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The use of Warm Mix Asphalt (WMA) resulted in road construction being more environmentally friendly
and more economical. One of the WMA production methods is asphalt foaming through addition of dif-
ferent modifiers, including zeolites. In this study, a possibility of decreasing the compaction temperature
of AC 16 W 35/50 WMA was analyzed. The applied additives included: NaP1-type synthetic zeolite

obtained from fly-ashes and natural zeolite - clinoptilolite. Both zeolite materials prior to the process
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of asphalt foaming were soaked with water. In the conducted compactibility tests in a gyratory
compactor, the optimal of zeolite additive was established, which included 1% clinoptilolite, 0.5% NaP1
and 0.4% of both zeolites soaked with water w/m. For mix asphalt with optimal zeolite amount, tests
of air void content, stiffness modulus, water sensitivity and resistance to rutting were performed in
different compaction temperatures.

© 2016 Published by Elsevier Ltd.

1. Introduction

Modern road surface construction technologies are becoming a
part of the world-wide pro-ecological trend. They provide durabil-
ity of the surface, comfort and safety of the users, and at the same
time, they are environmentally friendly and economical. These
technologies include mix asphalt with lowered production and
compaction temperature. While the production temperature of tra-
ditional Hot Mix Asphalt (HMA) mixes is 140-200 °C depending on
the asphalt type [1], the Warm Mix Asphalts (WMAs) allow to
reduce the technological temperatures by 20-40 °C [2-6]. Cur-
rently, there are over 20 known technologies which allow to
decrease the mix asphalt production and compaction temperature
[2,7]. The beginnings of WMA use included application of foamed
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asphalt [8]. Asphalt foaming technologies can be divided into
two groups [2,7,9]:

- water-based
- water-containing.

Foaming is based on the addition of water with a temperature
of 20 °C into the hot asphalt (temp. 170-180 °C) or into the mix
chamber. Then, the created water vapor foams the asphalt over
the course of a few dozen seconds. A new asphalt foam, with low
viscosity and large specific surface area which provides appropri-
ate aggregate coating at lower temperature [10]. After a few min-
utes, the water vapor disappears and asphalt recovers its initial
properties. The optimal amount of added water ranges between
2 and 4% with regard to the asphalt mass [11-13]. Too high amount
of water may result in washing the aggregate out of the binder
[14]. Despite the real possibility of decrease technological temper-
atures, high cost of adapting asphalt plants for asphalt foaming is a
serious barrier preventing the spread of this technology.
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Another asphalt foaming method is application of zeolites. Zeo-
lites are aluminosilicates with a structure which includes empty
spaces called pores and channels. A characteristic feature of zeo-
lites is the ability to accumulate the so-called zeolite water in
the channels of their crystal structure, which can be removed
through heating in the temperature range of 100-400 °C and then
absorbed again when the humidity rises or it can be substituted by
other substances. Such a specific internal structure provides zeo-
lites with many physical and chemical features which are particu-
larly advantageous for different kinds of industrial applications
[15-17]. To the group of natural zeolites belong about 100 miner-
als. The most important zeolites present in natural deposits
include: clinoptilolite, chabazite, mordenite ([18]). Synthetic zeo-
lites can be obtained from chemical reagents in chemical reactions
of sodium silicate and sodium aluminate, mineral materials (clay
minerals, silica-group minerals) and some waste being byproducts
of carbon burning (such as fly ash) [19,20]. Both synthetic zeolites,
as well as natural ones, are diversified in terms of internal
structure and physicochemical and surface properties.

Asphalt foaming using zeolites is possible due to gradual release
of water contained in their mineral structure. The release of zeolite
water does not occur in a sudden manner, but is a long-term pro-
cess, thus the viscosity decrease and workability improvement are
possible during the mix asphalt production, placement and com-
paction [4]. Performed Tests of mix asphalt with zeolite addition
indicated that the best compactability was achieved after 1-h of
conditioning and Foaming effect disappeared after 2 h [21]. The
majority of WMA technology studies with synthetic zeolites so
far comprises the 0.3% w/m effect of Aspha Min zeolite addition
(Eurovia GmbH, Germany) [21-24] and 0.25% w/m of Advera (PQ
Corporation, USA) [25,26]. These zeolites contained about 21 per-
cent of water (by mass) which was released in the temperature
range of 85-180 °C [27,28]. Studies of asphalt and mix asphalt with
a different quantity of synthetic zeolite additive were also con-
ducted [29-32], as well as those using natural clinoptilolite zeolite
[31-33]. Because the mix asphalt production technology with zeo-
lite addition does not different from technologies used tradition-
ally in mix asphalt production [34,35], it is possible to introduce
it without incurring significant financial outlays.

