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The reduction in consumption of natural resources (fuel, gas, etc.) and contaminant emissions (CO2, CO, NOx, etc.) during the
production of asphalt mixtures has become one of the main challenges in road engineering. Warm mix asphalts (WMAs) have
been developed in order to achieve this objective while ensuring the mechanical performance and durability of traditional hot mix
asphalts (HMAs). However, these materials are commonly manufactured using additives or products whose production could
reduce both their environmental beneﬁts and cost eﬀectiveness. This paper presents a research study that aims to analyse the reuse
of zeolite wastes derived from petroleum reﬁning in the production of warm mix asphalts. For this purpose, two diﬀerent types of
zeolite wastes were analysed as additives for the manufacture of two warm mix asphalts, whose mechanical performance was
compared with conventional WMA and hot mix asphalt. The results indicate that zeolite wastes with a lower particles size
presented higher capacity to absorb water, while its dosage at 0.3% allows for producing warm mix asphalts at temperatures
around 145°C, with comparable workability and densiﬁcation to conventional HMA at 165°C without reducing its bearing
capacity, fatigue life, and resistance to water action and plastic deformation.

1. Introduction
Asphalt mixtures are widely used in pavement for roads all
around the world. To illustrate, the majority of European
roads are composed of this type of pavement [1] due to its
constructive beneﬁts and other technical advantages (lower
noise levels, ﬂexibility to absorb distresses, etc.). However,
the manufacturing of such materials includes a process of
heating the components to temperatures higher than 150–
160°C in order to reduce the viscosity of the binder. This
generates harmful fumes during manufacturing in plant and
during the transportation and spread process, whilst the
signiﬁcant consumption of energy is also required, leading to
negative eﬀects from both economic and environmental
standpoints [2].
To reduce such negative eﬀects, it has been shown that
decreasing the manufacturing temperature of asphalt mixtures leads to a signiﬁcant reduction in fuel consumption

and emissions of CO2 and volatile organic compounds,
amongst other beneﬁts [3]. In addition, decreasing the
binder temperature leads to lower loss of volatiles and oxidation of the bitumen (associated with material ageing)
during the manufacturing process, resulting in a more
viscous material that is less susceptible to brittle failure [4].
In this context, warm mix asphalt (WMA) allows for a
reduction in manufacturing temperature of around 20–40°C
in comparison with conventional hot mix asphalt (HMA),
which reduces its negative environmental impacts without
compromising its resistance to the main failure modes that
occur in bituminous pavements in roads (rutting, stripping,
fatigue, etc.) [5, 6].
Depending on the technique applied, WMA can be
qualiﬁed into 3 diﬀerent categories: incorporation of organic
additives (Fischer-Tropsch wax, Montan Wax, etc.) [7, 8]
chemical additives (emulsiﬁcation agents, surfactants, etc.)
[9]; and water to produce the foaming of the bitumen
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[10, 11]. The latter can be conducted by directly injecting
water into the bitumen or including particles such as zeolites
or hydrophilic ﬁllers that contain water, which is released
during the manufacturing process at temperatures usually
higher than 120°C. Nonetheless, all of these technologies also
present some limitations that are mainly associated with cost
and the consumption of raw materials [12]. Thus, solutions
and materials are required that are able to improve the
eﬃciency and potential beneﬁts of these manufacturing
technologies.
In this regard, this study analyses the viability of reusing
the zeolites as a catalyst during the petroleum reﬁning
process (which are wastes), as an industrial by-product in the
manufacture of WMA, and then, aiming to reduce costs and
consumption of raw materials in the production of WMA.
Zeolites are commonly used in the ﬂuid catalytic cracking
(FCC) step during the reﬁning process to accelerate the
disintegration of heavy molecules of petroleum, thanks to
their crystal structure providing channels and chambers to
facilitate the interaction of molecules. Nonetheless, after a
number of reﬁning processes of petroleum, the zeolites are
discarded due to its degradation, and then, size of its pores
changes. However, they still conserve the capacity to retain
and release water under changing temperature conditions
[13–15].
Therefore, zeolite by-products could be appropriate for
use in the manufacture of WMA by indirect bitumen
foaming, resulting in economic and environmental savings
whilst reusing waste materials for the improvement of asphalt mixtures to be used in roads [16]. In the present study,
two diﬀerent types of waste zeolites were ﬁrstly characterized
according to their requirements for use as additives containing water for WMA manufacture. Following this, the
design and performance of two WMAs including both types
of subproduct zeolite was compared with conventional
WMAs and hot mix asphalt (HMA).

