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EVALUATION OF FATIGUE CHARACTERISTICS
OF HOT MIX ASPHALT WITH POLYMER ADDITIVES

Abstract. This article shows test results of conventional hot mix asphalt and hot mix asphalt with polymers
Kraton and Calprene for fatigue in a regime of controlled strain by the device of four-point bending with loading fre-
quency of 10 Hz and temperature of 10 °C. Dissipated pseudo strain energy, connected with the increase of phase
angle and reduce of complex modulus, as well as total dissipated pseudo strain energy were determined. Diagrams of
dissipated strain energy changes were made depending on the number of loading cycles. Correlations were stated
between the number of loading cycles to failure and constant strain of testing, between the number of loading cycles
and total dissipated strain energy at failure. It was found that hot mix asphalt with polymer Calprene has the highest
fatigue strength.

Keywords: hot mix asphalt, Bitumen, Polymer additives, Fatigue.

1. Introduction. Asphalt concrete is one of the main pavement materials of modern highways. It
represents a composite material including bitumen binder, crushed stone, sand, mineral powder and other
additives [1].

Fatigue cracking is one of the main types of destruction for asphalt concrete layers of pavement.
Fatigue cracking occurs and develops under the influence of multiple loading [2-4]. Adding of polymers in
asphalt concrete increases its resistance to destruction, including a fatigue cracking.

Nowadays, the most widespread test method of hot mix asphalt for fatigue is the test under cycle loading
on the device of four-point bending [5-7]. Usually the tests are carried out in a regime of constant strain.

Dissipated energy, connected with increase of defect sizes, has a special place in the continuum
damage mechanics. From this classical point of view, it is reasonable to evaluate amount of dissipated
strain energy with increase of the number of loading cycles. Dependencies are practically important,
which are determined between amount of dissipated strain energy and characteristics of fatigue strength.

2. Materials used.

2.1. Bitumens. Pure bitumen of grade 90-130, meeting the requirements of Kazakhstan standard ST
RK 1373-2005, and bitumens modified with polymers Kraton and Calprene 501, meeting the requirements
of Kazakhstan standard ST RK 1025-2010, were used in this paper. Polymers Kraton and Calprene 501
were added into the pure bitumen in amount of 4 % from the mass of bitumen. According to Superpave
the bitumen grade is PG 64-40 [8]. Tables 1 and 2 show main standard characteristics of pure bitumen and
bitumens modified with polymers. Pavlodar petrochemical plant manufactured pure bitumen from crude
oil of Western Siberia (Russia) by direct oxidation.

2.2. Hot Mix Asphalt. Dense hot mix asphalt of type B, according to the Kazakhstan standard ST
RK 1225-2003, was prepared with the use of aggregate of fractions 5-10 mm (20 %), 10-15 mm (13 %),
15-20 mm (10 %) from Novoalekseyevsk borrow pit (Almaty Region), sand fraction 0-5 mm (50 %) from
the plant “Asphalt concrete-1” (Almaty city) and activated mineral powder (7 %) from Kordai borrow pit
(Zhambyl Region). Content of the pure bitumen of grade 90-130 in hot mix asphalt is 4,8 % by weight of
dry mineral filler. Main standard characteristics of aggregate and hot mix asphalts are shown in Tables 3-5.
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Table 1 — Main standard characteristics of pure bitumen

Characteristics Measurement unit ST RK 1373-2005 requirements Value
Penetration, 25 OC, 100 g,5s 0,1 mm 91-130 98
Penetration index PI — -1,0... +1,0 -0,96
Elasticity: cm
25°C >65 139
0°C >4,0 55
Ring and ball temperature °C >43 453
Fraas point °c <-20 -24,6
Dynamic viscosity, 60 °C Pa's >75 174,2
Cinematic viscosity, 135 °c mm?%/s > 180 409,0

