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ABSTRACT: Introduction. In the article the use of powder elastomeric modifier capable of rapid breakdown into micro- and nano-
fragments upon contact with hot bitumen to improve the low-temperature properties of bitumen is presented. The indicators of
resistance to cracking are determined by various methods and their dependence on the thermal history of the samples. Methods
and Materials. At temperatures up to -36°C the oscillatory rheological tests (4-mm DSR test) of RTFO-aged samples of bitumen
BND 60/90 and modified binder (MB) which contain the active powder of discretely devulcanized rubber (APDDR) produced by
high-temperature shear-induced grinding from the crumb rubber of worn tires have been conducted. MB was prepared by mix-
ing bitumen (3 min; 160°C and 600 rpm) with 12.5 wt.% APDDR. Results and Discussion. The effect of the test parameters on the
rheological parameters has been studied. Structural transitions in bitumen and MB by methods of differential scanning calorimetry
(DSC) and the cracking temperature of the same samples in static conditions in the ABCD test were detected. It is revealed: a decrease
in the temperature of actual cracking of the MB sample compared to bitumen. Conclusion. It is shown that APDDR as a modifier
affects the structure of bitumen and reduces the temperature sensitivity of bitumen to external influences.
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INTRODUCTION Fraas breaking point [3] most modern road bitumen

does not reach —30°C [4], while on 65% of the Russian

When selecting bitumen for road construction, it is
necessary to be sure that its temperature plasticity
interval, defined as the difference between the softening
point and the cracking point, corresponds to the climatic
conditions of the region. Otherwise, there is a high prob-
ability of formation of various kinds of defects, among
which the formation of cracks in winter takes a significant
place [1]. Low-temperature cracks because of shrinkage
and tensile stresses can appear with a single drop in tem-
perature and in the absence of traffic load. The resistance
of bitumen to cyclic deformations caused by moving ve-
hicles and static deformations arising over time under load
are also important [2].

Federation the air temperature on the coldest days falls
below —35°C [5]. Bitumen is modified with various ad-
ditives (thermoplastic elastomers, elastomers, and etc.)
to improve the performance [6]. As a rule, modification
provides high resistance of pavement to plastic deforma-
tion in the hot period of the year. There is no consensus
about the modifier effect on low-temperature and fatigue
performance of bitumen, although there are positive re-
sults of pavement monitoring [7—9].

Despite many years of bitumen research, the predic-
tion of low-temperature pavement behavior based on
laboratory bitumen tests remains a relevant problem [10].
This is largely due to the complexity of bitumen chemical
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composition [7] and the microstructures formed during
the cooling of bitumen [11—12]. The presence in bitumen
of two types of wax: paraffin and naphthenic (microcrys-
talline), capable of crystallization at positive and nega-
tive temperatures, respectively [13—15] determines the
centers of stress concentration. Bitumen produced from
different fields oil may differ in chemical composition
and the content of paraffins, which leads to the possibility
of glass transition, crystallization, recrystallization and
melting of microstructures in a wide temperature range:
from 80—90°C up to negative temperatures, even below
—40°C [7, 15].

Fraas Breaking Point [16] and BBR test [17] are the
most common methods of low-temperature bitumen test-
ing. However, these methods are believed to underes-
timate the low-temperature characteristics of modified
binders [18].

In recent years, new methods for low-temperature
tests of bitumen binders have been proposed, which al-
low to determine the fracture temperature of the sample
when cooling under static conditions (ABCD-test [19])
and rheological characteristics during dynamic tests on a
dynamic shear rheometer with a diameter of 4 mm parallel
plates (4-mm DSR test) [20].

The essence of the ABCD method is to cool a ring-
shaped bitumen binder sample with a fixed inner diameter
and to register of the deformation and tensile stress.

In the 4-mm DSR test, oscillation tests are per-
formed over a specified frequency range at 0.1% strain.
Each specimen is tested at two temperatures differing
by 10°C, starting with the lower temperature. Although
DSR allows testing down to —40°C, rheological testing
of bitumen binders at low temperatures is still not com-
mon practice [21]. In the development of the 4-mm DSR
test it was even proposed to test at relatively high tem-
peratures compared to the test temperature on a bending
beam rheometer (BBR) and then to shift the results to
the corresponding low temperature using simple shear
coefficients [22].

