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Abstract. This paper investigates the impact of sequential short-term and long-term aging of blown
bitumen of the grade BND 70/100 on its mechanical characteristics in the temperature interval from 76°C
to -36 °C. Group chemical composition of the bitumen has been determined by the method of liquid
adsorption chromatography by the chromatograph “Gradient M”. Short-term aging has been performed in
the vertical rolling thin film oven (RTFOT) under the standard of AASHTO T 240-08, and the long-term
aging - in the pressure aging vessel (PAV) under the standard of ASTM D 6521-08. Mechanical
characteristics of the bitumen are complex shear modulus G* and phase angle 6 at the mean and high
temperatures (from 4 °C to 76 °C) have been measured by dynamic shear rheometer (DSR) under the
standard of AASHTO T 315-08. Bitumen stiffness S at low temperatures (from -24 °C to -36 °C) has been
measured by bending beam rheometer (BBR) under the standard of AASHTO T 313-08. It has been
determined that during short-term aging the content of oils in the bitumen has been decreased for 1.5 %,
and the content of asphaltenes has been increased for 2 %. After the long-term aging, performed after the
short-term aging, the content of oils in the bitumen has been decreased for 7 %, and the content of
asphaltenes has been increased for 6.3 %. The content of resins in the bitumen remains practically
constant at both types of aging. At the mean and high temperatures the short-term and long-term aging
increase the complex shear modulus up to 2 and 7 200 times respectively and decrease the phase angle
at average for 4-6° and 8-10° respectively. At low temperatures the short-term aging and long-term aging
increase the bitumen stiffness in 1.5 and 2.5 times respectively.

AHHoTaumA. B HacTosiwen paboTe nccrnegoBaHo BrUsSIHWE NOCIeAoBaTENbHbLIX KPAaTKOBPEMEHHOTO
N ONMTENbHOrO CTapeHnn okmcreHHoro 6utyma mapku BHL 70/100 Ha ero MmexaHn4YeckmMe xapakTepucTuku
B TeMnepaTypHOM uHTepBarne oT 76 °C go -36 °C. 'pynnoBoi xuMmmnyeckmii coctas butyma 6bin onpegenex
METOAOM  >KMOKOCTHO-afcopbuMOHHOM  xpomaTorpacmm  Ha  xpomartorpade  «pagneHT  My.
KpaTkoBpemeHHoe cTapeHue Obino OCYLIECTBIEHO B BEPTUKANbHOW TOHKOMEHOYHOM BpallatoLleincs
neun (RTFOT) no ctaHgapty AASHTO T 240-08, a onuTtensHoe CTapeHue - B COCyie BbICOKOro JaBneHns
n temnepatypbl (PAV) no craHgapty ASTM D 6521-08. MexaHu4yeckne xapakTepuctvkun outyma —
KOMMMEKCHbIN caBuroso moayns G* 1 ¢asoBbli yron 6 Npu cpeHuX 1 BbICOKMX TemnepaTypax (oT 4 °C
4o 76 °C) ObInu uaMepeHbl AMHaMUYeCcKkum cABuroBbiM peomeTpoMm (DSR) no crangapty AASHTO
T 315-08. »KectkocTb Gutyma S npu Hu3kMx Temnepatypax (o1 -24 °C po -36 °C) Obina uamepeHa
peomeTpom ¢ uarmbaemon 6ankon (BBR) no ctangapty AASHTO T 313-08. YcTaHOBNEHO, YTO Mpu
KpaTKOBPEMEHHOM CTapeHun cogepxaHue macen B 6utyme ymeHbliaetca Ha 1,5 %, a cogepxaHue
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acanbTeHoB yBenuumBaetTcd Ha 2 %. [locne AONWMTENbHOTO CTapeHwsi, OCYLLECTBIIEHHOro mnocne
KpaTKOBPEMEHHOIO CTapeHus, codepxaHue macen B Outyme ymeHblaetca Ha 7 %, a cogepXaHue
acganbTeHoB yBenuumMBaeTcst Ha 6,3 %. MNpu oboux BMOax cTapeHus codepxaHwe cmon B Butyme
OCTaeTCsl MpaKkTUYecKn MOCTOSHHBLIM. [lpy cpegHux W BbICOKMX TemnepaTypax KpaTKOBPEMEHHOEe W
ONUTENbHOE CTapeHUs NOBLILWAKT KOMMNMEKCHbIM caBUroBon moaynb Ao 2 n 7 200 pa3 cOOTBETCTBEHHO U
yMeHbLlaT a3oBbii yron B cpegHem Ha 4-6° n 8-10° cooTBeTCTBEHHO. [pM HU3KMX TemnepaTtypax
KpaTKOBpEMEHHOE W [OnUTeNbHOEe CTapeHusl MOBbILAKT XeCTkocTb Gutyma B 1,5 m 2,5 pasa
COOTBETCTBEHHO.

