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Abstract: The present article investigates in laboratory conditions the effect of cyclic freezing and
thawing (CFT) on characteristics of the neat bitumen and bitumens modified with different polymers,
as well as stone mastic asphalt concretes prepared with the use of the neat and the modified bitumens.
Maximal and minimal temperature in cycles of freezing and thawing (FT) is accepted equal to +20 °C
and —18 £ 2 °C respectively. Characteristics of low temperature resistance of bitumens (stiffness S and
m-value) have been determined on bending beam rheometer at the temperatures of —24 °C, —30 °C,
and —36 °C. Strength at direct tension of the stone mastic asphalt concretes has been evaluated in
the device TRAVIS (Infratest Ltd., Brackenheim, Germany) at the temperatures of 0 °C, —10 °C,
—20 °C, and —30 °C. Resistance of stone mastic asphalt concretes to rutting has been determined on
a Hamburg wheel tracking machine. The characteristics of the bitumens have been determined in
the initial condition and after 25 and 50 cycles of FT, and the characteristics of stone mastic asphalt
concretes, in the initial condition and after 50 cycles of FT. The results obtained experimentally
have shown that CFT impacts essentially on the investigated characteristics of bitumens and stone
mastic asphalt concretes. Modification with polymers improves the mechanical characteristics of
the bitumens and decreases the effect of CFT. It is also found out that when selecting a bitumen for
specific climatic conditions it is necessary to take into account both the number of cycles of FT and
the characteristic low temperature.

Keywords: bitumens; polymers; stone mastic asphalt concrete; freezing and thawing; stiffness;
m-value; tensile strength; rutting resistance

1. Introduction

In many climatic conditions in late autumn, winter, and early spring seasons frequent cyclic
transitions occur for air temperature, and for the temperature of the surface and upper part of asphalt
concrete layers of highways, respectively, through 0 °C. According to some data the number of such
transitions for air temperature through 0 °C is 100 and more in the south of Kazakhstan annually. The
specified phenomenon is also a characteristic one for climatic conditions of many countries in the
world including European ones. For example, index of freezing-thawing (FT) was 650 degree-days in
Paris in the worst winter season of 1962-1963, and it was 240 degree-days in the south of France [1].
Mauduit et al. reported about the fact that pavement of Western Europe is subjected to 500-1200
freezing-thawing cycles for 12-15 years of service life [2]. It is known that cyclic freezing and thawing
(CFT) decreases the asphalt concrete strength and results in failure of the asphalt concrete pavement [3].
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It was only in 1940 when N.M. Raspopov stated that (CFT) resulted in irreversible failures of asphalt
concrete pavements after 8-10 years of operation [4].

Therefore, impact assessment of CFT on properties of bitumens and asphalt concretes is an
important one. For example, Ozgan et al. [5] give the results of laboratory experimental study for the
effect of CFT on the characteristics of the asphalt concrete. It was found that CFT impacts greatly on
the characteristics of the asphalt concrete. Specifically, it has been shown that already after six cycles
Marshall stability is decreased by 56.6%, and after 24 cycles it is decreased by 77%.

The effect of CFT on stiffness at 60 s and other characteristics of six types for fine aggregate
matrixes (FAM) have been investigated by Gong et al. [6]. Stiffness of the mixtures has been determined
on bending beam rheometer (BBR). The obtained results have shown that CFT in all cases decreases
the stiffness of mixtures and the stiffness decreasing becomes stronger with the increasing of cycles
number for freezing and thawing. For example, after CFT the stiffness can be decreased till 27%.

Tarefder et al. [7] evaluated the effect of CFT on the fatigue life of hot mix asphalt and bitumen
stiffness. The samples of asphalt concrete and bitumen have been subjected to 5, 10, 15, and 20 CFT. It
is found out that the investigated characteristics of the asphalt concrete and bitumen are decreased
with the number increase for cycles of FT. Meanwhile, after 20 cycles of FT the fatigue strength of the
asphalt concrete and bitumen stiffness have been decreased for 37% and 41% respectively.

Stiffness decrease (deformability increase) and recoverability of creep strain decrease for neat
bitumen and bitumen modified with ethylene vinyl acetate has been reported in the works [8]
and [9] respectively.

