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Abstract: In the road construction sector, the CO2 emissions that affect global warming are, in most
cases, from the asphalt mixtures production activities that are carried out at high temperature (above
160 ◦C). The research here presented aims to investigate the physical-mechanical properties of asphalt
mastics made up using jet grouting waste (JW) as a filler produced through both cold (40–50 ◦C) and
hot mixing process. The first step focused primarily on examining the effects of optimal blending
time and curing time of the mastics. The second step focused on the investigation of the rheological
properties using a dynamic shear rheometer and carrying out a frequency sweep test at temperatures
ranging from 0 to 50 ◦C with increments of 10 ◦C, and a multiple stress creep and recovery (MSCR)
test under 0.1 and 3.2 kPa load levels at temperatures of 40 and 50 ◦C. Four cold asphalt mastic
solutions were analyzed and then compared to three hot traditional ones, keeping constant, on the
one hand, the binder weight and filler over binder weight ratio (0.5), and, on the other hand, changing
the type and amount of filler. The compositions of the hot and cold asphalt mastics were as follows:
(a) 33% limestone filler (LF) plus 67% bitumen (concerning the cold mixing process, the bitumen
content refers to the amount of bitumen into the bitumen emulsion), (b) 33% JW plus 67% bitumen,
(c) 16.5% LF plus 16.5% JW and 67% bitumen. The fourth solution designed only for cold asphalt
mastic was made up of 33% Portland cement (PC) plus 67% bitumen (referring to the amount of
bitumen in the bitumen emulsion). The main findings showed that the optimal performance was
achieved at high test temperature by cold and hot asphalt mastics made up adding LF and JW filler,
which showed a pronounced elastic behavior. Moreover, the cold asphalt mastic solution made up
of LF and JW filler showed better performance than the mastic made up using PC, reaching over
40% increase of the shear modulus and 30% lower non-recoverable creep compliance values at all
test temperatures.

Keywords: road asphalt mastics; cold mixing; hot mixing; jet grouting waste; limestone filler; DSR;
complex shear modulus; multi stress creep and recovery

1. Introduction

Climate change can have a direct and indirect impact on the environmental condition
that influence road pavement performance. Having to bear the weight of the vehicles and
transmit the loads uniformly to the underlying ground, the road pavement is composed
of a series of overlapping layers: all these layers should comply with different standards
to ensure the safety of users and ease not only the mobility of vehicles, but also future
maintenance activities.

From some studies it has been estimated that the construction of a road pavement,
due to the uses of main materials, produces on average 7451 t CO2/km [1] from which
heating aggregates, asphalt heating, and mixing process, accounted for 67%, 14%, and
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12% of total carbon emissions respectively [2]; for this reason, efforts are being made to
reduce CO2 emissions as much as possible, where some studies [3] have shown that the
introduction of innovative road construction technologies reduces of about 84% the CO2
for maintenance and control of the total road infrastructure.

The upper layers of a flexible pavement are composed of asphalt mixtures.
The asphalt mixture is a temperature-sensitive material; its mechanical characteristics

and operational performance dramatically change with temperature variations [4]. The
overall performance of an asphalt mixture is significantly influenced by the mechanical
properties of the asphalt mastics, which are generally defined as a mixture of binder and
mineral filler [5]. Despite the small amount of mineral filler particles in the aggregate size
distribution of asphalt mixtures, their surface area takes more than 90% of the total surface
area of mineral aggregates [6]. Therefore, the interfacial effect between mineral filler and
asphalt binder will significantly affect the performance of asphalt mixture.

Several research studies [7,8] have been carried out on the interfacial interaction be-
tween asphalt binder and mineral fillers to find out the factors that influence the interfacial
interactions. Temperature and specific surface area of fillers were found to be the two main
factors affecting the interfacial interaction between asphalt binder and mineral fillers. The
higher the temperature, the stronger the interfacial interaction. Some studies have also
quantitatively investigated the contribution of these interactions to the viscoelasticity of
asphalt mastics by modelling; Guo and Tan [9], for example, established a correlation be-
tween interfacial interactions and viscoelasticity of asphalt mastics by fitting analysis. They
found that the interaction degree can be enhanced by elevating the polar components ratio
of asphalt binder, increasing the specific surface area of fillers, making the size composition
of fillers finer or increasing the temperature.

With the aggravation of environmental and resource consumption problems, a lot of
scholars are trying to substitute traditional fillers with marginal materials [10] with the aim
of achieving the same or even better mechanical performance than traditional solutions.