2. Methodology
2.1. Materials. For this study, three types of zeolites were
studied: two zeolite by-products (referred to in this paper as
Zeolite 1 and Zeolite 2) and a commercial zeolite (referred to
as Reference Zeolite, and widely used to manufacture
WMA). The conventional zeolite consisted of synthetic
zeolites, 20% of whose mass is composed of crystallized
water that is released during contact with bitumen at a
temperature ranging 85–180°C [17]. Regarding the subproduct zeolite, both were obtained from the reﬁning
process of petroleum as end-of-life materials that were used
as a catalyser with diﬀerent properties.
Table 1 shows the main physical properties of the zeolite
used in this study while, Table 2 represents the composition
of the subproduct zeolites, the Reference Zeolite being a
sodium-aluminum-silicate hydrothermal crystal. It can be
seen that both subproduct zeolites (Zeolite 1 and Zeolite 2)
present lower particle size and higher density than the
Reference Zeolite, whilst the hygroscopic humidity of this
latter material is the highest, followed by Zeolite 1 and
Zeolite 2.
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Table 1: Main physical properties of zeolites.
Properties

Zeolite 1

Zeolite 2

Size (mm)
0.5
Granulometry
0.25
0.125
0.063
Bulk density (mg/m3)
Maximum density
(mg/m3)
Hygroscopic humidity (%)

% passing
100
100
100
100
0.67

% passing
100
100
92
26
0.81

Reference
Zeolite
% passing
100
83
64
40
0.43

2.642

2.697

2.449

0.67

0.26

3.2

Table 2: Composition of subproduct zeolites.
Component
P2O5 (%)
Oxides (%)
Calcium (mg/kg)
Copper (mg/kg)
Iron (mg/kg)
Magnesium (mg/kg)
Nickel (mg/kg)
Sodium (mg/kg)
Vanadium (mg/kg)

Zeolite 1
1.38
1.63
83
17
3.057
164
1.048
2.159
502

Zeolite 2
1.63
1.64
47
<10
2.635
132
1.350
1.809
701

To analyse the viability of using subproduct zeolite for
the manufacture of asphalt mixtures, a conventional asphalt
mixture type AC-22 S (EN 13108-1) was employed since it is
commonly utilized in the construction of pavement for
roads and during maintenance and rehabilitation operations. The mineral skeleton was composed of limestone
aggregates for the diﬀerent fractions (0/6, 6/12, 12/18, and
18/25) from ﬁller to particles with a maximum size of
22 mm, while the bitumen was a conventional B35/50
(whose penetration was equal to 44 dmm according to EN
1426, with a softening point of approximately 52°C-EN
1427) with a dosage equal to 4.03% over the total weigh
of the mixture. Table 3 summarises the main characteristics
of the design of the mixture used as a control (the conventional HMA), which was used to assess the eﬀect of
reducing the manufacturing temperature, along with the
eﬀectiveness of the zeolites.
Considering this conventional mixture as a reference, the
eﬀect of zeolite by-products in WMA manufacturing was
analysed by using diﬀerent types and dosages of zeolites to
reduce production temperature to 145°C and 120°C. Thus,
for this study, the following mixtures were considered: three
asphalt mixtures (WMA-Z1, manufactured with Zeolite 1;
WMA-Z2, manufactured with Zeolite 2; and WMA-RZ,
manufactured with the Reference Zeolite) manufactured
at low temperatures (145°C and 120°C), and diﬀerent dosages
of the three types of zeolite were analysed (0.1%, 0.3%, and
0.5% over the total weight of the asphalt mixture); and a
conventional asphalt mixture (without using zeolites) that
was manufactured at the routine temperature of HMA
(165°C, used as a control) and at low temperatures (145°C
and 120°C) to assess the inﬂuence of zeolites (these latter
mixtures are referred to in this paper as WMA-R).
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Table 3: Main physical and mechanical characteristics of the HMA
used as a control.
Properties
Optimal bitumen content (% over mix weight)
Bulk density (mg/m3), EN 12697-6
Air void content (%), EN 12697-8
Aggregates void content (%), EN 12697-8
Filler/bitumen ratio
Marshall stability (kN), EN 12697-34
Marshall deformation (mm), EN 12697-34