Essential decrease of dynamic modulus for an asphalt concrete after CFT occurring within one
winter season in conditions of southern Ontario (Canada) has been reported in the article [10].

Wei et al. [11], based on the results of laboratory tests, show also the effect of CFT on strength
and resilient modulus of the asphalt concrete at compression. After 14 cycles of FT the strength and
elasticity modulus are decreased for 14% and 20% respectively.

The results of laboratory experimental investigations for three types of asphalt concrete (a stone
mastic asphalt mixture, a conventional dense graded asphalt mixture and an open graded asphalt
mixture) have shown that CFT impacts greatly on permeability of asphalt concretes [12]. CFT increases
the sizes of the existing pores and causes the occurrence of the new ones in an asphalt concrete. With
increase of the cycle number of FT the hydraulic conductivity is essentially increased and with big
values of hydraulic gradient the regime of water flow in the asphalt concrete does not follow the
Darcy’s law, i.e., it is not a laminar regime, but a turbulent one [12].

The essential effect of compaction level on viscoelastic behavior of the asphalt concrete has been
experimentally studied by Badeli et al. [13]. Specifically, it has been reported that CFT decreases
complex modulus and increases phase angle of the asphalt concrete. After saturation before CFT the
asphalt concrete modulus is increased at low temperatures, which is explained by transition of water
into ice.

The effect of cyclic FT on other important characteristics of asphalt concretes have been studied in
the works [14-16].

Literature review performed above shows that the impact of CFT on characteristics of bitumens
and asphalt concretes has been intensively investigated in recent years. We consider that this article
will make the updates of the known works as it contains the results of experimental investigation for
the impact of CFT on the important characteristics of eight neat and modified bitumens and six stone
mastic asphalt concretes.

2. Materials

2.1. Neat Bitumens

In this paper neat bitumens of grades 100/130 and 130/200, satisfying the requirements of
Kazakhstan standard ST RK 1373 [17] have been used. Bitumens have been produced by the Pavlodar
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petrochemical plant from crude oil of Western Siberia (Russia) by the method of direct oxidation. Main
standard indicators for the bitumens, determined in the laboratory of Kazakhstan Highway Research
Institute (KazdorNII), are represented in Table 1.

Table 1. Main standard indicators of neat bitumens.

. Measurement Value of Indicator
Indicator Unit
100/130 130/200

Penetration, 25 °C,100 g, 5 s 0.1 mm 110 175
Penetration index PI - 0.82 —0.2

Ductility: 25 °C cm 135 85

0°C 6.6 9.5

Softening point °C 44.0 41.0
Fraas point °C —30.2 —-29.9
Dynamic viscosity, 60 °C Pas 121.0 83.2
Kinematic viscosity, 135 °C mm? /s 329.0 323.0

2.2. Bitumens Modified with Polymers

Bitumens modified with polymers have been also examined. Neat bitumen of grade 130/200 has
been used for modification, as well as the following polymers: Kraton, Calprene 501, Butonal NS5198,
Elvaloy 4170, SBS, Zydex, and Titan. The quantity of the polymers added to the bitumen of grade
130/200 is given in Table 2.

Table 2. Quantity of the polymers added to the bitumen of grade 130/200.

Name of Polymer Quantity of Polymer, % by Weight of Neat Bitumen

Kraton 5.0
Calprene 501 5.0
Butonal NS198 3.5
Elvaloy 4170 1.7
SBS 5.0
SBS SR 5.0

SBS+Zydex 3.0+0.1

SBS +Titan 3.0+1.5

The bitumens modified with the polymers satisfy the requirements of Kazakhstan standard ST
RK 2534 [18] and their main indicators are shown in Table 3. Data comparison of Tables 1 and 3 shows
that in most cases bitumen modification with polymers reduces penetration and ductility considerably,
considerably increases softening point, and increases Fraas point.

Table 3. Main standard indicators of the modified bitumens.