1. Introduction

It is well-known that bitumens in the conditions of their storage, preparation of an asphalt concrete
mix, its transportation, laying, and compaction and during operation of an asphalt concrete pavement are
subject to aging [1-3]. Due to aging bitumens usually become more viscous and more brittle at low
temperatures. Therefore, the quantitative evaluation of the impact of bitumen aging on their properties is
important for road engineering.

At present many countries of the world use widely three methods of artificial aging for bitumens. The
first two of them [4] imitate the aging of a bitumen during preparation of an asphalt concrete mix, its
transportation, laying, compaction, and the third method models the aging of a bitumen during operation of
an asphalt concrete pavement. The latter two methods have been developed quite recently and included
into the known American technical system Superpave [5].

The review of the published works [6—-13] has shown that at present the intensive investigation is
performed for the impact of bitumen aging on the properties of the bitumens themselves [8-10] and asphalt
concretes with their use [11-15]. Meanwhile, practically always bitumen aging has been performed under
the methods, included into Superpave. Practically all investigations are experimental ones and the impact
of short-term and long-term aging has been evaluated in them on the rheological properties [5, 8-12],
structural changes [9], standard characteristics [11, 12] of bitumens and asphalt concretes [9-13].

This paper investigates and gives the quantitative evaluation of the impact of short-term and long-
term aging of the blown bitumen of grade BND 70/100 on its group chemical composition and mechanical
(rheological) characteristics within the temperature interval from 76 °C to -36 °C by dynamic shear
rheomoter (DSR) and bending beam rheometer (BBR).

2. Materials and Methods
2.1. Bitumen

Bitumen of grade BND 70/100 has been selected for experimental research of its rheological
characteristics at various temperatures in three conditions: non-aged, after short-term aging (RTFOT) and
after long-term aging (RTFOT+PAV). Bitumen has been produced at Pavlodar petrochemical plant from
crude oil of Western Siberia (Russia) by method of direct oxidation. Its characteristics satisfy the
requirements of the standard of Kazakhstan ST RK 1373-2013 [16]. Grade of bitumen under Superpave:
PG 64-40 [5]. The main standard characteristics of the bitumen in the initial condition are shown in the
Table 1.

Table 1. Main standard characteristics of bitumen in initial condition

Indicator Measurement unit Sl?regl:(lrig;%r]tzsocifg Values
Penetration depth of the needle, 25°C, 100 g, 5s 0.1 mm 70-100 75
Penetration Index - -1.0...+1.0 -0.87
Ductility at the temperature of:

25°C 275 118

0°C =3.8 5.2

Softening point °C 245 47.5
Fraas brittle point °C <-20 -28.5

Dynamic viscosity at 60°C Pa‘s 2145 229

Kinematic viscosity at 135 °C mm?/s 2250 428
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2.2. Short-term aging

Short-term aging of the bitumen in the vertical rolling thin film oven have been performed under the
standard of AASHTO T 240-08, which models the bitumen aging during preparing of an asphalt concrete
mix, its transportation, laying and compaction. The samples of the bitumen were in the oven at the
temperature of 150 °C for 75 minutes.

