faster geo-polymerization reaction
was found to fill the voids of the RAP–MSWI residue mixture with calcium silicate hydrate
(C-S-H). Similar observations were reported for MSWI residue-stabilized lateritic soil with a
low Na2SiO3/NaOH content, which required a longer curing process to produce significant
amounts of C-S-H gel [18]. The toxicity characteristic leaching procedure (TCLP) showed
that mixtures composed of a reclaimed asphalt pavement and MSWI residue blend did not
present significant leaching hazards to groundwater and soil, indicating their safety as a
base layer for sustainable roads [19]. However, the pozzolanic reaction ignited by nano
silica and MSWI residue improved the early strength development of high-volume MSWI
residue roller-compacted concrete with crumb rubber [20], and the compressive strength
loss from the crumb rubber was also mitigated.

Nevertheless, the most appropriate means of implementing MSWI residues in road
construction is through incorporation with inorganic materials because the application
of MSWI residues in asphalt materials is relatively limited [21], despite the increasing
demand for asphalt pavements [22,23]. Most research on asphalt pavement containing
MSWI residues has focused on simple mechanical performance evaluations, overlooking
the knowledge gap regarding the rheological and fatigue characteristics of this material.
The reasonable use of MSWI residues in transport infrastructure could mitigate the shortage
of natural aggregates [24] and the persistent and serious environmental issues faced by
cities [25].

2. Goals and Objectives

This study aimed to investigate the possibility of using MSWI residues to replace
natural mineral filler in asphalt materials. Therefore, systematic evaluations of the high-
temperature rheological and fatigue characteristics of asphalt materials containing MSWI
residues were necessary. The main novelty of this study was the evaluation and identifica-
tion of relationships between the rheological and fatigue properties of mastics and mixtures
from the perspective of the viscoelastic characteristics, which could improve pavement
design using MSWI residues. The low absorbability of MSWI residues in asphalt materials
was one of the main limitations of this study. Surface treatments and coupling modifiers are
suggested for future research to enhance the microstructural properties of MSWI residues
and their interaction with asphalt. The study contributions are as follows:

(1) Firstly, particle size and environmental scanning electron microscope (ESEM) tests
were used to compare the microscopic characteristics of limestone filler (LF) and
MSWI residue;

(2) Several dynamic shear rheometer (DSR) tests, including the zero-shear viscosity (ZSV)
and multiple-stress creep recovery (MSCR) tests, were conducted to measure the
high-temperature properties of the mastics. Meanwhile, a wheel-tracking test was
performed to assess the mixtures;
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(3) Linear amplitude sweep (LAS) and time sweep tests were combined to evaluate the
fatigue properties of the mastics, while the fatigue resistance of the mixtures was
determined through a dynamic creep test;

(4) Finally, the correlations between the high-temperature and fatigue properties of both
the mastics and the mixtures were analyzed.

3. Materials and Methods
3.1. Materials
3.1.1. Bitumen

We used PG 64-22 bitumen, whose properties are listed in Table 1, according to the
Chinese standard JTG E20-2011 [26].

Table 1. Properties of Paving Asphalt PG 64-22 bitumen.

Property Unit Value Technical Requirement

Penetration, 25 ◦C, 100 g/5 s 0.1 mm 66 60–80
Softening point ◦C 48.5 ≥45
Ductility, 5 ◦C cm >100 ≥100

Specific gravity g/cm3 1.090 -

3.1.2. Asphalt Mastic

Two kinds of mineral powder were used as fillers for asphalt mastic. The limestone
filler (LF) was obtained by limestone grinding, and the MSWI residue comprised the bottom
ash from an incineration plant. Both fillers were passed through a 0.075 mm sieve, and
Table 2 lists their basic properties. In the asphalt mastic, MSWI residues were incorporated
by replacing LF at an equal volume.

Table 2. Physical properties of LF and MSWI residue.

Filler Acronym Density (g/cm3) Appearance

Limestone filler LF 2.77 White powder
Municipal solid waste incineration

residue MSWI 0.72 Gray spherical particles

Table 3 presents the recipes of the five investigated asphalt mastics with various LF-to-
MSWI residue ratios. Different contents of LF and MSWI residue were added to bitumen
at 160 ◦C. A high-speed shearing instrument mixed all the components at a 1500 r/min
stirring speed for 30 min until a homogenous dispersion was obtained.