According to the established practice, the stiffness
values obtained in BBR tests are used in calculating the
thermal stress of bitumen and asphalt concretes [23].
Therefore, for the 4-mm DSR test, a method was pro-
posed to convert the complex shear modulus (G*) data
into parameters determined in the BBR test: stiffness (S)
and creep factor (m) [20]. It should be noted that the
analysis of the relationship of these parameters for binders
modified with styrene-butadiene-styrene block copolymer
(SBS) showed a linear correlation in the case of bitumen
compatible with SBS, and deviation from the linear trend
in binders with poor compatibility of SBS and bitumen,
when there is separation on macrophase [9].

Another problem of low-temperature studies of bitu-
men binder is that in most cases, laboratory test protocols
ignore the effect of so-called thermoreversible aging or

hardening of bitumen, which is a consequence of such
physical processes occurring in bitumen, as crystalliza-
tion, phase’s separation and glass transition. These pro-
cesses are reversible when specimens are heated to high
enough temperatures, in contrast to the oxidative aging
[24—25]. For example, the schedule of sample preparation
before testing in the 4-mm DSR test [26] does not include
their annealing (only a brief heating to 70°C to improve
adhesion to the rheometer plates), and does not set the
sample storage time between the aging procedure and the
testing, as opposed to the samples tested by the BBR test
(heated to 163-175°C and “tested for 4 hours”) [27] and
the ABCD test (heated to 163-175°C and “cooled to room
temperature for at least 30 minutes”) [28]. As a result,
testing is run on specimens that are often in a non-equi-
librium state, which can lead to a discrepancy between
predicted and actual pavement life [10, 24]. In view of
this, the thermal history of samples from the preparation
and testing processes is of particular importance [29].

The purpose of the paper was to investigate the ef-
fect of a powder elastomeric modifier capable of rapid
breakdown in hot bitumen into micro- and nano-frag-
ments [30] on the low-temperature properties of bitu-
men. The active powder of discretely devulcanized rubber
(APDDR) produced by high-temperature shear-induced
grinding [31] from crumb rubber of worn-out tires was
used as a modifier. In the present study rheological tests
of bitumen BND 60/90 and modified binder were car-
ried out at —20, —26, —30 and —36°C for samples with
different thermal history. The data obtained were com-
pared with the results of low-temperature cracking in
static conditions (without load) the same samples in the
ABCD test and with the data of differential scanning calo-
rimetry (DSC).

METHODS AND MATERIALS

The following materials were selected in this research:

+ Oil road bitumen grade BND 60/90 [37]; the main
properties: penetration at 25°C — 60 dmm; softening
temperature of the Ring and Ball — 48°C; Fraas Break-
ing Point — minus18°C.

* Active powder of discretely devulcanized rubber
(APDDR), obtained by high temperature shear-
induced grinding (HTSG) of worn-out tire rubber.
The particle size of APDDR is less than 0.63 mm;
the specific surface determined by the BET method
at T =77 Kwas 0.45 m?/g.

* Modified binder (MB) prepared by mixing bitumen
heated to 160°C and APDDR for 3 min using a paddle
stirrer (IKA HB10 DIGITAL) at 600 rpm. The con-
centration of APDDR in the MB was 12.5 wt%.

For ABCD, DSC and 4-mm DSR tests, bitumen and

MB samples were subjected to technological (oxidative,

RTFO) aging [32] for 85 minutes at 163°C.

http://nanobuild.ru

info@nanobuild.ru


http://nanobuild.ru/ru_RU/

2023;15(1):
72-83

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

THE RESULTS OF THE SPECIALISTS’ AND SCIENTISTS’ RESEARCHES

Tests of resistance of samples to low-temperature
cracking in accordance to [28] were performed on the
device ABCD “Infotech” (RF) using 4 parallel samples.