AC 22 35/50 S
4.03
2.477
4.1
13.7
1.0
17.79
4.1

The designing factors of WMA were deﬁned in base to
the common use of conventional zeolites (as that used as a
reference in this study) and following previous studies focused on using zeolites for WMA as indicated in a literature
revision done by Woszuk and Franus [16].
2.2. Testing Plan. The testing plan was divided into three
diﬀerent stages: (i) characterization of the various types of
zeolite for their application in WMA; (ii) study of the main
design factors for WMA including the zeolite by-products as
the bitumen foaming agent; (iii) and analysis of the mechanical performance of the WMA manufactured with the
zeolite by-products, in comparison with the conventional
HMA. Table 4 summarises the testing plan used in the
present study.
In the ﬁrst stage, the characterization process of the
zeolite by-products consisted of analysing their capacity for
water absorption and release under diﬀerent temperatures
and periods of time, comparing the results of the two types of
zeolite by-products (Zeolite 1 and Zeolite 2) with that
recorded for the commercial zeolite used as a control. This
test consisted of storing three 30-gram samples of each type
of zeolite (previously dehydrated) in a climatic chamber
under controlled temperature (23 ± 1°C) and humidity
(98 ± 1%), measuring water absorption after 1, 2, 3, 5, 72, 98,
120, 240, and 408 hours. Later, these same samples (partially
moistened) were stored in an oven at diﬀerent temperatures
(120°C, 130°C, and 145°C, which correspond to WMA
manufacturing temperature) to measure the capacity of each
material to release its water content during diﬀerent periods
of time.
In the second stage, various asphalt mixtures (all type
AC-22 S) were tested including a diﬀerent quantity of each
zeolite (0% in the cases of HMA and WMA-R, and 0.1%,
0.3%, and 0.5% in the cases of WMA-Z1, WMA-2, and
WMA-RZ) under various manufacturing temperatures
(145°C and 120°C, as well as 165°C for the conventional
HMA without zeolites), with the aim of deﬁning the optimal
design of the WMA produced by bitumen foaming through
the use of zeolite by-products. To analyse the eﬀect of these
parameters, ﬁrstly, the workability and compactibility (these
properties are essential in asphalt mixtures at low temperatures) of each mixture were evaluated by using a gyratory
compactor (up to 210 gyros), which has been proven to be
eﬀective to measure the inﬂuence of additives in mixture
manufacturing [12]. Following this, the indirect tensile
strength (EN 12697-23) and bearing capacity (through the
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stiﬀness modulus test, EN 12697-26 annex C) were measured at 20°C for the specimens (4 for each mixture) obtained from the gyratory compactor, with the objective of
determining the cohesiveness and coating of each mixture.
Based on the results obtained in these tests, the optimal
manufacturing temperature and amount of zeolite byproducts (Zeolite 1 and Zeolite 2) were selected for each
mixture.
In the third stage of this study, the mechanical behaviour
(in both short and long terms) of WMA manufactured with
the optimal design for each zeolite by-product was compared with that recorded for conventional HMA in order to
assess the viability of using such WMA in the construction of
pavements for roads. For this purpose, the tests conducted
were the water sensitivity test (EN 12697-12), wheel tracking
test (EN 12697-22), and triaxial test (EN 12697-25 method
B) at 60°C, stiﬀness modulus at diﬀerent temperatures (5°,
20°, and 40°C) (EN 12697-26 annex C), and UGR-FACT
[18], which is an appropriate test for measuring the resistance of asphalt to fatigue cracking. This latter test was
also conducted at 10°C, 20°C, and 30°C since temperature
plays an essential role in the performance of bituminous
materials [19, 20]. This test was also carried out under stresscontrolled conditions (cyclic loading with a stress amplitude
of 0.8 MPa and a frequency of 5 Hz) in order to simulate the
real conditions usually endured by the pavement, along with
the eﬀects of high-speed traﬃc.