Value of Indicator

Name of Polymer ZSP:g?;rOaOhgo,rg s DLolctility, Softeniong Point Fraas Point (°C)
25 °C (cm) O
(0.1 mm)
Kraton 74 45 75.5 —30.2
Calprene 501 63 55 79 —30.3
Butonal NS198 110 150 61.5 —32.1
Elvaloy 4170 105 48 60.5 —34.1
SBS 69 63 79 —274
SBS SR 61 39 67.5 —26.3
SBS + Zydex 85 71 62.5 —27.7

SBS + Titan 61 33 77 —28.3
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2.3. Stone Mastic Asphalt Concretes

Using the neat bitumen of grade 100/130 and the modified bitumens (the bitumen of grade
130/200+polymers) the stone mastic asphalt concretes of grade SMA-20 which satisfy the requirements
of standard [19] have been produced in laboratory conditions. The following fractions of crushed
stone have been used for production of the asphalt concretes: 5-10 mm (9%), 10-15 mm (24%), and
15-20 mm (40%). Crushed stone has been supplied from the rock pit “Ozentas” (Almaty region,
Kazakhstan). Sand of fraction 0-5 mm (16%) has been supplied from the plant “Asfaltobeton-1”
(Almaty city, Kazakhstan) and activated mineral powder (11%) has been supplied from the rock pit
“Zhartas” (Zhambyl region, Kazakhstan).

Content of the neat bitumen of grade 100/130 and the bitumens modified with the polymers
in composition of all types of the stone mastic asphalt concretes was the same and equal to 4.8% by
weight of dry mineral material (crushed stone+sand). Granulometric composition of the mineral part
has been also accepted as the same one for all types of the asphalt concretes (Figure 1). Mix design
characteristics of the asphalt concretes are represented in Table 4. As it is seen, density of asphalt
concretes is practically the same (2.39-2.41 g/cm?), air voids content, voids in mineral aggregate, and
water saturation vary within the following limits: 2.6-4.1%; 15.7-18.1%; 1.5-3.5% respectively.

100
80 [

60

40 /

Total passing, %o

0.01 0.1 il 10 100

Sieve size, mm
Figure 1. Granulometric curve of mineral part of the stone mastic asphalts.

Table 4. Mix design characteristics of the stone mastic concretes.

Value of Characteristics

Name of Polymer Voids in Mineral Water Saturation,

Air Voids, % Density, g/em®

Aggregate, % % by Volume
- 3.8 15.7 2.39 3.0
Calprene 501 3.0 16.0 2.41 2.0
Butonal NS 198 4.1 18.1 2.39 35
Elvaloy 4170 2.6 16.3 241 1.5
SBS 3.7 17.1 240 22
SBS SR 33 16.8 2.40 1.85

3. Methods

3.1. Preparation of Modified Bitumens

Mixer of model IKA EUROSTAR 20 DIGITAL (Figure 2) was used for preparation of modified
bitumens in laboratory conditions. Frequency of shaft rotation for this mixing device is regulated
automatically by microprocessor within the interval of 30 and 2000 rotations per minute. Shaft
rotation frequency has been regularly compared with the target one and it is automatically corrected at
deviation. This ensures constant rotation rate even at binder viscosity variation.
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Figure 2. Laboratory mixing device.

Preparing of the modified bitumens by the mixing device was performed in the
following sequence:

The neat bitumen was heated up to the temperature of 175-180 °C in the mixing device.
A polymer was gradually added in bitumen during mixing.
Full mixing time was 2 h.

L .

Bitumens modified with polymer Elvaloy after mixing (duration for 2 h) were kept at the mixing
temperature (175-180 °C) for 12 h.

3.2. Short-Term Aging

Short-term aging of the bituminous binders in the vertical rolling thin film oven has been
performed under the standard of AASHTO T 240-13 [20], which models the bitumen aging during
preparing of an asphalt concrete mix, its transportation, laying, and compaction. The samples of the
bituminous binders were in the oven at the temperature of 150 °C for 75 min.

3.3. Long-Term Aging

Long-term aging of the bituminous binders in the special pressure aging vessel has been
performed under the standard of ASTM D 6521-08 [21], which models the bituminous binder aging
during operation of the asphalt concrete pavement. The samples of the bituminous binders, after the
short-term aging, were in the vessel under the pressure of 2070 kPa and at the temperature of 100 °C
for 20 h.

