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ABSTRACT: This paper deals with the aging charastes of SBS polymer modified
binders in porous asphalt pavements. Field coree teé&en from test roads of different ages
and structurally analyzed using X-ray tomographyndBrs were extracted from the upper and
under layers of the field-aged cores and charae@rusing gel permeation chromatography,
Fourier transform infrared spectroscopy, dynamieastrheometer, as well as conventional
penetration test. The chemical and mechanical cteraation was also carried out on the
binders recovered from loose mixes, and on thedosdged in laboratory by RTFOT and
PAV. The study indicated that the structure of perasphalts can be visualized using X-ray
tomography. The distributions of air voids, mortargl stone materials were displayed over
the pavement depth; however, for an accurate dieatton of the mix components, the
boundary conditions must be validated. It was fotlmat at the earlier time of service (< 2
years), the polymer modified binders aged quitdoumly over the pavement depth. With
increasing years of service, the modified binderthe upper layer were more aged than those
in the under layer even though both layers coristigh air void contents. Degradation of
the polymer was found to occur mainly during asppedduction and during earlier stage of
pavement service. The polymer degradation may cosgte for the oxidative hardening of
bitumen components, thus mitigating overall ageddaing of the binders. Rheological
evaluation showed that, after four years in thepsrasphalt pavement, the modified binders
continue to perform well. The study also impliedtta proper selection of base bitumen is of
importance in achieving long-term durability of aodified binder in porous asphalt. As
regards laboratory aging tests, field aging présiicby PAV was found to vary substantially,
depending on air void content in the asphalt apthas position (layer) in the pavement.

KEY WORDS: Porous asphalt pavement, polymer madlibéumen, aging characterisation,
X-ray tomography.

1 INTRODUCTION

In recent years, increased demands for noise reduahd safety improvement have been
strong driving forces for developing durable bitaous materials in porous asphalt
pavements. Porous asphalt consists of high inteesdad air voids (> 15%). In a wearing
course, porous asphalt is permeable and water ad sorface is minimized under wet
conditions. Consequently, driving safety is impmbwagnificantly. Porous asphalt also has
been proven effective with respect of noise reduciiGibbs et al. 2005). Typically, the
magnitude of noise reduction by using porous aspbaround 3 dB(A) as compared with
conventional dense asphalt concrete (EAPA 2007).



Because of a high amount of air voids in poroushakpaging resistance of the binder
becomes crucial. Void content in asphalt mix detees the rate of aging by controlling
oxygen access to the binder. Higher air voids wdaldlitate the oxidative aging of the
binder even deeper in asphalt pavement. Aging mbitesiinous materials harder and more
brittle, thus increasing risk of pavement failusech as ravelling and cracking (Hagos et al.
2007). To minimize the failures, polymer modifiethders (PMBs) are often recommended
for porous asphalts in Europe (Nielsen, 2006). ielymodified binders may have better
aging properties as compared to unmodified bindEngy are also believed to increase the
lifetime of porous asphalt by increasing cohesiod adhesion in the mixes and by increasing
binder film thickness without risking segregatidrttte material.

To simulate bitumen aging in laboratory, varioustseare currently used, including
RTFOT (EN 12607-1) for simulation of the aging agthtemperature during e.g. asphalt
production, and PAV (Pressure Aging Vessel, EN BJ76r the aging at ambient
temperature in the field. For unmodified bitumehede tests normally give reasonable
prediction. For polymer modified binders, particiyawhen applied in porous asphalt,
relevance of the tests must be evaluated.

The main objective of this paper is to study thmm@gharacteristics of styrene-butadiene-
styrene (SBS) modified binders in porous asphatindquasphalt production and in asphalt
pavement. A variety of test methods were chosechi@racterize field mix samples and
binders, physically or chemically. For evaluatingegiction of the field aging in porous
asphalt, laboratory tests of PAV at different caoiotis were performed.

2 MATERIALS, FIELD SAMPLIES AND TEST METHODS

Polymer modified binders containing 6% SBS werdaligl Penetration and softening point
of the modified binders are typically 95 dmm and®®@0According to Superpav binder
specification, the modified binders are classifsdPG70-34.

The modified binders were used in various projet{gorous asphalt pavement in Sweden,
including test sections in Stockholm area on higysMa4 and E18, and road Rv 260. The test
sections were in-service under similar climatic dibons. Field cores were drilled from
several sites of the test sections: Site 1 on Rv368 2 and Site 3 on E4, and Site 4 and Site
5 on E18. The field cores consist of two layers 130 upper layer and 50 mm under layer),
which was identified by a visual inspection, asIvad by X-ray tomography (see details
later). Two loose mixes produced for the upper ander layers on E4 were also sampled
from the job site for binder recovery and analy#is.a reference, a stored sample of pure
modified binder was characterized.