2. Objectives and scope

The main aim of the study is to assess the possibilities of apply-
ing natural zeolite (clinoptilolite) and synthetic one (NaP1) and
their variations modified through soaking with water for produc-
tion of mix asphalt with decreased compaction temperature. Opti-
mal estimation of the d =zeolite amount and appropriate
compaction temperature was defined using compactability tests
in gyratory compactor. In the next stage, mechanical properties
of reference mix asphalt and mix asphalt with zeolite addition
were evaluated in different compaction temperatures. The flow
chart of performed tests is presented in Fig. 1.

3. Materials used and mix desing

The base bitumen with a 35/50 penetration grade was obtained
from LOTOS Asfalt Sp. z o.0. The following tests were performed in
order to characterize the base bitumen properties: penetration
(EN 1426:2009), breaking point (EN 12593:2009), ring and ball soft-
ening point (EN 1427:2009) and viscosity (ASTM D 4402). Based on
the results of penetration and softening point tests, penetration
index (EN 12591:2010) defining the thermal vulnerability of asphalt
was calculated [36-40]. The test results are presented in Table 1.

The aggregates used in laboratory tests were provided by Przed-
siebiorstwo Robé6t Drogowych Sp. z 0.0. Zamosc¢. Particle size distri-

bution was assessed using dry sieving method (EN 933-1:2012)
[41], mineral filler particle size distribution was assessed using
air jet sieving method (EN 933-10:2009) [42].

The gradation of the aggregates is given in Table 2. The mineral
mix composition was designed using grading envelope method.

Subthreshold values apply to Technical Requirements effective
in Poland [43].

In the mineral composition of granodiorite the main compo-
nents were quartz, soda-lime feldspars (plagioclases) and calcium
feldspars (orthoclase) which are accompanied by minerals from a
group of micas (biotite, muscovite) and pyroxenes. Granodiorite
was acquired from Vyrivskyj Karjer deposit (Ukraine).

Dolomite rock consisted mainly of a mineral dolomite CaMg
(C0O3), and calcite CaCOs. The rock used for the mix production
was acquired from the Dolomite Mine Piskrzyn (Poland).

The limestone was composed of calcite, accompanied by trace
amounts of dolomites, clay minerals and quartz. The limestone
was acquired from Mine Siatkéwka Nowiny (Poland).

Zeolites used in this study represent various structure topolo-
gies. Na-P1 has a gismondine-like structure (GIS) where two 4-
membered rings form an 8-membered intersecting channel of
3.1 x4.5A and 2.8 and 4.8 A along [100] and [010] directions,
respectively. Natural clinoptilolite has a heulandite topology
(HEU) with two-dimensional channel system consisting of 10-
membered (tetrahedron) rings sized 5.5 x 3.1 A and 8- membered
rings sized 4.1 x 4.1 along [001] and 3.4 x 2.8 A along [100] [44].

The synthetic zeolite was synthesized in the hydrothermal reac-
tion of fly ash from hard coal combustion with sodium hydroxide
(NaOH). The fly ash for zeolite synthesis was supplied by the Kozie-
nice Power Plant in Poland. The preparation of the zeolite Na-P1
was performed on the quarter technical scale using the patented
installation for synthesis of zeolites [45,46]. The content of pure
zeolite phase in the obtained product was about 70%.

Natural zeolite clinoptilolite (ZN-C) in a form of zeolitic tuff (com-
posed of 75% of pure clinoptilolite phase, cristobalite, quartz, feld-
spar and clay minerals — montmorillonite and illite) was acquired
from Sokyrnytsya deposit (Transcarpathian region, Ukraine).

