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High-viscosity modified asphalt (HVA) is widely used as the binder for permeable asphalt pavement, and hydrated lime (HL)
attracts a strong technical interest as an effective moisture additive in asphalt for a long time. However, the application of HL in
HVA has been rarely studied. The present study evaluates the influence of HL on the high-temperature rheological properties of
HVA and selects the optimum HL content and fineness. The asphalt mortars of HVA and HL of different contents and fineness
were prepared. Temperature scanning (DSR-TS), multiple stress creep recovery (MSCR) by using a dynamic shear rheometer, and
scanning electron microscope (SEM) tests were carried out to evaluate the high-temperature rheological properties and mi-
crostructure morphology characteristics of the asphalt mortars. Based on the DSR-TS and MSCR tests, the results showed that
high-temperature performance together with the ability to deformation resistance of HVA was improved apparently with the
increase of the HL content. When the HL content is above 1.2, the stress sensitivity of HVA is lower. The SEM results clearly
showed that the uniformity of asphalt mortars could be effectively guaranteed when the HL content was 1.2 and the fineness was
800 mesh. The HL fineness has little effect on the high-temperature performance of HVA. In summary, taking into account the
high-temperature performance and microstructure of HVA with HL, the optimum HL content and fineness could be

finally determined.

1. Introduction

An asphalt mixture comprises a three-phase inhomogeneous
material matrix, including asphalt binder, graded mineral
aggregates, and air voids [1, 2]. As an important component
of pavement material, the properties of the asphalt binder
play a vital role in affecting the pavement performance [3, 4].
In China, due to the heavy traffic axle load and the complete
climate environment, high-viscosity modified asphalt
(HVA) is commonly used as the asphalt binder to increase
the performance of the porous asphalt mixture for the
drainage asphalt pavement, which solves the problems of
scattering and spalling when using ordinary modified as-
phalt to build the drainage asphalt pavement [5]. HVA is a
kind of polymer modified asphalt with high molecular
amount, which is composed of thermoplastic rubber, resin,
antiaging agent, and plasticizer. The Japanese standard set a

standard that the dynamic viscosity of HVA at 60°C should
be greater than 2 x 10* Pa-s, and softening point should be
greater than 80°C [6].

Although known for a long time, hydrated lime (HL) still
attracts a strong technical interest as an asphalt additive
[6, 7], with the advantages of resisting moisture damage and
improving the modulus, strength, rutting resistance, fatigue,
and thermal stability of asphalt [8, 9]. HL is a well-known
material for improving the resistance against moisture and
frost damage of asphalt mixtures in which its application
dates back to the 1970s [10-12]. HL composed of calcium
hydroxide Ca(OH), can accumulate calcium ions on the
aggregate surface. When the aggregate surface is humid or
the water content in the air is high, HL reacts with water and
carbon dioxide in the air to form calcium carbonate, which
makes the aggregate and asphalt have a stronger adhesion
and resist the water damage of the asphalt mixture [13].
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Therefore, for the drainage pavement, adding HL into HVA
can improve the adhesion, water damage resistance, and
durability of the asphalt mixture.

Various studies [14-17] have been performed on the
effect of HL on the main engineering properties of asphalt
mixtures and revealed that stiffness, resistance against
cracking, rutting, and ageing are improved. Han et al.
[18, 19] evaluated the adhesion between base asphalt and HL
by the surface free energy method. Some laboratory findings
and field studies have manifested that HL increases pave-
ment durability [20-22]. Rasouli et al. determined the fa-
tigue behavior of asphalt mixtures with HL and found that
replacement of the aggregate filler with HL could increase
the flexural stiffness of asphalt mixtures [11, 23]. The linear
viscoelastic characteristics and fatigue properties of asphalt
mixtures containing HL [24] showed that HL can increase
complex modulus of mixtures; however, it does not change
the fatigue properties of mixtures. Zhu et al. [25] studied the
influence of limestone powder on the viscoelastic me-
chanical properties of HVA mortar and found that mineral
powder can stiffen the asphalt binder and improve the high-
temperature deformation resistance of the mortar. Xing et al.
[26] found that increasing the viscosity of asphalt or in-
creasing the specific surface area of the mineral powder can
effectively reduce the temperature sensitivity of HVA and
resist the high-temperature deformation of HVA. Mo et al.
[27] compared the influence of HL and cement on the fa-
tigue performance of asphalt mortar and obtained that the
fatigue performance of HL and cement is better than
limestone.

