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A B S T R A C T

This work studies the feasibility of a new cold asphalt concrete with 5% voids with fast curing, developed with
asphalt emulsion and magnetic induction. Until now, it was impossible to produce fast curing cold asphalt
concretes due to the impossibility of compacting and evaporating the water in the asphalt emulsion quickly.
Therefore, the aim of this work is to solve the impossibility of compacting the cold asphalt concrete and thus
reduce the long curing times. For this purpose, at laboratory level, an experimental cold asphalt concrete was
designed with magnetic induction and compared with two reference hot asphalt concretes manufactured ac-
cording to Spanish standards without magnetic induction (one with 50–70 grade bitumen and another with a
PMB45/80–65 type polymer-modified bitumen). The research was carried out in two stages. First, the new cold
asphalt concrete was rheologically characterized, the binder recovered from the asphalt concrete was analyzed
according to the tests of ring and ball, penetration, dynamic shear rheometer (DSR) and multiple stress creep and
recovery (MSCR). Secondly, the new cold concrete asphalt was mechanically characterized, the mechanical
performance of the cold asphalt concrete was analyzed by evaluating stability and deformation, dry and wet
indirect tensile strengths (ITS), wheel tracking test, stiffness modulus and resistance to raveling dry and wet
conditions. Based on the rheological analysis results, the asphalt emulsion recovered from the cold asphalt
concrete is extremely soft with a low softening point and a high penetration rate. On the other hand, the values of
viscosity, phase angle, stiffness and non-recoverable creep compliance are between those of the bitumen 50/70
and the PMB45/80–65, but closer to bitumen 50/70. As for their mechanical performance, the novel cold asphalt
concrete studied presents better resistance to water damage and particle loss, both in dry and wet conditions, but
also high permanent deformations and low ITS, probably due to the fact that the residual binder of the emulsion
used is softer than the others.

1. Introduction

The design of low-carbon asphalt mixtures has become a priority for
road engineering [1]. In this regard, cold asphalt mixtures should be
preferred because they are manufactured at ambient temperatures [2,3],
consuming as a result less energy and generating less greenhouse gas
emissions [4]. Unfortunately, it has not been possible to produce dense
cold asphalt concrete with fast curing until now. This is explained by the
fact that cold asphalt mixtures tend to have a high percentage of voids
because of compaction difficulties due to the presence of water in the
asphalt emulsion [5]. They also require a long curing time to evaporate

the water contained in the asphalt emulsion [6], delaying the opening of
the road.

Asphalt concrete for road surfaces should have a void content be-
tween 4% and 6%. Authors have tried to design more closed cold
mixtures with the aim of improving their mechanical behavior [7,8],
however, they only achieved a void content between 8% and 14% in
cold asphalt mixtures [9]. So far, it is known that increasing the number
of strokes by the Marshall compaction method allows a marginal
decrease in air voids content [7], so researchers have opted for doubling
the compaction energy on gyratory compactor [10], which is inefficient,
so it is necessary to develop new manufacturing options [11].
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At the same time, the curing process of cold mixtures can take up to
28 days [12–15] depending on climate and humidity [16–18]. This is
relevant because the curing process influences the performance of the
cold mixture [7,19], which has a weak mechanical performance in the
early stages of curing [14,20,21] and its voids content increases when
the curing process ends [22].

There is currently no standardised manufacturing method for cold
mixtures [23,24]. Most of the procedures developed are based on the U.
S. Asphalt Institute method [7,15], which considers an initial compac-
tion, then a curing period of 48 h at 60◦C and, at the end, before the
mixtures cool down, a piston compaction with a load of 178 kN for one
minute, and finally cooling and demoulding. This method takes into
account a long curing time and does not consider porosity parameters.
Several researchers have tried to develop a new cold asphalt concrete,
which improves on these shortcomings, but have been unsuccessful:

− A cold asphalt concrete with 8–9% voids was obtained in [6]. In this
work, a higher-level compaction which was called "extra-heavy
compaction" was performed. Unfortunately, the designed mixture
required a long curing period of 18–21 days at a constant tempera-
ture of 40◦C.

− In [8], a cold asphalt concrete with palm oil fuel ash was developed.
In this case, the samples were tamped ten times on the perimeter and
fifteen times in the centre and then subjected to 75 blows per face.
Finally, the curing also took a long time: 24 h at 40◦C and then, the
samples were extruded and cured for an additional 72 h period at the
same 40◦C.

− An asphalt concrete with emulsion and 4% voids was achieved [22]
but for this, the aggregates were heated to 120◦C, which means an
increase in energy consumption. Then, the samples required several
compaction processes and a long curing period, since they were
initially compacted by 50 blows per face and cured for 24 h at 110◦C,
following by a second compaction effort of 25 blows per face, ending
with a further 24 h curing at room temperature.

