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Abstract.  Polymer-modi ed binders are widely used in asphalt pave-
ments, but their long-term performance and recyclability depend on
how they age under both thermo-oxidative and photo-thermal condi-
tions. Within RILEM TC 307-PPB, Task Group 2 (TG2) has set up
an interlaboratory programme to compare a reference RTFOT+PAV
ageing condition (PAV40) with a well-de ned RTFOT+UV condition
(UVA72) for two industrial SBS-modied binders with di erent SBS
contents. Ageing was carried out centrally at TU Delft and the binders
were characterised in ten laboratories using FTIR spectroscopy, BTSV
rheological measurements and uorescence microscopy. FTIR band in-
dices indicate that PAV40 and UVA72 bring both binders to a similar
overall oxidation level, while the balance between matrix oxidation and
polymer-related changes depends on SBS content. BTSV results show
comparable high-temperature sti ening for PAV40 and UVA72, with
binder-dependent but modest di erences. The interlaboratory data re-
veal larger scatter of FTIR indices for UVA72, and additional tests on
solid and homogenised UV-aged Ims pointto nite UV ageing depth and
sampling/homogenisation procedures as important contributors. Fluo-
rescence microscopy provides a qualitative microstructural counterpart
and con rms the sensitivity to preparation protocols. Together, these
ndings o er an interlaboratory reference for relating UV and PAV age-
ing of SBS-modi ed binders and underline the need for clearly de ned
UV ageing and sampling procedures in future TG2 pre-standardisation
work.
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1 Introduction

Bituminous binders in asphalt pavements are complex multiphase materials
whose chemistry, microstructure and rheology evolve under trac and envi-
ronmental loading [6]. The addition of styrene butadiene styrene (SBS) poly-
mers improves rutting and cracking resistance but raises questions regarding
ageing behaviour and recyclability [7]. The RILEM Technical Committee 307-
PPB was created to advance chemo-mechanical characterisation of polymer-
containing bitumen through combined spectroscopic, microscopic and mechani-
cal techniques [9]. Within the committee, Task Group 2 (TG2) focuses on age-
ing susceptibility and sustainability [1,7,10]. In laboratory practice, ageing is
typically simulated by combining the Rolling Thin Film Oven Test (RTFOT)
with Pressure Ageing Vessel (PAV) treatment [4,11,12], yet eld exposure also
involves ultraviolet (UV) radiation. Only a limited number of single-laboratory
studies have compared UV-aged and PAV-aged SBS binders, often with di ering
conclusions, and UV thin- Im protocols are sensitive to Im thickness, radiation
spectrum and sample handling [3,5, 8]. No multi-laboratory consensus exists on
how a given UV protocol compares with standard PAV ageing nor on the sources
of UV-speci c interlaboratory scatter. Rather than proposing UV ageing as a
replacement for PAV, the aim of this work is to establish a well-documented
interlaboratory reference for a photo-thermal ageing path that complements ex-
isting thermo-oxidative protocols.

To this end, TG2 has set up an interlaboratory programme in which two
SBS-modi ed binders (HSB, high SBS content; LSB, lower SBS content) were
centrally aged at TU Delft under RTFOT+PAV40 and RTFOT+UVA72 condi-
tions [9,11] and distributed to ten laboratories from seven European countries
for characterisation by FTIR spectroscopy, BTSV rheological measurements and
uorescence microscopy [2,8]. This paper reports the interlaboratory FTIR band
indices, high-temperature rheology, the in uence of UV ageing depth and sam-
ple homogenisation on FTIR indices, and representative uorescence microscopy
observations, with the aim of comparing PAV40 and UVA72 and identifying pro-
tocol aspects that merit attention in future TG2 pre-standardisation work.