For the recovery of binders from asphalt mix saspéestandard procedure similar to EN
12697-3 was followed. The method uses dichloronmegtes a solvent to extract binders from
mixes and uses a rotary evaporator to remove thergoat the end. In order to obtain
sufficient amount of samples, for each site sevevats were used for binder extraction. The
binder samples obtained are summarized in Tabldohgawith results of penetration
measurements.

A variety of laboratory test methods were selecdeday tomography was used for the
structural characterization of field cores, and g&imeation chromatography (GPC), Fourier
transform infrared spectroscopy - Attenuated toeflection (FTIR-ATR) and dynamic shear
rheometer (DSR) used for binder tests. To simwdgtag of binders, RTFOT and PAV were
chosen. PAV tests were conducted at®@@nd also at a lower temperature of@%vhich is
believed to be more relevant in terms of predicbbthe field aging, particularly for polymer
modified binders.



Table 1: The modified binder samples extracted flomse mixes and field cores

Sample codes Description Years in the field Petietral/mm
R-M1 Loose mix 1 0 77
R-M2 Loose mix 2 0 74
R1-UP Upper layer on Site 1 <1 57
R1-UN Under layer on Site 1 <1 61
R2-UP Upper layer on Site 2 2 45
R2-UN Under layer on Site 2 2 49
R3-UP Upper layer on Site 3 2 32
R3-UN Under layer on Site 3 2 53
R4-UP Upper layer on Site 4 4 31
R4-UN Under layer on Site 4 4 46
R5-UP Upper layer on Site 5 4 25
R5-UN Under layer on Site 5 4 40

3 THE X-RAY TOMOGRAPHY OF FIELD CORES

As a non-destructive test, X-ray tomography wagdusevisualize the internal structure of
asphalt field cores. Tests were carried out usingeadical computed tomography scanner
(CT-scanner, Siemens SOMATOM Plus4 Volume Zoomg Ti-scanner consists of an X-
ray source and a row of detectors which are rajasiround the sample and measure the
attenuation of the X-rays of the sample from défdr angles. The degree of attenuation
depends on the density of the material and is nmedsn Hounsfield Units (HU). The CT-
scanner used has a maximum horizontal resolutidh293x0.293 and a vertical resolution of
1.0 mm. In the tests, field cores of 100 mm in déenwere scanned with a slice thickness of
1 mm from the upper layer to the under layer.

The typical CT images of the upper layer and theeumayer of an asphalt core are shown
in Figure 1. The dark fractions represent air vo#hel the brightest fractions are stone
materials. Due to the limited resolution mentioradzbve, it was hard to detect individual
elements which are smaller than 2 mm. Therefondsidns were made between air voids,
mortar (mixture of bitumen and fine particles oddehan 2 mm), and stones (> 2 mm). The
boundary conditions used for such divisions are B50nsfield Units (HU) between voids
and mortars, and 1500 HU between mortars and st&edsction of the boundaries was based
on Delft's experiences obtained on porous asplaaitsstone mastic asphalts (Remijn 2005).
The computed volume percentages of air voids, moead aggregates over the height of the
sample are exemplified in Figure 1.

As shown in Figure 1, the field core consists ob tayers of porous asphalt (or double-
layer porous asphalt), and the upper layer anditider layer differ considerably in aggregate
gradation. Obviously, the aggregates used in tipeufayer are much finer as compared to
those used in the under layer. In each layer,ibiigton of air voids over the height is quite
uniform except for the interaction zone (probabiyerlayer) between the two layers. It is
found that, for the under layer mix, the amount adf voids estimated by the X-ray
tomography is fairly similar to that measured bg ttonventional standard method (FAS
Metod 448). Examples of air void comparison arenshn Figure 2 for Site 2 and Site 3. For



the upper layer samples, however, the air voidssored by the X-ray tomography are
significantly lower than those obtained by the ded method. The difference is probably
attributed to that, in the upper layer, fine paeschad partly clogged air voids and the
clogged air voids were erroneously measured asansdoty the X-ray tomography.
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Figure 1: X-ray tomography analysis of a field core
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Figure 2: Comparison of air void contents measbse-ray tomography and FAS method

The clogging of air voids in porous asphalt paveiream be a problem for retaining a
sufficient noise reduction over time in the cousdrlike Sweden, where the use of stud tyres
is permitted in winter. For the field cores studreate, it is not sure if any clean measure was
made before their sampling. Moreover, the boundandition defined between air voids and
mortars in the X-ray tomography is somewhat arbitrand need to be further verified. This
is beyond the scope of the present study.