2.3. Long-term aging

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

2.4. Dynamic shear rheometer

The mechanical characteristics of the bitumen at the mean and high temperatures (from +4 °C to
+76 °C) have been measured by dynamic shear rheometer (Figure 1) under the standard of
AASHTO T 315-08. The samples of the bitumen in the shape of round plate with diameter of 25 mm and
thickness of 1 mm have been tested under the impact of sinusoidal varied strain, which has the amplitude
of 12 % and frequency of 10 rad/s. Before testing the samples have been kept at the specified temperature
not less than for 10 minutes. Shear deformation y, shear stress 1 and the phase angle 6 have been
measured as the test results.

The value of the complex shear modulus G* of the bitumen has been calculated under the formula
[17-19]:

Tmax ~ Trmin

G*:—; (1)
Vmax ~ Vmin

where Thax — Thin are maximum and minimum shear stresses respectively;

Vmax — Vmin are maximum and minimum shear strains respectively.

The shear stresses Tmax, Tmin and shear strains ymax, Ymin occur on the same plane, and their
differences in the values are caused by sinusoidal load.

Figure 1. Dynamic shear rheometer (DSR)

2.5. Bending beam rheometer

The mechanical characteristics of the bitumen at low temperatures (-24, -30 and -36°C) have been
measured by bending beam rheometer (Figure 2) under the standard of AASHTO T 313-08. The samples
of the bitumen for tests had the shape of a beam with dimensions of 6.25x12.5x125 mm. Before testing the
samples have been kept at the tested temperature for 60 minutes. In the beginning of the test the load,
equal to 980 mN, has been applied automatically for 1 second and it has been kept as the constant one for
the following 240 seconds. The maximum deflection of the middle of the beam has been measured
automatically.
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Figure 2. Bending beam rheometer (BBR)

Maximum stress on the bottom surface of the bituminous beam in its middle has been calculated
under the formula:

3Py

I @

where P is a load, mN;

h , b , l 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 t has
been calculated under the formula:

£(t) = ‘2—“ ft) ©

where f(t) is the maximum deflection of the middle of the bituminous beam, mm.

The stiffness of the bituminous beam at the time moment t has been calculated under the formula

P/

SO= 110

(4)

2.6. Group chemical composition of bitumen

Group chemical composition of the bitumen has been determined by liquid adsorption
chromatography method on the chromatograph “Gradient M” (Figure 3), manufactured by the Institute of
petrochemical processing of the Republic of Bashkortostan (Russia). Chromatograph consists of two parts:
analytical and detecting. The analytical part is the glass capillary column with the length of 3005 mm and
diameter of 1.2—1.4 mm, filled with the modified silica gel. Separating of the sample into maltenes (oils and
resins) and asphaltenes with the use of complicated mixes of the solvents taken in different proportions
(isooctane, dichloroethane, diisomayl ether, ethyl acetat, ethyl hydroxide and chlorbenzene). Detection for
the groups of chemical compounds has been performed according to their heat conductivity at the
temperature of 680 °C.

Figure 3. Liquid adsorption chromatograph
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3. Results and Discussion
3.1.Group chemical composition of bitumen

Group chemical compositions of the investigated bitumen in three conditions has been shown in the
Figure 4, where the impact of aging on the chemical composition is clearly seen: one can consider that the
content of resins is practically constant at double aging (short-term and long-term); short-term and long-
term aging decrease the content of oils for 1.5 % and 5.5 % respectively and increase the content of
asphaltenes for 2.0 % and 4.3 % respectively. In general, the sequential double aging decreased the
content of oils for 7.0 %, and the content of asphaltenes has been increased for 6.3 %.

Content, %o

il Resins Asphaltenes

B Non-aged BRTFOT RTFOT+PAV
Figure 4. Group chemical composition of bitumen

3.2.Mechanical characteristics
3.2.1.At the mean and high temperatures

The graphs for dependence of the complex shear modulus G* and phase angle & of the bitumen in
three conditions on the temperature have been represented in Figures 5 and 6. It is seen that the aging
changes the mechanical characteristics of the bitumen. Thus, after the short-term aging G* has been
increased at the temperatures of 4 °C and 76 °C in 1.3 and 2.1 times respectively. And the impact of long-
term aging on G* was great: the increase of G* was 5 300 and 7 200 times at the temperatures of 40 °C
and 76 °C respectively.