− In [25], the influence of three Marshall compaction methods was
studied (50 blows, 75 blows and double compaction). The resulting
mixtures had between 8% and 12% voids. In addition, this research
evaluated two different extensive curing processes. The first curing
process cured the samples for 48 h at 60◦C to leave them then for 6 h
at room temperature. The second curing method cured the mixtures
for 3 days at 20◦C, then compacted them and finally placed them in
an oven for 48 h at 60◦C.

− The problem of long curing time of cold asphalt mixtures has been
addressed in [26–28] with promising results using magnetic induc-
tion. However, only cold porous asphalt mixtures were evaluated.

As it can be appreciated, there is no cold asphalt concrete of dense
grade with fast curing. Specifically, the mixtures that reach this level of
voids require along 48 h or more of curing. In this sense, this research
evaluates the feasibility of manufacturing a cold asphalt concrete by
combining traditional compaction methods plus magnetic induction (a
method used in other research to reduce the curing time of porous cold
asphalt mixtures [28]).

In this case, magnetic induction allows the temperature of the
asphalt mixture to rise quickly, evaporating the water before the
compaction process independently of the weather, allowing the asphalt
concrete to be compacted by traditional methods (there is not water
inside the mixture) and reducing the curing time as almost all of the
water contained during the manufacturing process has been already
evaporated.

The particular objective of this research is to design a useful cold
asphalt concrete with a commercial asphalt emulsion. For this, it is
necessary to achieve an adequate curing method, a void content be-
tween 4% and 6% and acceptable mechanical performance. To achieve
the objective of this research, a novel manufacturing protocol for an
experimental cold asphalt concrete with industrial by-products was

designed using magnetic induction. Thus, this research evaluates the
feasibility of the novel experimental mixture with respect to two tradi-
tional reference hot asphalt concretes manufactured with two bitumi-
nous binders widely used in Europe.

The research has been structured in two main stages. In the first
stage, due to the different thermal processes involved in the traditional
manufacturing method in comparison with the experimental method,
and the viscoelastic nature of the asphalt binders [29], the binder of the
three asphalt concretes under study were recovered for rheological
evaluation in terms of their softening point through the ring and ball
test, their hardness with the needle penetration test, the delayed elastic
response and plastic deformation with the Multi Stress Creep Recovery
(MSCR) test and their viscosity, stiffness, phase angle with the dynamic
shear rheometer (DSR). In addition, the master curve was determined
with the results obtained in DSR. In the second stage, physical properties
and the mechanical performance of the three asphalt concrete mixtures
were characterized (two manufactured under European standards
without magnetic induction and one experimental manufactured with
magnetic induction), involving: density, voids content, stability and
deformation, water sensitivity, plastic deformation, stiffness, and resis-
tance to raveling.

2. Materials and manufacturing procedures

2.1. Materials

Three different types of binders have been used for this investigation:
a 50–70 penetration grade bitumen, a PMB 45/80–65 polymer modified
bitumen and a C60BP4-MIC polymer modified emulsion. The properties
of the three binders are summarised in Table 1.

The aggregates used were ophite for the coarse fraction and lime-
stone for the fine and filler fractions. Their main properties are sum-
marised in Table 2. In addition, a magnetic industrial by-product called
"steel shot blasting" (Fig. 1) was used to improve the electrical properties
of the experimental cold asphalt concrete [30]. This industrial
by-product was already used in a previous research [31]. Due to its size
and spherical shape, it does not require a previous preparation process,
it is uniformly distributed in the mixture and does not generate steel
clusters. Their density and the percentage of particles passing through
each sieve size are summarized in Table 3.

2.2. Manufacturing procedures

For the development of this research, Marshall type samples were
fabricated. Three types of asphalt concrete with AC16 particle size dis-
tributions according to EN 933–1 were developed: a reference mixture

Table 1
Binder properties.

Binder type Test Value Standard

Bitumen grade 50/70 Penetration (25◦C, mm/10) 57 EN 1426
Specific Gravity 1.04 EN 15326
Softening point (◦C) 51.6 EN 1427
Ductility force (5◦C, J/cm2) - -
Elastic recovery (25◦C, %) - -

Bitumen PMB 45/
80–65

Penetration (25◦C, mm/10) 56.00 EN 1426
Specific Gravity 1.03 EN 15326
Softening point (◦C) 74.10 EN 1427
Ductility force (5◦C, J/cm2) 3.11 EN 13589
Elastic recovery (25◦C, %) 88.00 EN 13398

Emulsion C60BP4-MIC Polarity Positive -
Breakage value (g) 180 EN 13075–1
Residual binder content (%) 61 EN 1428
Creep time (2mm, 40◦C) 45 EN 12846–1
Settling tendency (7 days) 7.5 EN 12847
Sifting residue (0.5 mm) 0.03 EN 1429
Penetration (mm/10, 25◦C) 100 EN 1426
Softening point (◦C) 50 EN 1427
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with conventional 50/70 penetration grade bitumen (AC 50–70); a
second reference mixture with a PMB 45/80–65 bitumen (AC PMB) and,
thirdly, the experimental cold mixture with asphalt emulsion type
C60BP40-MIC (Cold AC). Magnetic aggregate was only added to the
experimental mixture, dosed at 5 % by volume to ensure its homoge-
neous distribution in the mixture and to avoid the formation of clusters
[32–34]. The particle size distribution of the three asphalt concretes is
shown in Fig. 2.