Table 3. Recipes of asphalt mastics (% by weight).

Mastic LF MSWI Asphalt

Control mastic 120 0 100
Mastic #1 90 8.3 100
Mastic #2 60 16.6 100
Mastic #3 30 24.9 100
Mastic #4 0 33.2 100

3.1.3. Asphalt Mixture

The stone mastic asphalt mixture (SMA-13) with a maximum nominal particle size of
13.2 mm was included as the control, because it is commonly used for flexible pavements.
The red curve in Figure 1 shows the aggregate gradation. Similarly, the mass ratios of
the LF and MSWI residues in the asphalt mixtures were consistent with asphalt mastics
(Table 3).
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Figure 1. Aggregate gradations of SMA-13.

3.2. Filler Test Methods
3.2.1. Particle Size Test

A laser particle size analyzer (Hydro 2000MU) was used to determine the particle size
distributions of the fillers. The testing size ranges were set at 0.01–300 µm. The collected
data allowed the calculation of the Sauter mean diameter (D[3,2]) according to Equation (1):

D[3,2] =
∑i niD3

i

∑i niD2
i

(1)

where ni is the droplet number and Di is the ith particle diameter.

3.2.2. Environmental Scanning Electron Microscope (ESEM) Test

An environmental scanning electron microscope was adopted to observe the micro-
surface characteristics of the investigated fillers. The microscope images were magnified
from 200 to 600 times.

3.3. Mastic Test Methods
3.3.1. Steady Shear Viscosity Test

A steady shear viscosity test was conducted at 64 ◦C with a shear rate ranging from
0.001 s−1 to 1 s−1. Based on the Carreau–Yasuda model (Equation (2)), the shear viscosity
was used to calculate ZSV [22].

η − η∞

η0 − η∞
=
[
1 +

(
λ

.
γ
)a
](n− 1)/a

(2)

where η is the mastic viscosity (Pa·s); η0 is the zero shear viscosity (Pa·s); η∞ is the infinite
shear viscosity (Pa·s);

.
γ is the shear rate (s−1); and λ, n, and a are the shape parameters.

3.3.2. Multiple-Stress Creep Recovery (MSCR) Test

Following AASHTO TP 70-12 [27], the multiple-stress creep recovery test was per-
formed at 64 ◦C to evaluate the high-temperature properties of the five asphalt mastics.
Repeated cycles of creep and recovery were applied to samples at two stress levels (0.1 kPa
and 3.2 kPa). The non-recoverable creep compliance (Jnr) and the average strain recovery
(R) values were calculated according to Equations (3) and (4) [27], respectively, to determine
the viscoelastic behavior of the mastics.

R0.1/3.2 = ∑((ε1 − ε10)/ε1)/10 (3)



Sustainability 2023, 15, 8356 5 of 18

Jnr0.1/3.2 = ∑(ε10/τ)/10 (4)

where ε1 is the strain value for each cycle at 1 s, ε10 is the strain value for each cycle at 10 s,
and τ is the applied shear stress loading.

As a viscoelastic multiphase material, asphalt mastic is composed of a viscoelastic ma-
trix and elastic solid aggregates. Therefore, we applied the Burgers four-element model [28]
to express the creep and recovery responses in the MSCR tests. In general, the Burgers
model consists of the Maxwell unit (separate dashpot and spring elements) and the Kelvin
unit (combined dashpot and spring element) (Figure 2).
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Figure 2. Strain response of Burgers model.

Correspondingly, the total strain under loading of the asphalt included three com-
ponents: elastic, delayed, and viscous strain. Equation (5) describes the constitutive
Burgers model:

ε(t) = εe + εv + εd =
σ

EM
+

∫
σ(t)dt
ηM

+

(
1

ηK

∫
σ(t)e

EK
ηK

tdt
)

e−
EK
ηK

t (5)

where ε and σ are strain and stress, respectively; t is the loading time; εe, εv, and εd are the
elastic, viscous, and delayed elastic strain, respectively; EM and ηM are the moduli of the
spring and the viscosity of the dashpot in Maxwell units, respectively; and EK and ηK are
the moduli of the spring and the viscosity of the dashpot in Kelvin units, respectively.