In summary, the aforementioned studies demonstrated
the positive effect of HL on the properties of asphalt mix-
tures in three ways: by resisting to stripping, improving the
resistance to permanent deformation, and increasing the
flexural stiffness. However, most of the current research
studies focus on the influence of HL on the base asphalt
binder and asphalt mixtures, and some of them study the
influence of the limestone powder on the properties of HVA.
In order to implement the actual application of HL in HVA
of the drainage asphalt pavement, the high-temperature
rheological properties and microstructure tests were con-
ducted to study on the effect of the content and fineness of
HL on HVA. The results of this research also extended the
knowledge on the properties of HVA modified by HL.

2. Materials and Methods
2.1. Materials

2.1.1. HVA. HVA used in this paper is rubber powder/SBS
composite modified asphalt, and the conventional tests are
performed following the Chinese standard [28, 29], and the
results are shown in Table 1.

2.1.2. HL. Three kinds of HL with different particle sizes
from the same origin were used in this study. The basic
characterizations were carried out using the X-ray fluores-
cence spectrometer, laser particle size analyzer, BET-specific
surface analyzer (Table 2), and SEM imaging. It can be seen
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TaBLE 1: Main performance of asphalt.

Performance metrics The test value

Penetration (25°C, 100g, 5s) (0.1 mm) 29.3
Ductility (25°C, 5cm/min) (cm) 20.0
Softening point (ring-and-ball method) (°C) 81.8
Elastic recovery (25°C) (%) 72.7
Rotational viscosity (190°C) (Pa-s) 2.2

Dynamic viscosity (60°C) (Pa-s) 50468

from Table 3 that the oxides of HL are mainly composed of
CaO and SiO,. Figure 1 shows the particle size distribution
of HL, where 400 mesh ranges from 0.4 to 500 ym, 600 mesh
from 0.4 to 75 ym, and 800 mesh from 0.4 to 45 ym. The SEM
image of all HL is shown in Figure 2. It can be seen that the
HL fillers are block in shape and have rugose surface texture,
and there was no agglomeration between particles.

2.2. Sample Preparation. HV A was modified with 400 mesh,
600 mesh, and 800 mesh HL, and the HL content of every
kind of mesh comprised 0.6, 0.9, 1.2, and 1.5 by the mass
ratio of HL to HVA.

By preparing asphalt mortar, the HVA was first heated at
175-185°C for about 1 h to melt. Then, HL which was kept at
175°C-185°C for 30-45 min was added into the hot HVA.
Finally, they were mixed by using a high-shear mixer ro-
tating at 400-600 r/min for 120 min at 180°C. After that, the
preparation of samples has been finished.

The meaning of the sample number followed in this
paper is explained such that asphalt mortar #0 (AMO)
represents HVA, and asphalt mortar #1 (AM1), asphalt
mortar #2 (AM2), asphalt mortar #3 (AM3), and asphalt
mortar #4 (AM4) represent that HVA was prepared with HL
(400 mesh) at different contents (0.6, 0.9, 1.2, and 1.5) of the
mass ratio of HL to HVA, respectively. Asphalt mortar #5
(AMS5) and asphalt mortar #6 (AM6) represent HVA mixed
with 600 mesh and 800 mesh HL, and the ratio is 1.2.

2.3. Test Methods

2.3.1. Dynamic Shear Rheometer for Temperature Scanning
(DSR-TS) and Multiple Stress Creep Recovery (MSCR) Tests.
The equipment for the DSR-TS and MSCR [30, 31] tests is
Anton Paar CTD180 used by the 25 mm parallel plate rotor.

(1) DSR-TS test: DSR-TS test was applied over the range
of 30°C-160°C at the strain of 0.5% and the frequency of
10rad/s in the strain-control mode. The heating rate was set
to 1°C/min.

