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Abstract. This study investigates the patterns of thermo-oxidative aging of tar and deeply
oxidized bituminous binders with different degrees of oxidation. The processes of technological and
chemical aging occurring under the influence of high temperatures and atmospheric oxygen during
the production, transportation, and operation of asphalt concrete pavements were considered. Tar IV
and deeply oxidized bitumen samples with different softening temperatures were used as research
objects. The aging kinetics were evaluated by changes in the softening point after aging according to
GOST 33140-2014, as well as under technological aging conditions at 163 °C for 5 hours with
continuous stirring. Based on the obtained experimental data, the rates of chemical and technological
aging of the binders were calculated. It was established that the maximum rate of property changes is
observed during the first hours of aging. The results showed that tar undergoes the most intensive
property changes during technological aging, whereas deeply oxidized bitumen is more susceptible
to chemical (thermo-oxidative) aging. It was revealed that an increase in the degree of bitumen
oxidation leads to higher rigidity, viscosity, and aging susceptibility due to the increased content of
resin-asphaltene structures. The obtained results make it possible to evaluate the influence of aging
processes on the properties of bituminous binders and can be used in the development of
compounding technologies and improvement of the durability of road bitumen.

Keywords: bituminous binder, tar, deeply oxidized bitumen, thermo-oxidative aging, aging
kinetics.

Introduction

Authors [1-4] consider thermo-oxidative aging of binders as a two-stage process:
technological aging or “short-term” aging [3, 4], during which the bituminous binder undergoes
intensive changes in properties and their significant deterioration. This stage includes the preparation
of asphalt concrete mixtures, when a thin film of binder comes into contact with mineral aggregates
heated to high temperatures, as well as transportation and subsequent paving of the road surface; and
operational or “long-term” aging, during which fatigue cracks appear on the surface of the pavement
[3-5].

As previously noted, technological aging causes an intensive “metamorphosis” of the organic
binder: the amount of maltene components decreases, oxidative destruction leads to the formation of
radicals that polymerize into highly carbonized compounds, increasing the content of resin-asphaltene
structures [6]. Based on this, the author of [2] suggests that bitumen produced by liquid-phase
oxidation is more susceptible to aging processes.

In study [7], investigations were carried out to determine the aging index of bitumen. It was
found that the aging index increased by 5 points during the technological aging stage, whereas during
operational aging, after 8 years of pavement service, it increased by only 1 point.

It should be noted [5, 8-10] that the organic binder in asphalt concrete undergoes four stages
during operational thermo-oxidative aging: strengthening of the internal structure followed by
stabilization, onset of destruction, and final failure. Initially, light components evaporate, oils
transform into high-molecular resins, and resins convert into asphaltenes. As a result, a coagulation
network of asphaltenes is formed, structural-rheological properties improve, adhesion between the
bituminous binder and mineral aggregate increases, and the pavement becomes sufficiently strong
and plastic.
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The second stage of aging is accompanied by an increase in asphaltene content and a growth
in the rigidity of the spatial structural network formed by asphaltenes.

At the final stages of the pavement life cycle, destructive processes occur during operation:
resins are washed out, the asphaltene content increases, asphaltenes begin to compete for the
dispersion medium, separate contact zones between asphaltenes become exposed, cohesive
interactions decrease, and carbonization processes occur, i.e., carbon enrichment. As a result, the
binder in the asphalt concrete structure becomes viscous, rigid, brittle, less plastic and elastic, while
moisture resistance sharply decreases, leading to shrinkage and surface cracking.

Materials and research methods

To determine the kinetics of the thermo-oxidative aging process, a standard method for
determining the change in the mass of a bituminous binder sample and its softening point after aging
according to GOST 33140-2014 was used. However, samples of the binder were additionally taken
every hour during 5 hours to determine the required quality indicators.