Table 2 — Main standard characteristics of bitumen with polymers
Characteristics Measurement | ST RK 1025-2010 Value
unit requirements Bitumen + Kraton | Bitumen + Calprene 501
Penetration, 25 °C, 100 g, 5 s 0,1 mm > 60 84 52
Elasticity: cm
25°C >65 58 64
0°C >40 8,1 16
Ring and ball temperature oc >60 65,3 76
Fraas point °c <22 -26,5 23,7
Table 3 — Main standard characteristics of aggregate
Characteristics Measurement ST RK 1284-2004 Value
unit requirements Fraction 5-10 mm Fraction 10-20 mm
Average density g/em® - 2,55 2,62
Elongated particle content % <25 13 9
Clay particle content % <10 0,3 0,2
Bitumen adhesion - - satisfactory satisfactory
Water saturation % - 1,93 0,90
Table 4 — Main standard characteristics of conventional hot mix asphalt
Characteristics Measurement unit ST RK 1225-2003 requirements Value
Average density g/em’ - 2,39
Water saturation % 1,5-4,0 3,2
Voids in mineral aggregate % <19 14
Air void content % 2,5-5,0 3,8
Compression strength: MPa
0°C <13 7,0
20°C >25 34
50°C >13 1,4
Water stability - > 0,85 0,92
Shear stability MPa >0,38 0,39
Crack stability MPa 4,0-6,5 4.0
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Table 5 — Main characteristics of hot mix asphalts with polymers

Characteristios Measurement | ST RK 1223-2013 Value
unit requirements HMA+ Kraton HMA+Calprene 501

Average density g/em’ - 2,40 2,42
Water saturation % 1,5-3,0 2,4 2,2
Voids in mineral aggregate % <19 14,8 16,2
Air void content % 2,5-5,0 33 32
Compression strength: MPa

0°C <9,0 7.9 7,7
50°C >1.8 23 2,3
Water stability - >0,80 0,88 0,96
Shear stability MPa >0,38 0,44 0,43
Crack stability MPa 4-6 4.4 4.4

3. Test methods.

3.1. Sample Preparation. Samples of hot mix asphalts in the form of rectangular beam with the
length of 380 mm, width of 50 mm and height of 50 mm were manufactured in the following way. First,
samples of hot mix asphalts were prepared in the form of square slab by roller compactor of Cooper
company (United Kingdom, model CRT-RC2S) according to the standard EN 12697-33, 2003 [9]. Then
the samples in the form of beam were cut from hot mix asphalt slabs. Discrepancies in dimensions did not
exceed 2 mm.

3.2. Test. Testing of hot mix asphalts samples in the form of rectangular beam was carried out
according to the standard EN 12697-24 (2004) on the device of Cooper company according to the scheme
of four-point bending (4PB beam test, model CRT-SA4PT-BB) in regime of controlled strain. Strain
values were set as follows: € = 200, 250, 300, 350 and 400 wue. Frequency of loading and test temperature
were set equal to 10 Hz and 10 °C respectively. All samples were tested up to reach 50 % of its initial
stiffness (complex modulus).

4. Dissipated pseudo strain energy.

It is known that there is reliable correlation dependence between the number of cycles to failure Ny
and total dissipated energy W of hot mix asphalt [10, 11]. Total dissipated strain energy in each cycle is
calculated according to “Eq. 1”7 [12]:

W =ro gsind,, (1)

where W is total dissipated energy, ois stress, €is strain and Jy is phase angle.

Conditions of deformation for tested sample are close to deformation of purely viscoelastic material
for the initial cycles of loading, as a damage is not available or little available. Accumulated damage in
samples increases with increase of the number of loading cycles, which results in reduce of stiffness
(complex modulus) and increase of phase angle. Total dissipated strain energy in any cycle W, calculated
according to equation (1), includes part of energy dissipated due to viscoelastic deformation of non-
damaged material as well as energy dissipated due to accumulated damage in material.

A relationship between stress and pseudo strain was used in the papers [13, 14] to separate dissipated
energy due to damage of material from viscoelastic energy. For the case of testing in a regime of
controlled strain the following expressions were obtained:

1

W, :Egz(E;E -E,), 2)
W, = nE,, & sin(5, —J,;) » A3)

where W, is dissipated pseudo strain energy connected with reduce of complex modulus, W, is dis-
sipated pseudo strain energy connected with increase of phase angle, E;E is complex modulus of non-

damaged viscoelastic material, J,; is phase angle of non-damaged viscoelastic material, E:, is complex
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modulus of damaged viscoelastic material in cycle N and Jy is phase angle of damaged viscoelastic
material in cycle V.