The manufacture of the two reference asphalt concretes (AC 50-70
and AC PMB) was in accordance with the Spanish standard (EN
12697-30), so magnetic induction was not used in their manufacture.
Thus, the procedure being as follows: the coarse and fine fraction are
firstly mixed, then the bitumen and finally the filler fraction are added.
Regarding the manufacturing temperature, the aggregates are heated for
6 h to reach the temperature based on the bitumen specifications (150◦C
for the AC 50-70 mixture and 165◦C for the AC PMB).

With regard to the experimental mixture, the impossibility of com-
pressing the water contained in the asphalt emulsion makes the manu-
facture of Cold AC difficult. For this reason, a novel procedure for

manufacturing the experimental mixture using magnetic induction was
designed.

In the proposed method, the coarse and fine fraction are mixed with
the asphalt emulsion for two minutes, then the magnetic aggregate and
filler fraction are added and mixed with the rest for two minutes, all at
room temperature. Once all materials have been mixed, the mixture is
exposed to a magnetic field according to the protocol in Table 4,
designed as developed in [28], with the aim of evaporating the water
contained in the emulsion by rapidly reaching the boiling temperature of
water. Once the magnetic induction protocol was completed, the
mixture was compacted by 75 strokes on each side using the Marshall
compactor. Finally, Cold asphalt concrete with 5 % voids manufactured
by magnetic induction has hardened and achieved room temperature
after 50 min from the end of its manufacture. This time was obtained by
measuring the temperature and total weight of the compacted mixture
every 2 min. It should be noted that this is a significant reduction in
curing time compared to that reported by other authors to date [6,8,22,
25].

The intensities were designed from themagnetic particles, since their
shape, size, homogeneity and purity affect their sensitivity to magnetic
fields [35–38]. The magnetic field was applied by means of a
high-frequency magnetic induction equipment (EasyHeat LI 3542). The
coil was placed at a fixed distance of 1 cm from the sample surface. It
should be noted that this parameter has a significant influence on the
effectiveness of magnetic induction heating [39–42].

Table 2
Aggregates properties.

Aggregate type Property Value Limit Standard

Ophite Los Angeles coefficient 13 ≤ 20 EN 1097–2
Specific weight (g/cm3) 2.787 - EN 1097–6
Polished stone value (PSV) 60 ≥ 56 EN 1097–8
Flakiness Index (%) 8 ≤ 20 EN 933–3

Limestone Los Angeles coefficient 28 - EN 1097–2
Specific weight (g/cm3) 2.705 - EN 1097–6
Sand equivalent 78 > 55 EN 933–8

Hydrated lime Specific weight (g/cm3) 1.959 - EN 1097–6

Fig. 1. Magnetic by-product: Steel shot blasting.

Table 3
Magnetic by-product properties: density and percentage passing through each sieve size.

Magnetic
by-product

Density Sieve (mm)

(g/cm3) 8 4 2 1 0.5 0.25 0.063

Steel shot blasting 7.435 100% 100% 100% 100% 67% 14% 0%

Fig. 2. Granulometric distribution.

Table 4
Magnetic induction protocol.

Step Intensity
(A)

Power
(W)

Time
(minutes)

Frequency
(KHz)

Experimental
protocol

1 300 1560 3 185
2 160 550 2 185
3 130 20 30 185
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3. Research methodology

A rheological analysis was performed on the residual binder, because
the manufacturing method used in the experimental mixture is new and
the rheological consequences of the application of magnetic induction
are not known. In addition, a mechanical evaluation of the experimental
asphalt concrete was performed to ensure adequate performance, as
until now, no cold asphalt concrete has been produced that meets the
requirement for air voids content with rapid curing.

3.1. Rheological evaluation

After the manufacturing process of the three mixtures under study,
the binder was recovered by the rotary evaporator method (EN 12697-
3). The recovered binder samples were characterised including empir-
ical and rheological properties (i.e. softening point, penetration, shear
recovery, viscosity, stiffness, phase angle and, finally, the master curve
was also determined).