3.4. Preparation of Asphalt Concrete Mixes

A preparing of asphalt concrete mixes was performed in a laboratory mixer (Figure 3) of the
company InfraTest (Brackenheim, Germany). The mixer with a capacity of 30 L has a constant shaft
rotation rate, equal to 60 rotations per minute. Opening and closing of the upper cover of the mixer
occurs automatically by an electric engine. The cover has an observation window, which allows
observing of the process for mixing. The vessel of the mixer can bend forward by an electric engine to
unload the prepared asphalt concrete mix.
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Figure 3. Laboratory mixing device for preparing of asphalt concrete mixes.

Preparing of asphalt concrete mixes (both with neat bitumen and with modified bitumens) has
been performed in the following sequence:

1.  Stone material (crushed stone and sand) was heated in a drying oven up to the temperature of
180 °C.

2. The laboratory mixing device was heated up to the temperature of 190 °C and the heated stone
material was added in it.

3. Mineral powder and bitumen (neat or modified) were gradually added in the stone material.

4. Temperature of the prepared asphalt concrete mix was 150-155 °C under the requirements of the
standard ST RK 1225 [22].

3.5. Production of Asphalt Concrete Samples

Asphalt concrete samples in the shape of a rectangular prism with dimensions of 5 x 5x50 mm
(Figure 4, right) have been prepared in the following way. First, asphalt concrete samples, using the
sector compactor (model CRT-RC2S, Cooper, Nottingham, UK) (Figure 5), have been prepared in the
shape of a rectangular slab (Figure 4, left) under standard EN 12697-33 [23]. Then asphalt concrete
samples have been cut from them in the shape of rectangular prisms.

Figure 4. Asphalt concrete samples: in the shape of a square slab with dimensions 305 x 305 x 50 mm
(left); in the shape of a rectangular prism with dimensions 5 x 5 x 50 mm (right).
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Figure 5. Sector compactor.

3.6. Cyclic Freezing and Thawing

The process of CFT for bituminous binder samples was performed in the following way.
Bituminous binder samples having dimensions 6.25 x 12.5 x 125 mm have been placed into a freezing
chamber with the temperature of —18 & 2 °C, and the temperature in the freezing chamber was
decreased to —18 £ 2 °C. The samples were kept at the temperature of —18 + 2 °C for 4 h. Then
the samples were taken out of the freezing chamber and thawed in the open air in room conditions
(=20 °C) for the next 4 h. The first set of bituminous binder samples was subjected to 25 cycles of FT,
the second one to 50 cycles.

CFT of the asphalt concretes have been performed in the same way, except for the fact that the
asphalt concrete samples have been saturated before, and their thawing has been performed in a bath
with water at the temperature of +18 &= 2 °C [24]. Asphalt concrete samples were subjected to 50 cycles
of FT.

3.7. Bending Beam Rheometer

Testing of the bituminous binders at low temperatures has been performed by bending beam
rheometer (BBR) (Figure 6) under the standard of AASHTO T 313-08 [25] after double (short-term
and long-term) aging. The samples of the bituminous binders for the tests had the shape of a beam
with dimensions of 6.25 x 12.5 x 125 mm. Before testing the samples have been kept at the tested
temperature for 60 min. In the beginning of the test the load, equal to 980 mN, is applied automatically
for 1 s and it has been kept as the constant one for the following 240 s. The maximum deflection of the
middle of the beam has been measured automatically.

—

Figure 6. Rheometer with bending beam (BBR).
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Maximum stress on the bottom surface of the bituminous beam in its middle has been calculated

under the formula:
3-P-¢

T2b- 12

where P is a load, mN; k, b, ¢ are height, width, and length of the beam respectively, mm.
Maximum strain of the bottom surface of the bituminous beam in its middle at the time moment ¢

has been calculated under the formula:

g

)

£(t) = “a(0), @

where §(t) is the maximum deflection of the middle of the bituminous beam, mm.
The stiffness modulus of the bitumen at the load duration of t has been calculated under
the formula:

p-p3
5(t) = 4-b-h3-6(t) ©)
Bitumen m-value, characterizing stress relaxation rate, has been calculated under formula [26]:
_ dlog[S(t)]
m(t) = “dlog (1) 4)

Testing of the bitumens has been performed at the temperatures of —24 °C, —30 °C, and
—36 °C. Such temperatures are characteristic for winter climate in many countries including
Kazakhstan [27-31].