Not only did the mineral structure differ zeolites used in the
study but also the particie size distribution and the texture. Parti-
cle size distribution of the studied materials is presented in Fig. 2.
Textural parameters of the zeolites used are presented in Table 3.

Na-P1 exhibited unimodal particie size distribution. In this
material particles of the size around 25 pm constituted 55% of
the volume. Particle size distribution of clinoptilolite was bimodal
with peaks at 25 and 300 pm, which constituted 19% and 23% of
the volume, respectively.

The amount of water in dry zeolite Na-P1 was 28% and in
clinoptilolite 17%. The tests were performed with zeolite addition
in air-dry condition, as well as after incorporating of additional
water to zeolite structure. The water saturation of zeolites in rela-
tion to dry mass was 75% and 25% w/m for Na-P1 and clinoptilolite,
respectively. This amount of water was responsible for a loose form
of the zeolite material which provided equal distribution of the
additive in mix asphalt.

A Reference material included mix asphalt intended for binding
layer of a road loaded with KR 3-4 category traffic (AC 16 W 35/50),
designed in accordance with Polish technical standards [43]. The
amount of d asphalt was 4.6% in relation to the mix asphalt mass.

4. Test methods

4.1. Determination of compaction temperature and proper addition of
zeolite

Determination of compaction temperature and the amount of
d zeolite was conducted in a compactability test in a gyratory
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Mix asphalt compactibility by gyratory compactor
Mixing temperature Tm —160°C
Compaction temperature Tc —160°C, 145°C, 130°C
Reference mix Mix asphalt + Mix asphalt + Mix asphalt + Mix asphalt +
asphalt without clinoptilolite clinoptilolite+ NaP1 NaP1 + water
zeolite (R) (A) water (B) (©) (D)
Amount of additive clinoptilolite and NaP1: 0.25% 0.5% 0.75% 1%
Amount of additive clinoptilolite +water and NaP1+water: 0.2% 0.4% 0.6% 0.8%
Mechanical properties
Air voids stiffness ITSR Rutting
modulus
The samples are obtained by Marshall standard test procedure EN 12697-30. The samples are obtained by slab compaction
Tm -160°C, Tc-145°C, 130°C, 115°C EN 12697-33.
reference mix : Tm —160°C, Tc —145°C,
mix with zeolite: Tm —160°C, Tc —115°C
Compaction energy-75 Compaction energy-35
Fig. 1. Experimental Plan.
Table 1 according to the standard (EN 12697-30:2012) [48] and Polish

Properties of the base bitumen. technical requirements [48]. Before preparation of the first sample,

Test Specification Result  Specification limits the form was heated to compaction temperature. Compaction tem-
Penetration (25 °C: 0.1 mm) EN 1426:2000 365  35-50 perature of the reference mix asphalt was assumed based on the
Softening point (06) EN 1427:2009  55.80 50-58 type of used asphalt - 145 °C [43]. Compaction temperature was

EN 12593:2009 -14 <=5
ASTM D 4402 0.844
EN 12591:2010 -0.56

decreased for subsequent samples by 15 °C to 115 °C. The samples
for air voids test and stiffness modulus were performed using 75
hits per side, each. The samples for tests of Indirect Tensile
Strength Ratio (ITSR) were made using 35 hits per side, each. Opti-
mal zeolite addition to mix asphalt was assumed based on the
results obtained from compactability tests in a gyratory compactor
and included: 1% clinoptilolite, 0.5% for NaP1 zeolite and 0.4% w/m
for water-soaked zeolites, respectively.

Breaking point (°C)
Viscosity at (135 °C)- Pa's

Penetration index —1.5 to +0.7

compactor (EN 12697-31:2007) [47]. Incline angle was assumed as
1.250, vertical load as 600 kPa, longitudinal axis rotation rate -
30 rotations/min, rotation number - 100. Hot mix prior to test
was termostated in a form on a laboratory drier for 45-60 min.
Compaction temperature of the reference mix was assumed based
on the type of used asphalt — 160 °C [47]. Samples reference mix
and samples with zeolite additions were compacted appropriately
in temperature of 145 and 130 °C.