Qin et al. [11] studied the impact of basalt fiber (BF) on the physical and mechanical
properties of an asphalt mastic. In particular, they conducted a cone penetration test, which
was performed by means of a mortar consistency tester with an extra weight of 500 g, to
determine the shear behavior of asphalt mastics. The results showed that the properties
(asphalt adsorption, strength behavior, crack resistance, and high-temperature rheological
properties) of asphalt mastics with the addition of BF improved significantly, especially the
crack resistance, when the length and fibers content were respectively equal to 6 mm and
in the range 5–7% by the weight of the binder.

Li et al. [12], instead, investigated the feasibility of using the steel slag fillers obtained
by different types of basic oxygen furnace in substitution of the traditional limestone filler
(LF) for making mastics. An accurate temperature sweep analysis was carried out through
a dynamic shear rheometer (DSR) to investigate the rutting potential of asphalt mastics in
a fixed-frequency of 10 rad/s in the temperature range 30–60 ◦C. The results of the study
showed that all asphalt mastics containing steel slag fillers show better high-temperature
deformation resistance than the mastic with LF; this was due to the stable mastic structure
strengthened by the stiffness of steel slag, as well as the chemical interaction between
alkaline components in steel slag fillers and asphaltic acid in bitumen.

Wang et al. [13] evaluated the high-temperature and low-temperature properties of
asphalt mastics made up of different types of oil shale ash (OSA) as partial replacement
of conventional mineral filler using DSR. The results showed that, as the test temperature
increased, the asphalt mastics with OSA had lower shear modulus and higher phase angle
than traditional asphalt mastics; therefore, it was found that the fluidity of asphalt mastics
increased, shifting from elastic to viscous behavior.

Mongkol et al. [14] determined the effect of bagasse and coconut peat fillers on the
viscosity and the resistance to failure of asphalt mastics. The findings showed that the
viscosity of asphalt mastics with coconut peat and bagasse fillers was relatively similar
to that of the traditional LF mastic, and higher than that of the granite filler mastic (at
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20% filler content by volume, at all test temperatures); they addressed the results to the
shape of the microparticles, which was more rounded for the granite filler particles than
the rest of the studied fillers.

Up to date, the recycling of reclaimed asphalt pavement (RAP) in a cold recycled
mixture (CRM) with bitumen emulsion (BE) or foamed bitumen is one of the most effective
and low-environmental impact technologies [15,16]. The life cycle assessment studies [17]
revealed that the CRM technologies reduced the energy consumption by 56–64%, and
decreased the greenhouse gas (GHG) emissions by 39–46%.

The properties of CRMs depend on the qualitative and quantitative selection of their
components, which are usually RAP, virgin aggregates, BE or foamed bitumen, water,
and active filler [18]. Depending on the combination of binding agents, various types of
cold recycling mixtures can be distinguished, such as cement-treated materials (CTMs)
with cement as the only binding agent, or cement–bitumen-treated materials (CBTMs)
containing BE or foamed bitumen with a ratio of residual bitumen to cement (B/C) lower
than or equal to one (B/C ≤ 1).

Few studies have focused on the analysis of cold bituminous mastics made up of filler
and BE at mixing temperatures of 40–60 ◦C.

Li et al. [19] investigated the rheological properties and the microstructure of a mineral
filler–asphalt mastic, a mineral filler–residue mastic, and a cement–residue mastic; the
results showed that the cement particles do not only act as a filler, but the formation of
hydration products in the mastic greatly promotes the increase of the mastic’s modulus
and elastic properties.

Yinfei et al. [20] analyzed the influence of hallow glass microsphere (HGM) on the
performances of asphalt mastic; they found out that the replacement of the traditional LF
with HGM could enhance the thermal resistance of the asphalt mastic. In particular, the
thermal conductivity of the HGM mastic was about 40% lower, and, at the same time, the
non-recoverable creep compliance (Jnr) was 50% and 80% lower, respectively at 0.1 and
3.2 kPa (58 ◦C), than that of LF mastic.

At the present date there are no studies in the literature dealing with an accurate
analysis of cold asphalt mastics, especially when alternative materials are introduced
in substitution of traditional filler, which is usually used to correct the aggregate size
distribution of cold recycled mixtures containing RAP. Therefore, this paper focuses on
investigating the influence of jet grouting waste (JW), the dried waste grout expelled
together with the extracted soil during ground consolidation works, on the physical-
mechanical properties of asphalt mastics obtained through cold (40–50 ◦C) and hot (160 ◦C)
mixing processes.

Thus, the main objective of this paper is to evaluate the benefits deriving from the
re-use of JW, which derives from a water and cement-based fluid mixture, as a filler
for preparing cold mastics, aiming to meet, and eventually improve, the mechanical
performance of CRMs using cement as a filler.