Total amount of dissipated pseudo strain energy in loading cycle N is calculated as the sum of
expressions (2) and (3):

We =W +Wg,. )

5. Results and discussion.

5.1. Number of Loading Cycles to Failure. Obtained correlation dependencies between the number
of loading cycles to failure and constant strain of testing are given in Figure 1. It was found that hot mix
asphalt HMA+Calprene showed the highest fatigue strength at the intermediate strains (250-350 p¢) of
testing. It is known that the value of tension strain in asphalt concrete layers of pavement is usually within
50-150 ue in real cases of truck wheel loading. Therefore, practical use of stated correlation dependence
for hot mix asphalt HMA+ Calprene will show essential high fatigue strength.

7
6 y =-9824,3x + 7,904 ||
R2 =0,9967 (HMA+Calprene)
i |
y =-8056x + 7,3199
« 4 T|R2=0,9415 (HMA) T
Z
=0
3
y =-8274,9x + 7,4042
R2 =0,9461 (HMA+Kraton)
2
1
0
0,00015  0,0002 0,00025 0,0003 0,00035 0,0004 0,00045

€
® HMA A HMA + Calprene B HMA + Kraton

Figure 1 — Number of loading cycles to failure of hot mix asphalts versus constant strain of testing.

5.2. Dissipated Pseudo Strain Energies. Values of complex modulus E,, and phase angle J,, in
calculations carried out using “Eqs. 2-3”, conform to the non-damaged pure viscoelastic state of hot mix
asphalt. They were determined by means of testing of other hot mix asphalt samples on the four-point
bending device at constant strain & = 50u¢ . Values of characteristics E ;E and o, for the considered hot
mix asphalt are given in Table 6.

Diagrams of changes of dissipated pseudo strain energy connected with the reduce of complex mo-

dulus W, , dissipated pseudo strain energy connected with the increase of phase angle WV, and total

dissipated pseudo strain energy Wyg for the conventional hot mix asphalt at constant strain 200 pe are
presented in Figure 2. This figure shows that energies W, , W,, and W, in semi-logarithmic coordinates
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Table 6 — Values of characteristics E;E and O, for hot mix asphalt

Hot mix asphalt E,.,MPa Oy, grade
HMA 6097,6 24,54
HMA + Kraton 7993.,4 18,51
HMA+ Calprene 8103,45 19,00

increase approximately linearly with the increase of the number of loading cycles. Value of dissipated
pseudo strain energy connected with the increase of phase angle W, is approximately 2-2,5 times more

than the pseudo strain energy connected with the reduce of complex modulus W, .

1400

1200

1000

800

600

WR [J/m3]

400

200

6 00 0 000D

10000 100000 1000000

°©200 pe  o©250pe 2300 pe
Number of cycles N

Figure 2 — Types of energies at constant strain 200 pe

Diagrams of total dissipated pseudo strain energy changes versus the number of loading cycles for the
conventional hot mix asphalt are shown in Figure 3. As it can be seen the total dissipated pseudo strain
energy W, in semi-logarithmic coordinates increases almost linearly with the increase of the number of
loading cycles at small strains of testing. Nonlinearity of the above indicated dependence is revealed more
with the increase of constant strain of testing.

Similar conformities of changes of energy W,,, W,, and W, have been also determined for the hot
mix asphalt with polymers Kraton and Calprene.