Conditions of sample preparation in Marshall hammer (height
of 63.5mm and diamater of 101.6 mm) were determined

4.2. Air voids

Air voids content in compacted samples was calculated based
on the EN 12697-8:2005 standard [49]. Polish requirements for
the binding layer AC 16 W are within the limits of 4-7%.

Table 2
Gradation of the aggregates.

Test Limestone 0/4  Granodiorite 4/8  Dolomite 8/11 Granodiorite 11/16 ~ Mineral filler =~ Combined gradation (%)  Specification limits
Mixture ratio (%) 34 24 18 20 4

Sieve size (mm)

315

224 100.0 100

16 100.0 97.6 90-100
11.2 100.0 88.0 80.0 70-90
8 100.0 87.0 12.0 60.4 55-85
5.6 91.0 3.0 1.0 47.5

4 100.0 39.0 1.0 1.0 39.6

2 99.6 7.0 1.0 1.0 30.6 25-50
1 79.3 1.0 1.0 1.0 20.0

0.5 50.6 1.0 1.0 1.0 14.3

0.25 35.2 1.0 1.0 1.0 10.7

0.125 25.7 1.0 1.0 1.0 100.00 8.3 4-12
0.063 19.4 1.0 1.0 1.0 97.00 6.2 4-10

0.00 154 1.0 1.0 1.0 83.0 0.0
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Fig. 2. Distribution of zeolite particle sizes.
Table 3
Textural parameters of clinoptilolite, zeolite NaP1 and mineral filler.
Materials SBET m2/g Vhic cm3/g Smic mz/g Vines CmB/g Simes mz/g D, nm
Clinoptilolite 183 0.0051 10.65 0.046 7.68 10.0
Na-P1 94.48 0.0048 10.62 0.233 85.86 8.9

Sger — specific surface area, Viic/Vmes — Volume of micropores/volume of mesopores.

Smic/Smes — surface of micropores/surface of mesopores, D, — average pore radius.
4.3. Analysis of water sensitivity

The tests water and frost resistance of the concrete asphalts were
performed based on the EN 12697-12:2008 standard [50] and Polish
technical requirements [43]. This test evaluates the effect of one
freezing cycle of saturated mix asphalt samples on indirect resis-
tance to Marshall-type sample stretching. There were 8 samples
prepared with every mix asphalt types and divided into two groups:
‘dry set’ and ‘wet set’ of similar heights and bulk densities. The con-
trol series samples were conditioned in a laboratory on flat surface
in room temperature of 20 =5 °C. The procedure of conditioning
wet samples with 1 cycle of freezing consisted of three stages:

Stage 1: The samples were exposed to vacuum water absorption
for 30 min, in room temperature of 20+5°C, with absolute
pressure of 6.7 kPa.

Step 2: The samples were exposed to prolonged effect of water
in increased temperature by placing them in a water bath with the
temperature of 40 °C for 68 h.

The third stage includes subjecting the samples to 1 cycle of
freezing-defrosting.

The samples taken out of water bath were wrapped in
“stretch”-type foil and placed in a plastic bag containing 10 ml of
water. Tightly sealed bags with samples were placed in a cooling
chamber with temperature of —18 °C for 16 h. The samples is
placed in a bath with water temperature of 25 °C, where they are
stored for 24 h. In this step, after defrosting, the samples are
unwrapped. The samples from both sets were used to test the
resistance to indirect tensile strength in Marshall’s hammer,
according to the EN 12697-23:2009 standard [51]. The tempera-
ture of sample testing from both sets was 25 °C. Based on the
obtained results, an indicator of resistance to ITSR was calculated:

ITS,,
ITSR = S,
where: ITSR - Indirect Tensile Strength Ratio [%], ITS,, - the average
strength for the wet samples [kPa], ITSq — the average strength for
the dry samples [kPa].

According to Polish technical regulation, minimum value of
ITSR indicator for the binding layer, KR 3-4, is 80%.