3.3.3. Linear Amplitude Sweep (LAS) Test

Following AASHTO TP 101-12 [29], a linear amplitude sweep test was conducted at
25 ◦C to evaluate the fatigue performance of the asphalt mastics. The frequency sweep
test was first applied from 0.2 Hz to 30 Hz at a constant strain amplitude of 0.1%; then,
the shear strain was linearly increased from 0.1% to 30% at 10 Hz. The failure state of
damage accumulation was defined as a 35% reduction in the initial modulus, based on the
viscoelastic continuum damage (VECD) theory [30].

3.3.4. Time Sweep Test

Time sweep tests were performed to investigate the fatigue resistance of the asphalt
mastics in the stress-controlled mode. All the tests were conducted at 25 ◦C with a stress
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amplitude of 100 kPa. A 50% reduction in the initial stiffness or dynamic shear modulus of
a material is commonly defined as fatigue failure (Equation (6)):

S =
|G∗|

|G∗|Initial
(6)

where S is the dynamic shear modulus ratio and |G∗| is the dynamic shear modulus.
Additionally, the S× N peak was calculated to determine the fatigue life of the asphalt

materials, where N is the loading cycle number [30].

3.4. Mixture Test Methods
3.4.1. Wheel-Tracking Test

Wheel-tracking tests were conducted at 60 ◦C and 0.7 MPa to evaluate the rutting
performance at a high temperature according to Equation (7):

DS =
(60− 45)× N

d60 − d45
(7)

where DS is the dynamic stability of the mixture (time/mm); N is the test wheel round-trip
rolling speed, which is usually 42 (time/min); and d60 and d45 are the concavity depths of
the experimental car after driving for 60 min and 45 min, respectively (mm).

3.4.2. Dynamic Creep Test

Following NCHRP Report 465 [31], the dynamic creep test was performed on cylindri-
cal specimens to evaluate the high-temperature fatigue of the asphalt mixtures. This test
used a half-sinusoidal pressure load for single-axis dynamic repetitive loading with a 0.1 s
loading time and a 0.9 s intermittent time. The axial pressure was set to 100 kPa at 64 ◦C.
Cylindrical specimens formed by a rotary compactor with a diameter of 100 mm and a
height of 150 mm were used for the test (Figure 3a). The void ratio of all the specimens was
controlled at 4 ± 0.5%. During the test, the permanent deformation of the asphalt mixture
was recorded as a function of the number of load repetitions [32], generally comprising
three stages:

1. Initial stage (migration period, fatigue cracking): the permanent strain increased
rapidly, but the strain rate gradually decreased;

2. Second stage (stable period, crack expansion): the permanent strain grew steadily,
and the strain rate remained unchanged;

3. Third stage (destruction period, structural failure): the permanent strain and strain
rate increased sharply, and shear flow occurred until the specimen was destroyed.
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The results of the dynamic creep test were analyzed based on the three-stage model
(Figure 3b) described by Equations (8)–(10) [32]:

Ep = aNb, N < NPS (8)

Ep = EPS + c(N − NPS), NPS ≤ N < NST (9)

εp = εST + d
(

e f (N−Nst) − 1
)

, N ≥ NST (10)

where Ep is the permanent strain; N is the number of repetitions; a, b, c, d, and f are fitting
coefficients; NPS is the load number corresponding to the initial point of the second stage
(i.e., the endpoint of the first stage); EPS is the permanent strain corresponding to the initial
point of the second stage; and NST and EST are the load number corresponding to the initial
point of the third stage (i.e., the endpoint of the second stage) and the permanent strain
corresponding to the initial point of the third stage, respectively.

4. Results and Discussion
4.1. Microscopic Characteristics of Fillers
4.1.1. Particle Size Distribution

Figure 4 shows the particle size distributions of the LF and MSWI residues, and
Table 4 lists the monitored grading indicators. The average particle diameter, the particle
diameter of the 50th cumulative mass percentile (D50), the peak size, and the peak intensity
were calculated.
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Table 4. LF and MSWI residue particle size distribution indicators.