To study the dependence of adhesion properties on aging time, mixtures of mineral filler —
white marble (an alkaline stone material with low silicon content) — were prepared with: Tar II; deeply
oxidized bitumen with softening temperatures of 48, 55, 63 (I), and 71 °C; compounded bitumen
obtained by mixing deeply oxidized bitumen with softening temperatures of 48 and 55 °C with tar
modified by additives D11 and D22; and compounded bitumen obtained by mixing deeply oxidized
bitumen with softening temperatures of 55 and 63 °C with Tar II.

The obtained bitumen-mineral mixtures were heated in an oven at 163 + 0.1 °C for 8 hours.
The kinetics of changes in adhesion properties were determined quantitatively by measuring the mass
loss of the sample in a thin film on the mineral material using the boiling method according to GOST
11508-74 (Method A).

Results and Discussion

Aging of bituminous binders causes irreversible changes in their chemical composition,
properties, and structural-mechanical characteristics: the content of maltenes decreases, while the
number of resin-asphaltene components increases, resulting in higher rigidity and viscosity and
deterioration of low-temperature properties. Moreover, the greater the degree of bitumen oxidation,
the more susceptible it is to aging.

Binder aging can be considered as a combination of two parallel processes: thermal aging
caused by exposure to high temperatures and thermo-oxidative aging caused by the action of oxygen
at elevated temperatures. In order to distinguish the contributions of thermal aging and thermo-
oxidative aging to the physicochemical properties of binders, the following experiment was carried
out.

Tar IV and deeply oxidized bitumen with a softening point of 63 °C were used as the research
objects. For Tar IV and deeply oxidized bitumen 63, the dependences of the ring-and-ball softening
point after aging according to GOST 33140-2014 and during technological aging were determined.
Technological aging was carried out at a temperature of 163 °C for 5 hours under continuous stirring.

Based on the obtained dependences, the rates of chemical aging (in a thin film) (Figure 1) and
technological aging (in bulk) (Figure 2) were calculated.

During transportation and storage, bitumen is subjected to various thermal effects, which leads
to changes in the dispersion and variability of all its properties. The dependences presented in Figure
3.8 clearly demonstrate the nature of the aging process. For example, after 7 hours of technological
aging, the softening point of deeply oxidized bitumen reaches 98.6 °C.

Analysis of the results showed that the maximum rate of change in the softening point of tar
and bitumen occurs during the first hours of the aging process. Tar changes its properties most
intensively during technological aging, whereas bitumen undergoes more intensive changes during
chemical aging. As a result of vacuum distillation of fuel oil, tar apparently contains unsaturated
compounds that are highly capable of polymerization and polycondensation reactions even at
relatively low temperatures.
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Figure 1 — Chemical Aging Rate of Tar IV and Deeply Oxidized Bitumen
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Figure 2 — Technological Aging Rate of Tar IV and Deeply Oxidized Bitumen 63

Therefore, the thermo-oxidative properties of the final product are mainly influenced by the
rate of technological aging of tar during the compounding process of deeply oxidized bitumen with
tar. However, the depth of oxidation of deeply oxidized bitumen also has a significant influence on
the properties of the final bituminous product.

Conclusion

The conducted studies showed that the aging process of bituminous binders is accompanied
by significant changes in their chemical composition and structural-mechanical properties. During
aging, the content of the maltene fraction decreases while the number of resin-asphaltene components
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increases, leading to higher viscosity, rigidity, and deterioration of the low-temperature
characteristics of the binder. It was established that the degree of aging strongly depends on the depth
of bitumen oxidation: deeply oxidized bitumen is more susceptible to thermo-oxidative changes.

Analysis of the process kinetics demonstrated that the most intensive change in the softening
point of both Tar IV and deeply oxidized bitumen 63 occurs during the first hours of aging. Tar is
characterized by a higher rate of technological aging, whereas deeply oxidized bitumen is more prone
to chemical (thermo-oxidative) aging. The obtained results indicate the presence of a significant
amount of reactive unsaturated compounds in tar that are prone to polymerization and
polycondensation reactions even at relatively low temperatures.