A total of three cold asphalt mastics and three hot asphalt mastics were blended with
LF, JW, and a combination of 50% LF plus 50% JW. In addition, a cold asphalt mastic was
mixed with Portland cement (PC).

A graphical summary of the main stages addressed in this research is shown in
Figure 1. First, the main properties of the binders, the neat bitumen 50/70 used for making
the hot asphalt mastics, the BE adopted for cold asphalt mastics and the PC used as filler for
the comparison with JW, were investigated. Simultaneously, the Rigden voids value and
the specific gravity of the two fillers, LF and JW, were analyzed. During the asphalt mastic
preparation, a viscosity examination was carried out according to EN 13302 [21] to identify
the optimum blending time for each of the seven asphalt solutions. After that, the blended
asphalt mastics were investigated in terms of the softening point (R&B) and penetration
value at two different curing time: (1) Accelerated curing time for three days at 60 ◦C;
(2) long curing time for 28 days at room temperature (about 25 ◦C). Finally, the rheological
properties of the asphalt mastics, for a comprehensive characterization of their viscoelastic



Coatings 2021, 11, 751 4 of 19

behavior which cannot be derived from conventional tests [22], were investigated through
the following tests: (a) Frequency sweep test [23] at test temperatures ranging from 0 to
50 ◦C with increments of 10 ◦C; (b) multiple stress creep and recovery (MSCR) test [24] at 0.1
and 3.2 kPa load levels at 40 and 50 ◦C test temperatures. In particular, in order to compare
the performance of the cold asphalt mastic with JW to the cold asphalt mastic made up of
PC, all the cold mastics were analyzed rheologically after the long curing protocol.
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Figure 1. Summary of the main research steps.

2. Materials and Methods
2.1. Materials
2.1.1. Binders

A neat bitumen 50/70 penetration grade (B5070) was adopted for blending the hot
asphalt mastics whose main properties are reported in Table 1. A PC 325R and a BE (made
up of 40% water and 60% neat bitumen 50/70) were used for the preparation of the cold
mastics. The main properties of both the BE and PC are shown in Table 1.

Table 1. Main properties of the binders.

Parameters Unit Value Standard

Bitumen

Penetration @ 25 ◦C dmm 68 EN 1426 [25]
Softening point ◦C 46 EN 1427 [26]

Dynamic viscosity @ 150 ◦C Pa s 0.25 EN 13702 [27]

Bitumen Emulsion

Water content % 40 EN 1428 [28]
pH value - 4.2 EN 12850 [29]

Settling tendency at 7 days % 5.8 EN 12847 [30]

Portland Cement

Initial setting time min 112 EN 196-3 [31]
Compressive strength - - -

at 2 days MPa 27.8 EN 196-1 [32]
at 28 days MPa 61.2 EN 196-1 [32]

Volume constancy mm 0.52 EN 196-3 [31]

2.1.2. Fillers

The jet grouting waste is the residual material produced during columnar consolida-
tion for the construction of a tunnel. This material, which was poured during the jetting
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activity, was conveyed through channels dug into the ground toward a special tank built
near the work area, and then subjected to a mechanical dehydration treatment by filter
pressing. The residual panel of dehydrated wastewater is the JW. The resulting JW, in solid
form, was subjected to a grinding process for 2 h through a jaw mill to obtain traditional
filler size (with a passing by mass percentage ranging from 70 to 100 for a sieve size of
0.063 mm, EN 13043 [33]) (see Figure 2).
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Figure 2. Limestone filler vs. jet grouting waste as filler.

The chemical composition of the JW filler is reported in Table 2a, where it can be
observed that it mainly composes of calcium (25.7%) and silicon (67.64%).

Table 2. Chemical properties of jet grouting waste.

(a)

Elements Values

Ca 25.701%
Fe 4.859%
Si 67.642%

Mg 1.735%
As 0.003%
Be 0.003%
Co 0.004%
Cr 0.008%
Ni 0.004%
Cu 0.007%
Zn 0.026%

Others * 0.006%

* Sn, V, Cd, Ti, Mn -

(b)

Filler Specific Gravity (g/cm3) Rigden Voids (%)

LF 2.737 41.440
JW 2.687 51.360

The limestone filler, used in this study as control filler, was obtained from the crushing
of limestone rock extracted from a quarry located in southern Italy.

The specific gravity and the Rigden voids of LF and JW are reported in Table 2b, where
it can be observed that, even if the JW presents a 2% lower specific gravity value than that
of LF, the Ridgen voids value of the JW resulted 24% higher than that of LF. The stiffening
effect of an asphalt mastic is highly dependent on the Rigden voids value: the higher the
Rigden voids, the higher the stiffening effect. Therefore, from this preliminary analysis, it
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can be stated that the addition of JW to the asphalt binder will result in higher stiffness of
the asphalt mastic.