3.1.1. Ring and ball and penetration test
Softening point and hardness of the binders were determined ac-

cording to the Ring and Ball method (EN 1427:2015) and needle
penetration test (EN 1426:2015), respectively. Concerning the Ring and
Ball, this test starts at 5◦C and the temperature is increased by 5 ◦C/min
until two steel balls of 9.5 mm diameter and 3.5 g, wrapped on bitumen,
reach a depth of 25±0.4 mm. As for the needle penetration test, the
temperature is set at 25◦C and a 100 g needle is dropped in free fall on
the binder and the penetration achieved after 5 s is measured in tenths of
a millimeter (dmm). This process is repeated six times.

3.1.2. Dynamic shear rheometer (DSR)
Viscosity, stiffness and phase angle were determined using the Dy-

namic shear rheometer (DSR) test according to EN 14770:2024. This test
is performed from 60◦C to 10◦C at 5◦C intervals and the frequencies
tested ranged from 0.1 Hz to 30 Hz. Then, because frequency and tem-
perature directly affect the performance of the asphalt binder, the results
were normalised by developing the master curve according to the
method employed in [43,44]. Thus, the complex shear modulus data is
fit to a sigmoidal function by least-squares:

log(|G∗|) = ɳ+
β

1+ eγ− μlog(fr)
(MPa) (1)

Where γ and μ are shape parameters, ɳ is the lower asymptote, β is the
variance between the asymptotes’ values and f r is the reduced fre-
quency, as defined by Eq. 2.

fr = At • f
(
rad
s

)

(2)

Where the Time-temperature shift factor (At) is estimated according to
Eq. 3 and f is frequency.

log(At) = A1T2 + A2T+ A3 (3)

Where T is the temperature (◦C) and A1, A2andA3 are fitting
parameters.

3.1.3. Multiple stress creep recovery (MSCR test)
Shear creep recovery was determined by the MSCR test

(EN16659:2016). In this test, two parameters are determined: the elastic
recovery (%R) and the non-recoverable creep compliance (Jnr), being
the latter representative of the material’s susceptibility to plastic
deformation [45–47]. As specified in the standard, 25 mm diameter
circular binder samples are used and the test is carried out at 60◦C
applying 10 loading cycles at two different stress levels of 0.1kPa and
3.2 kPa. Each cycle took 10 s, 1 s for loading and 9 s for recovery. The
average values of %R and Jnr at creep stress levels of 0.1 kPa and 3.2 kPa

are calculated as the average of the values obtained in each cycle ac-
cording to Eqs. 4 to 9.

%RN
0.1kPa =

100 • (ƐN1 − ƐN10)
ƐN1

(4)

%RN
3.2kPa =

100 • (ƐN1 − ƐN10)
ƐN1

(5)

JNnr0.1kPa =
ƐN10

0.100
(6)

JNnr3.2kPa =
ƐN10

3.200
(7)

ƐN1 = ƐNc − Ɛ
N
0 (8)

ƐN10 = ƐNr − Ɛ
N
0 (9)

Where ƐN1 is the deformation at the end of the creep part of each
cycle. ƐN10 is the final strain of the creep part. ƐN0 is the absolute
deflection at the beginning of cycle N. ƐNc is the absolute value of the
deflection at the end of the creep part of each cycle. ƐNr is the absolute
value of the deformation at the end of the deformation part of each
cycle.

3.2. Mechanical evaluation

After the manufacturing process, the reference and experimental
asphalt concretes were characterised and mechanically tested, accord-
ing to Spanish standard to assess their feasibility. In this sense, density,
total voids, stability and deformation, indirect dry and wet tensile
strengths, deformation and rutting slope were determined. In addition,
to gain a better understanding of the new asphalt concrete, the stiffness
modulus and the dry and wet particle loss were evaluated. It should be
noted that eight Marshall samples were tested for each test. With the
exception of the deformation slope and rutting depth, two lanes of each
type of asphalt concrete were tested.

3.2.1. Density, total voids, stability and deformation
The density was determined according to EN 12697-5 while total

voids respect to EN 12697-8. For voids, Eq. 10 was used, where mdry is
the mass of the sample in dry condition, V is the geometric volume of the
sample and Gmm is the theoretical specific weight of the mixture.

Total air voids(%) =

(

1 −
mdry

V • Gmm

)

× 100 (10)

Stability and deformation were determined by the Marshall test ac-
cording to EN 12697-34. The test was performed at room temperature,
the loading rate was 50 mm/min.

3.2.2. Indirect tensile strength (ITS)
The indirect tensile strength in kPa in dry and wet conditions was

calculated using the water sensitivity test according to EN 12697-12.
The test was carried out at 15◦C and the loading rate was 50 mm/min.
The wet samples were placed in a water bath at 40◦C for 72 h. Finally,
the ITSR (%) was calculated to evaluate the sensitivity of each mixture to
the effect of water.

3.2.3. Deformation slope and rutting depth
The deformation slope and rut depth were determined with the

wheel tracking test according to EN 12697-22. The test specimens were
conditioned at the test temperature for 4 h. The test was run at 60◦C,
20,000 cycles were applied with a pneumatic wheel and a load of 700 N
was applied.
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3.2.4. Stiffness modulus
The stiffness modulus it was determined according to EN 12697-26.