(2) MSCR test: MSCR test was conducted to test the
elastic recovery behavior and stress-dependent behavior of
different asphalt mortars at 76°C under 0.1 kPa and 3.2kPa
creep stress, respectively, in accordance with AASHTO
T350-14 [32]. During the test, the shear stress of 0.1 kPa was
used to load for 1s duration creep followed with a stress
recovery for 9s duration. Each stress cycle of every asphalt
mortar experiences a creep recovery process for a total of 20
cycles. The strain reaches the peak value ¢, at the end of the
creep phase. The strain recovered at the end of the period is
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TABLE 2: Specific surface area of HL.
Sample name 400 mesh 600 mesh 800 mesh
Specific surface area (mz/g) 1.2567 1.4988 1.9140
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FiGure 2: SEM imaging of HL at a zoom level of 10,000X. (a) 400 mesh. (b) 600 mesh. (c) 800 mesh.
TaBLE 3: Oxide composition of HL.
Chemical composition (%) (mass) 400 mesh 600 mesh 800 mesh
CaO 78.1243 93.7304 96.7812
Si0, 9.7359 5.2308 1.9839
AlL,O3 0.4064 0.0479 0.0865
Fe, O3 0.3370 0.0846 0.0797
MgO 11.0640 0.7850 0.9611
SO; 0.0781 0.0607 0.0549
K,O 0.0462 — _
P,O, 0.0182 — —
MnO 0.1423 — —
SrO 0.0476 0.0605 0.0528




¢,. The irrecoverable strain is ¢,,. The irrecoverable strain will
continue to accumulate to the next cycle.

The average recovery rate R and the average irrecover-
able creep compliance J,, at the creep stress of 0.1 kPa and
3.2kPa were calculated after every 10 creep and recovery
cycles, as shown in formulae (1) and (4).

_ SUM[e, (0.1, N)]

Ry =—"1— for N = 1to 10, (1)
SUM[e, (3.2,N
Ry, = w, for N = 1to 10, (2)
= SUM[J,,, (0.1, N)], for N = 1to 10, (3)
nroy 10
SUM[J,, (3.2,N
Jor, = U )], forN=1to10, (4

10

where N in the formula is the number of loading cycles.

2.3.2. SEM Test. The dispersing effect of different HL on
HVA was evaluated by the SEM. Asphalt mortar samples
were cut to the required size and adhered to the sample
holder. After gold plating, the samples were placed in the
SEM for scanning and photographing. The SEM instrument
used was MIRA3 TESCAN. The voltage of this test was
10.0kV, and the resolution was 20 ym.

The experimental framework of this paper is summa-
rized in Figure 3.

3. Results and Discussion
3.1. DSR-TS Test Results

3.1.1. Influence of the HL Content. Figure 4 shows that the
phase angle (6) of asphalt mortars changes in three ways
with the increase of temperature. At 30°C-60°C, & decreases
with the increase of temperature. § of asphalt mortar with
different contents of HL varies greatly. At the same tem-
perature, § of AM3 is the largest, and & of others increases
with the increase of the HL content. This is because the
asphalt mortar has not been transformed into a fluid at
30°C-60°C, and the resistance of asphalt mortar to defor-
mation increases with the addition of HL. At 60°C-120°C, §
of asphalt mortar with different contents of HL increases
linearly with the increase of temperature. § of samples AM1,
AM?2, AM3, and AM4 s less susceptible to the changes of the
HL content. This result shows that the HVA in the mortar is
mainly viscous, and the influence of the HL content on the
viscosity is very small at 60°C-120°C. When the temperature
exceeds 120°C, & shows a decreasing trend with the rise in
temperature. § of HVA decreases obviously at 120°C, which
of asphalt mortars decreases at about 135°C. At the same
temperature, § of asphalt mortars increases with the increase
of the HL content. This result shows that the HL content
improves the high-temperature stability of HVA. It was in
agreement with the conclusion that HL could raise the as-
phalt viscosity and stiffen asphalt [19].
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As can be seen from Figure 5, the change trend of the
complex shear modulus (G*) with temperature of four kinds
of asphalt mortars is similar, and G* decreases with the
increase of temperature. At 30°C-60°C, when the HL content
is less than 1.2, G* increases with the increase of the HL
content, and when the HL content increases to 1.5, G* of
AM4 is slightly lower than AM3. When the temperature is
above 60°C, G* of different asphalt mortars increases with
the increase of the HL content. At the same temperature, G*
of asphalt mortars is greater than HVA and increases with
the increase of the HL content.

The rutting factor index (|G*|/sin &) results of the asphalt
mortars are illustrated in Figure 6. It can be seen from
Figure 6 that the changes of |G*|/sin § show a downward
trend with the increase of temperature. At 30°C-60°C,
|G*|/sin 6 increases with the increase of the HL content
when below 1.2, and |G*|/sin & of AM4 is slightly lower than
AMS3. When the temperature is above 60°C, |G*|/sin § in-
creases with the increase of the HL content.