It was established that prolonged technological aging causes a significant increase in the
softening point of deeply oxidized bitumen, indicating intensive structuring of the dispersed binder
system. Therefore, during the compounding of deeply oxidized bitumen with tar, the key factor
influencing the properties of the final product is the rate of technological aging of tar, while the depth
of bitumen oxidation determines the material’s resistance to further thermo-oxidative aging during
transportation and service life.
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AnHoTanus. B pabore uccienoBaHbl 3aKOHOMEPHOCTH TEPMOOKHUCIUTENBHOIO CTapEHUS
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TyOIpoHAa U TIyOOKOOKHCIEHHBIX OWTYMHBIX BSDKYIIUX pA3JIUYHON CTENEHU OKHCICHHS.
PaccmoTpensl mponecchl TEXHOJOTMYECKOTO U XHMUYECKOTO CTapeHHUs, NPOTEKAIOUIUe IIpH
BO3JICHICTBUU BBICOKUX TeMIepaTyp U KHUCJIOpoJa BO3AyXa B IMPOLIECCE MPUTOTOBJICHMUS,
TPAaHCIOPTUPOBKH M JKCIUTyaTalud ac(aabTOOETOHHBIX MOKPHITHUH. B KkadecTBe 00BEKTOB
UCCIIEIOBaHM MCHOJb30BAIU TylapoH [V U rinyOOKOOKHCIIEHHbIE OUTYyMBI C Pa3IMYHBIMU
TeMIeparypaMu pasmsrueHus. KuHETHKy cTapeHMs] OLEHUBAIM 110 M3MEHEHHMIO TEMIIEpaTyphbl
pa3msaryenus nocie ctapenus corsiacHo 'OCT 33140-2014, a Takke B yCIOBUAX TEXHOJIOTHYECKOTO
crapenus npu temmneparype 163 °C B TeueHue 5 4acoB IpH HENPEPHIBHOM IepementnBanuu. Ha
OCHOBAaHUU IMOJYYEHHBIX SKCIEPUMEHTAIBHBIX IaHHBIX PACCUMTAHBI CKOPOCTH XMMHUYECKOTO U
TEXHOJIOIMYECKOI0 CTapeHUsl BSKYILMX. Y CTAHOBJIEHO, YTO MaKCHMajbHasi CKOPOCTb M3MEHEHMUS
CBOMCTB HaOuo/aeTcsi B MepBble yachl cTapeHus. [lokazaHo, 4To ryIpoH Hambosee WHTEHCUBHO
M3MEHSET CBOM CBOMCTBA MPU TEXHOJIOTUYECKOM CTAPEHUH, TOT/Ia KaK TITyOOKOOKUCIICHHBINH OUTYyM
0oJj1ee OBEPIKEH XUMUYECKOMY (TEPMOOKHCIUTEIBHOMY) CTapeHHI0. BBISBICHO, YTO YBETUUYECHUE
CTETIEHU OKUCJICHUSI OMTyMa MPUBOJAUT K TOBBIIICHHIO €T0 KECTKOCTH, BA3KOCTH M CKJIOHHOCTH K
CTapEHUIO0 BCIEACTBHE POCTa COAEPKAHMSI CMOJHCTO-ac(allbTeHOBBIX CTPYKTyp. IlomydenHbie
Pe3yabTaThl HO3BOJISIOT OLIEHUTH BIMSHUE ITPOLIECCOB CTAPEHUS HAa CBOMCTBA OUTYMHBIX BSDKYIIUX H
MOTYT OBIThb HCIIOJNIB30BAHBI MPU Pa3pabOTKE TEXHOJOTUH KOMIAYHIUPOBAHUS U TOBBIIICHUS
JIOJITOBEYHOCTH JIOPOKHBIX OUTYMOB.