The specimens were air-conditioned for 24 h. The test was carried out at
20◦C and stress pulses were applied until a horizontal deformation of
0.005 % of the specimen diameter was reached. The modulus of rigidity
was calculated using Eq. 11.

E(Mpa) =
F • (v+ 0.27)

(z • h)
(11)

Where E is the modulus of rigidity in Mpa, F is the maximum load, z the
horizontal deformation, h the specimen thickness and v the Poisson
coefficient.

3.2.5. Particle loss
Raveling is not a common failure in asphalt concrete mixtures.

However, as Cold AC mixture is completely new and there are no pre-
vious records of its possible mechanical performance, the cohesion of
the experimental mixtures was assessed using the Cantabro test (EN
12697-17), both at dry and wet conditions. The samples were air-
conditioned for 24 h and the test was carried out at 25◦C at a speed of
33 revolutions per minute. The particle loss was determined by Eq. 12.

ML(%) =
mi − mf

mi
× 100 (12)

Where, ML is the mass loss in percentage. mi is the initial mass and
mf is the final mass.

4. Results and discussion

4.1. Rheological evaluation

4.1.1. Ring and ball and penetration test
Table 5 summarises the results of the ring and ball and penetration

tests. The binder recovered from AC PMB has a higher softening point
and a lower penetration rate than the binders in Cold AC and AC 50–70,
being the results statistically significant in both cases (Table 6). In
addition, the binder recovered from Cold AC is the softest of the three,
which may lead to plastic deformation problems in the performance of
cold asphalt concrete.

4.1.2. Dynamic shear rheometer (DSR)
Fig. 3 summarises the results of the viscosity measured with the DSR.

Although the viscosity of the materials is very similar at low tempera-
tures, as the temperature increases, the polymer modified binders seem
to require higher temperatures to decrease their viscosity. Furthermore,
at high frequencies, the viscosity differences between the three binders
are reduced. Specifically, the binder recovered from AC 50–70 is the
binder with the lowest resistance to displacement at all frequencies and
temperatures. For this reason, AC 50–70 is expected to have a better
aggregate envelopment at the time of manufacture, since binders with
lower viscosity mix more easily with the aggregates [48]. This result is
significant with respect to the binder recovered from AC PMB (Table 7).
In addition, Cold AC has an intermediate viscosity value and despite
being modified with polymers, behaves much more like the binder

recovered from AC 50–70. However, in this case, the result does not
present statistically significant differences with respect to the rest of
viscosities.

Fig. 4 shows the stiffness results for each of the binders measured
with the DSR. The AC PMB binder is significantly stiffer than those of AC
50–70 and Cold AC (Table 8), so it is probable that it performs better
under plastic deformation. At the same time, the stiffness values of the
AC 50–70 and Cold AC binders had no statistically significant differences
despite the fact that the Cold AC binder is polymer modified. Impor-
tantly, as the temperature increases, a decrease in the stiffness of the
three asphalt binders is observed, this is because the viscous component
increases in all three binders irrespective of the test frequency. Note
that, with increasing temperature, the stiffness values of the three
binders start to become increasingly different, which can be attributed
to the fact that the AC 50–70 binder has no polymers in its composition
to help it maintain its stiffness once the binder has softened.

Fig. 5 shows the phase angle results measured with the DSR. In all
cases, as the temperature increases, the phase angle increases. Specif-
ically, The binder of AC 50–70 presents the highest phase angle, irre-
spective of temperature and frequency, and this result is statistically
significant when compared to that of AC PMB but not with Cold AC
phase angle (Table 9). Specifically, the phase angle of the AC 50–70
binder at low frequencies increases with temperature to almost reach a
maximum of 90◦, so it would behave as a purely Newtonian fluid in this
range. This indicates that the binder of AC 50–70 binder has a lower
elasticity and a higher deformation capacity than the rest of the binders,
which can be explained by the fact that it is the only binder from those
studied in this work that is not modified with polymers. Furthermore,
the PMB type ligand has a fairly homogeneous behavior with respect to
its phase angle at different temperatures and frequencies, a result that
coincides with that shown by Lagos-Varas in [49].

Fig. 6 shows the master curves of the binders recovered from the
three asphalt concrete mixtures. The master curve shows the suscepti-
bility to temperature and loading frequency variables. In this respect,
the AC PMB binder has the highest complex modulus, irrespective of
temperature and frequency. However, as the frequency increases, the
performance of the different binders becomes more and more similar. In
addition, the master curves of AC 50-70 and Cold AC show a very similar
behaviour at all times. This result agrees with the study of viscosity,
stiffness and phase angle, where no significant differences were obtained
between the results of the two binders.