Indicator LF MSWI

Average particle diameter (µm) 20.96 53.30
D50 (µm) 16.85 52.28

Peak size (µm) 25.18 56.37
Peak intensity (%) 4.84 12.88

D[3,2] (µm) 49.95 70.24

As shown in Figure 4, the cumulative passing percentage of the MSWI residue in-
creased rapidly for a larger particle size range. The larger cumulative passing ratio of the
MSWI residue corresponded to a lower specific surface area than the LF, which indicated a
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smaller contact area with the bitumen. The differences in the accumulative passing ratio
between the MSWI residue and LF would increase the system inhomogeneity and affect
the interface interactions between the bitumen and filler.

Figure 4 and Table 4 show that the MSWI residue comprised larger particles with a
more concentrated distribution than the LF.

4.1.2. Microsurface Morphology

ESEM images magnified 200 and 600 times allowed the characterization of the micro-
surface and -structure of the LF and MSWI residue (Figure 5a–d).
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Figure 5. ESEM images of (a) LF magnified 200 times; (b) LF magnified 600 times; (c) MSWI residue
magnified 200 times; (d) MSWI residue magnified 600 times.

The two fillers presented different surface morphologies and microtextures. The
particle shapes of the LF were irregular, with discontinuities and pores that contributed
to a higher specific surface area and enhanced its absorption properties. By contrast, the
majority of the MSWI residue particles exhibited a homogenous distribution and spherical
shapes. Additionally, the relatively smooth surface of the MSWI residue particles resulted
in poorer absorption. We inferred that the MSWI residue had a smaller specific surface area
and contact area with the bitumen than the LF. Therefore, the microscopic characteristics of
the fillers affected the engineering properties of the asphalt mastics and mixtures.

4.2. High-Temperature Performance
4.2.1. Zero-Shear Viscosity of Mastics

Figure 6a presents the complex viscosity curves of the five asphalt mastics at 64 ◦C,
and Figure 6b shows their shear viscosity values.

Figure 6a demonstrates that all the asphalt mastics entered the first Newton region at
low angular frequencies (from 1 × 10−5 to 0.001 rad/s) and behaved as Newton liquids,
with the viscosity exhibiting very small variations (from 3437 to 1869 Pa·s). For Figure 6a,
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the Carreau–Yasuda model (Equation (1)) was adopted to calculate the zero- and infinite-
shear viscosities of the asphalt mastics. Both η0 and η∞ decreased with the MSWI residue
content (Figure 6b). However, the range of variation in the complex viscosity with a higher
MSWI residue content was smaller under a shear frequency (Figure 6a). The trend of
η∞ values among the asphalt mastics corresponded with the results of the ZSV, because
the MSWI residue increased the viscous component of the asphalt mastics and reduced
their stiffness.
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4.2.2. Viscoelastic Characteristics of Mastics

Figure 7a,b show the shear strain variations over time in the MSCR tests at 0.1 kPa
and 3.2 kPa, respectively. Because the filler-to-asphalt ratio (i.e., 1.2) was kept the same,
the shear strain curves exhibited similar variations over time for all the asphalt mastics.
However, the addition of the MSWI residue increased the range and rate of shear strain
significantly compared with the control mastic. Therefore, the inclusion of MSWI residue
in asphalt mastic reduced the resistance to deformation.
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Table 5 lists the fitting parameters of the Burgers models for the investigated asphalt
mastics.

Replacing LF with MSWI residue reduced the spring modulus and dashpot viscosity
in the Burgers models at both low and high stress levels. The fitting results of the Burgers
models also indicated that the asphalt mastic with the highest MSWI residue content
exhibited the worst resistance to permanent deformation.
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Table 5. Fitting parameters of Burgers models.

