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Abstract

One of the elements that determine the durabilityrimige structures is the bridge pavement. Thalility of
bridge pavements depends on two main factorsidrifad and climatic conditions. Bridge deck suesenight
exceptionally become exposed to extreme low and tégperature conditions. Stresses and straifssnype
of construction are different from those of thed@arfaces located on the soil. Bituminous binderd asphalt
mixtures are thermoplastic components of waterpngdayers and surfacing. Their properties varyatefing on
the temperature. This paper presents the laboré¢styresults of rheological properties of asphaktures for
bridge pavements. The research plan included thpigsed asphalt mixtures - asphalt concrete (A@pne mastic
asphalt (SMA) and mastic asphalt (MA). A new typenixtures, stone mastic asphalt with high gritteorht SMA-
MA, were also tested. Paper presents test procéaludetermining the stiffness of asphalt mixtusescylindrical
samples. Samples preparation and test methodeaftdension—compression on cylindrical specimeMsgiTY)
were discussed. The selected results of dynamialnsedind phase angle at different temperaturesvaridd
frequencies were presented. These parametershuguei visco-elastic properties which determinedimability
of bridge pavements. The results were presenteal laading curves, black curves and Cole-Cole graphs
comparison of the results of asphalt mixtures il results of binder in dynamic shear rheometeR Ias
performed. The functional evaluation of the aspmmaittures was extended for fatigue life test antting
resistance. The results of conducted research grthet the types of asphalt mixture affect the agdastic
properties and durability of bridge pavements.
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1. Introduction

The bridge deck pavement determines to a signifieatent the durability of the entire bridge stuwret Bridge
pavement works in a very specific load conditidh& subjected to loads of traffic vehicles anuneltic factors.
On the pavement act horizontal and vertical fordes; and high temperatures, water and de-icingssalt
Aggressiveness load in the case of bridge paveisentich higher than the pavement on soil. The pavemn
bridge decks operates in different conditions ttlenone on earth foundation. Stresses and defansateach
higher values, therefore there is greater riskaofidiges. Courses layout, thickness and featurelfferent. Wheel
loading vehicle causes, as in outside pavemeihisobbject, stress and strain compressive and édositls. They
can cause permanent deformation, and fatigue ecrgaiiasphalt layers. Stress and strain in thegerighvement
depend on the type of the deck. Other values areniximum strain in the surface on the object &ittoncrete
and orthotropic steel decks. Bridge pavement iosag to large and rapid temperature changes. litiaddb
basic features that the pavement should meet (lesidbution on the bridge deck, ensuring the athre® the
base course, evenness, roughness, resistanceatosband rutting), it should protect the bridgelkd&om the
destructive effect of water and de-icing agentsuharing the winter periods. In Europe, bridge pasets are
built using asphalt technology. A decisive impanttbe durability of this kind of pavement have rogical
properties of asphalt mixtures.

In Europe bridge asphalt pavements are paved dnghktions (waterproofing). Asphalt pavementtombridges
consists of a protective layer and wearing couféese layers are usually made of mastic asphalt &sahalt
concrete AC and stone mastic asphalt SMA. Duedaspecific conditions of the load on a bridge deekphalt
mixes with a high content of mastic and closedcstme are preferred. There are a mixtures of masgpbhalt MA
and SMA for the protective layer and asphalt cotecfeC and SMA for wearing course. Fig. 1 showstipecal
layouts pavement layers on the bridge decks.