4.1.3. Multiple stress creep recovery test
Fig. 7 shows the MCSR test results at 0.1 kPa and 3.2 kPa. Cold AC

binder exhibited the largest deformations, this makes sense considering
that the penetration and ring and ball results revealed it as the softest
binder of the three studied. At the same time, AC PMB showed the lowest
deformation values. For this reason, the binder of AC PMB binder is
likely less susceptible to the action of applied loads, which would also
make it less prone to micro-cracking.

The AC PMB binder had the highest recovery rates (Table 10) and the
difference compared to the other two binders is statistically significant
(Table 11). The Cold AC binder had the second highest recovery rate and
although the difference with that of AC 50–70 binder is low, it is sta-
tistically significant. In other words, the Cold AC showed an elastic
behavior after the experimental cure method.

Lower Jnr values suggest better rutting performance because the

Table 5
Softening point and penetration test results.

Mixture Softening point (◦C) Penetration (dmm)

Initial
state

recovered after
manufacturing

Initial
state

recovered after
manufacturing

AC
50–70

51.6 54.6 ± 0.3 57.0 53.2 ± 1.3

AC PMB 74.1 72.3 ± 1.7 56.0 40.1 ± 1.5
Cold AC 50.0 50.5 ± 0.6 100.0 64.9 ± 1.2

Table 6
p-values ring and ball and penetration test.

Mixture p- value

Ring and ball Status Penetration Status

AC 50–70 - AC PMB 0.025 Significant 0.019 Significant
AC 50–70 - Cold AC 0.042 Significant 0.027 Significant
AC PMB - Cold AC 0.031 Significant 0.014 Significant
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bitumen is less susceptible to permanent stress accumulation and
therefore, there is a higher binder contribution to the resistance of the
asphalt concrete to permanent deformation [50]. In this respect, the
binder of AC PMB has the lowest creep values (Table 10), being the
difference with the other results statistically significant (Table 12),
suggesting that it will have the best rutting performance. The binder of
Cold AC does not present statistically significant differences with respect
to AC 50–70.

Fig. 8 shows the plot of recovery (%R) versus creep (jnr) together
with the modification curve, which is an indicator of elasticity according

to AASHTO M 332–23. For this, the results of the 3.2 kPa load test are
considered, as they correlate better with the permanent deformation
behaviour of asphalt mixtures [51]. In this sense, only the AC PMB
binder exhibits high elasticity with good elastomeric behaviour [52]. On
the other hand, both the Cold AC binder and the reference mixture are
below 0.5 kPa-1 (Fig. 8), so they can be applied on roads with extreme
traffic [53].

4.2. Mechanical evaluation

4.2.1. Density, total voids, stability y deformations
The application of magnetic induction allows cold asphalt concrete

with industrial by-products to be manufactured with the same per-
centage of voids as the reference asphalt mixtures, even reducing vari-
ability (Table 13). Therefore, the magnetic induction fabricationmethod
developed in this research significantly reduces the percentage of voids
achieved in previous studies [6,8,22,25]. The voids content is practically
the same in the three asphalt concrete mixtures, so it is ruled out that the
internal structure of the mixtures is a factor to be considered in the

Fig. 3. Dynamic shear rheometer results: viscosity.

Table 7
P-values DSR test results: viscosity.

Residual binder p- value

Viscosity Status

AC 50–70 - AC PMB 0.017 Significant
AC 50–70 - Cold AC 0.228 Not significant
AC PMB - Cold AC 0.096 Not significant
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mechanical evaluation.
Considering the above, the deformation and stability results show

the high influence of the type of binder used on the mechanical per-
formance of asphalt concrete (Table 13). Initially, AC 50–70 presents the
lowest degree of deformation. Then, AC PMB is shown as the mixture

with the highest stability. Finally, Cold AC is the one with the lowest
stability with higher deformations than those shown by the reference
mixtures, being this result statistically significant (Table 14). This can be
explained by the rheological study, the binder of Cold AC is the softest (i.
e higher penetration rate).

Fig. 4. DSR test results: stiffness.

Table 8
P-values DSR test results: stiffness.

Residual binder p- value

Stiffness Status

AC 50–70 - AC PMB 0.031 Significant
AC 50–70 - Cold AC 0.339 Not significant
AC PMB - Cold AC 0.025 Significant

Fig. 5. Dynamic shear rheometer: phase angle.

Table 9
P-value DSR test results: phase angle.