The subsequent analyses presented in this paper were conducted to observe and
analyze the effect of JW into cold mastics, where it comes in contact with the water
contained in the BE; these effects are compared to those occurring in the hot solutions.

2.1.3. Asphalt Mastic Preparation

In this study, a total of four cold asphalt mastics and three hot asphalt mastics were
designed by keeping constant, on the one hand, the bitumen weight (100 g) and the filler
over bitumen weight ratio (f/b) to 0.5, and, on the other hand, by changing the filler type
as illustrated in Table 3. In particular, the composition of the hot and cold asphalt mastics
are as follows: (a) 33% LF plus 67% bitumen (concerning the cold mixing process, the
bitumen content refers to the amount of bitumen in the BE), (b) 33% JW plus 67% bitumen,
(c) 16.5%LF plus 16.5% JW and 67% bitumen. The fourth solution (see Table 3), designed
only as a cold asphalt mastic, was made up of 33% Portland cement (PC) plus 67% bitumen
(referring to the amount of bitumen in the BE).

Table 3. Asphalt mastic composition.

ID f/b Filler Type Filler
Amount (g)

Binder
Type

Binder
Amount (g)

Bitumen
Amount (g)

HAMJ

0.5

JW

50

B5070 100 100HAML LF
HAMLJ JW + LF
CAMC PC

BE 167 100
CAMJ JW
CAML LF
CAMLJ JW + LF

The preparation of asphalt mastics involved different procedures depending on
whether it was a hot or cold asphalt mastic. In both cases, the viscosity check [21] was
carried out during the mixing phase (see Figure 3), assuming a total blending time of 800
and 1200 s for the hot and cold asphalt mastics, respectively.
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Figure 3. Building material cell equipment (Anton Paar, Graz, Austria) for mixing mastics.

Concerning the preparation of the hot asphalt mastics, the neat bitumen placed into
an aluminum container was preheated in the oven at 160 ◦C and then poured in the cell
system until reaching the fixed weight of 100 g. After that, the whole system was kept
at 160 ◦C for 10 min to regulate the temperature. Subsequently, the right amount of filler
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(50 g), preheated at 160 ◦C, was slowly added to the binder and mixed at 2500 rpm; the
viscosity was measured during the mixing process.

The viscosity values recorded during the blending phase of the three hot asphalt
mastics as a function of time are plotted in Figure 4a. It can be observed that the cold
asphalt mastics containing the JW (HAMJ and HAMLJ) required additional 100 s to obtain
a constant viscosity value, representative of an homogenous mastic [34], than HAML,
which returned an optimum mixing time of 500 s. The final viscosity value of both HAMJ
and HAMLJ was on average 33% higher than HAML, which returned the lowest viscosity
value, equal to 0.321 Pa·s.
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Unlike hot mastics, the preparation of cold mastics was performed at a temperature
of 50 ◦C, which is the maximum working temperature suggested by the manufacturer of
the BE used in this study. First of all, the BE was preheated at 50 ◦C for 1 h in a plastic
container (tap), and then poured into the cell system, preheated at the same temperature.
The whole system (BE and cell system) was kept at 50 ◦C for 10 min before starting the
mixing process. The filler in the right amount (50 g), previously preheated at 100 ◦C, was
slowly added to the BE and blended at 3500 rpm. The recorded viscosity values for the
cold asphalt mastics are reported in Figure 4b. It is interesting to observe how different
behaviors have been recorded for each filler: (1) CAML showed a gradual increase of the
viscosity over time until reaching a constant value at around 1000 s; (2) CAMC returned an
increase of the viscosity up until 400 s, when it reached the constant viscosity value equal
to 3.05 Pa·s; (3) CAMLJ exhibited a slight increase of the viscosity until 600 s, after which a
sudden rise indicated that the BE broke up; (4) CAMJ showed the breaking up of the BE
within 707 s, returning a huge increase in the viscosity value that remained constant until
the end of the mixing phase.

The final viscosity value differed for each mastic; in particular, among the cold asphalt
mastics, CAML showed the lowest viscosity value equal to 1.98 Pa·s, while CAMJ returned
the highest value, equal to 3.67 Pa·s. Looking at the cold asphalt mastic made up of PC, the
final viscosity value was 54% and 30% higher than that of CAML and CAMLJ, respectively;
on the contrary, CAMC had 17% lower viscosity value than that of CAMJ.

It is worth noting that the addition of JW to both bitumen and bituminous emulsion
lead to an increase of the final viscosity of the asphalt mastics.