2 Experimental programme and methods

2.1 Materials and ageing levels

Two industrial SBS-modi ed binders were selected for the interlaboratory pro-
gramme: a binder with relatively high SBS content (HSB) and a binder with
lower SBS content (LSB), both supplied by the same industrial partner and rep-
resentative of commercially used SBS-modi ed binders in Europe [7]. All ageing
was carried out centrally at TU Delft. As a common preconditioning step, all
binders were rst subjected to short-term ageing by the Rolling Thin Film Oven
Test (RTFOT) at 163 C for 75 min (EN 12607-1). From this RTFOT-aged
state, two long-term ageing paths were produced. In the thermo-oxidative path,
samples were aged in a Pressure Ageing Vessel at 100 and 2.1 MPa for 40 h
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(EN 14769); in the following, this combined condition is denoted as PAV40 and
implicitly includes the preceding RTFOT step [4,11, 12]. In the photo-thermal
path, RTFOT-aged binders were exposed for 72 h in an Atlas SUNTEST XXL
xenon-arc weathering tester at an irradiance of 50 W/n? (300 400 nm), with
a chamber air temperature of 70 C, 0 % relative humidity and no spray. The
material was cast as 500um Ims in 10 cm diameter glass dishes before expo-
sure. The 500um Im thickness was selected as a compromise between practical
handling (thinner Ims are di cult to recover and homogenise after UV expo-
sure) and su cient UV penetration, in line with earlier UV ageing studies on
bituminous binders [3, 11]. This combined condition is denoted as UVA72 and
likewise implies the preceding RTFOT step. Preliminary work within TG2 in-
dicated that PAV40 and UVA72 bring the binders to ageing levels of the same
order of magnitude, which motivates their use as reference thermo-oxidative and
photo-thermal conditions in this study.

2.2 Characterisation methods

Fourier-transform infrared (FTIR) spectroscopy was used to characterise the
chemical changes between PAV40 and UVA72 and to derive three ageing-related
band indices, namely the carbonyl index (Cl), the sulfoxide index (SI) and the
polybutadiene index (PBI), following the reference protocol of RILEM TC 307-
PPB [9]. Approximately 5 g of binder were heated to about 170 C, gently
stirred to ensure homogenisation and then measured by ATR-FTIR over 4000
680 cm ! with a resolution of 4 cm ®. For each sample, at least three spectra
were acquired and averaged. The Cl was based on the carbonyl band around
1700 cm 1, the SI on the sulfoxide band near 1030 cm® and the PBI on the
polybutadiene band around 966 cm?, in line with previous studies on aged
SBS-modi ed binders [3,8,12]. In all cases, the index was de ned as Index =
Apand =(A1376 + A1se0) 10%, where Apang is the integrated area of the band of
interest and A1376 and A1460 are the integrated areas of the reference bands at
1376 and 1460 cm?, respectively [12].

The high-temperature rheological response of the aged binders was charac-
terised using the Binder Fast Characterization Test (BTSV test) in accordance
with EN 17643. In this test, a parallel-plate geometry is subjected to a constant
shear stress of 500 Pa at 1.59 Hz while the temperature is ramped from about
20to 80 C at 1.2 C/min after an initial equilibration period. The phase angle

sTsv IS recorded as a function of temperature. BTSV tests were performed on
the HSB and LSB binders at the PAV40 and UVA72 ageing levels, and the re-
sulting viscosity temperature curves are used to compare the sti ening induced

by the two ageing paths [4, 8].

Fluorescence microscopy was employed at TU Wien to visualise the mi-
crostructure of the HSB and LSB binders before and after UV ageing. In the
standard preparation, small amounts of pre-heated, homogenised binder were
poured into cavities of preheated microscope slides, briey levelled on a hot
plate (about 150 180 C) and then stored at room temperature in the dark be-
fore imaging. In a second preparation, thin Ims were formed between a at slide



4 P. Lin et al.

and a cover slip and subsequently heated on a temperature-controlled stage at
120 C to promote phase separation, following earlier work on PMB [2]. Fluo-
rescence images were acquired on an inverted optical microscope with epi uores-
cence illumination. Bright regions in the images correspond to SBS-rich domains,
while darker regions represent the bituminous matrix, and the images are anal-
ysed qualitatively to compare the morphology of unaged and UV-aged binders
and the in uence of the two preparation methods.