4.4. Study of stiffness modulus

The study of the stiffness modulus was performed according to
the EN 12697-26:2012 standard [52]. The test was performed with

controlled tension. The samples of @ = 100 mm and h = 60-65 mm
were subject to five-time dynamic load applied to the sample ver-
tically, along the diameter. Force increase time, measured from
zero to a maximum value was 0.124 s. Maximum force generated
a horizontal dislocation of sample equal to 5 pm. Between the sub-
sequent force impulses, there are 3-s long delays. The test result
was calculated automatically by a control program, as an arith-
metic mean from stiffness modulus for each of 5 force impulse
measurements. The sample, after performing the test, was rotated
by 90° around the horizontal axis and tested again. A reliable stiff-
ness modulus for each sample was a mean average out of two mea-
surements. The final result was the arithmetic mean out of 3 tested
samples.

The tests were performed in three temperatures. 23°C, 10°C,
—2°C. These are the average temperatures for the Summer,
Spring-Autumn and Winter periods in Poland. The following Pois-
son’s ratios were applied for the temperatures, respectively: 23 °C
-0.4; 10°C - 0.3; 2°C - 0.25 [53].

4.5. Wheel-tracking test

The test of surface asphalt layer’s resistance to rutting was per-
formed in a small rutting tester according to A procedure, test in air
(EN 12697-22:2008) [54]. The testing temperature was 60 °C, the
number of cycles - 10000. Testing samples of 300 mm x
400 mm x 60 mm were made using a laboratory slab roller com-
pactor (EN 12697-33:2008) [55]. Prior to compaction process, the
mix asphalt was conditioned in mixing temperature over 30-
45 min. Reference mix compacting temperature was assumed
based on the type of used asphalt - 145 °C. The compaction tem-
perature of products with zeolite addition was 115 °C. The resis-
tance to permanent deformation of the mix asphalt was defined
by two parameters: wheel-tracking slope (WTSar) and propor-
tional rut depth (PRDR).

5. Results and discussion

5.1. Determination of compaction temperature and optimum zeolite
content

The results of compactability test in a gyratory compactor are
presented in Figs. 3 and 4. The best compactability, expressed by
the air voids, was noted for the addition of synthetic zeolite
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Fig. 3. Compactibility of samples with the addition of zeolites.
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Fig. 4. Compactibility of samples with the addition of water-soaked zeolites.

NaP1. It was 0.4% for Na-P1 soaked in water w/m and 0.5% for Na-
P1 without soaking. The air voids decreased from 8.5 to 13% in rela-
tion to reference mix asphalt with the same compaction
temperature.

In case of using 0.4% clinoptilolite soaked with water, a notice-
able improvement in compactability could be noticed in compaction
temperature of 130 °C. The addition of soaked zeolites exceeding
0.4% did not improve the mix asphalt compactability in both cases.
The best improvement of the mix asphalt compactability with
clinoptilolite addition was achieved with 1% addition.

Better compactability of mix asphalt samples with NaP1 syn-
thetic zeolite addition than with clinoptilolite might result from
textual properties of these minerals. Zeolite Na-P1 material had a
5-time higher specific surface area (94.48 m?/g) than clinoptilolite
(18.3 m?/g) and was a more porous material (Table 3). Due to the
higher textural parameters it was able to “absorb” more water
and release it more at the same time, thus improving the asphalt’s
foaming effect.

The obtained results indicated a possibility of decreasing com-
paction temperature by 15 °C. Compactability tests with synthetic
zeolite addition of 0.3% w/m indicated the decrease in air void con-
tent in relation to control mix asphalt, with compaction tempera-
ture decreased to 40 °C [43]. The type of materials used for tests
has an effect on the results’ divergence: both the zeolite type and
the mix asphalt type.

According to performed compactability results, the most opti-
mum zeolite content addition is: 1% for clinoptilolite, 0.5% for syn-
thetic zeolite NaPland 0.4% of w/m water-soaked zeolites. Tests
of mechanical properties were performed for mix asphalt with
optimal zeolite amount.