SMA SMA Mastic Asphalt Asphalt Asphalt

Concrete Concrete

i ; . Asphalt
Mastic Asphalt SMA Mastic Asphalt Mastic Asphalt c

oncrete

Fig. 1. Typical types of asphalt layer system ddd® deck

At Warsaw University of Technology the tests ofalogical properties of typically used asphalt mieiand
new type of bridge asphalt mixture were carried out
The main purpose of the laboratory tests and aealgiescribed in the article was to compare rhecdbgroperties
of materials used in bridge asphalt pavement sirast

2. Resear ch M ethodology

To characterize asphalt mixtures behaviour usddtitge pavements a number of parameters are uaedlkbw
for complex and detailed description of the matgmiaperties. Such parameters include the oneglttsatribe the
rheological properties of the binder as well aspteperties of asphalt mixtures. The parametertsitbf describe
the rheological properties of asphalt mixtures @mplex modulus and phase angle. At Warsaw Unityedsi
Technology conducted a research on complex moduildgphase angle asphalt mixtures for bridge paveimen
direct tensile compression method (DTC-CY) accaydia polish standard PN-EN 12697-26. In the direct
compression tensile method, samples of asphaltuneigt are subjected to cyclic alternating tensiod an
compression. During the laboratory tests deformadidow values of load (deformation of less th&rx2.0°) are
induced. A sinusoidal load with constant amplitate a specified frequency is applied to the samaiterial. It
causes sine wave stress of the same frequencyftenedt amplitude. On this basis a complex modaind phase
angle are established. Due to the viscoelasticartigs of asphalt composites strain in relatiosttess is offset
by an anglé - the phase angle. Fig. 2 shows the relationshipvden stress and strain.

Stresq(o) is defined by formula:
0 = d, *sin( wt) )

where:
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0,- initial stressw - angular frequency, - time.
Strain(e) is defined as:

€= g *sin(wt — §) 2)
where:

&o- initial strain,6 - phase angle.

m—Stress

w—— Strain

time
Fig 2. The relationship between stress and strain

Complex modulus is defined as:

« o o i .
Efwy == 800* xe® =F +E,*i 3)
where:
E, - real part of the complex modulus (storage masjulu
E, -imaginary part of the complex modulus (loss oilad),
i - imaginary unit,
0 - phase angle.
Dynamic complex modulus is defined as the absalabee of the complex modulus:
|E*| =2 4)

o

Real and imaginary parts of the complex moduluscaleulated from the following formulas:
E, = |E*| *cos§ 5)
E, = |E*| *sin§ (6)

In the case of the viscoelastic materials (e.ghalspnixture) the value of ad phase angle is in between 0 to 90
degree. With the increase of phase angle matérals increased participation of viscous propedies reduced
elastic properties. The sinusoidal load changelsdariest do not correspond to the actual natutkeofraffic load
conditions, however allow for the determinatiortted rheological properties of the viscoelastic mate
Measurements of the dynamic complex modulus (callgdamic modulus) and phase angle were conduated i
accordance with standard PN-EN 12697-26 with lsaddencies ranging: 20, 10, 3, 1, 0.3 and 0.1 Hinpted
test temperatures were as follows: 0°C and 100C, @nd 30°C (in accordance to the standard) arehded
measurement range was added of -10°C and 40°C &hdts of dynamic modulus obtained in the DTC-CY
method are not identical to the results obtainethfthe measurements using 4-point bending beantsoohetr
calculation methods. Comparison of research metbggt@and specific conversion factors between timesthods
have been developed by the Research Institute afifand Bridges.

3. Characteristics of mixtures covered by thetest plan

On the basis of research experience on new maseribtechnological solutions regarding bridge paamts) four
asphalt mixtures were selected for the tests:

- asphalt concrete AC 11 for protective layer,

- stone mastic asphalt SMA 8 for wearing curse,

- mastic asphalt MA 8 for protective and wearingrse,
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- stone mastic asphalt with high grit content SMA: @ for protective layer.
The same polymer modified bitumen PmB 45/80-55 wgzsl in all mixtures. Selecting these mixturesiendtudy
is a continuation of research in the field of begmavements conducted for several years at theaWadsiversity
of Technology. AC, SMA and MA mixtures are typicaphalt mixtures used on the bridge decks for both
protective and wearing course. Additionally a n@asphalt with high grit content (SMA-MA 8). SMA-MA a
new type of asphalt mixture designed for use irulaition and protective layers. This mixture is aative
combination of three technologies: conventionaulatng mastic (binder+mineral filler+sand), mastisphalt
(MA) and stone mastic asphalt (SMA) with a highgaertage of grit fraction which forms the mineras®aAs a
result, mastic asphalt with high grit content (SNIB) is characterised by an extensive grit basei{gimo that
of stone mastic asphalt SMA), greater content ofdshaction (similar to that of mastic asphalt) amigh
percentage of binder — about 8.5-9% m/m (similath&d of insulating mastic). This composition oé thixture
provides good sealing properties (percentage of/@inls: about 0.5-0.8% m/m) and resistance to peemia
deformations.
Table 1 compares the composition of mastic asphigft high grit content (SMA-MA) and standard asphal
mixtures for bridge deck insulation and pavemesteys.

Table 1 Examples of asphalt mixtures for bridgekdevement

. SMA-MA8 | SMA8 | MAS | AC11

Material
% m/m
Binder content 9.0 7.0 8.0 5.4
Mineral filler 12.7 11.2 27.6 8.5
Natural broken ) i 11.0 i

sand
Sand broken 12.7 12.1 11.1 28.4
Gabbro grit 2/5 14.6 17.7 18.4 9.5
Gabbro grit 5/8 51.0 52.0 23.9 17.0
Gabbro grit 8/11 - - - 31.2

In order to comparison of the asphalt mixtures progs with the binder properties a results of bmuh
dynamic shear rheometer (DSR) was also performéd. flinctional evaluation of the asphalt mixturess wa
extended for fatigue life test and rutting resistan
4. Analysisof theresults

4.1.Binder rheological properties

In all mixtures covered by the test plan the sarolymer modified bitumen PmB 45/80-55 was used. For
comparison, the results of road bitumen 50/70 \ats@ presented. The basic properties of this lbgndere shown
in Table 2.

Table 2 Binders basic properties

Penetration in 25°C

Softening Point [°C]

Fraass breaking

Elastic Recovery

[ 0,2mm] point [°C] after RTFOT aging
[%]
PmB 45/80-55 60 67,4 -17 86
50/70 60 49 -16 -

Fig. 3 shows the rheological properties of bindedifferent temperatures. Fig. 4 shows Black cuwibinder an
the full temperature range function. Cole-Cole pibbinder was shown on Fig. 5.
The Fig.3,4,5 show the test results done in the Et®Rmeter of polymer modify bitumen PmB 45/806&I
comparison of road bitumen 50/70.
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Fig. 3 Dynamic modulus of binder as a functioneshperature
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Fig. 5 Cole-Cole plot of binder

Analysing the presented results, it should be ntitatithe polymer modified binder is characteribgdnuch
better visco-elastic properties than the road b#unin Figure 3, at high temperatures the PmB 45BGxhibit
a higher value for the dynamic modulus. This isead&geous due to the resistance to permanent deform
rutting. Figure 3 shows the values of the phasdearighas been found that the phase angle foptigmer
modified binder is preferably less than that of thad bitumen. Analysing the Cole-Cole graph (figtbe value
of the viscosity modulus G2 for the modified binadeas significantly lower. The smaller the G2, thgher the
deformation resistance.
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The DC-TY test for all mixtures (AC11, SMA 8, MA 8MA-MA 8) was conducted with PmB 45/80-55.
4.2. Asphalt mix rheological properties

As an outcome of dynamic modulus measurement aatdty DTC-CY method is a result comprising of two
components: a complex modulus) and phase angle. Depending on these two vala¢paet of the complex
modulus can be calculated:; (representing the elastic properties of the malfeaind the imaginary part of the
complex modulus E, (representing viscous properties of the matetiahe literature a number of relationships
between the above parameters were assumed thsttatki the rheological properties of the asphaktumés at
different temperatures and at different measurernequencies.