3 AGING OF POLYMER MODIFIED BINDERS IN THE FIELD

Various tests were applied to characterize fielddagnodified binders. In Table 1 presented
earlier, results of penetration test are summariZegtordingly, retained penetrations are
calculated and compared in Figure 3. A lower valtieetained penetration means a higher
degree of age-hardening. As expected, all the exedvbinders display age-hardening over
the service time. The binders in the upper layarewaore aged than those in the under layer
even though both layers consist of high amountio¥@ds. It is also indicated that the age-
hardening of the modified binders mostly occursirdyurthe mixing in asphalt plant and
asphalt transportation, as well as during earirae tof service on the road. The short period
of time has decreased penetration of the bindealtmpst 40%, as illustrated by the samples
recovered from the loose mixes and from Site 1. Qigedecrease in penetration is probably
attributed to the use of relatively soft base binnm the modified binder.
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Figure 3: Retained penetrations of the recovereddrisamples

To further characterize ageing-induced rheologidahnges, DSR measurements were
carried out at 10 rad/s and from 10 to AD0The rheometer used was Physica MCR 501,
Anton Paar. Examples of DSR tests are shown inr€igu Due to a combined effect of
bitumen oxidation and polymer degradation, chamge®mplex modulus and phase angle do
not appear to be “parallel” shift, which is welldmn for unmodified bitumen after aging.
Apparently, degradation of the polymer may negéatiwefluence elasticity of the modified
binders as indicated by increased phase angleseamperature range of 40 to°@for the
recovered binders.

For a quantitative evaluation, rutting and fatiqpeameters are determined according to
the SHRP binder specification. As can be seen fragare 5, the field aged binders satisfy
rutting criterion (G*/sid > 2.2 kPa) at 64C and far exceed fatigue requirement (G*osin
5000 kPa) at ZZ. Even though low temperature measurements by ralifge beam
rheometer (BBR) or direct tension tester (DTT) hane been performed due to limited
amount of samples, the field aged binders are ikedsat least as PG64-28 based on tests
made on similar modified binders. A binder of PG4tis sufficient for application in the
climatic conditions where the test sections werit.bdiccording to weather data reported in
“www.weatherpage.se”, in Stockholm and since 200® maximum five-day average
temperature was 2€ (July 15-19, 2003), and the minimum five-day temapure was -
12.£#C (January 1-5, 2003). Above observations sugdest the modified binders will
continue to perform well in the porous asphalt paeets from the rheological point of view.
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Figure 4: Examples of complex modulus and phasteaga function of temperature
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Figure 5: Rheological comparison according to thi&RB rutting and fatigue parameters

Figure 5 also shows that the overall stiffing effecnot proportional to the time of the
binder in the field, suggesting simultaneous effedtvarious factors. On earlier service, there
is almost no rheological difference between theeuppyer and under layer samples. With
increasing time in the field, the upper layer samglecome stiffer than those from the under
layer. Compared to binder samples extracted fraanutbper layers, the under layer samples
show much less variations in the rheological proger This appears to be consistent with the
observations on air voids of the field samples. &mmple, the content of air voids in the
upper layer mixes decreases by more than 10%-asithe service time is doubled from 2
years in Site 3 to 4 years in Site 5; however tii@r under layer mixes, much less change is

found in air voids (< 5%-units by FAS method, and%-unit by X-ray tomography). As
aging mechanism of SBS modified binders may bentaépxidation and/or photo-oxidation,

part of the differences observed between the ulgyer and under layer samples could also
be attributed to the variation of temperature otler pavement depth and the effect of

ultraviolet light (Durrieu et al. 2007).