The samples heat capacity (Cp) was investigated on a
DSC-500 calorimeter in a nitrogen atmosphere at a heat-
ing rate of 1—5 K/min. The temperature scale was cali-
brated by the melting points of ice (273.1 K) and indium
(429.7 K); the heat flow scale was calibrated by the heat
capacity of leucosapphire. Measurements were performed
from a temperature of 180 to 430 K. The weight of the test
samples was 5 mg.

Low-temperature rheological tests were performed
on an “MCR 702e” dynamic shear rheometer “Anton
Paar” (Austria) with four-mm diameter parallel plates
(4-mm DSR test). Three sample preparation programs
were used to evaluate the effect of specimen thermal his-
tory (see Table 1). Samples were placed in the rheometer

Nanobm

at 60°C, trimming of the samples was performed at the
same temperature after 5 min of thermostating, the work-
ing gap between the plates of the rheometer was 1.87 mm
at this time. A working gap of 1.75 mm was set at 30°C,
followed by thermostating for 20 min. Oscillation tests
were performed at shear strain (y) 0.1 % in the frequency
range () 0.016 to 7.96 Hz at temperatures of —36, —30,
—26 and —20°C, the samples were thermostated at the
test temperature for 20 min.

Test variants are shown in Figure 1: one sample was
investigated at two temperatures with an interval of 10
°C, starting from the lower one in accordance with [26]
in the test variant TV-1; a new sample was used for each
temperature in the test variant TV-2.

Parameters of low-temperature crack resistance: creep
stiffness S(60), m, T(S) and T(m) were computed in ac-
cordance with [26].

Table 1
Sample preparation programs for RTFO-aged bitumen and MB samples for the 4-mm DSR test
Program code Description of the sample preparation procedure
P-1 Samples weighing 2.5 & 0.1 g were heated in a heating oven at 70°C for 15 min, then stirred, placed
between 4 mm diameter rheometer plates with a heated spatula (according to [26]) and tested.
P-2 Samples weighing 2.5 & 0.1 g were brought to fluid state at 165°C (bitumen) / 175°C (MB) and
poured into silicone molds of 4 mm diameter. The samples were then cooled at ambient tempera-
ture for 2 hours and tested.
P-3 Samples prepared according to program P-2, seven days stored at ambient temperature, then
tested.

Test variant — 1 (TV-1)

!

Laying in rheometer + 60°C, trimming, thermostatting (TS) 5 min

Lowering the temperature to +30°C, setting of the gap, TS 20 min

P

Test variant — 2 (TV-2)

N

- -20°C, TS 20 min
-20°C, TS 20 min
-30°C, TS 20 min
-30°C, TS 20 min
: ‘ -36°C, TS 20 min
-36°C, TS 20 min
Fig. 1. Test variants
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RESULTS AND DISCUSSION

The tests of RTFO-aged samples of BND 60/90 bitu-
men and the modified binder (MB) on the ABCD device
showed (see Table 2) that the actual cracking temperature
of the MB was 7.6°C lower than the bitumen and at higher
strain jump (1.7 times) and fracture stress (1.8 times),
which indicates a positive effect of the modification.

Experimental DSC curves for bitumen and modified
binder are shown in Fig. 2. On both curves of heat flow
in the temperature ranges Tg: 241—249 K (from —32°C
to —24°C) for bitumen and 235—241 K (from —38°C to
—32°C) for MB a “step” associated with the glass transi-
tion process is observed. According to the temperature
position, this “step” is into the temperature range of glass
transition of the amorphous part of low molecular weight
polyethylene (for bitumen — waxes). In the samples stud-
ied, the volume of this amorphous part is ~ 60%. The
second interesting fact is that the peak observed for this
bitumen at T = 288 K, which is typical for the melting
of paraffins with a chain length of about 16—19 units, is
strongly reduced for the modified sample and slightly

shifted to 290 K. It should be noted that for the MB, the
enthalpy of melting AH1 decreases to 2 Jg-1 from 8 Jg-1
for bitumen and, accordingly, the content of the crystal-
lized part of the wax is much lower than in the bitumen
sample. Consequently, in this sample, most of the waxes
do not form isolated local volumes in which microcrys-
talline nuclei can form (decrease in enthalpy of melting
AH?2) but serve as plasticizer for the matrix (this is indi-
cated by a decrease in the temperature range of melting).
Most likely, this fact indicates that at these cooling rates,
steric hindrances in the sample matrix significantly reduce
the number and size of wax crystals due to the presence of
micro- and sub-microparticles of rubber [33].