In semi-logarithmic coordinates the temperature dependences of G* of the bitumen in the initial
condition and after the short-term aging are nearly the straight lines. These straight lines are nearly parallel,
i.e. the thermal sensitivity of the bitumen G* is practically similar in the specified conditions. Dependence
of G* on the temperature after the long-term aging is of some other nature: within the range of temperatures
from 26 °C to 76 °C it is a straight line, but with the less thermal sensibility; from 4 °C to 13 °C it is also
described by the equation of straight line, but with considerably less thermal sensitivity; and temperature
range from 13 °C to 26 °C is a transition one, within which the non-linear decrease of thermal sensitivity of
the bitumen G* occurs.

Thus, the short-term aging of the bitumen, during which the content of oils has been decreased for
1.5 %, and the content of asphaltenes has been increased for 2 %, determined the increase of shear
modulus G* at the mean and high temperatures in 1.3 and 2.1 times; long-term aging, resulting in the oil
content decrease for 7 %, and the asphaltenes content increase for 6.3 %, has lead to the increase of G*
at high temperatures up to 7 200 times.

The graphs in Figure 6 show clearly the impact of temperature and aging on phase angle 6. The
phase angle is an important mechanical characteristic of the viscoelastic materials [20-22]. It shows the
ratio of the elastic and non-elastic deformations. Its value varies from 0° to 90°. For the pure elastic material
it is equal to 0° and for pure plastic material it is equal to 90°.

Tentaes b.b.,, Poccu Y.O., AmmmoBa C.K. CocraB M peoJOTMYECKHE XapaKTEPUCTHKH OHTyMa NpHU
KPAaTKOBPEMEHHOM H JUTUTENILHOM cTapenuii // MHxeHepHO-cTpouTenbHbli sxxypHan. 2018. Ne 5(81). C. 93-101.

97



Magazine of Civil Engineering, No. 5, 2018

10000000 1

AT |
1000000 k —a
'\_
]
_ 100000 Som
=] = i .
= 10000 15 A
- Et&m
1000 PO
0 S
O
100 O-T,L\ -
i |
= T %qh“m
] R |
01 T

4 8 12 16 20 24 28 32 36 40 44 48 52 36 60 64 68 72 76
Temperature, °C

-C-Non-aged —#-RTFOT -4 RTFOT+PAV
Figure 5. Dependence of complex shear modulus of bitumen on temperature

84 LF—JD‘_’(L"

78 |
- r

72
66 —

. e
us ]

B P

o AR
24 S a
-4
2 L&Y A&

e

o]

4 10 16 22 28 34 40 46 52 58 64 70 76

8, grad

Temperature, *C
—--RTFOT - RTFOT+PAV

Figure 6. Dependence of phase angle of bitumen on temperature
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It can be said that the short-term and long-term aging in the whole considered interval of
temperatures (from 4 °C to 76 °C) decrease the phase angle of the bitumen at average for 4-6° and 8-10°
respectively.

As could be expected, & increases with the temperature increase. Temperature dependence of &
can be considered as bilinear one. There is a transition section in each condition of the bitumen (non-aged,
RTFOT, RTFOT+PAV) between the first (at mean temperatures) and the second (at high temperatures)
linear sections. The first linear section is characterized by higher indicator of thermal sensitivity of 6, and
the second one has some lower thermal sensitivity. Smooth non-linear decrease for the indicator of thermal
sensitivity of the phase angle occurs within the transition section. As it is seen from the Table 2, with the
increase of aging level of the bitumen the position and characteristic (mean) temperature of the transition
section on the temperature dependence of the phase angle shifts towards higher temperatures, and the
width of the section has been decreased.