Variable Unit Control
Mastic Mastic #1 Mastic #2 Mastic #3 Mastic #4

EM0.1 Pa 1094.47 1079.59 1077.56 1055.86 1055.50
ηM0.1 Pa·s 33.12 28.12 26.09 15.76 15.13
EK0.1 Pa 569.10 326.44 300.30 163.14 62.9
EM3.2 Pa 11.91 10.95 8.70 6.22 1.82
ηM3.2 Pa·s 0.75 0.53 0.42 0.40 0.29
EK3.2 Pa 23.19 22.93 22.06 21.85 21.08

4.2.3. Rutting Resistance of Mixtures

Figure 8 shows the results of the wheel-tracking test performed to evaluate the rutting
resistance of the five asphalt mixtures. The dynamic stability (DS) of the mixtures decreased
with an increase in the MSWI residue content from 8873.2 cycles/mm in the control mixture
to 3937.5 cycles/mm in mastic #4. However, all the DS values passed the minimum
requirement (3000 cycles/mm) provided by the technical specification (JTG F40-2004) [33].
Although the replacement of LF with MSWI residue reduced the rutting resistance, the
MSWI residue asphalt mixtures met the basic anti-rutting performance requirements for
flexible pavements.
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The low absorbability of the MSWI residue in the asphalt mastic was one of the main rea-
sons for the decrease in rutting resistance. This was because the smooth surface of the MSWI
residue particles reduced the interfacial bonding and resulted in the nonuniform distribution
of stress between the bitumen and MSWI residue, decreasing the rutting resistance.

4.3. Fatigue Properties
4.3.1. LAS Analysis of Mastics

Following AASHTO TP 101-12 [29], Table 6 lists the fitting parameters for the fatigue
life prediction models of the investigated asphalt mastics. A35 and B represent the damage
characteristic parameters with dimensionless units. The equations for fatigue life predic-
tion in Table 6 were based on the VECD theory and provide the number of loads (Nf)
corresponding to Ep = 5%.

Figure 9 shows the fatigue life prediction results for different MSWI residue contents
(from 0% to 100%) and shear strains (from 1% to 10%). For a given MSWI residue content,
the fatigue life of the mastics reduced rapidly with an increasing strain level from 1% to
10%, and the asphalt mastics became damaged [34]. Additionally, for a constant strain
level, the fatigue life decreased with an increasing MSWI residue content. We inferred that
the nonuniform distribution of stress between the bitumen and MSWI residue increased
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the stress sensitivity of the mastics, reducing the fatigue resistance of the mixtures [35,36].
Therefore, the MSWI residue content significantly affected the behavior of HMA [37].

Table 6. Fitting parameters and fatigue life prediction models.

Asphalt Type A35/107 1 B 1 Fatigue Prediction Equation

Control mastic 4.869 4.738 N f = 4.869× 108(γmax)
−4.738

Mastic #1 3.895 4.764 N f = 3.895× 108(γmax)
−4.764

Mastic #2 2.301 4.728 N f = 2.301× 108(γmax)
−4.728

Mastic #3 2.173 4.730 N f = 2.173× 108(γmax)
−4.730

Mastic #4 1.000 4.842 N f = 1.000× 108(γmax)
−4.842

1 A35 and B represent the fitting parameters with dimensionless units.
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Figure 10. Fatigue life: (a) strain level = 2.5%, (b) strain level = 5%. 

4.3.2. Time Sweep Analysis of Mastics 
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sistance of the mastics. Figure 11a,b present the dynamic shear modulus ratio and S × N 

peak versus the cycle number for the asphalt mastics, respectively. 

Figure 9. Fatigue life prediction.

Figure 10a,b represent the fatigue life of the five asphalt mastics at two strain levels
(2.5% and 5%, respectively). The fatigue life of the asphalt mastics decreased significantly
by over 52.1% when the MSWI residue content reached 50%. The total replacement of
the LF with MSWI residue in the asphalt mastic reduced the fatigue life by over 81.3%.
Therefore, the reuse of MSWI residues in asphalt mastics requires detailed investigations to
control its negative effects on the fatigue and durability performance of asphalt materials.
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4.3.2. Time Sweep Analysis of Mastics

The fatigue life was defined as the loading cycle number corresponding to the S × N
maximum value. Therefore, two principles were followed to evaluate the fatigue resistance
of the mastics. Figure 11a,b present the dynamic shear modulus ratio and S × N peak
versus the cycle number for the asphalt mastics, respectively.
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Figure 12. Fatigue life evaluation according to the two failure criteria. 

4.3.3. Dynamic Creep Analysis of Mixtures 

Based on the viscoelastic properties of the asphalt mixture, a dynamic creep test was 

applied to simulate the dynamic response of a pavement under different loads and envi-

ronmental conditions. Figure 13 shows the permanent deformation curves of the consid-
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corresponding to a strain ɛp = 5%. 