KialoueBble cioBa: OuTyMHOE BSDKyIIee, TYApPOH, TIyOOKOOKHCIEHHBIA OUTYyM,
TEPMOOKHUCIUTEIBHOE CTAPEHNE, KWHETHKA CTaApEHUSI.
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Anparna. J)KympIcTa opTYpIi TOTBIFY JIOPEXKECiHEe He TyJIpPOH MEH TEPeH TOTHIKTHIPHUIFaH
OUTYyMJIbl  OalIaHBICTBIPFBIIITAPABIH ~ TEPMOTOTHIKTBIPFBII  TO3y 3aHJBUIBIKTAPBI  3€PTTEIII.
Ac¢anbTOeTOH KaOBIHAApBIH JalbIHAAY, TachbIMalgay »>KOHE NaijanaHy Ke3iHJe KOFaphl
TeMmIeparypa MEH aya OTTEriHIH OCEpIHEH JKYPETiH TEXHOJOTHSUIBIK >XOHE XHUMHSIIBIK TO3Yy
MpoLecTePl KApacThIpbULIbL. 3epTTEY HbICaHbl peTiHe [V IryapoH xkoHe Kymcapy TemrepaTrypaiapsl
OpTYpJIi TepPeH TOTBIKTHIPBUIFAH OuTymaap Koiamaneliabl. To3y kunetukacsl ['OCT 33140-2014
CTaHJIapThIHA COMKeC KapTaroJaH KeHiHT1 )KyMcapy TeMIEpaTypachlHbIH 63repyl apKblUIbl, COHAali-aK
163 °C Temneparypana 5 caraT 00ibl y3/IKCi3 apanacThlpy *KaFAalbIHIAFbl TEXHOJIOTUSAJIBIK TO3Y
Ke3iHae OaranmaHAbl. AJIBIHFAH TOKIPUOENIK MOIIMETTep Heri3iHAe OallIaHbICTBIPFBIIITAP IbIH
XUMUSIIBIK JKOHE TEXHOJIOTHSIIBIK KapTato KbUIIaMIBIKTaphl ecentenai. Kacuerrepain e3repyiHiH eH
YKOFapBl JKbULIAMIBIFBI TO3Y/IBIH aJFAIIKbl CaFaTTapblHIa OalKalaThIHBI aHBIKTAJABL. [ 'yIpOHHBIH
TEXHOJIOTHSUIBIK TO3y Ke3iHJe KacHeTTepl KapKbIHAbl ©3TrepeTiHi, ajl TepeH TOTBIKThIPhLIFAH
OMTYMHBIH XUMUSUIBIK (TEPMOTOTBIKTBIPFBIII) TO3yFa KeOipek OeiliM exeHl kepceTinai. BUTyMHbIH
TOTBIFY AOPEKECIHIH apTybl HIalbIpibI-achanbTeHAl KypbUIbIMAApAbIH KeOetoiHe 0aillaHbICThl OHBIH
KATTBUIBIFBIHBIH, TYTKBIPJIBIFBIHBIH JKOHE TO3yFa O€WIMIUIITIHIH JKOFapblIayblHa OKeJeTiHi
aHBIKTAIJbl. AJIBIHFAH HOTIDKENep OUTyMabl OalIaHBICTBIPFBIITAPBIH KacHETTepiHE TO3Y
MIPOLIECTEPIHIH dcepiH Oarajayra MyMKIHJIIK Oepelil )KoHEe KOJ OUTYMIapbIHbIH Y3aKMEp3IMIUIITIH
apTTBIPY MEH KOMITayH/ITay TEXHOJOTHSIIAPbIH 331pJiey i€ KOJIAAHBLUTYbl MYMKIiH.

Tyiiin ce3aep: OuUTyMIbl OalIaHBICTHIPFBILI, TYIPOH, TEPEH TOTHIKTHIPBUIFAH OWUTYM,
TEPMOTOTBIKTBIPFBILI TO3Y, TO3Y KHHETHKACHI.
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