3.8. Tensile Strength of Asphalt Concretes

Testing of asphalt concretes at low temperatures (0 °C, —10 °C, —20 °C, and —30 °C) has been
performed under standard [32] in a special device called TRAVIS produced by the company InfraTest
(Brackenheim, Germany). Device TRAVIS (Figure 7) represents by itself a thermal chamber with the
fixed equipment inside which allows performing the asphalt concrete sample test at direct tension
(Figure 8).

Figure 7. General view of the device for test at direct tension TRAVIS.
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Figure 8. Equipment for testing of asphalt concrete sample at direct tension.

An asphalt concrete sample is deformed with constant rate (1 mm/min) till its failure. A computer
fixes stress and strain at the moment of the sample failure.

3.9. Rutting Resistance of Asphalt Concretes

Resistance of the stone mastic asphalt concretes to rutting has been evaluated on Hamburg wheel
tracking machine (Cooper, Nottingham, UK) (Figure 9) according to the standard [33]. Asphalt concrete
samples had the form of square plate with dimensions 305 x 305 x 50 mm (Figure 4, left). The test
temperature was +60 °C and maximal number of wheel passes was 10,000.

Figure 9. Hamburg wheel tracking machine.

4. Results and Discussion

4.1. Low Temperature Characteristics of Bitumens

Indicators of low temperature resistance of bitumens stiffness S and m-value at load duration
of 60 s, determined on BBR at the temperatures of —24 °C, —30 °C, and —36 °C, are represented
in Figures 10-15. The Superpave technical specifications require that bituminous binder stiffness at
calculated minimal temperature and at load duration of 60 s should not exceed 300 MPa and m-value
should not exceed 0.3 [10].
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It is seen from Figures 10-12 that except for the bitumen with polymer Elvaloy after 50 cycles
of FT at the temperatures of —30 °C and —36 °C all the considered bitumens satisfy the Superpave
requirements. The decrease of bitumen m-value is observed with the number increase of FT cycles.
However, noticeable change for the bitumens m-value was not found out depending on a temperature
within the considered range of temperature.

Stiffness for all the considered bitumens is considerably increased with the temperature decrease
and increase of number for FT cycles (Figures 13-15). Only neat bitumen does not satisfy Superpave
requirements after 50 cycles of FT at the temperature of —36 °C, all other bitumens have stiffness lower
than 300 MPa at all the considered temperatures.

It is clear that an important characteristic for bitumens is the value for its stiffness increase at
different negative temperatures after various cycles of FT. Bar charts showing the values of stiffness
increase for the considered bitumens are represented in Figures 16-18. It is seen that the stiffness of
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the neat bitumen, the bitumens with polymers Butonal and Titan+SBS has increased after 50 cycles of
FT and at the temperature of —24 °C for 66.4%, 54.9%, and 55.8% respectively, and stiffness increase

for the bitumens with polymers Butonal and Kraton at the temperature of —36 °C was 87.0% and
88.8% respectively.
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Figure 18. Bitumens stiffness increase after 25 and 50 cycles of FT at the temperature of -36 °C.

The following binders are found as the most resistant to cyclic FT: bitumen with polymer SBS at
the temperature of —24 °C (stiffness increase is 3.1% and 15.9% respectively); bitumen with polymer
Calprene at the temperature of —30 °C (19.6% and 27.6% respectively); bitumen with polymers
Calprene, SBS, Zydex+ SBS, and Titan+SBS at the temperature of —36 °C (from 14.7% to 34.6%).

Thus, when selecting a suitable bituminous binder considering climatic conditions it is necessary
to take into account as the number of FT cycles as well as a characteristic low temperature.

4.2. Low Temperature Strength of Asphalt Concretes

Figures 19 and 20 represent bar charts showing the asphalt concrete strength at the temperatures
of 0 °C, —10 °C, —20 °C, and —30 °C in the initial condition and after 50 cycles of FT. Comparison
of bar charts shows that the strength is decreased practically for all the asphalt concretes at all the
considered temperatures after 50 cycles of FT. The value of strength decrease can reach 48%.