3. Results and Discussion
3.1. Stage 1. Characterization of Zeolite for Its Use in WMA.
Figure 1 displays the increase in the percentage of humidity
(water absorption capacity) as a function of storage time in a
climatic chamber (at 98% of humidity) of the zeolites
studied. The results show that, at short time periods (less
than 10 hours), all types of zeolite present a similar capacity
to absorb water, showing values of humidity around 3-4%
with a coeﬃcient of variation around 20%. However, for
longer time periods, the zeolite of reference absorbed close to
10% and 20% of water at 100 h and 400 h, respectively, while
the by-products (Zeolite 1 and Zeolite 2) presented values
around 7-8% and 12-13% for the same periods. This indicates that the zeolite wastes recorded lower percentages of
humidity, particularly from a time of 100 hours, this eﬀect
being more pronounced for Zeolite 2, which generally
presented values near 1-2% lower than the Zeolite 1. This
therefore suggests that Zeolite 1, which presents lower
particle size and then higher speciﬁc surface, could be more
eﬀective for bitumen foaming than Zeolite 2 since higher
water content could be provided during the mixing process.
Figure 2 displays the development of humidity content
of each zeolite under diﬀerent temperatures in order to
evaluate its capacity to release water molecules. It is clear that
temperature plays an essential role in the phenomenon of
water release (which directly aﬀects the foaming process).
All types of zeolite released most of its water content during
the ﬁrst 30 minutes at 145°C, passing from values of humidity close to 40% for the zeolite reference and 30% for the
by-products, to percentages near 10 (regardless the type of
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Table 4: Testing plan.

Study step

Mixtures

Tests

—

(i) Water absorption
(ii) Water release

HMA
WMA-R
WMA-Z1
WMA-Z2
WMA-RZ
HMA
WMA-Z1

165
145–120
145–120
145–120
145–120
165
Optimal

WMA-Z2

Optimal % Zeolite 2

Optimal

1

100

—

Water absorption (% over sample
weight)

Performance of WMA

Manufacturing
temperature (°C)

Zeolite 1
Zeolite 2
Reference Zeolite
—
—
0.1–0.3–0.5% Zeolite 1
0.1–0.3–0.5% Zeolite 2
0.1–0.3–0.5% Reference Zeolite
—
Optimal % Zeolite 1

Zeolite characterization

Design of WMA

Zeolites

(i) Workability
(ii) Stiffness modulus at 20°C
(iii) Indirect tensile strength (20°C)
(i) Water sensitivity
(ii) Stiffness modulus at 5–20°C–40°C
(iii) Wheel tracking
(iv) Triaxial
(v) UGR-FACT

25
20
15
10
5
0

0.1

10
Time (hours)

1000

Reference Zeolite
Zeolite 1
Zeolite 2

Humidity (%)

50.0
40.0
30.0
20.0
10.0
0.0

0

50

100
150
Time (min)

200

250

50.0
40.0
30.0
20.0
10.0
0.0

0

50

100
150
Time (min)

200

Reference Zeolite
Zeolite 1
Zeolite 2

Reference Zeolite
Zeolite 1
Zeolite 2
(a)

(b)

50.0
Humidity (%)

Humidity (%)

Figure 1: Evolution of water absorption capacity of zeolites.
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Figure 2: Evolution of the capacity of zeolites to release water at different temperatures: (a) 145°C; (b) 130°C; (c)120°C.