The addition of HL has a contribution in increasing the
high-temperature performance of HVA. The reason for the
above phenomenon is that, with the increase of the HL content,
the solid composition in the binder increases, which increases
the viscosity of the asphalt mortars, reduces the flow defor-
mation at high temperature, and enhances the antirutting
ability. This result is in accordance with the other references,
which examine the influence of various types of mineral fillers
on the rheological properties of the asphalt [32, 33].

3.1.2. Influence of HL Fineness. It can be seen from Figure 7
that, at 30°C-60°C, ¢ of three kinds of asphalt mortar de-
creases with the increase of temperature and increases with
the increase of HL fineness. At 60°C-135°C, the variation of §
is similar. When the temperature is higher than 135°C, § of
asphalt mortars decreases with the increase of temperature,
and the larger the particle size of HL is, the larger ¢ of asphalt
mortar is. Analysis of the reasons for the above phenomenon
may be that, at 30°C-60°C, the larger the mesh of HL is, the
more uniform the asphalt mortar is, and its elastic perfor-
mance is better, which is consistent with the microstructure
obtained from the following SEM test results. With the
increase of temperature, the mortar softens gradually, and
the viscous component of HVA in the mortar increases, and
the fineness of HL cannot change the proportion of the
viscoelastic component of the HVA itself. Above 135°C, the
asphalt mortar becomes fluid, and the surface of HVA and
HL contacts fully, which improves the viscosity of asphalt
mortars.

As can be seen from Figures 8 and 9, after adding HL of
different fineness, G* and |G*|/sin § of the three asphalt
mortars are less distinctive, indicating that the HL fineness
has less effect on the high-temperature performance.

3.2. MSCR Test

3.2.1. Influence of the HL Content. Figures 10 and 11 show
the time-strain curve by the MSCR test of asphalt mortars
with different HL contents under 0.1 kPa and 3.2 kPa loading
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Ficure 3: Flowchart of the research approach.
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FIGURE 4: Change of § of the asphalt mortar with temperature.

conditions at 76°C. As illustrated by Figure 10, the larger the
HL content is, the smaller the shear strain of asphalt mortar
is. With the increase of loading time, the shear strain of HVA
increases rapidly, where the increasing trend of asphalt
mortars slows down, which indicates that HL improves the
long-term deformation resistance of HVA. It can be seen
from Figure 10 that the shear strain change of asphalt
mortars decreases obviously after adding HL, and the larger
the content is, the smaller the shear strain value is. Among
them, the strain values of AM3 and AM4 are similar, far less
than AMO. According to the research results of [16, 34, 35],
the reason for this phenomenon may be that when the HL
content is greater than 1.0, the particle-particle interaction
and filler-bitumen interaction start to dominate the rheo-
logical behavior of the asphalt mortars, and the content of
free asphalt in mortars decreases. And it is consistent with
the microstructure of the SEM test below. Thus, further
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FIGURE 5: Change of complex shear modulus of the asphalt mortar
with temperature.

increase in the HL content led to almost no change in
deformation. With the extension of time, the shear strain of
AMO increases rapidly, the shear strain of AM1 and AM2
slows down, and the shear strain of AM3 and AM4 tends to
be linear.

The results of the average irrecoverable creep compliance
(Jar) of the five kinds of asphalt mortars with different HL
contents are shown in Figure 12. It can be seen that, under
0.1 kPa and 3.2 kPa loading conditions, ], of asphalt mortars
decreases significantly, indicating that the irrecoverable
deformation decreases, and HL enhances the elastic de-
formation ability of HVA. Thus, the ability to resist per-
manent deformation at high temperature is improved. This
is consistent with previous studies with respect to the effect
of HL or other mineral fillers on the ability to resist per-
manent deformation of base asphalt by the MSCR test
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[11, 19, 32]. The comparative analysis shows that J,,, of AM1
and AM2 under 0.1 kPa is less than that of 3.2 kPa, and J,,, of
AM3 and AM4 at 0.1kPa is greater than that of 3.2kPa,
which indicates that when the HL content is above 1.2, the
HVA can bear high-stress load better, and its stress sensi-
tivity is lower.

The results of the average deformation recovery rate (R)
of the asphalt mortars under two stress levels are shown in
Figure 13. It can be found that the R values of HVA and
asphalt mortars with different HL contents are similar under
the 0.1 kPa stress level, which shows that the addition of HL
does not change the dominant position of HVA on the
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elastic recovery performance of mortar. When the stress
increases to 3.2 kPa, the R values of asphalt mortars decrease.
When the content reaches 1.2, the R value of asphalt mortar
is the largest, indicating that AM3 has the stronger anti-
deformation ability.