2.2. Methods
2.2.1. Conventional Properties

The basic properties of hot and cold asphalt mastics were investigated in terms
of penetration grade and softening point according to EN 1426 [25] and EN 1427 [26],
respectively (see Figure 5a,b).
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The penetration index was calculated according to Equation (1) to evaluate the tem-
perature susceptibility of the hot and cold asphalt mastics.

Penetration index = (20 − 500A)/(1 + 50A) (1)

where
A = (log penetration@T − log 800)/(T − TR&B) (2)

where T is the penetration test temperature (◦C) and TR&B is the softening point temperature (◦C).

2.2.2. Rheological Properties

The frequency sweep test [23] was performed on all the hot and cold asphalt mastics
and B5070 using the DSR SmartPave 102 Anton Paar. The test was carried out at 20 fre-
quencies from 0.1 to 10 Hz, and six temperatures in the range 0–50 ◦C, with increments
of 10 ◦C.

The DSR configuration consisted in a “25 mm plate-plate geometry” with a 1 mm gap
for test temperatures above 30 ◦C (see Figure 5c), while “8 mm plate-plate geometry” with
a 2-mm gap was adopted for test temperatures below 30 ◦C.

The linear viscoelastic (LVE) strain limit for all the asphalt binders at different frequen-
cies and temperatures was measured through the strain sweep test according to standardize
procedures [35].

In order to comply with the requirements of the research study, the lowest shear strain
sweep value was selected to make an effective comparison of all asphalt mastics as follows:
0.1% for a “25 mm plate-plate geometry” configuration and 0.05% for an “8 mm plate-plate
geometry” configuration.

The obtained shear modulus G* and phase angle δ were plotted in the black diagram
space [36]. The storage modulus G’ and the loss modulus G” were analyzed through the
Cole-Cole diagram [37].

The MSCR [24] was conducted through the DSR applying ten cycles of repeated creep
and recovery with a loading time of 1 s and an unloading time of 9 s at both shear stress
levels of 0.1 and 3.2 kPa.

The test was carried out at 40 and 50 ◦C test temperatures with a “25 mm plate-plate
geometry” configuration with 1 mm gap.

The results of the MSCR test are used to characterize the deformation resistance of as-
phalt mastics through Jnr and the percent recovery (%Recovery), calculated by Equations (3)
and (4), respectively.

Jnrτ =
1
10∑10

N=1 (ε10/τ) (kPa−1) (3)
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%Recoveryτ =
1

10∑10
N=1

[
100 · (εN

1 − εN
10)/εN

1

]
(%) (4)

where

• εN
10 is the strain value at the end of the recovery phase (after 10 s) of the N-th cycle;

• τ is the applied stress, 0.1 kPa and 3.2 kPa;
• εN

1 is the strain value at the end of the creep phase (after 1 s) of the N-th cycle;
• εN

10 is the strain value at the end of the recovery phase (after 10 s) of the N-th cycle.

3. Results and Discussions
3.1. Basic Properties

The softening point and penetration values were adopted to investigate the effect
of the curing time on the cold asphalt mastics. In particular, a 28 days of curing time
at room temperature (about 25 ◦C) was selected as the long curing time, since after that
period more than 90% of the total mechanical strength of PC, contained in the CAMC
solution, developed; instead, 3 days of curing time at 60 ◦C was chosen as the accelerated
curing time [38] to ensure a complete evaporation of the water contained in the BE of
cold asphalt mastics. Figure 6 shows the R&B values of the four cold asphalt solutions
(CAMC, CAMJ, CAML, and CAMLJ). Looking at the R&B values after the accelerated
curing time, the lowest value (48 ◦C) was returned by CAML, while the highest one (56 ◦C)
was observed for CAMC, resulting in 9%, 17%, and 3% higher than that of CAMJ, CAML,
and CAMLJ, respectively.
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Looking at the R&B values after 28 days of curing time, CAML showed again the
lowest value (49.5 ◦C), while the highest value (74 ◦C) was observed for CAMLJ. In fact,
moving from 3 to 28 days of curing time, the mastics CAMC, CAMJ, and CAML increased
the R&B value by 25%, 11%, and 3%, while CAMLJ returned 36% higher R&B value.