5.2. Air voids

The results of air void content tests on Marshall samples indi-
cated a minimal compactability improvement with regard to the
reference mix asphalt after applying the zeolite addition. With
the lowest compaction temperature (115 °C), the improvement in

compactability was the highest: air void decreased from 9%
(NaP1 zeolite addition, NaP1 + water) up to 14% (clinoptilolite
addition). Together with the decrease in compactability tempera-
ture, the air void content increased, regardless of the zeolite mate-
rial type. Air void content in each mix asphalt was within the
required limits [43] (Fig. 5).

On the basis of one way ANOVA analysis it can be concluded
that the content of voids in the samples compacted at 115 °C is sta-
tistically significant regardless of the type of zeolite material. At
this temperature the highest improvement in compaction has
occurred. Obtained results indicate that compaction in Marshall
compactor should not be the basis for the assessment of com-
pactibility of WMA with zeolite. The temperature of compaction
had greater impact on void content than the type of added zeolite.
Compaction tests should be performed in a gyratory compactor.

5.3. Analysis of water sensitivity

The results of indirect tensile strength test for each temperature
and zeolite addition temperature combination are presented in
Table 4, ITSR values (%) are presented in Fig. 5.

80r
7.0
6.0
501
4.0 f
3.0f

A B C D

Minimum specification limit

Air voids [%]

201
101
0.0

R

BTc 145°C ®Tc 130°C ®Tc 115°C

Maximum specification limit

Fig. 5. Air voids obtained in samples from AC 16 W 35/50 with the addition of
zeolites.
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Indirect Tensile Strength of samples unconditioned (ITSp) with
zeolite addition was always higher than of reference mix asphalt
samples with the same compaction temperature (ITSp from 3.7%
to 13%). In the case of the average strength for the conditioned
samples (ITSw) this relationship was observed only for mix asphalt
with the addition of unmodified zeolites. The water and frost resis-
tance, according to Polish technical requirements, was maintained
for all types of mix asphalt, in each compaction temperature apart
from excepting mix asphalt with addition of synthetic zeolite NaP1
at T=115°C (ITSR =77%). The highest increase of ITSR indicator
was for mix asphalt with synthetic zeolite addition, at compaction
temperature of 115°C. This increase was 10% in relation to
Tc=115°C reference mix asphalt and 5% in relation to
Tc =145 °C reference mix asphalt. Lower ITSR indicators for mix
asphalt with addition of zeolites soaked with water indicated that
over the course of mix asphalt production not entire water was
released from the zeolite structure. The results of thermal mineral
tests from the zeolite group unambiguously indicated that zeolite
water release process occurs in temperature interval from 100 to
400 °C ([56]). Water immobilized in zeolite pores had an effect
on significant decrease in resistance after freezing-defrosting cycle
(Table 4). HMA with zeolites studies conducted in Poland indicated
an improvement of ITSR indicator when modified asphalt was used
[57]. The addition of hydrated lime also increased the water resis-
tance of the mix asphalt with zeolite addition [58].

No adhesives were used in this study. When using acid aggre-
gates (granodiorite) adhesives are recommended and can have a
positive effect on water resistance.

5.4. Study of stiffness modulus

Average stiffness modulus values are presented in Figs. 6, 7 and
8. As can be seen, stiffness modulus’ value for WMA with zeolites
in test temperature of 23 °C is higher in relation to reference mix
asphalt regardless of the zeolite material type and mixing temper-
ature. The same correlation was obtained in studies performed in
Turkey [33]. At lower temperature, the zeolite addition causes stiff-
ness modulus’ increase at Tc = 145 °C. At Tc = 145 °C, the measured
stiffness modulus for mix asphalt with zeolites is compared with
the results obtained for reference mix asphalt (Figs. 7 and 8). The
best results were obtained after applying 1% w/m of clinoptilolite
and 0.4% of soaked NaP1. With these additions, the values of stiff-
ness modulus of samples compacted at 130 °C were higher than
the results for the reference sample compacted at a temperature
of 145 °C, regardless of the temperature of the test.