3.2.2. Influence of HL Fineness. The time-strain change
measured by the MSCR test with different HL fineness is
shown in Figures 14 and 15. It can be seen that the shear
strain of asphalt mortars decreases with the decrease of HL
fineness under the low stress level. Under the high stress
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level, the shear strain curves of AM3 and AM6 coincide with
each other, while the shear strain of AM5 is larger than that
of AM3 and AMS.

Figure 16 shows the average irrecoverable creep com-
pliance (J,,;) of the three kinds of asphalt mortars with
different HL fineness. It is found that J,, of AM6 is lower
than that of AM3 under the 0.1 kPa stress level, and J,,, of
AM3 and AM6 under the 3.2 kPa stress level is lower than
0.1kPa, which indicates that the high-temperature anti-
rutting performance of asphalt mortars is improved after
adding 800 mesh HL. The results inferred that finer HL
particle size can have a strong particle interaction with
asphalt, which showed a considerable increase in the fatigue
resistance ability of the asphalt mortar [35].
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The results of the average deformation recovery rate (R)
of AM3, AM5, and AM6 are shown in Figure 17. It can be
found that the R values of asphalt mortars with different HL
fineness are less distinctive, which indicates that the HL
fineness has little effect on the elastic recovery performance
of asphalt mortars.

3.3. Effect of HL on the Microstructure of HVA. In order to
explore the dispersion of HL in HVA and the interface state
of different phases between the two of them, the SEM test
was carried out on the asphalt mortar specimens, and the
results are shown in Figure 18. It can be seen from
Figures 18(a)-18(d) that, at a magnification of the 20-time
level, when the HL content is from 0.6 to 1.5, the micro-
structure of HVA and HL changes. The asphalt in AM1
basically completely encapsulates HL. With the increase of
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the HL content, part of HL is wrapped by asphalt and part of
the surface is exposed outside the asphalt film which are
beneficial to improve the strength and modulus of asphalt
mortars. Other studies [36, 37] have found that the inorganic
components such as mineral fillers enhance the elastic
property of the neat asphalt and increase the rutting re-
sistance of the asphalt at high temperatures, which is con-
sistent with the conclusions of DSR-TS and MSCR tests
above. When the HL content increases to 1.5, the ag-
glomeration of HL can be seen. This is mainly because with
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the excessive increase of HL, it is difficult to well distribute
into asphalt, resulting in the agglomeration of HL, which is
not conducive to the performance of asphalt mortars.
Therefore, when the HL content is 1.2, the dispersion of
HVA with HL is better.

Compared with AM3, AM5, and AM6, when the HL
fineness decreases, enlarging the surface area of HL particles,
the surface bonding state of HVA and HL is more uniform.
As is shown in Figures 18(d)-18(f), the exposed part of HL is
less, which indicates that reducing the HL fineness can
improve the dispersion uniformity of the asphalt binder.
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4. Conclusion

In this study, the asphalt mortars made of HVA and HL were
modified with different HL contents and fineness. The
laboratory study evaluates the high-temperature rheological
properties and microstructure of the asphalt mortar using
DSR-TS, MSCR, and SEM tests. Based on the result out-
comes, the following conclusions could be drawn:

(1) HL content played a leading role in the high-
temperature performance of HVA. With the in-
crease of the HL content, the high-temperature
deformation resistance of HVA is enhanced. In the

middle- and high-temperature region, the addition
of HL has little effect on the viscosity of HVA. When
the temperature rises above 120°C, the HL content
has a greater effect on the viscoelasticity of HVA.
The HL fineness has little effect on the high-tem-
perature performance of HVA.

(2) With the increase of the HL content, the strain of
asphalt mortars decreases, the deformation rate
slows down, and the ability to resist permanent
deformation increases. When the content is above
1.2, the stress sensitivity of HVA is lower, and its
ability to resist deformation is stronger. The HL
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fineness has no effect on the elastic recovery per-
formance of asphalt.

(3) SEM test was used to characterize the dispersion
effect of HVA with HL. It was found that the uni-
formity of asphalt mortars could be effectively
guaranteed when the HL content was 1.2 and the
fineness was 800 mesh.

(4) In this study, taking into account the high-tem-
perature rheological properties and dispersion effect
of HVA modified with HL, the optimum HL content
and fineness were around 1.2 and 800 mesh,
respectively.
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