Different considerations can be drawn for the penetration values (see Figure 7); after
the accelerated curing time, the highest value of 67 dmm is obtained by CAMC, while the
lowest (62 dmm) is shown by both CAMJ and CAMLJ. As the curing time increases, the
penetration values decrease by 33%, 29%, 22%, and 29% for CAMC, CAMJ, CAML, and
CAMLJ, respectively. It is interesting to observe that, under the long curing time conditions,
the addition of JW to cold asphalt mastics improves the basic performance compared to
those of the cold mastic made up with PC.
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Figure 8 shows the R&B values of the hot asphalt mastics; it can be observed that all
the hot asphalt solutions have higher R&B value than B5070. In particular, HAMJ, HAML,
and HAMLJ have 24%, 7%, and 35% higher R&B value than that of B5070. Among all,
HAMLJ showed the highest R&B value, equal to 62 ◦C.
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Looking at the comparison of the cold asphalt solutions with the hot ones that have
the same filler type and content, all the cold asphalt mastics returned on average 8% lower
R&B values than the hot mastics after the accelerated curing time, although they had
11.5% higher R&B values than that of B5070. On the contrary, after the 28 days of long
curing time, CAML and CAMJ achieved the same R&B values of HAML and HAMJ,
respectively, while CAMLJ had 19% higher R&B value than that of HAMLJ.

The penetration values of the hot asphalt mastics (see Figure 8) are compliant with
the R&B values of the same mastics: the highest R&B value corresponds to the lowest



Coatings 2021, 11, 751 11 of 19

penetration value and vice versa. The lowest penetration value is achieved by HAMJ,
which is 2% lower than that of HAMLJ. Again, the penetration values of the hot asphalt
solutions are lower (on average 10%) than those obtained by the cold asphalt solutions
after the accelerated curing time; instead, when the curing time achieved the 28th day at
room temperature, the cold asphalt solutions had on average 18% lower penetration values
than those of the hot ones.

The penetration index results are presented in Table 4. As it can be observed, all
the mastic solutions containing only LF (both hot and cold) have higher temperature
susceptibility than the remaining solutions; instead, when JW is combined with LF, both
hot and cold asphalt mastics returned the lowest temperature susceptibility. In fact, CAMLJ
(cold solution) and HAMLJ (hot solution) have penetration index values equal to 3.127
and 1.619, respectively. When JW alone is adopted for making mastics, the hot asphalt
mastic (HAMJ) has lower temperature susceptibility than the cold one (than CAMJ), with
four times higher penetration index value. Anyways, the cold asphalt solution containing
PC resulted in the highest penetration index among the remaining asphalt mastics, except
for CAMLJ.

Table 4. Penetration index values of the asphalt mastics.

ID Blending Process Filler Type Penetration Index

CAMC

Hot

PC 2.559
CAMJ JW 0.107
CAML LF −1.279
CAMLJ LF + JW 3.127

HAMJ
Cold

JW 0.556
HAML LF −0.947
HAMLJ LF + JW 1.619

3.2. Frequency Sweep Test

On the basis of the results achieved so far by the basic investigation at different curing
time, it was decided to proceed with the rheological investigation of the cold asphalt
mastics after the long curing time of 28 days.

The frequency sweep test results were expressed in terms of black diagram by plotting
the phase angle versus the shear modulus. A smooth curve in a black diagram is a useful
indicator of time–temperature equivalency of the asphalt mastics [39].

Figure 9 shows the black diagrams of the hot asphalt solutions. First of all, it can
be observed that all the hot asphalt mastics, regardless of the test temperature, returned
higher G* values (+193% on average) than B5070; moreover, all the solutions investigated
present an almost linear trend until G* value equals 10,000 Pa (see the left portion of the
black diagram).

The simultaneous addition of LF and JW resulted in increased stiffness and greater
proportion of elastic behavior compared to the other asphalt mastics (HAML and HAMLJ)
and the binder B5070. As a matter of fact, HAMLJ presented G* values between 0 and
20 ◦C (δ values falling within the range 50–80) on average 121% and 76% higher than that
of HAMJ and HAML, respectively; instead HAMLJ had 39% higher G* than that of HMAL
at test temperatures higher than 20 ◦C, up until matching the G* value of HMAJ at 50 ◦C.

No substantial differences in terms of phase angle were returned by the hot asphalt
mastics, except for HAMLJ that showed the lowest phase angle (51◦) in correspondence of
the highest G*.

The next comparison was carried out among the cold asphalt solutions after 28 days
of curing time, as reported in Figure 10. Figure 10 shows that CAMLJ solution had the
highest G* values, in particular seven times higher than those of CAML, which instead
exhibited the lowest G* values.
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When CAMLJ solution is compared to CAMJ, the average G* value at all test tempera-
tures increases by 82%; the same increase lowers until 40% when comparing CAMLJ to
CAMC. At the same time, CAMLJ returned the lowest δ values, in particular lower by 34%,
31% and 30% than those of CAML, CAMJ, and CAMC, respectively.