At the first stage of the rheological studies, the effect
of sample preparation (thermal history) of samples (see
Table 1) on the rheological parameters was evaluated.

Fig. 3 shows plots of the complex modulus (G*) (a, b),
storage modulus (G') (c, d), loss modulus (G" (e, f) and
phase angle (8) (g, h) for bitumen and MB at tempera-
tures of —20 and —36°C for sample preparation program
P-1 (curves 1, 4); P-2 (curves 2, 5); P-3 (curves 4, 6) as a
function of test frequency (w) (test variant TV-1).

Table 2
ABCD test results
Material Cracking temperature (actual), °C Strain jump, pe Fracture stress, o, MPa
Bitumen —-34.3 16.1 2.3
MB —41.7 26.8 4.2
Trrnx 2

| ac,=24g'

200

300
T.K

400

Fig. 2. Heat capacity (Cp) curves of bitumen (1) and MB (2) samples. Heating rate 5 K/min
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Fig. 3. Frequency dependence curves of complex modulus (G*) — a, b, storage modulus (G') — c, d, loss modulus (G") — e,
f, phase angle (8) — g, h at —20°C (curves 1, 2, 3) and —36°C (curves 4, 5, 6). Sample preparation programs: P-1 (curves 1,
4); P-2 (curves 2, 5); P-3 (curves 3, 6). Test variant TV-1. Bitumen on the left and MB on the right
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Analyzing the curves shown in Fig. 3, we can note  bitumen and the MB is visible. If the values of storage
a significant influence of thermal history on the behavior = modulus G' in both cases are increasing with increasing
of bitumen samples at both test temperatures. For MB ~ temperature and test frequency, the curves of loss modu-
samples at —20°C the sample preparation program did not  lus G" show a more complex behavior, being significantly
matter (all the curves are very close), whereas at —36°C  different for bitumen and MB. The G" value grows like
the behavior of the MB is determined by the test program. G' in the whole test frequency range at —20°C for MB,

It should be noted that the bitumen sample with ther-  while for bitumen the growth of G" is slowing and a very
mal history P-2 (annealing) at —36 oC showed maximum  weakly pronounced maximum is observed, regardless of
values of G*, G and G in the whole frequency range com-  the sample preparation program. The values of the loss

pared to samples with thermal history P-1 and P-3 (while = modulus G" of bitumen with sample preparation program
sample MB — minimum); minimum values of phase angle P-2 (curve 5) decreases in whole range of test frequency,
(9) and stronger dependence of d on frequency compared  and there is a slight maximum at low frequencies with
to MB. A possible explanation for the different effect of  a further decrease for specimens prepared according to
“annealing” on the structure of the binder is that the bi-  programs P-1 (curve 4) and P-3 (curve 6). For the MB
tumen sample was annealed at a lower temperature than at the same temperature, the curves corresponding to
the MB sample: — 165 and 175°C, respectively. Available ~ sample preparation programs P-2 and P-3 (curve 5 and
data in the literature indicate that the complete disap- 6, respectively) increase, while at P-1 program (curve 4)
pearance of the microstructure of bitumen binder was  the growth of the loss modulus G" slows down and a very
observed at temperatures near 180°C [34]. In this case, it ~ weakly pronounced maximum is observed.

may be assumed that the P-2 sample preparation program In Fig. 4 the graphical dependences of the loss modu-
for modified binders was accompanied by microstructure  lus G" on the storage modulus G' (Cole-Cole diagram)
homogenization during annealing at 175°C with subse-  are presented for bitumen and M B samples with different
quent formation of a softer structure, as compared tothe  sample preparation programs at —30°C.