Table 2. Characteristics of transition section in temperature dependence of phase angle of
bitumen

Characteristics of transition section
Condition of o . . conventional
bitumen initial terpé)erature, final temperature, °C width ojéectlon, temperature of
transition, °C
Non-aged 24 52 28 30
RTFOT 28 50 22 35
RTFOT+PAV 36 40 4 38

The works [9, 11-14] according to the results of experimental investigations determine that at high
temperatures the short-term, as well as the long-term aging, increase complex shear modulus G* and
decrease phase angle 6 of the bitumens. But the authors do not mention numerical value for variation of
G* and 6 of the bitumens, provided by the impact of aging. It is obvious that it is connected with the fact
that the issue of impact of aging on mechanical and other properties of bitumens is on the stage of studying
and accumulating of experimental data, and researchers refrain themselves from general conclusions.
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3.2.2.At low temperatures

The graphs for the stiffness of the bitumen at various low temperatures and conditions according to
the aging are represented in Figures 7-9, where it can be clearly seen that the short-term and long-term
aging impact essentially on deformability of the bitumen at low temperatures. At all low temperatures and
conditions the bitumen stiffness decreases essentially under the exponential law within the time interval
from 8 s to 240 s. At small load durations (8 s) the short-term aging increases the bitumen stiffness at the
temperatures of -24 °C, -30 °C and -36 °C in 2.2; 1.3 and 1.5 times respectively, and the long-term aging
in 2.8; 2.5 and 2.3 times respectively. Averaging the data, mentioned above, one can adopt that at average
the short-term and long-term aging at small load durations increase the bitumen stiffness in 1.7 and

2.5 times respectively.
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Figure 9. Time dependence of bitumen stiffness at the temperature of - 36°C

As it is known, one of the modern methodological systems in the world, aimed at more differentiated
recording of the climatic conditions when defining the operational grade for the road bitumens, is Superpave
[2]. The stiffness has been adopted at load duration of 60 seconds in Superpave as one of the bitumen
indicators, characterizing its stability at low temperatures. For the tested bitumen the values of specific
stiffness (at 60 s) at various low temperatures and aging conditions have been shown in Figure 10. The
Figure shows clearly the cooperative effect of short-term and long-term aging and low temperature on
specific stiffness of the bitumen: the specific stiffness has been increased with the aging level increase.
For example, at the temperatures of -24 °C, -30 °C and -36 °C the short-term aging increases the specific
stiffness of the bitumen in 1.8; 1.3 and 1.4 times respectively, and the long-term aging - in 2.5; 2.6 and 2.4
times respectively. At average the short-term aging and long-term aging increase the specific stiffness of
the bitumen in 1.5 and 2.5 times respectively.

The literature review has shown that the investigations of the impact of aging on mechanical and
other properties of bitumens at low temperatures are strictly limited. Only the work [10] investigates the
impact of short-term and long-term aging on stiffness of bitumen PMB 45/80-65, modified by liquid surface
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substance on the basis of amines within the temperature range from -10 °C to -28 °C. It has been
determined that the long-term aging does not almost impact on bitumen stiffness, and the short-term aging
increases it slightly: critical temperature, at which the bitumen stiffness is equal to 300 MPa, is increased
only for 2.5 °C.

Our work investigates pure (unmodified) bitumen. It is obvious, that modification reduces the process
of aging for bitumens, which can be a subject for future investigations.
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Figure 10. Bitumen stiffness at various low temperatures and aging conditions

4. Conclusion

1. At short-term aging of blown bitumen of grade BND 70/100 the content of oils in it has been
decreased for 1.5 %, and the content of asphaltenes has been increased for 2 %. The long-term aging of
the bitumen, performed after its short-term aging, compared with its initial condition, decreases the content
of oils for 7 %, and the content of asphaltenes increases for 6.3 %. After two types of aging the content of
resins in the bitumen remains practically constant.

2. The short-term aging determined the complex shear modulus G* increase at the mean and high
temperatures (from 4 °C to 76 °C) in 1.3 and 2.1 times respectively, and the long-term aging increased G*
at high temperatures in 7 200 times.

3. The short-term and long-term aging decrease the phase angle 6 of the bitumen at the mean and
high temperatures at average for 4-6° and 8-10° respectively.

4. The short-term and long-term aging increase the bitumen stiffness S at low temperatures (from
-24 °C to0 -36 °C) in 1.5 and 2.5 times respectively.
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