250
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material) with a coeﬃcient of variation lower than 15%.
However, to obtain such reduction in humidity content
(water release) at a temperature of 120°C, the required time
exceeded 50 minutes (coeﬃcient of variations lower than
15%), which indicates that, at higher temperatures, the
foaming process will proceed more rapidly than at lower
temperatures. These results are in accord with those of
previous studies suggesting that the release of zeolite water is
not a sudden process, but a long-term phenomenon that
decreases gradually the binder viscosity and improves the
workability during mix asphalt production, placement, and
compaction [21].
Regarding the inﬂuence of the type of zeolite, the Reference Zeolite showed higher values of humidity at long
term, particularly at 120°C where this material presented
values around 7% after 150 minutes while the by-products
recorded percentages lower than 1. This could lead to a more
prolonged foaming phenomenon than in the case of the
zeolite by-products (both showing similar behaviour).
Nonetheless, it is seen that all zeolites present comparable
behaviour (for the diﬀerent temperatures analysed) over a
short time interval (around 50–100 minutes) when most of
the water is released during mixture production and
placement, which allows for the improvement of workability
and compaction.
3.2. Stage 2. Design of WMA including Zeolite By-Products for
Indirect Bitumen Foaming. Figure 3 displays the ﬁnal air
void content (including error bars with deviation values)
recorded in the workability study for the diﬀerent mixtures in
order to select the most appropriate design parameters for
WMA (zeolite dosage and manufacturing temperature),
according to the densiﬁcation capacity of the WMA. These
results suggest that the decrease in manufacturing temperature leads to a signiﬁcant reduction in mixture densiﬁcation,
passing from content in air void around 3.1% for the HMA
(deviations lower than 0.4%) to values higher than 5.1% for
the WMA at 120°C without additives (WMA-Reference). This
demonstrates the remarkable inﬂuence of this factor in the
production of these mixes.
However, the use of zeolite (regardless of the type) generally allows for increasing the workability of the material at
low temperatures and facilitates its compaction, obtaining in
most of the cases lower percentage of voids than the reference
mixture at low temperatures (generally, lower than 4.5%
for the WMA at 145°C and lower than 5.1% when the
manufacturing temperature was close to 120°C). Also, results
showed that the use of zeolites led to values close to those from
the conventional HMA, particularly for the mixtures at 145°C.
This, which is in agreement with other authors [16, 22, 23] who
have demonstrated the improvement in WMA workability
with zeolites, could lead to economic and environmental
beneﬁts associated with lower energy consumption during
manufacturing of WMA, lower emissions, and longer transportation distances, without signiﬁcant reduction in mixture
compaction.
Regarding the inﬂuence of the dosage of zeolite, the
results indicate that (for all types of zeolite) the increase in
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percentage from 0.1% to 0.3% generally translates to lower
void content (which could be associated with a more effective foaming process, and then, higher densiﬁcation of
the material), obtaining quite similar eﬀect in the mixtures
with the zeolite by-products to that recorded for the case
with Reference Zeolite (WMA-RZ). However, it was seen
that the use of a dosage of 0.5% zeolite leads to a decrease in
compatibility in most of the mixtures (particularly at
120°C), which could be related to excessive use of these
materials as indicated by other authors [12, 24, 25].
Therefore, it appears that 0.3% of zeolite generally leads to
the highest values of density (lowest air void content)
regardless of the manufacturing temperature, with zeolite
by-products (WMA-Z1 and WMA-Z2) yielding broadly
comparable values to WMA-RZ and particularly at a
mixing temperature of 145°C.
Taken together, these ﬁndings suggest the viability of using
these subproducts to manufacture WMA with appropriate
workability properties, without important diﬀerences between
the types of zeolite used as indicated by other authors [12] who
indicated that the compaction temperature and additive
dosage have greater eﬀect than the type of zeolite in the
densiﬁcation of the material.
Figure 4 represents the stiﬀness modulus measured at
20°C for the specimens that were obtained from the
workability analysis for all the mixtures. Results showed
values near 7,000 MPa (deviations lower than 350 MPa) for
the conventional HMA while the reduction in temperature
led to modulus around 5,800 MPa and 4,000 MPa for the
mixture without zeolites at 145°C and 120°C (deviations near
400 MPa for both cases), respectively. However, the use of
zeolites, generally led to higher values for such
manufacturing temperatures (obtaining even results near
the conventional HMA for the WMA at 145°C), presenting
limited diﬀerences between the cases with zeolite wastes and
the reference.
Therefore, the results again indicate that the behaviour of
conventional asphalt mixtures is somewhat susceptible to
manufacturing temperature while the use of zeolite generally
allows for reducing the negative eﬀect of reducing
manufacturing temperature on mixture performance, which
is in consonance with other studies [12]. This trend is
particularly marked in the case of a dosage of 0.3% zeolite
(except in the case of WMA-RZ), which generally appears to
be more eﬀective. Also, it was seen that the improvement in
the performance of the mixtures with zeolite by-products
was comparable to the cases with Reference Zeolite (WMARZ), mainly for the Zeolite 1, which could be considered as
more appropriate to increase the bearing capacity of WMA,
primarily at 145°C.
Nonetheless, it must be taken into account that the
majority of these mixtures recorded lower values of stiﬀness
modulus than the conventional HMA, particularly in the
case of WMA manufactured at 120°C that presented the
lowest values of bearing capacity. This fact could be linked to
the slight increase in void content in comparison to HMA,
but also to the lower ageing and oxidation of bitumen when
reducing mixing temperature [26], resulting in more viscous
and less rigid materials. This phenomenon—in spite of the
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Figure 3: Influence of zeolite dosage and type on WMA workability and compactibility.
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Figure 4: Results of the stiffness modulus from the specimens obtained in the workability study.