P-1 program, where low-temperature hardening is not As can be seen, there is a maximum on the curves of
completely removed by short-term heating to 70°C. RTFO-aged bitumen (Fig. 4 a) whose position in fre-

That said, let's note the closeness of the test results of  quency is different in the test variants TV-1 and TV-2
samples with sample preparation programs P-1 and P-3 (values are given in Table 3), while on the curves of the
(keeping after annealing seven days) for both bitumenand ~ MB a maximum is not observed (Fig. 4 b).

MB, which indicates the reversibility of the binder mi- The sample preparation program P-1 was chosen for
crostructure after “annealing”. It is planned to reduce the ~ further tests as the most reproducible one. Fig. 5 shows
keeping time of samples after annealing in the future in ~ curves the frequency dependence of complex modulus
order to estimate the rate of microstructure reversibility, (G*) (a); storage modulus of (G") (b); loss modulus (G")
although it is obvious that it may be different for bitumen  (c); phase angle () (d) for RTFO-aged bitumen at tem-
with various chemical compositions. peratures: —20; —26; —30 and —36°C, for each tempera-

Also, in analyzing the results presented in Fig. 3, the  ture used a new sample (test variant — TV-2). As can be

difference in the behavior of the G" and G" curves of  seen, with lowering temperature and increasing frequency

a b
120 120
100 iaas 100
18DDDDDDDUD o
o e 3" Yo .2 % 80
= 60 _ 60
o 4o =L'J 40
20 20
o 0
0 200 400 600 800 Y 200 400 600 800
1
G', MPa G', MPa

Fig. 4. Cole-Cole diagrams at temperature —30°C for bitumen (a) and MB (b). Sample preparation program P-1
(curves 1); P-2 (curves 2), P-3 (curves 3)
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Table 3
Effect of the test variant and test temperature on the frequency (.. ) corresponding to the maximum G" in the Cole-
Cole diagram with the P-1 sample preparation program

Bitumen binder Bitumen (P-1) MB (P-1)
Test variant TV-1[26] TV-2 TV-1[26] TV-2
Frequency corresponding to the maximum o Hz
on the Cole-Cole diagram Gmax?
-36 0.0248 0.0248 2.1019 2.1019
Test temperature T, °C -30 0.1465 0.1465 no no
-26 0.1465 0.5556 no no
-20 2.1019 no no no
a b
800 4 800 4
ottt R
* A ¢ A
600 %, 600 o*
* * ‘ A - 2 * 5 A - 2
3] & ta " . o1 9 - " o 1
n_ .. A - u (o] © ¢ A - n
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Fig. 5. Plots of test frequency dependence (») in DSR-4mm test: a — complex modulus (G*), b —storage modulus
(G"), ¢ —loss modulus (G"), d — phase angle (0) for RTFO-aged bitumen sample at temperatures: —20°C (1);
—26°C (2); —30°C (3) and —36°C (4). Sample preparation program P-1, the test variant — TV-2
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of testing, the complex modulus G* and storage modulus
G' grow. The loss modulus G" behaves otherwise: it shows
an increase at —20°C, and has a broad maximum at —26
and —30°C. At —36°C, there is a decrease in the G" values,
almost in the whole frequency range. The low phase angle
values are worth noting, especially at —36°C, where they
are 16 to 4 degrees in this frequency range.

It should be noted that the temperature of —36°C is
close to the cracking temperature of bitumen in static
conditions in the ABCD test, which was determined to be
—34.3°C. There is an opinion that among all methods of
low-temperature tests, the results of ABCD method with
relative deformation about 0.012 % are the closest to the
dilatometric method for determining the glass transition
temperature [35].

Fig. 6 shows plots (G") (a) and phase angle (d) (b)
as a function of frequency at temperatures of —36 and
—30°C for the RTFO-aged modified binder. Samples were
prepared according to the P-1 program, a new sample was
used for each temperature (test variant — TV-2). For the
MB, as well as for bitumen, there is an increase of G* and
G' (not given) and a decrease of phase angle () in the
studied temperature range. At the same time, the slope
angle of the 0 plot at —36°C is less than that of bitumen
and there are higher § values: from 16 to 8 degrees. The
growth of the M B loss modulus (G") is slowing down with
decreasing temperature; so that the G" curves correspond-
ing to the test temperatures —26 and —30°C are crossing
each other; and a plateau-like curve is observed at —36°C.