3 Results and discussion

3.1 FTIR interlaboratory results for PAV40 and UVA72

Figure 1 summarises the interlaboratory FTIR results for the two combined
ageing levels. In Figure 1(a), the HSB spectra at PAV40 and UVA72 show the
expected increase of the carbonyl band around 1700 cm and the sulfoxide band
near 1030 cm ?, together with changes in the polybutadiene-related band around
968 cm 1. The amplitudes of these ageing-related bands are of comparable size
for PAV40 and UVA72, indicating that both protocols bring the HSB binder

to a similar overall oxidation level, while the shaded envelopes re ect a larger
spread between laboratories for the UV-aged spectra, especially near the ageing-
sensitive bands. Figure 1(b) quanti es these trends through the CI, Sl and PBI
indices. For HSB, Cl and Sl are consistently higher for UVA72 than for PAV40
and PBI is slightly higher as well; using PBI as a proxy for polybutadiene unsat-
uration under the present conditions, this suggests that the UV protocol induces
somewhat stronger oxidation while not depleting the polybutadiene band more
than PAV40. For LSB, Cl does not di er markedly between the two ageing levels,
Sl is again higher for UVA72 and PBI is lower for UVA72 than for PAV40, indi-
cating that the balance between matrix oxidation and polymer-related changes
depends on the SBS content. It should be noted that PBI changes can, in princi-
ple, re ect both chemical degradation of polybutadiene (scission of C=C double
bonds) and microstructural redistribution of the SBS-rich phase. However, the
consistent direction of PBI changes across laboratories and the agreement with
the solid-versus-homogenised comparison in Figure 1(c) suggest that the dom-
inant contribution under the present conditions is chemical degradation rather
than phase rearrangement alone.

Additional measurements at TU Wien (Figure 1(c)) provide insight into the
larger scatter observed for UVA72. For HSB samples aged under UVA72, in-
dices obtained on solid Ims are about 10 18% higher than those measured on
the same material after homogenisation, and the corresponding spectra show
slightly higher absorbance in the ageing-related bands. This behaviour is con-
sistent with a nite UV ageing depth in the 500 pm Ims, where solid samples
taken from the Im surface are biased towards the most aged material whereas
homogenisation mixes more and less aged layers. The comparison illustrates that
sampling and homogenisation can systematically in uence FTIR indices for UV-
aged binders and should be carefully controlled when designing and interpreting
interlaboratory UV ageing protocols.
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Fig. 1. FTIR characterisation: (a) HSB spectra at PAV40 and UVA72; (b) carbonyl
(ClI), sulfoxide (SI) and polybutadiene (PBI) indices for HSB and LSB across labora-
tories; (c) e ect of homogenisation on UVA72 HSB indices (TU Wien measurements).

3.2 BTSV rheological characterisation

Figure 2 shows the Binder Fast Characterization Test (BTSV) results for the
HSB and LSB binders at the original, PAV40 and UVA72 ageing levels, expressed
as the phase anglegtsy as a function of the BTSV temperature Tgrsy - Ageing
leads to a systematic reduction of grgy at a given temperature and to a shift of
the grsv (T) curves towards higher temperatures, indicating a sti er and more
elastic response than in the original state. For both binders, the PAV40 and
UVA72 curves lie clearly below the original curve over the temperature range
relevant for pavement service, which con rms that the two protocols bring the
binders to a similar high-temperature rheological level. The di erences between
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PAV40 and UVA72 are modest and binder-dependent: for HSB, the two aged
curves are very close, whereas for LSB the UVA72 curve tends to give slightly
lower phase angles at higher temperatures, consistent with the stronger reduction
of the PBI under UV ageing observed in the FTIR analysis.