Residual binder p- value

Phase angle Status

AC 50–70 - AC PMB 0.000 Significant
AC 50–70 - Cold AC 0.422 Not Significant
AC PMB - Cold AC 0.000 Significant
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4.2.2. Indirect tensile strength (ITS)
The results of the indirect tensile strength test are summarised in

Fig. 9. The three mixtures under study had an ITSR above 80 %, showing
a fairly similar sensitivity to water. In the case of Cold AC, water damage
is not a cause for concern, since it showed the lowest susceptibility to
water and complies with the requirements established by the European
technical specifications for road works (EN 13108-1). However, Cold AC
presents significantly lower indirect tensile strengths compared to the
reference mixtures (Table 15), this can be attributed to the softer binder
in this mixture, which is supported by the penetration and ring and ball
results. It should be noted that the addition of steel shot to Cold AC
should not contribute to the indirect tensile strength due to its spherical
shape, which does not contribute to the cohesion of the mixture.

The highest ITS values correspond to AC PMB, a statistically signif-
icant result (Table 15). The increase in the indirect tensile strength can
be attributed to the higher stiffness of the binder in this mixture, which
is supported by the results obtained in the master curves where the
stiffness of the AC PMB binder was always higher than that of the other
two binders.

4.2.3. Resistance against plastic deformation
Fig. 10 and Table 16 shows the results of the wheel tracking test to

evaluate the performance in terms of the resistance to plastic deforma-
tion of the mixtures exposed to high temperatures. In this regard, Cold
AC had the highest slope and rut depth, which were significantly
different from those of the reference mixes, AC 50–70 and AC PMB
(Table 17). The slope and rut depth results of Cold AC suggest that the
mixture is less stable and less resistant to flow force. Although Cold AC

had steel shot particles, the low level of high temperature resistance can
be explained by the mechanical properties of the binder used in this
experimental mix, which is very soft with a high degree of penetration
and a low softening temperature. For this reason, if this method is
extended, it would be necessary to use new emulsions with lower
penetration grade, closer to conventional 50/70 bitumen.

Ref. PMB presents the lowest value of slope and rut depth (Fig. 10).
This is explained by the binder used in this type of mixture, which is in
line with the higher stiffness, lower penetration and higher softening
point of this binder compared to the other two. In conclusion, Ref. PMB

Table 10
MSCR test results: recovery and Jnr.

Residual binder 0.1 kPa 3.2 Kpa

Recovery (%) Jnr (kPa-1) Recovery (%) Jnr (kPa-1)

AC 50–70 5.016 0.242 0.910 0.283
AC PMB 76.432 0.006 75.881 0.007
Cold AC 14.942 0.137 5.400 0.165

Fig. 6. Master Curve.

Fig. 7. MSCR test results.

Table 11
p-value MCSR test results: recovery.

Residual binder p- value

Recovery (0.1
Kpa)

Status Recovery (3.2
Kpa)

Status

AC 50–70 - AC
PMB

0.001 Significant 0.000 Significant

AC 50–70 - Cold
AC

0.00 Significant 0.001 Significant

AC PMB - Cold
AC

0.001 Significant 0.000 Significant

Table 12
P-value MCSR test results: Jnr.

Residual binder p- value

Jnr (0.1
Kpa)

Status Jnr (3.2
Kpa)

Status

AC 50–70 - AC
PMB

0.001 Significant 0.000 Significant

AC 50–70 - Cold
AC

0.061 Not
Significant

0.348 Not
Significant

AC PMB - Cold
AC

0.001 Significant 0.000 Significant
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presents the best performance at high temperatures in terms of rutting,
being this result statistically significant (Table 17).

4.2.4. Stiffness modulus
Fig. 11 shows the load applied to reach the transient horizontal

deformation of 0.005 % of the specimen diameter and the results of the
stiffness modulus of the three asphalt concretes. In this respect, Cold AC
has the lowest stiffness modulus, and the difference with the stiffness
modulus of the AC 50–70 and AC PMB mixes is statistically significant
(Table 18). This result suggests that Cold AC deforms easily because it is
the softest of the binders studied. In addition, the mixture has a very soft

binder so it will require lower loads to deform than other mixtures
containing a harder or stiffer binder, as it is the case with the reference
mixtures.

4.2.5. Particle loss
Fig. 12 summarizes the particle loss results of the three asphalt

concretes, both at dry and wet conditions. In this respect, the three
mixtures show exceptionally good results, result consistent with the fact
that they have a very low percentage of voids. Cold AC shows the best
resistance to particle loss and this result is statistically significant with
respect to AC 50–70 but not with respect to AC PMB (Table 19). This can
be explained by the fact that the polymer-modified binders used in AC
PMB and Cold AC increase the elasticity of the asphalt concretes.
Furthermore, as in the ITS test, Cold AC showed the lowest susceptibility
to the effect of water, a very important characteristic considering that
asphalt concretes do not have the capacity to evacuate rainwater.

5. Conclusions

In conclusion, a novel cold asphalt concrete has been developed with
fast curing industrial by-products by means of magnetic induction. In
this respect, it is possible to conclude the following:

− The novel manufacturing method with magnetic induction solves the
impossibility of manufacturing cold asphalt concrete with asphalt
emulsion.