Figure 11. Time sweep analysis: (a) S curve; (b) S × N curve.

As shown in Figure 11a, the S values decreased gradually as the cycle number increased.
Similarly, the S × N curves in Figure 11b diverged from the undamaged boundary and
continuously declined after the peak, which indicated fatigue failure occurrence. Figure 12
shows the number of cycles until fatigue for the asphalt mastics. The fatigue life reduced
from the control mastic to Mastic #4 due to the addition of MSWI residue. The fatigue life
predictions for all samples were consistent, except for a slight deviation in the value of Mastic
#4 due to the criterion of the S × N peak. This failure criterion became invalid when the
descending speed of the S curve decreased, which resulted in a significant delay in the S ×N
peak emergence.
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Figure 11. Time sweep analysis: (a) S curve; (b) S × N curve. 
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Figure 12. Fatigue life evaluation according to the two failure criteria.

4.3.3. Dynamic Creep Analysis of Mixtures

Based on the viscoelastic properties of the asphalt mixture, a dynamic creep test
was applied to simulate the dynamic response of a pavement under different loads and
environmental conditions. Figure 13 shows the permanent deformation curves of the
considered asphalt mixtures, and Table 7 lists the fitting parameters of the permanent
deformation curves according to Equations (8)–(10). In Figure 13, Nf is the number of cycles
corresponding to a strain Ep = 5%.
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Figure 13. Permanent deformation curves.

Table 7. Three-stage model fitting parameters of permanent deformation curves.

Parameter Control Mixture Mixture #1 Mixture #2 Mixture #3 Mixture #4

Nf 9089 8705 7829 6812 5193
a 2881.9 2457.7 2979 3450.9 3204.3
b 0.2468 0.2743 0.2529 0.2380 0.2493

NPS (cycles) 2545 2273 1764 1700 1645
EPS (µE) 20,160 20,627 19,920 20,460 20,513

c 2.7518 3.3169 3.5829 3.6967 4.5275
NST (cycles) 6001 5841 5473 4724 3284

EST (µE) 29,880 32,623 32,747 31,927 27,993

As shown in Table 7, only NPS, c, and NST presented significant change trends. How-
ever, NPS was not selected as an evaluation index, because it overlooked the results after
the first stage. Conversely, NST represented the starting point of the asphalt mixture enter-
ing the shear flow deformation stage (flow number, Fn) and c represented the creep rate
(Epslope) [38].

The permanent deformation and the creep rate curves in Figure 14 complied with the
data in Table 7.
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Figure 14. Permanent deformation and creep rate.

In addition to the above indicators, the flow index Fi (i.e., the ratio of the permanent
strain Ep to the Fn) and Nf were used to evaluate the anti-rutting performance of the asphalt
mixtures. The smaller the Fi value, the stronger the resistance to deformation, while Fi
comprehensively measured the void ratio of the mixtures and the resistance to shear loads,
to some extent [39,40].
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Based on the flow number test, four indicators (Fn, Nf, Fi, and Epslope) were selected
to interpret the high-temperature performance of the asphalt mixtures (Figures 15 and 16).
In Figures 15 and 16, the ratios of the four indicators are defined as the ratios of increase or
decrease compared to the control mixture.
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Figure 15. Flow number and number of failures.
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Figure 16. Flow number index and creep rate.

The control mixture had a much higher Fn (6001 cycles) than mixture #4 (3284 cycles),
so the mixtures with MSWI residue entered the shear flow deformation stage sooner.
Similarly, mixture #4 had the lowest Nf (i.e., 5193), which confirmed its poorer anti-fatigue
ability according to the DSR tests of the asphalt mastics. Moreover, the addition of MSWI
residue caused a rising trend in the Fi and Epslope, which presented increased ratios of 71.2%
and 64.5%, respectively. Therefore, the flow number test confirmed that MSWI residue
significantly reduced the high-temperature fatigue performance of the asphalt mixtures.

5. Statistical Analyses

According to the experimental results, the high-temperature rheological and fatigue
characteristics of the tested materials declined with a higher MSWI residue content. The
measured parameters were compared pairwise between the asphalt mastic and mixture
properties by calculating the Pearson correlation coefficient (R). Regarding the rheological
properties, Figure 17a–c show the correlation curves between dynamic stability and shear
viscosity, dynamic stability and the parameters of the Burgers model at 0.1 kPa, and
dynamic stability and the parameters of the Burgers model at 3.2 kPa, respectively.