slight decrease in the stiffness modulus—could lead to longer
service life of the material and higher resistance to cracking
since it has been shown that less aged bitumen allows for a
higher capacity to absorb distresses that occur in road
pavements [4].
To understand the effect of zeolite on cohesiveness and
coating of WMA, values of indirect tensile strength are
shown in Figure 5. As observed previously, results demonstrate that the use of zeolites allows for values of ITS
(indirect tensile strength) even higher than 1,600 kPa (which
was the result for the HMA, with deviations lower than
70 kPa).
Regarding the effect of the type of zeolite by-products,
results indicate that WMA with both subproducts recorded
values quite similar to those measured for the WMA with the
Reference Zeolite. Nonetheless, in agreement with other

authors [23], it must be considered that while reducing the
mixing temperature lower than 140–145°C, a significant
reduction in ITS can take place, particularly for high dosages
of zeolite (higher than 0.5%). The negative effect of using
high quantities of zeolite on ITS values (particularly with
zeolite by-product) could be related to the lower cementing
power of these materials while other studies [12, 24] have
also shown that an excessive amount of water could lead to a
loss of adhesion between aggregates and binder.
Therefore, these results confirm that the use of both types
of zeolite by-products could lead to the adequate coating of
aggregates by bitumen (probably due to the improvement in
workability of the WMA when zeolite by-products are used),
particularly when using a dosage of 0.3% at 145°C which
allowed for comparable results to those with Reference
Zeolite.
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Indirect tensile strength at 20°C (kPa)
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Figure 5: Effect of zeolite type and dosage on indirect tensile strength of WMA.

3.3. Stage 3. Mechanical Performance of WMA with Zeolite ByProducts. In this stage, the mechanical performance of
WMA manufactured at 145°C with 0.3% of each type of
zeolite by-product is compared with that measured for
conventional HMA produced at 165°C. These design parameters for the WMA were selected according to the results
obtained in the previous stages (Table 5 lists the mean results
of workability and their deviation for such WMA with
zeolite wastes in comparison with the HMA), which show
that it is possible to obtain comparable values of density,
bearing capacity, and indirect tensile strength.
Figure 6 displays the results obtained on the water
sensitivity test for the different mixtures, showing the indirect tensile strength for both dry and wet set of specimens,
as well as the ratio of restrained strength (ITSR: indirect
tensile strength ratio). Based on results, it is proven that the
WMA with zeolites presented lower values of ITSR index
(84.9% for the case with Zeolite 1 and 78.0% for Zeolite 2)
than the traditional HMA 87.3%. This is in consonance with
other studies [12, 16, 23] that have found that WMA with
zeolites presents a reduction in ITSR around 5–8%. This
could be associated with lower cohesiveness and adhesion
between aggregates and bitumen due to the decrease in
manufacturing temperature but also to lower interaction
between the binder and the zeolites included during the
mixing process.
Nonetheless, results indicate that WMA with Zeolite 1
(WMA-Z1) led to values of tensile strength comparable to
those for HMA, for both wet and dry conditions, and then,
this mixture presented only slight reduction in resistance to
water action. However, Zeolite 2 (WMA-Z2) did lead to a
higher reduction in mixture strength, particularly for the
specimens in contact with water, which reflects lower values
of retained strength, and thus higher susceptibility to water
action. Therefore, Zeolite 1 could be more effective during
the bitumen foaming process (probably associated with its
higher capacity to absorb water because of the smaller