It can be concluded that the stiffness modulus depends on the
mix asphalt compaction temperature and the temperature of the
test. In the case of WMA with zeolites, the type of used zeolite

Table 4
Results of the indirect tensile strength test for the different mix type studied.
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Fig. 6. Average stiffness modulus at 23 °C for the different mix type studied.
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Fig. 7. Average stiffness modulus at 10 °C for the different mix type studied.
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Fig. 8. Average stiffness modulus at —2 °C for the different mix type studied.

Type of Additive Amount of Compaction temperature (Tc)
mix additive (%) 145 130 115
ITSw ITSp ITSR  Air ITSw ITSp ITSR  Air ITSw ITSp ITSR  Air
(MPa) (MPa) (%) voids (MPa) (MPa) (%) voids (MPa) (MPa) (%) voids
(%) (%) (%)
R Without additive 0.856 0928 92 4.6 0.760 0855 89 5.1 0.721 0.830 87 6.4
A Natural zeolite 1 0.951 1.008 94 4.3 0.861 0990 87 49 0.781 0917 85 55
clinoptilolite
B Natural zeolite 04 0.813 0.941 86 4.2 0.802 0.901 89 53 0.713 0875 81 5.9
clinoptilolite with water
C Synthetic zeolite NaP1 0.5 0.996 1.020 98 4.2 0.820 0946 87 5.1 0.835 0.861 97 5.8
D Synthetic zeolite NaP1 04 0.858 1.051 82 4.5 0.766 0950 81 5.0 0.699 0903 77 5.8

with water
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Fig. 9. Wheel-tracking slope for the different mix type studied.
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Fig. 10. Proportional rut depth for different mix type studied.

was the main factor responsible for the increase of stiffness
modulus in relation to the reference mix asphalt sample.

5.5. Wheel-tracking test

The obtained results of wheel-tracking test are presented in
Figs. 9 and 10. Zeolite addition to mix asphalt improved the resis-
tance to wheel-tracking with regard to reference mix asphalt,
despite decreasing the compaction temperature by 30°C. The
effect of Na-P1 additive was higher than of clinoptilolite. WMA
with zeolite Na-P1 a WTSxr decreased of 28%. Similar results were
obtained when zeolite NaP1 soaked with water was applied. All
types of tested mix asphalts, according to Polish technical
requirements (WTSar max = 0.3) were resistant to rutting.

6. Conclusions and recommendations

In the performed tests, physicochemical properties of WMA
with addition of different zeolite types (including zeolites soaked
with water) were assessed at different compaction temperatures.
The decrease of compaction temperature improves the mix asphalt
workability, allows to increase the distance and transport time of
ready mix asphalt. Also the compaction temperature can be low-
ered, what in Polish climate conditions may extend the road work
season. Car traffic can be returned to a road constructed with this
technology in relatively short time. It is particularly significant in
case of renovation works in big agglomerations.

Compactability tests in a gyratory compactor indicate a possi-
bility to decrease the compaction temperature through zeolite
addition and allow to determine the optimal amount of this addi-
tive. The best compactability, measured by the air void content,
was obtained for the mix asphalt samples with the following zeo-
lite additives: 1.0% of clinoptilolite; 0.5% of NaP1 and 0.4% of
clinoptilolite and NaP1 soaked with water w/m.

Additional soaking of zeolite with water allows to decrease the
amount of d natural zeolite from 1% w/m to 0.4% w/m, and the
NaP1 synthetic zeolite from 0.5% w/m to 0.4% w/m, but it does
not significantly affect the improvement in tested mix asphalt’s
physicochemical properties. On the other hand, the addition of

zeolites soaked with water causes significant decrease in water
and frost resistance, expressed by ITSR indicator.

Synthetic zeolite NaP1 dosing with water, as well as without
additional soaking, improves the rut resistance at Tc =115 °C, in
relation to reference mix asphalt with Tc = 145 °C.

After adding the clinoptilolite without soaking to mix asphalt,
the higher stiffness modulus were obtained, regardless of the com-
paction temperature and test temperature.

WMAs with decreased compaction temperature, with zeolite
addition meet Polish technical requirements: air void content, ITSR
and rut resistance. NaP1-type synthetic zeolite produced from fly
ash as well as natural clinoptilolite may constitute an promising
alternative to the conventional additives used in mix asphalt
technologies.
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