Regarding the fatigue properties of the asphalt mastics and mixtures, Figure 18a to c
show the correlation curves between A35 and the load number, the fatigue life of 50% |G∗|
and the load number, and the peak value of S × N and the load number, respectively.
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Figure 17. Correlation analysis of the rheological properties of the mastics and mixtures: (a) dynamic
stability and shear viscosity; (b) dynamic stability and parameters of the Burgers model at 0.1 kPa;
(c) dynamic stability and parameters of the Burgers model at 3.2 kPa.
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According to Figures 17 and 18, the investigated parameters were significantly cor-
related (R2 no less than 0.78) between the asphalt mastics and mixtures. Therefore, the
asphalt mastics were reliable materials to predict the high-temperature rheological and
fatigue performance of the corresponding mixtures. Moreover, the correlations between the
performance indices further verified the asphalt materials’ rutting and fatigue resistance.

6. Conclusions

The growing awareness of sustainability has encouraged the recycling and reuse
of MSWI residues in road construction, whose purpose is to mitigate the problems of
stockpiling these materials in cities and decrease the associated environmental burden and
construction costs. When studying the applications of MSWI residue, one should follow the
general principle of maintaining a careful balance between engineering performance and
economic/environmental benefits. In this study, MSWI residue, which is a by-product of
waste combustion in thermal power plants, was used as an alternative material to replace
0% to 100% of the natural mineral filler in five asphalt mastics and five mixtures. PG 64-22
bitumen was used for sample preparation. All the tested asphalt mixtures were SMA-13.
Based on the test results, we drew the following main conclusions:

• The low absorbability of MSWI residue in asphalt mastic stemmed from its morpholog-
ical characteristics of hollow, spherical particles with smooth surfaces, which affected
the rheological and fatigue characteristics of the mixtures;

• The replacement of LF with MSWI residue reduced the elastic and viscous components
in the asphalt mastics. However, the dynamic stability of all the tested mixtures was
above 3000 cycle/mm, meeting the minimum requirements of the specifications and
providing a basic level of rutting resistance;

• Regardless of the failure criterion adopted, the fatigue life predictions for the asphalt
mastics decreased by more than 42.9% according to the MSWI residue/LF volume ratio,
demonstrating the negative effect of MSWI residue incorporation on fatigue resistance;

• The three-stage model described the permanent deformation of the asphalt mixtures.
The flow number test also confirmed that MSWI residue reduced the high-temperature
fatigue performance of the asphalt mixtures;

• Significant correlations were found between the performance parameters of the asphalt
mastics and mixtures in terms of rheological and fatigue properties. The correlation
coefficients (R2) between the rheological and fatigue properties of the mastics and
mixtures were over 0.87 and 0.78, respectively. These regressions could be used in
the asphalt mixture design process to establish the correct proportion of alternative
materials with regard to the expected performance;

• The rheological and fatigue characteristics of the mixtures revealed both the potential
and limitations of using MSWI residues in flexible pavements. The use of MSWI
residues in asphalt mixtures still requires in-depth consideration and investigation
before implementation, despite the technological developments in the incorporation
of MSWI residues with inorganic materials.

Based on the above, we offer several suggestions for further studies:

(1) The low absorbability of the MSWI residue was a limitation of this study. Therefore,
surface treatments and coupling modifiers are suggested for future research to enhance
the microstructural properties of MSWI residues and their interaction with bitumen;

(2) In most cases, the use of MSWI residues does not pose a threat to human health; how-
ever, in the worst-case scenario, the heavy metals within MSWI residues might cause
water or soil contamination. Future studies should focus on leaching investigations
and the origins of leachates to prevent any side effects of employing MSWI residues;

(3) Life-cycle assessment (LCA) and life-cycle cost analysis (LCCA) should be conducted
to evaluate the environmental and economic effects of reusing MSWI residues in
asphalt mixtures over their entire service life. The objective assessment of pollution
mitigation could favor recycling and reusing MSWI residues.
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