particles) used to produce WMA with lower susceptibility to
water action.
Figure 7 shows the influence of in-service temperature
on the bearing capacity of the WMA with both subproduct
zeolites and the HMA. It can be seen that the reduction in
the stiffness modulus when increasing the temperature is
broadly similar for all the mixtures studied, which indicates
comparable susceptibility of its bearing capacity to climatic
gradients. Nonetheless, the results show that the WMA with
Zeolite 2 presented values near those for HMA, while the
Zeolite 1 (WMA-Z1) presented even higher stiffness values,
which could be associated with the improvement in
workability due to the foaming process induced by the use of
this type of zeolite. These results are in accord with those
found in previous studies on the effect of zeolites on the
dynamic modulus of WMA compared with HMA [27].
To analyse the resistance of the mixture to permanent
deformations, Figure 8(a) displays the results obtained in the
wheel tracking test (depth of rut and slope of the curve of
plastic deformations), while Figure 8(b) represents the results of the triaxial test: final permanent deformation (as a
percentage of strain in reference to the initial height of the
specimen) and slope of creep deformation and creep
modulus.
In all cases, the results show that WMA with Zeolite 1
(WMA-Z1) presents quite similar values of final deformation at the end of the tests to those measured for the
conventional HMA, while also showing a reduced tendency
towards long-term rutting. This can be taken to indicate that
this asphalt mixture offers resistance to permanent deformations comparable to HMA, which is in consonance
with some authors [22] who state that WMA with zeolite
reduce susceptibility to rutting, making it suitable for application in road pavements. However, also in agreement
with other studies [28] where other types of zeolites are used,
the application of the other kinds of zeolite by-product
(Zeolite 2, WMA-Z2) results in a WMA with lower
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Table 5: Comparative summary of results from the workability study.
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Figure 6: Results of the water sensitivity test for HMA and WMA
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Figure 7: Stiffness modulus at different temperatures for both
HMA and WMA with zeolites.

resistance to creep (lower modulus and ratio of creep) and
thus a higher susceptibility to form rut deformations during
its application in road pavements. This fact could be related
to the higher size of particles in Zeolite 2 and their lower
capacity to absorb water (and then, lower effectiveness for
the foaming process) as seen in the characterization study of
these materials.
Therefore, it can be said that the type of zeolite can lead
to different behaviour under permanent deformations,
where, in this study, Zeolite 1 could be the preferable option
for obtaining WMA with higher resistance to rutting,
showing comparable performance to HMA.

(b)

Figure 8: Resistance to plastic deformations measured by the wheel
tracking test (a) and the triaxial test (b).

With the aim of evaluating the WMA in terms of resistance to cracking and fatigue life in comparison with
conventional HMA, Figure 9 represents the values of mean
damage parameter for the different mixtures under various
testing temperatures. This parameter is used to quantify the
susceptibility of mixtures to fatigue as an average of the
energy dissipated per cycle due to the damage induced in the
material [29], and therefore, the higher the parameter, the
higher the damage in the material, reducing its fatigue life.
These results confirm that WMA-Z1 again presents
comparable mechanical performance to conventional HMA,
with higher resistance to cracking fatigue than the WMA-Z2,
which shows higher values of damage than the other two
mixtures analysed, and thus lower number of cycles are
required to cause material failure. The results also show that
the WMA presented similar thermal susceptibility to HMA,
which implies that the warm mixtures and HMA would
show comparable performance under different climate

Mean damage parameter
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Figure 9: Mean damage parameter for the different mixtures under
various testing temperatures.

conditions that can occur during the service life of the
pavement.