The degradation of SBS polymer is easily shown BYCGwhich is a common technique to
fractionate mixtures based on molecular size. is #tudy, an equipment Alliance 2690
Separation Module (Waters) was used. Sample sokti(®.4%) were prepared with
tetrahydrofuran (THF). GPC chromatograms are exidieghlin Figure 6 along with the
weight average molecular weights (Mmeasured for the fractions of polymer and bitumen
By using an internal calibration procedure, polyroentents in the recovered binders were
estimated. The estimation was made within a moécweight range (100,000 — 300,000)
similar to that of the polymer in the original umealgsample. This means that certain
fragments of the degraded polymer are not measaltbdugh their molecular size can be
larger as compared to bitumen components.
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Figure 6: Examples of GPC chromatograms and thesuned molecular weights

As indicated in Figure 7, degradation of the polynmeainly occurs during asphalt
production and during the earlier service timehaf pavement. Afterwards, while the aging of
bitumen components continues with time, the polyrdees not change very much in
concentration. This has also been confirmed by FATR, which showed that SBS
concentrations estimated by using a ratio of betaglisignal at 966 cito bitumen signal at
1450 cni* only differed between 2.6% - 3.0% for the samplieisvo or four years in the field.

However, degradation of the polymer does not mesep@earance of the beneficial effect
of adding the polymer. In fact, polymer degradatioay compensate for the oxidative age-
hardening of bitumen components, thus retainingralgle rheological properties for the
modified binders over service time of the pavem&uich advantage has been demonstrated
by the rutting and fatigue property measurements believed that, for a long-life porous
asphalt pavement, a proper selection of base bitusalso of great importance to ensure
durability of the modified binder.
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Figure 7: Polymer contents estimated by GRe&uspenetration of the binders

4 AGING OF POLYMER MODIFIED BINDERS SIMULATED IN LBORATORY

The short-term aging of the same modified bindelinathe test roads was simulated by
RTFOT. It is compared with the actual aging ocalirméier the plant mixing, mixture storage
and transportation. DSR test along with GPC measemés of polymer content and
penetration test are shown in Figure 8. Besidesath@aged sample and those recovered from
the loose mixes (R-M1 and R-M2) taken from the $itie, the original modified binder and
the one treated by the recovery process are shewefarences. Although GPC does not
show difference in polymer contents, the RTFOT damappears to be more aged than those
recovered from the loose mixes. The larger diffeeegbserved in the region of*:0 1¢' Pa
complex modulus is probably attributed to less pwy networks in the RTFOT sample.
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Figure 8: Complex modulugersusphase angle comparing the short term aging

In Figure 9, the long-term aging simulated by PAV & similar modified binder at two
different temperatures and the field aging on psrasphalt pavements are compared. The



PAV tests were conducted on the binders after RTH®1he figure, complex modulus (G*)
iIs measured at 8C and 10 rad/s, and the G* ratios are calculatediaging G* of the PAV
aged or recovered samples by G* of the originalifremtibinder.
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Figure 9: Comparison of the long-term ageing tés¥ Rnd the field aging

It can be seen that PAV can significantly undedpiefield aging of the binders on the
upper porous asphalt layer if PAV at 200and 20h or at 7& for 140h is assumed for
simulating 5 — 10 years aging in the field. On dtleer hand, it become more severe when
used to predict the aging that occurs on the ulager.

To further study the relevance of PAV, the polymeydified binders used in other mix
types are compared in Figure 10. The retained patiais were calculated based on the data
reported by VTI (Jacobson and Hornwall 1999, 20&®)dently, prediction of the field aging
by PAV is strongly dependent on air voids of thexasi For the mix ABD16 of 15% starting
air voids, the severe age-hardening of 10-yeahanfield is not predictable by PAV, neither
at 100C nor 75C. On the other hand, in the mix ABS16 of 3% or &%woids, the extent of
binder age-hardening is low, which can’t be properedicted by running PAV test.
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Figure 10: Comparison of PAV and the field agingtifer mixes



5 CONCLUSIONS

The following conclusions can be drawn from thesprd study:

The structure of porous asphalts is visualizedguXifray tomography; the distributions of
air voids, mortars and stone materials are displayer the pavement depth. However, for an
accurate quantification of mix components, the lolaupy conditions have to be validated.

At the earlier time of service (< 2 years), theypoér modified binders in porous asphalts
aged uniformly over the pavement depth. With insie@ years of service, the modified
binders in the upper layer are more aged than timoge under layer even though both layers
consist of high air void contents.

Degradation of SBS polymer mainly occurs duringhaspproduction and during earlier
time of pavement service. The polymer degradatie@sdnot mean disappearance of
beneficial effect of adding the polymer. The rhegotal evaluation shows that, after four
years in the porous asphalt pavements, the modifieders will continue to perform well.
The study also implies the importance of a progéection of base bitumen to achieving a
long-term durability of the modified binder in pai®asphalt.

Aging of the modified binders in the field is notoperly predicted by PAV. The test
significantly under-predicts or overestimates tieddfaging, depending on air void content in
the asphalt and asphalt position (layer) in theepaant.
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