3.3 Fluorescence microscopy of the HSB binder

Figure 3 illustrates the microstructure of the HSB binder before and after UV
ageing for two preparation methods. In the unaged binder prepared with the
standard method, the eld of view is dominated by large bee structures with only
a few brighter polymer-rich domains, which is typical for SBS-modi ed binders
at room temperature. When the same binder is prepared as a thin Im using
a cover slip followed by thermal treatment at 120 C for 1 h, a ner and more
homogeneous dispersion of bright, rounded to elongated micro-domains becomes
visible within a darker matrix, consistent with an enhanced phase separation of
the SBS-rich phase in the thin Im.

After UVA72 ageing, the standard preparation shows enlarged and more
distinct bee structures surrounded by pronounced peri-phase regions, indicating
sti ening and oxidation of the bituminous matrix, in agreement with the increase
in Cl and SI observed in the FTIR analysis. In contrast, the UV-aged sample
prepared with the cover-slip method exhibits a less distinct and more di use
polymer morphology, with reduced contrast between the bright domains and
the surrounding matrix, suggesting that the SBS network also undergoes some
degradation or rearrangement under combined UV and thermal loading. These

Fig.2. BTSV results showing phase angle srsv versus temperature Tgrsy for HSB
and LSB binders at original, PAV40 and UVA72 ageing levels.
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observations provide a qualitative microstructural counterpart to the FTIR and
BTSV results and underline that the choice of microscopy preparation protocol
can systematically in uence the apparent polymer morphology.

4 Conclusions

An interlaboratory programme within RILEM TC 307-PPB / TG2 was used

to compare a reference thermo-oxidative ageing condition (PAV40) with a well-
de ned photo-thermal condition (UVA72) for two SBS-modi ed binders with

di erent SBS contents supplied by the same industrial partner. FTIR band in-
dices showed that both ageing paths bring the binders to a comparable overall
oxidation level, while the balance between matrix oxidation and polymer-related
changes depends on the SBS content: for the high-SBS binder, UVA72 produced
higher Cl and Sl values without reducing the PBI more than PAV40, whereas for
the low-SBS binder the PBI was lower under UVA72 at similar carbonyl levels.
BTSV measurements con rmed that, at high service temperatures, PAV40 and
UVA72 lead to similar levels of rheological sti ening, with binder-dependent but
generally modest di erences between the two paths. The interlaboratory setting
also highlighted which aspects of the response are robust and which are sensitive
to protocol details: across laboratories, the main trends in FTIR indices and

Fig. 3. Fluorescence microscopy images of HSB binder: unaged and UVA72, prepared
by standard and cover-slip methods. Bright regions correspond to SBS-rich domains
and darker regions to the matrix.
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BTSV curves were consistent, but the scatter of FTIR indices was noticeably
larger for UVA72 than for PAV40, and additional measurements on solid and
homogenised UV-aged Ims at TU Wien showed that nite UV ageing depth in
the 500 um Ims and sampling/homogenisation procedures can systematically
shift band indices. Fluorescence microscopy of the high-SBS binder provided a
qualitative microstructural counterpart to these ndings and demonstrated that
microscopy preparation protocols in uence the apparent morphology.

Several directions for future work are identi ed: direct comparison with eld-
extracted RAP binders to validate the laboratory ageing protocols against actual
pavement conditions, quantitative image analysis of uorescence microscopy re-
sults to complement the present qualitative observations, and a systematic evalu-
ation of which protocol (or combination) best reproduces the chemo-mechanical
ngerprint of eld-aged SBS-modi ed binders. Overall, the results indicate that
the selected UVA72 condition can be regarded as a photo-thermal ageing level
of the same order of magnitude as PAV40 for the binders studied, but not as
a simple substitute for PAV40, since the relative contributions of matrix oxida-
tion and polymer-related changes depend on binder composition and on details
of the UV protocol. In the context of RILEM TC 307-PPB, this provides an
interlaboratory reference point for relating UV and PAV ageing of SBS-modi ed
binders and underlines the importance of clearly de ned sampling and prepara-
tion procedures, particularly for UV-aged Ims.
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