It is also clearly seen that modification with polymers increases essentially the asphalt concrete
strength as in the initial condition as well as after FT, especially at considerably low temperatures
(—20°C, =30 °C). For example, the strength of the asphalt concrete with polymer Elvaloy at the
temperature of —20 °C is more for 50.6% compared with the asphalt concrete with neat bitumen in the
initial condition, and after 50 cycles of FT the strength of the asphalt concrete with polymer Calprene
at the temperature of —30 °C is more than 46.6%.
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Figure 19. Strength of the stone mastic asphalt concretes in initial condition at low temperatures.
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Figure 20. Strength of the stone mastic asphalt concretes after 50 cycles of freezing and thawing at
low temperatures.

4.3. Rutting Resistance

Rut depths formed on the surface of the asphalt concrete samples after 10,000 wheel passes are
represented in Figure 21. It is seen that cyclic FT decreases essentially the rutting resistance of the
asphalt concrete with neat bitumen: after 50 cycles of FT the rut value has been increased nearly three
times (269.7%) after 10,000 wheel passes. Modification with polymers gives a large positive effect:
all types of the stone mastic asphalt concretes modified with polymers after 50 cycles of FT showed
rutting resistance more than the relevant asphalt concretes in the initial condition (before FT).
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Figure 21. Rut depth on the samples of stone mastic asphalt concretes after 10,000 wheel passes.

5. Conclusions

1. Cyclic freezing and thawing decreases the relaxing ability of all the considered bitumens (both
the neat bitumen and the modified bitumens). For example, the authors observed that after 50 cycles
of FT, all binders satisfied the Superpave specification requirement at —24, —30, and —36 degrees by
having m-value greater than 0.3. The Elvaloy polymer modified binder was the only exception as its
m-value at —30 and —36 fell below the 0.3 limit.

2. Stiffness S of all the considered bitumens is essentially increased with the temperature decrease
and the increase of FT cycles number. For example, the stiffness of the neat bitumen, the bitumens with
polymers Butonal and Titan+SBS has increased after 50 cycles of FT and at the temperature of —24 °C
for 66.4%, 54.9%, and 55.8% respectively, and stiffness increase for the bitumens with polymers Butonal
and Kraton at the temperature of —36 °C was 87.0% and 88.8% respectively. The following binders
have been found out as the most resistant to cyclic FT: at the temperature of —24 °C—bitumen with SBS
polymer (stiffness increase after 25 and 50 cycles for 3.1% and 15.9% respectively); at the temperature
of —30 °C—bitumen with Calprene polymer (19.6% and 27.6% respectively); at the temperature of
-36 °C—bitumen with polymers Calprene, SBS, Zydex+ SBS and Titan+SBS (from 14.7% to 34.6%).

Thus, when selecting a suitable bituminous binder taking into account the climatic conditions it is
necessary to consider both FT cycles number and the characteristic low temperature.

3. Practically all asphalt concretes (both with the use of the neat bitumen and the modified
bitumens) at all the considered temperatures after 50 cycles of FT tensile strength is decreased. The
strength is decreased by 48% for specific types of asphalt concretes.

Modification with polymers increases essentially the asphalt concrete strength both in the initial
condition and after FT, especially at the considerably low temperatures (—20 °C, —30 °C). For example,
addition of polymer Elvaloy increases the strength of the asphalt concrete for 50.6% at the temperature
of —20 °C in the initial condition (before CFT). And the addition of polymer Calprene increases
strength of the asphalt concrete for 46.6% at the temperature of -30 °C after 50 cycles of FT.

4. Cyclic FT decreases essentially the ability of the asphalt concrete with rutting resistance: In
the original binder the rut depth increased after 50 cycles almost three times (269.7%) after 10,000
wheel passes. Modification with polymers gives a large positive effect: all types of stone mastic asphalt
concretes modified with polymers after 50 cycles of FT have shown the rutting resistance more than
the relevant asphalt concretes in the initial condition (before FT).
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