Fig. 6 shows the isotherms of the relation of dyitamodulus as a function of the load frequencyhaee
temperatures: -10, 20 and°@ The analysis of the test results shown in tigaré can be concluded that the
asphalt concrete AC 11 mixture shows decidedly dsgistiffness at all temperatures, regardlessetahading
time. For example, at -20, at a frequency of 10 Hz AC stiffness is abooldreater than the stiffness of SMA
mixture and up to 36% greater than the mastic SMA-Migh stiffness at low temperatures is unfavolgab
phenomenon due to induction possibility of low-tergiure cracks. At a temperature ofQ@tiffness difference
of AC and SMA mixtures is more than double. Hightififness of AC mixture may results in lower reaigte on
fatigue cracking of asphalt mixture. At high tengteres (480 significant differences in the mixtures stiffness
are also retained. Higher mix stiffness at tempeest above AT results in greater resistance to permanent
deformation (ruts).
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Fig 6. Isotherms of dynamic modulus E * as a fuorctf load frequency

A good method allowing for characterization of tixeological properties of asphalt mixtures is tegent the
results of the relation of complex modulus as afiam of the phase angle. This diagram is calleacBlcurve.

Small phase angle indicates the prevalence ofl#ti@ properties of the material. As temperataéases the
phase angle increases, reflecting the increasditipation of viscous part. A decisive influence tre angle

offset value is the type of the binder. In all éesmixtures the same type of binder was used. Tfexehces in

the phase angle and the stiffness of the mixturdisis case therefore depend primarily on the tfigée mineral

skeleton and the quantity of the binder used. Fghows collectively Black curves of tested mixtuag full range
of test temperatures.

Analysing obtained results it can be concluded #iamixtures are similar in sensitivity to tempien@. At high

temperatures SMA and SMA-MA mixtures show incregslegise angle, AC mixture - has smaller share cbus

part.
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Fig 7. Black Curve of asphalt mixtures at the fathperature range

The behaviour of asphalt mixtures depends on theéeature and load time. The graph of master cwvkigh is
based on the assumption of the equivalence of témperature and on Boltzmann superposition allaws t
describe the variable module with a single cun@ad.condition at high temperature and short tinael lmay be
equivalent to a load at low temperature in a laaglltime. The master curve shows the relationgtipeccomplex
dynamic modulus and reduced frequency or load taimé describes material by a wide range of operating
temperature. The properties of the material desgghat one temperature can be transposed to aetiffe
temperature according to Williams-Landel-Ferry gppsition principle. On the basis of the masteweuthe
values of dynamic modulus can be determined depgnah the load time and temperature. These rekttipa
are used for mechanistic designing of pavementctire. Fig. 8,9,10 and 11 show master curves ofiasp
concrete AC, stone mastic asphalt SMA, mastic dspha and mastic with high grit content SMA-MA, for
example for the results of the module designatdd L.
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Fig. 8 Master Curve of AC 11 Fig. 9 Master Curve of SMA 8
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Fig. 10 Master Curve of MA 8 Fig. 11 Master Curve of SMA-MA 8

By analysing Figures 8-11 it can be confirmed thastic asphalt with high grit content SMA-MA has tbwest
stiffness at the test temperatures -10 to 40°C,aanéC asphalt concrete highest stiffness. At laghkrating
temperatures (40°C) the greatest stiffness chavegyssis applied load time display SMA-MA mixturesf¢id)
and AC (6-fold), and the smallest SMA (4-fold). Bedifferences stem from the type of the mineraletkn of
the individual mixtures. Due to the high contenbafder SMA-MA mixture at high temperatures hagduced
resistance to static loads.