Fig. 7 shows the Cole-Cole diagrams of RTFO-aged
bitumen and MB (sample preparation program P-1, test
variant — TV-2) at temperatures: —20; —26; —30 and

Nanobm

—36°C. As can be seen from Fig. 7a, Cole-Cole diagrams
of bitumen at temperatures —26; —30 and —36°C are char-
acterized by the presence of a well-defined maximum,
which can be interpreted as a dynamic (mechanical) glass
transition, arising under the action of the applied load
at a frequency (o, ). It can also be assumed that the
temperature at which the loss modulus of bitumen already
goes down at a small (0.016 Hz) frequency is close to the
temperature of glass transition. On the Cole-Cole diagram
of the modified binder (Fig. 7b), as can be seen, a similar
maximum appears only at —36°C.

The absence of a maximum in the Cole-Cole diagram
of the MB (Fig. 7 b), combined with higher phase angle
values compared to bitumen and lower modulus values
(Fig. 6), suggests a favorable effect of the modifier on the
bitumen structure and a lower dynamic glass transition
temperature. This conclusion is confirmed by the lower-
ing of the cracking temperature in the ABCD test for the
MB compared to bitumen (Table 1), as well as the shift
towards lower temperatures of the glass transition “step”
on the DSC curve (Fig. 2).

In Fig. 8 for RTFO-aged bitumen a plot of the depen-
dence of the frequency (o, ) on the inverse test tempera-
ture is shown, which has a linear character with a reliability
of approximation (R2) of 0.9988. The line (2), parallel to
the abscissa axis, corresponds to the value of the inverse
cracking temperature of bitumen in ABCD test.

It can be expected that at temperatures below —20°C,
loads applied to the samples, even in the LVE-range, will
lead to the accumulation of damage affecting the reuse of
the specimen. This assumption was confirmed when tests
were compared for TV-1 and TV-2 variants. When analyz-
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for RTFO-aged bitumen — 1. Inverse cracking tempera-
ture of bitumen in ABCD test — 2

ing the table 3, it should be remembered that in both test
variants new samples were tested at temperatures of —30
and —36°C. At the temperatures of —20 and —26°C in the
TV-2 variant new samples were used, and in the TV-1
variant the samples which had been tested before at —30
and —36°C, respectively. Recall that the test variant TV-1
corresponds to the requirements [26], based on the results
of which the bitumen binders are marked by the allowable
operating temperature at low temperatures. It can be seen

that preliminary cooling of samples to lower temperature
(TV-1 variant), led to the appearance of maximum G" in
Cole-Cole diagram of bitumen at —20°C, which is absent
in the TV-2 variant, and to the shift of w. _at —26°C
towards lower frequencies. Such effects were not observed
for MB when tested by variant TV-1.

The 4-mm DSR testing was used to determine the
stiffness (S), which characterizes the low-temperature
creep of the bitumen binder; the parameter m (m-value),
which characterizes the ability to relax and is defined as
the slope of the stiffness-time curve. The critical tem-
peratures T(S) (temperature at which S = 300 MPa) and
T(m) (temperature at which m = 0. 3, which corresponds
to a phase angle of the order of 28 degrees), the parameter
AT = T(S)—T(m) (according to [26]) were then calcu-
lated. Calculation results are shown in Table 4.

As it can be seen, T(S) of modified binder at any sam-
ple preparation program and test variant is lower than that
of bitumen, which can be interpreted as a positive effect of
modification. At the same time, there is a wide variation
in the results, especially for T(m) modified binder, which
in all cases above T(S) and above T(m) bitumen. This
should indicate the failure of the modification, but is ab-
solutely against the nature of the experimental curves: the
absence of dynamic glass transition in the MB samples.
High values of T(m) are also characteristic for binders
modified with SBS [36], which are known to resist crack
propagation better than unmodified bitumen [37].