5.3. Dissipated Pseudo Strain Energies at Failure. It is reasonable that values of dissipated pseudo
strain energies in cycle corresponding to failure of hot mix asphalt Wy, ., Wy, and W, are of interest.
Table 7 and 8 show the values of these characteristics for the tested hot mix asphalts. We can see that all
pseudo strain energies at failure for conventional hot mix asphalt (HMA) are slightly less than for hot mix
asphalts with polymers. The biggest values of pseudo strain energies at failure are dissipated from hot mix

asphalt with polymer Calprene.
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Figure 3 — Total dissipated pseudo strain energy at different constant strain (HMA)

Table 7 — Dissipated pseudo strain energies W, ; and Wy, ¢ of hot mix asphalts

Constant strain Dissipated energy Wy, ,, m’ Dissipated energy W, ,,
of testing, & HMA HMA+ Kraton | HMA + Calprene | HMA  |HMA + Kraton | HMA + Calprene
200 11031 116,83 135,43 60,11 81,28 82,72
250 194,20 291,66 284,01 75,23 150,05 117,23
300 390,04 406,10 484,68 165,56 166,04 184,55
350 565,63 717,55 653,90 189,63 268,04 258,28
400 766,57 921,34 1032,90 249,83 358,37 309,92

Table 8 — Total dissipated pseudo strain energy WRf of hot mix asphalts

Constant strain Total dissipated energy WRf , J/m
of testing, & HMA HMA+ Kraton HMA+ Calprene
200 170,42 198,12 218,15
250 269,42 442,62 401,74
300 555,60 572,13 669,23
350 755,25 985,59 912,15
400 1016,40 1279,71 1342,82

Reliable correlation dependences are established between the number of loading cycles to failure and
total dissipated pseudo strain energy at failure for considered hot mix asphalts (Figure 4). These Figures
clearly show the advantage of hot mix asphalts with polymers compared to conventional hot mix asphalt.
At similar small values of total dissipated pseudo strain energy at failure (W < 600 J/m’), hot mix asphalt
with polymer Calprene has the biggest number of loading cycles to failure which has Ny more than half of
one order compared to conventional hot mix asphalt.
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Figure 4 — Number of loading cycles to failure of hot mix asphalts versus total dissipated pseudo strain energy at failure

6. Conclusions.

1. Three types of hot mix asphalt — conventional hot mix asphalt and hot mix asphalts with polymers
Kraton and Calprene were tested for fatigue on four-point bending equipment with frequency of loading
10 Hz and at temperature 10 °C in controlled strain regime.

2. Correlation dependences are established between the number of loading cycles to failure and
constant strain of testing for tested hot mix asphalts. All three types of hot mix asphalt have practically
similar fatigue strength at average strains of testing (250-300 u¢), and hot mix asphalt with polymer
Calprene showed the biggest fatigue strength at small strain (less than 200 we).

3. Values of dissipated pseudo strain energy related to the phase angle increasing, dissipated pseudo
strain energy related to complex modulus decreasing and total dissipated pseudo strain energy were
evaluated. Values of these types of energies increase approximately linearly in semi-logarithmic
coordinates with increase of the number of loading. Value of dissipated pseudo strain energy related to the
phase angle increases approximately 2-2,5 times more than of dissipated pseudo strain energy related to
complex modulus decrease.

4. Reliable correlation dependences are established between the number of loading cycles to failure
and total dissipated pseudo strain energy at failure for considered hot mix asphalts. Hot mix asphalt with
polymer Calprene showed the biggest fatigue strength at small values of total dissipated pseudo strain
energy which has the number of loading cycles to failure more than half of one order compared to
conventional hot mix asphalt.

The work was performed under the Contract No. 36 dated 21 July 2016 “Improvement of standard
and technical base of the road branch” with the Committee of Roads of the Ministry for Investments and
Development of the Republic of Kazakhstan.
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b. b. Tearaesn
KasaxcraH k011 FRUTBIMU-3epTTeY HHCTUTYTHI, AnMatel, Kazakcran