Another way of graphical representation of the testilts of E * complex modulus determined by tAeCBECY is
Cole-Cole plot, which allows for establishing aretation betwee; andE, as a function of the frequency of the
applied load and test temperature. By analyingekalts of complex modulus shown in Fig.12 it skdeg noted
that the greatest stiffness in the full range ddrating temperature shows asphalt concrete AC dltanlowest
mastic mastic with high grit content SMA-MA 8. Biatlastic part of modulB, and viscous pa#, is the greatest
for AC 8 mixture regardless of the temperature. sehelifferences increase with lowering measurement
temperature. The stiffness of the mixtures at éghperatures, the structure of mineral mix andatineunt and
type of the binder have an impact on the pavemessistance to rutting. Use of the same type odidairin all
mixtures results in similar proportions between #lastic and the viscous part at high pavement aviper
temperature. This may indicate their similar resise to permanent deformation. At low, negativepematures
MA 8 and SMA-MA 8 mix show the lowest stiffness|lfaved by stone mastic asphalt SMA 8. Low stiffnes
these mixtures at negative operating temperataressential for pavement resistance to low-temgperatacking.
Lower stiffness of asphalt mixtures at the measergrtemperature of about 10°C proves their expegtedter
resistance to fatigue cracking.
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Fig 12. Cole-Cole plot of asphalt mixtures
4.3. Asphalt mix functional properties

The fatigue life and rutting resistance of mixtuf@sbridge deck were compared. Figure 13 showsehelts of
fatigue life tests for asphalt mixtures used fadge deck pavements.
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Figure 13. Fatigue life of AC 11, SMA 8 and SMA-MRasphalt mixtures

An analysis of the fatigue life assessment resulisented in Fig. 13 showed that for the testetasmixtures,
the fatigue life curves were clearly shifted towsahigher fatigue life levels in the following ordesphalt concrete
AC, stone mastic asphalt SMA,  mastic asphalt wigjh lgrit content SMA-MA.

For the same deformation amplitude, e.g. 300 um/m, the fatigue life of stone mastic a#pB®IA is about 4
times greater, and that of mastic asphalt with lgighcontent SMA-MA about 20 times greater thaae fatigue
life of asphalt concrete AC.

Fig. 14 shows the rutting resistance of mixturdse Test was conducted in the wheel tracker tester.highest
rutting resistance showed SMA. In the case of amlRture, the test was stopped due to exceedingitnémum
rut depth (20 mm). To summarize the test restlshduld be stated that the SMA-MA has bettermgttesistance
than MA mixture.
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Fig 14. Rutting resistance of asphalt mixtures
5. Conclusions

Materials and technology selection for bridgegragnts has a major impact on ensuring durabilitietg and
travel comfort. During operation the bridge pavetrisrexposed to greater deformation and faster ¢eatpre
changes than the typical road pavement. Measureofi¢ie dynamic modulus in the direct tension-coespion
on cylindrical samples (DTC-CY) enables to detemnihis factor in a wide temperature range (fronf€l@
40°C), and at different load frequencies (0.1 F0-Hz) .The rheological properties of asphalt nietucan be
described using the Black curve, the master cundeGole-Cole plot.

Based on test results analysis it can be concltidgdhe durability of the asphalt pavement sigaifitly affected
by its rheological properties. The type of mineskéleton affects the stiffness of the asphalt metat high
operating temperatures. The share of the elastidl@viscous parts in the dynamic modulus deperidzarily

on the type and quantity of the applied binder. $hely of asphalt mixtures indicate that SMA, AGQI &MA-

MA show positive viscoelastic properties in highecgting temperature (approximately 40°C) of thegmaent. It
has been shown that the SMA-MA has much bettengitesistance than MA in wheel tracker test. AtQ wer
stiffness is beneficial for pavement's fatigue kiag which was confirmed in the 4-pb fatigue ligsst. In cold,
negative temperatures far the most advantageowrgftine of the lowest stiffness showed mastic dsphva and

mastic asphalt with high grit content SMA-MA. Lowiffhess in negative temperatures has a positifecebn
the durability of asphalt pavements in terms of lemperature cracking. Mastic asphalt with high gointent
SMA-MA shows good rheological properties and previdaterial and technological alternative for us¢him
lower courses of bridge pavement structure.

The above analysis can serve as an introductithretdiscussion on the use of modern technologaatiens and
materials for asphalt bridge deck pavements.
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