Most likely, the accepted limit value of creep coeffi-
cient m = 0.3 does not sufficiently satisfy the conditions of
brittle fracture, especially for modified samples. It should
be taken into account that APDDR rapidly breaks down
in hot bitumen, is built into the bitumen structure and
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Table 4
Values of T(S), T(m) and AT parameters determined by 4-mm DSR test
. . Sample preparation program and test
Bitumen binder . T (S), °C T(m), °C AT, °C
variant
P-1TV-1[26] —20.24 -26.9 6.72
P-1TV-2 —18.01 —24.07 6.06
Bitumen
P-2TV-1 —14.19 —38.80 14.61
P-3TV-1 -21.19 —23.75 2.56
P-1TV-1[26] —28.07 —11.8 -9.82
P-1TV-2 -23.9 -2.3 -21.6
MB
P-2TV-1 —24.78 —7.95 —16.83
P-3TV-1 —-27.97 —14.89 —13.08

forms a physical and/or chemical network, which leads
to a decrease in the phase angle. It can be assumed that
the bitumen binder is approaching the solid body state
(storage modulus gets closer the complex modulus) when
the phase angle reaches at least 10 degrees. Therefore, it
is reasonable to assume that the value “m = 0.3” for the
calculation of the fracture temperature T(m), should be
revised by lowering the value of m to 0.1—0.15 [35].

The successful modification effect when using a pow-
der elastomeric modifier capable of structuring bitumen
due to rapid breakdown of particles into micro- and nano-
fragments at their concentration near the threshold of
percolation [30, 33] may be related to a number of factors,
among which should be noted the possibility of includ-
ing additional stress relaxation mechanisms, since the
APDDR particles are above their glass transition tempera-
ture in the considered temperature interval. It should also
be noted that theoretical studies of the fracture process
under applied strains show that elastic particles in the size
range from a few microns to a hundred nanometers are
the most suitable to protect the binder from cracking. The
modification effect is stronger with increasing stress [38].

CONCLUSION

Methods ABCD, DSC and 4-mm DSR were used to
test RTFO-aged samples for oil road bitumen BND 60/90
with a Fraas Breaking Point —18°C and modified binder
(MB), obtained by short-term mixing (3 min; 160°C and
600 rpm) bitumen with active powder of discretely devul-
canized rubber (APDDR), produced by high temperature
shear-induced grinding of crumb rubber.

It is shown that:

— modification lowers the actual cracking temperature
of bitumen under static ABCD test conditions and
increases the strain jump and fracture stress;

— modification shifts the position of the glass transition
“step” for bitumen (from —32°C to —24°C) on the
experimental DSC curves towards lower temperatures
(from —38°C to —32°C). By its temperature position,
this “step” is into the glass temperature range of amor-
phous waxes;

— the results of the 4-mm DSR test showed that there is
no phenomenon of dynamic glass transition for MB
samples in test temperature and frequency range,
which is observed for bitumen;

— thermal history of sample preparation has a signifi-
cant effect on the rheological parameters, on T(S) and
T(m) of bitumen and MB, with the most differences
observed for the “annealing” of samples;

— the smaller scatter of parameter T(S) values for MB
than for bitumen may indicate a greater homogeneity
of MB samples microstructure;

— the high values of T(m) of MB, which are higher than
T(S) of MB and higher than T(m) of bitumen for all
thermal histories of the test samples, can be explained
by the fact that the modifier is built into the bitumen
structure and forms a physical and/or chemical net-
work. It seems reasonable to propose that the norm
“m = 0.3” for conversion to the fracture temperature
T(m), should be revised by changing the value of m
t0 0.1-0.15 [36].

The obtained results (lower actual cracking tempera-
ture of MB sample by 70C than bitumen in ABCD test,
shift of MB glass transition “step” towards lower tem-
peratures by 6°C on experimental DSR curves, lower
dynamic glass transition temperature of MB by at least
10—16°C; reduction of the storage modulus in the 4-mm
DSR test) allow to conclude about the increased resis-
tance of the APDDR modified binder to low-tempera-
ture cracking in static and dynamic operating conditions
of pavement.
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