− Cold asphalt concrete with 5 % voids, manufactured by magnetic
induction, has hardened and achieved room temperature after
50 min from the end of its manufacture.

− Cold AC presents a low mechanical performance at high tempera-
tures. To address this constraint, new asphalt emulsions with resid-
ual bitumen with a penetration rate closer to 50–70 are required, as
far as this method does not age significantly the residual binder.

− Cold AC residual bitumen is significantly softer than AC 50–70 and
AC PMB residual binder because it has a lower softening point and a
higher penetration rate. In addition, Cold AC residual binder has a
viscosity, phase angle and stiffness intermediate between AC 50–70
and AC PMB residual binder. However, when evaluating the MSCRT
results, the Cold AC binder presents an intermediate recovery ca-
pacity but it is the one that accumulates the highest deformation in
the test because it is softer than the AC 50–70 and AC PMB binders.

− Cold AC has better particle loss performance than AC 50–70 and AC
PMB. In addition, Cold AC appears to be less susceptible to water
damage in the indirect tensile test. However, Cold AC has a lower

Fig. 8. Elasticity curve of recovery vs. Jnr.

Table 13
Density, total voids and results of the Marshall test.

Mixture density (g/cm3) voids (%) Deformation (mm) Stability (kp)

AC 50–70 2.538 4.8 ± 0.4 3.2 ± 0.3 1104 ± 8.0
AC PMB 2.521 4.9 ± 0.3 4.6 ± 0.7 1751 ± 86
Cold AC 2.623 4.8 ± 0.2 5.4 ± 0.8 687 ± 57

Table 14
P-values of deformation and stability test results.

Mixture p- value

Deformation Status Stability Status

AC 50–70 - AC PMB 0.008 Significant 0.000 Significant
AC 50–70 - Cold AC 0.013 Significant 0.002 Significant
AC PMB - Cold AC 0.227 Not significant 0.000 Significant

Fig. 9. Indirect tensile strength test results.
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Fig. 10. wheel tracking test results: Depth.

Table 15
P-value indirect tensile strength test results.

Mixture p- value

Dry condition Status Wet condition Status

AC 50–70 - AC PMB 0.003 Significant 0.030 Significant
AC 50–70 - Cold AC 0.000 Significant 0.023 Significant
AC PMB - Cold AC 0.000 Significant 0.004 Significant

Table 16
Wheel tracking slope.

Mixture Wheel-tracking slope (mm/1000 cycles)

AC 50–70 0.11 ± 0.02
AC PMB 0.03 ± 0.01
Cold AC 0.33 ± 0.05

Table 17
P-values Rutting test results.

Mixture p- value

Depth Status Wheel-tracking slope Status

AC 50–70 - AC PMB 0.042 Significant 0.039 Significant
AC 50–70 - Cold AC 0.000 Significant 0.007 Significant
AC PMB - Cold AC 0.000 Significant 0.000 Significant

Fig. 11. Stiffness test results.

Table 18
P-value stiffness test results.

Mixture p- value

Stiffness Modulus Status

AC 50–70 - AC PMB 0.001 Significant
AC 50–70 - Cold AC 0.000 Significant
AC PMB - Cold AC 0.004 Significant

Fig. 12. Particle loss test results.
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stiffness modulus and higher plastic deformations than the reference
mixtures because its binder is softer than the others.

It is possible to manufacture new asphalt concrete using an emulsion
with 5 % voids by magnetic induction. However, it is clear that the type
of binder applied has a significant influence on the mechanical perfor-
mance of asphalt concrete. For this reason, Future work will address the
limitations and areas of improvement of this technology, focusing on
four fundamental aspects. First, a harder asphalt emulsion will be
assessed, which will increase the mechanical strength of the new asphalt
concrete. Second, work must be done on the optimization of the mag-
netic induction machine to improve this application. Thirdly, work will
have to be done to assess deeply the mechanical performance, such as
the feasibility of the mixtures at low temperatures or fatigue resistance.
In addition, environmental and economic impact assessment will be
carried out to validate the technology.
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& editing, Visualization, Validation, Supervision, Methodology, Inves-
tigation, Formal analysis, Conceptualization. Irune Indacoechea-Vega:
Writing – review & editing, Visualization, Validation, Supervision, Data
curation, Conceptualization. Daniel Castro-Fresno:Writing – review &
editing, Validation, Supervision, Resources, Project administration,
Funding acquisition.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgments

This publication is part of the project SICA+ (Ref. PDC2021-120824-
I00), financed by MICIU/AEI/10.13039/501100011033 and by the
European Union Next Generation EU/PRTR. The authors acknowledge
and thank these institutions.

The authors would like to thank Vicente Pérez Mena and María Del
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Rheological and mechanical consequences of reducing the curing time of cold
asphalt mixtures by means of magnetic induction, Case Stud. Constr. Mater.
(2023), https://doi.org/10.1016/j.cscm.2023.e02573.
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