When the JW is added to cold mastics, no substantial difference is returned in terms
of phase angle than CAMC solution. This result favors the hypothesis that the behavior of
JW is close to that of PC, given the percentage of cement contained in the JW. Furthermore,
it is possible to observe that the linear behavior of the CAMJ and CAMLJ reverses in
correspondence of G* values between 10,000 and 100,000 Pa, before than what has been
observed for the corresponding hot asphalt solutions; the drift of the switching point, in
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correspondence of which the mastics show a reduction of phase angle values, proves that
the cold mastics have a more marked elasticity than the hot ones.

Since the HAMLJ and CAMLJ were the most suitable solutions in terms of G* and
δ among the hot and cold solutions, respectively, further considerations were drawn
comparing the two mentioned solutions through the black diagram as reported in Figure 11.
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What immediately stands out to the eye is that the two curves seem to be offset from
one another, with CAMLJ returning the lowest phase angle values for the same G* values:
CAMLJ achieved up to 60% lower phase angle than that of HAMLJ in correspondence
of the highest G* value, while 28% lower phase angle turned out for the lowest G* value.
These results highlighted that the combination of JW and LF into cold mastics returns more
elastic solutions, contrary to what has been observed for hot mastics.

Further careful investigations of the performance of the hot mastics, cold mastics,
and B5070 were carried out by plotting a Cole-Cole diagram (see Figure 12), where the
x-axis indicates the storage modulus (G’), and the y-axis shows the loss modulus (G”) [40]
at all test temperatures (from 0 to 50 ◦C). The CAMLJ and HAMLJ solutions showed a
prevalence of the storage modulus over the loss modulus (G’ is on average 50% higher than
G”), unlike all the other mastics, which presented a predominance of the viscous behavior.
The degree of elasticity and viscosity of the cold mastic containing JW (CAMJ) is the same
as that of the cold asphalt mastic with PC (CAMC). Moreover, the addition of JW in the
cold mastic returns 50% higher increase of G’ value than when it is added in the hot asphalt
solution (HAMJ), contrary to what happens when using LF.

3.3. Multiple Stress Creep and Recovery

The MSCR test was carried out to measure the permanent deformation of the four
cold asphalt mastics (CAMC, CAMJ, CAML, and CAMLJ), the three hot asphalt solutions
(HAMJ, HAML, and HAMLJ), and the bitumen (B5070).

Figure 13 shows the results in terms of Jnr. All the asphalt mastics showed lower Jnr
values than that of B5070; in particular, the hot and cold asphalt solutions lowered the Jnr
by 10% and 80%, respectively, compared to B5070. All the asphalt mastics showed great
temperature sensitivity: moving from 40 to 50 ◦C, the average Jnr increase was equal to
205% and 386% under 0.1 and 3.2 kPa stress levels, respectively. The mastics containing JW,
regardless of the temperature and the stress level, showed lower Jnr values than those of
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HAML solution; in particular, HAMJ has 41% and 21% lower Jnr values (average values
under both stress levels) than those of HAML at 40 and 50 ◦C, respectively; HAMLJ has
46% and 33% lower Jnr values than those of HAML at 40 and 50 ◦C, respectively. The
same occurs when JW is added to cold mastics: CAMJ and CAMLJ show respectively
69% and 84% lower Jnr than those of CAML (average values at both test temperatures
and stress levels). It is possible to deduce from the obtained results that, regardless of the
test temperature and stress level, the cold mastics improve the elasticity compared to the
hot ones with the same filler type and content; in fact, the Jnr values of CAML, CAMJ,
and CAMLJ are on average 59%, 88%, and 97% lower than those of HAML, HAMJ, and
HAMLJ, respectively.
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Further comparing the CAMC solution to the cold mastics with JW (CAMJ and
CAMLJ), two different behaviors are observed, in particular: (1) CAMC shifted from
9% higher average Jnr value than that of CAMJ at 40 ◦C test temperature, to 13% lower Jnr
at 50 ◦C; (2) CAMC had always higher Jnr values (+140% on average at all test temperatures
and stress levels) compared to those of CAMLJ.

The results achieved so far showed that the introduction of JW, in particular when com-
bined with LF into both hot and cold asphalt mastics, helps the binder to resist deformation.
The CAMLJ has shown the lowest accumulation of permanent deformation.