IHOJIMMEP KOCITAJIBI BICTBIK AC®AJIBTBETOHHbBIH
IHAPITAY CUITATTAMAJIAPBIH BAFTAJIAY

AnHoTanus. Makanaga KomiMri bICTHIK acdansTOeToH MeH Kraton sxone Calprene momumepiepi KOCBUIFaH
BICTHIK achanbTOETOHAp B! TOPT HykTeni uiomi acnadbima 10 °C temmeparypana 10 ' suinikmes kym Tycipin
OakpUTaHATHIH AeopMaris pexXuMiHIE ChIHAY HOTIKelNepi OepinreH. da3anslk OYpHINTHIH 6CYi )KOHE KOMITICKCTIK
MOIYJABIH KeMyiMeH OalIaHBICTHI CEHINreH mceBaoaeOpMaIis SHEPTUIIAPH], CEHUITeH TOJBIK IICeBIOaePOpMa-
s BHEPIUsCHl aHbIKTanAbl. Celiiiren neopManus SHePrHsUIapBIHBIH KYII IUKJIAPBIHBIH CaHbIHA OaiaHbICTBUIBI-
FBIHBIH rpadukTepi kepceTiareH. Kym IUKIIapbIHbIH CBIHY CaHbl MEH TYPaKThl ChIHAK Je(OpManusIChl apachlHAAFH,
KYLI LMKIIApbIHBIH CBIHY CaHbl MEH ChIHYFa JIeHiHT1 TOJIBIK ceHiireH nedopManus SHEprusachl apachIHAAFbl KOppe-
JSIUMSUTBIK, OalnaHbicTap aHbIKTa bl Calprene mosmmepi KOCbUTFaH bICTHIK acanbTOeTOHHBIH 1apiiay OepiKTiriHiH
€H YJIKCH €KCH/IIr TaObUI/IBI.

Tyiiin ce3mep: bICTHIK achanbTOETOH, OMTYM, MOJMMEp Kocnajap, [mapiiay.

b. b. Tearaes
Kazaxcranckuii JOpOKHBIM HayUYHO-UCCIEN0BATENbCKUI HHCTUTYT, AnMatsl, Kazaxcran

OIEHKA YCTAJIOCTHBIX XAPAKTEPUCTHUK I'OPAYET O AC®AJIBTOBETOHA
C IOJIMMEPHBIMHU TOBABKAMM

Annotanust. [IpescTaBieHsl pe3ynbTaThl HCHBITAHKUS TPAJUIIMOHHOTO Topsiuero achaibTodeToHa u achaibTo-
OeroHOB ¢ nonMMepHbIMU 100aBkamu Kraton u Calprene Ha ycranocTh B peskMMe KOHTpOJIHpyeMoit nedopmanun Ha
mpubope YeTHIPeXTOYeyHOro n3ruda mpu gactote HarpyxeHus 10 ['m u remmepatype 10 °C. Onpenernens! paccesH-
HbIC DHEPIrun HC@BZ[OZ[C(I)OPM&IJ,I/II/I, CBS3aHHBIC C ITIOBBIIICHUEM (l)a30130r0 yriia 1 MMOHWKEHUEM KOMITJIECKCHOTO MO-
JUyJIs, TIOJIHAsl paccesiHHas sHeprus ncesnoaedopmaimu. [locTpoeHsl rpaguky 3aBUCHMOCTH PACCESIHHBIX YHEPTHid
)le(l)OpMaIJ,l/II/I OT YHMCJIa HUKJIOB HAaIrpy»>KCHUA. VcTaHOBIIEHBI KOPPEIIMUOHHBIC 3aBUCUMOCTU MEXKAY YHUCIIOM IUKIIOB
Harpy>keHus 10 pa3pylleHHs] U TOCTOSIHHON JieopManyeil UCTIBITaHNsI, YUCIIOM IIUKIIOB HAarpy»XeHUsl 10 paspyuie-
HUS U TIOJTHOM paccestHHON 3Hepruei aedopmariy npyu paspyuieHud. beuto HaiieHo, 4ro ropsunii achanbTo0eToH ¢
noiumepoM Calprene nMeeT HanOOJBIIYIO YCTaJIOCTHYIO IPOYHOCTb.

KuroueBble ciioBa: ropsanii achanbTo0eToH, OUTYM, TOTUMEpPHBIE T00ABKH, YCTAaIOCTh.

Cgenenusi 00 aBTope:
Tentaes barmat BypxanOaitynbl — MOKTOp TEXHMYECKHX HAyK, mpodeccop, mpesuaeHT AO «KazaxcraHCKuit
JIOPOXKHBIN HAy4YHO-UCCIIE0BATENbCKUI MHCTUTYTY, e-mail: bagdatbt@yahoo.com
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