4. Conclusions
This study aims to examine the viability of using industrial
zeolite by-products (obtained from the petroleum refining
process) in the manufacturing of WMA by the technique of
indirect bitumen foaming. For this purpose, these byproducts were characterized according to their application, while the design and evaluation of the mechanical
performance of WMA that included these by-products was
compared with that of traditional hot mix asphalts (HMAs).
From the results obtained in this study, the following
conclusions can be drawn:
(i) Zeolite by-products (particularly Zeolite 2) showed
a slightly lower capacity to absorb water than the
commercial by-product, which should be taken into
account during the design and manufacturing stages
of WMA. Nonetheless, the speed at which the
various zeolites release the majority of the water
content was comparable across a range of temperatures tests, if it is considered that water release is
slower at lower temperatures. This means that zeolite by-products can be applied in a similar way to
the conventional zeolites that are widely used in
WMA.
(ii) The use of 0.3% of zeolite by-products allowed
obtaining mixtures with similar workability and
mechanical performance to that measured for the
WMA with Reference Zeolite at 120°C and 145°C,
particularly in the case of the last manufacturing
temperature when obtaining even comparable results to those recorded for the conventional HMA.
(iii) WMA manufactured with Type 1 Zeolite byproducts (Zeolite 1) presented quite similar performance to HMA in terms of water action, while
WMA with Zeolite 2 showed a slight increase in
water sensitivity, which could be associated with
lower adhesiveness and cohesion when this additive
is used.

(iv) The WMA manufactured with Zeolite 1 also
recorded similar bearing capacity and resistance to
plastic deformations to those measured for the
conventional HMA whilst the WMA manufactured
with Zeolite 2 showed lower mechanical performance, which could be associated with the lower
effectiveness of this type of zeolite in producing
bitumen foaming.
(v) Similarly, WMA manufactured with Zeolite 2
presented, across a range of test temperatures, lower
resistance to fatigue cracking than that recorded for
the WMA produced with Zeolite 1, which showed
comparable performance to HMA.
Based on these results, it can be said that Zeolite 1 (which
is the by-product with the lower particle size and the higher
capacity to absorb water) could be suitable for application in
the manufacturing of warm mix asphalts using the technology of indirect bitumen foaming. Use of this technology
could bring important economic and environmental benefits
to the field of road pavement construction without compromising mechanical performance.
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parameter for the characterization of fatigue cracking behavior in bituminous mixes,” Materials & Design (1980–2015),
vol. 54, pp. 748–754, 2014.

Nanomaterial

Nanomaterials
Journal of

The Scientific
World Journal
Hindawi Publishing Corporation
http://www.hindawi.com
www.hindawi.com

Volume 2018
2013

Journal of

Applied Chemistry
Hindawi
www.hindawi.com

Volume 2018

Hindawi
www.hindawi.com

Volume 2018

International Journal of

Scientifica
Hindawi
www.hindawi.com

Polymer Science
Volume 2018

Advances in

Volume 2018

Advances in

Chemistry
Hindawi
www.hindawi.com

Hindawi
www.hindawi.com

Physical Chemistry
Hindawi
www.hindawi.com

Volume 2018

Volume 2018

Submit your manuscripts at
www.hindawi.com
International Journal of

Analytical Chemistry

Advances in
Condensed Matter Physics

Hindawi
www.hindawi.com

Hindawi
www.hindawi.com

Volume 2018

Journal of

International Journal of

Chemistry
Hindawi
www.hindawi.com

Biomaterials
Volume 2018

High Energy Physics
Volume 2018

Materials

Corrosion

Volume 2018

Hindawi
www.hindawi.com

Hindawi
www.hindawi.com

Volume 2018

BioMed
Research International

Journal of

International Journal of
Hindawi
www.hindawi.com

Hindawi
www.hindawi.com

Volume 2018

Hindawi
www.hindawi.com

Engineering
Journal of

Advances in

Volume 2018

Hindawi
www.hindawi.com

Volume 2018

Advances in

Journal of

Nanotechnology
Hindawi
www.hindawi.com

Volume 2018

Advances in

Tribology

Hindawi
www.hindawi.com

Volume 2018

Materials Science and Engineering
Volume 2018

Hindawi
www.hindawi.com

Volume 2018