In parallel with the non-recoverable creep compliance, the %Recovery was evaluated
for the mastic solutions under analysis. Greater %Recovery means greater capacity of an
asphalt mastic to recover from the deformation experienced after load application, which
translates into lower rutting potential (lower accumulation of plastic deformation) [41,42].
The %Recovery results are reported in Figure 14. It is possible to notice that all asphalt
mastic solutions (HAML, HAMJ, HAMLJ, CAML, CAMJ, CAMC, and CAMLJ) returned
higher %Recovery than B5070 under both stress levels (0.1 and 3.2 kPa) and test tempera-
tures (40 and 50 ◦C); in particular, the hot asphalt mastics (HAML, HAMJ, and HAMLJ)
showed, on average, five times higher %Recovery than B5070, while cold asphalt mastics
had nine times greater %Recovery than B5070. Nevertheless, the asphalt mastics containing
only LF (HAML and CAML) returned lower %Recovery than the remaining asphalt solu-
tions; in fact, HAML has on average 63% lower %Recovery than that of both HAMJ and
HAMLJ, while CAML has an average 46% lower %Recovery than those of all remaining
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cold asphalt solutions. Anyways, all the mastics showed a reduction of the %Recovery
moving from 40 to 50 ◦C, equal on average to 38% and 12% for the hot and the cold
solutions, respectively.
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Among the hot asphalt solutions, HAMLJ returned the highest %Recovery values,
equal to 58%, 52%, 52%, and 51% at 40 ◦C under 0.1 kPa, at 40 ◦C under 3.2 kPa, at 50 ◦C
under 0.1 kPa, and at 50 ◦C under 3.2 kPa, respectively. Compared to those of HAMLJ,
CAMLJ returned 34% and 27% higher %Recovery values at 40 and 50 ◦C (average values
at both stress levels), respectively.

The addition of JW seems to improve the deformation recovery properties of the
cold mastics more than those of the hot mastics: in fact, CAMJ has on average 63% and
90% higher %Recovery than those of HAMJ under both stress levels at 40 and 50 ◦C,
respectively. Although CAMJ solution is made up of JW, which comprises a portion of
cement expelled during land consolidation operations, the solution containing PC still
returned 9% higher %Recovery at both test temperatures and stress levels compared to that
of CAMJ.

It is interesting to observe that the hot asphalt solution containing both the JW and LF
is less stress sensitive than all the other hot mastics; among hot mastics, HAMLJ has the
lowest %Recovery decrease moving from 0.1 to 3.2 kPa stress level, equal to 10% and 2% at
40 and 50 ◦C, respectively; instead, when the JW is added alone for making cold mastics,
CAMJ showed the absolute lowest %Recovery decrease moving from 0.1 to 3.2 kPa stress
level, equal to 4% and 8% at 40 and 50 ◦C, respectively.
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4. Conclusions

In this research, the effect of the JW on the properties of asphalt mastics has been
investigated. With the aim of reducing the climate change, a deep analysis was carried
out on cold asphalt mastics blended with JW at a temperature of 50 ◦C. The results were
compared to the traditional asphalt mastics containing limestone filler (LF) and the main
conclusions are as follows:

• The viscosity of the cold mastics is higher than the hot ones and, therefore, the mixing
of the cold mastics requires more time than the hot ones (+200 s) to reach a constant
viscosity value;

• The analysis of the penetration value and softening point showed that after a curing
time of 28 days at room temperature (about 25 ◦C), the performance of cold mastics
increases, exceeding those of the hot ones with the same filler type and content;

• The penetration index values showed that, when the JW is combined with LF into
asphalt binders (both through hot and cold blending processes), the asphalt mastics
are less temperature susceptible than the remaining analyzed solutions;

• The rheological analysis of the asphalt mastics showed that, after 28 days of curing
time, which is usually the time span required to achieve the maximum performance
of cement, the mastics made up of JW exceeded the performance of mastics packed
with Portland cement (PC), showing 82% higher G*, and higher elasticity, returning
60% higher %Recovery;

• The combination of JW and LF for making both hot and cold mastics improves the
performance of the binder more than all other asphalt solutions analyzed in the present
study; at the same, the cold solution with JW and LF returned on average 45% lower
phase angle values than the hot one, and, at the same time, five times lower Jnr values.



Coatings 2021, 11, 751 17 of 19

Although the JW is a highly innovative material within road pavements, the results
obtained are in line with other studies that involve the reuse of waste as a substitution of
traditional filler for making asphalt mastics [43,44]. Furthermore, the addition of JW into
asphalt mixtures could save 31% of the CO2 emission when introduced through a cold
process [16].

These results are a starting point for future works that should investigate microscopi-
cally the interactions between the limestone filler and the jet grouting waste, which have
shown the best performance when combined together. Future studies will also assess the
effect of different JW content on the asphalt mastics, focusing on the rheological analysis at
low test temperature by evaluating long-term durability of mastics under the loads and
temperature impact through the linear amplitude sweep test and evaluating the stiffness
modulus through the bending beam rheometer.
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