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EXECUTIVE SUMMARY

The main objective of this project was to develop a nondestructive, sensitive, spectroscopic method for measuring
water stripping resistance at the molecular level of asphalt/siliccous aggregate mixtures exposed 10 water. The study
consisted of three phases. Phase 1 involved the development of a technique based on Fourier transform infrared
spectmscopyinmemultipleintcmalreﬂectionmodetoquantifythewaterlayeratﬁ\eintexfacebetweenanasphaltanda
siliceous aggregate. Phase2wastodevclopatechniquetommmtheadlmionlossofanasphalt/aggregatesystcm
exposed to water environment. AndPhase3aimedmmlatetlwqmnﬁtyofﬂ\emtexﬁcialwaterlayerwiﬂltheadlmion
lossdataThisﬁnalreportaunmarimthemrchinthosethreeams.Inaddition,ﬂnereportalsopmentsmcmultson
the use of the spectroscopic technique for evaluating the effectiveness of different antistripping agents for asphalts. And
ﬁnally,basedontheinterfacialwaterinfonnation,thenwchanimnsofstﬁppingofanasphaltﬁomasilioewsaggmgalc
andofﬂmeuanspoﬁofwaterﬁomtheenvimnmnttotheasphalﬂaggregatcinterfaceampmented

DEVELOPMENT OF A TECHNIQUE FOR QUANTIFYING THE WATER LAYER AT THE
ASPHALT/SILICEOUS AGGREGATE INTERFACE

A technique based on Fourier transform infrared spectroscopy in the multiple internal reflection mode (FTIR-
MIR)wasdcvelopedformwsuringwatcrinsimattheinterfacebetweenanasphaltandamodelsiliceousaggtegatc.The
theoretical basis of this technique was derived from the internal reflection theory for a two-layer model, consisting of water
attheasp}mlt/substrateimerfaceandﬂ\atintheasphaltﬁlmwithinmepmbingdepthoftheFrm-IvﬂRtechniqw.
Experimentally, the technique required the coating of an asphalt layer of known thickness on an internal reflection
element (IRE), which served as an optical guide to obtain an infrared spectrum. A water chamber was attached to the
asphalt-ooatedmE,mﬂm-NﬂRspcmammmkenamamﬁcaﬂyatqmiﬁedﬁmwiﬂmdimmameofthe
specimens. In situ water measurements for five Strategic Highway Research Program (SHRP) core asphalts (AAC-1,
AAD-1, AAG-1, AAK-1, and AAM-1) on a hydrated, SiO-covered Si IRE, which served as the model siliccous
aggmgatc,wemwriedom.WMSMMawamﬁhnofmanymmhymﬁﬂckhascmemdﬂwmterfaoe
between the five asphalts and the model siliceous substrate. Calculations were made to demonstrate that the water detected
wasatornmrtheasphalt/silicemsaggregateintetface.'I'hemxltshaveshownthattheequaﬁonsusedforquanﬁfying
water at the asphalt/siliceous aggregate interface are valid. The technique can measure water in situ at the
asphalt/siliceous interface and provide unique information on the transport properties of water through an asphalt layer
attachedtoasubstxatc.mtthqwdevclopedhedebeuseﬁﬂfmwdmﬁngasphdﬂdﬁmagmgawm
in terms of 1) water susceptibility of an asphalt/aggregate mixture, 2) effectiveness of antistripping agents, 3) effects of
aggregate surface contamination and environmental temperature on water stripping, and 4) water diffusion through
asphalts on an aggregate.

MEASUREMENT OF ADHESION LOSS OF ASPHALT/SILICEOUS AGGREGATE SYSTEM EXPOSED TO
WATER

Amethodbasedonapmmnaﬁcadlmiontsterandapomxsstubwashw&sﬁgatedfornmmringmeadhsion
lossofﬁveSI-IRPasphaltsonﬂatsodaglasandgranitembsuatm.'I‘heporoussmballowswatertomchtheimmfaoe
through the asphalt film thickness. This method was found suitable for measuring the bond strengths of asphalt on flat
substrates before and after exposure to water. The technique is quantitative, reproducible, simple, fast, portable, and
inexpensive.leamwdonofﬁwSImPasphﬂmonMglmaMgmﬁwmmmmauywiﬁna
short exposure. Faaomaﬂecﬁngﬂwdiﬁmmebdw&nﬂwaﬂnﬁonlosofamhﬂmonglasaﬁ@mmdiscused



RELATIONSHIP BETWEEN INTERFACIAL WATER LAYER AND ADHESION LOSS OF
ASPHALT/SILICEQOUS AGGREGATE SYSTEMS

Agoodcorrelationbetweenthethidm&ofmeinterfacialwatcrlayerandtheadh&sion loss of a model
polymer/siliceous substrate system was observed. General agreements were also found between the interfacial water layer
aMﬂwadlnsionlosofasphalmbondedwsodaandgraMwsmsums.Thatis,grmteramoumofwatcratme
asphalt/siliceous interface corresponds to grweradhsionlossofthesamesystemexposedtowater.m&mms
indicated that FTTR-MIR technique can be used for estimating the stripping resistance of different asphalts on a siliceous
aggregate. The application of the FTIR-MIR technique for evaluating the effectivencss of four antistripping agents was
carried out.

MECHANISMS OF ASPHALT STRIPPING FROM A SILICEOUS AGGREGATE AND OF WATER
TRANSPORT TO THE INTERFACE

Based on quantitative information of water at the asphalt/siliccous interface, the mechanisms of asphalt stripping
ﬁumasilicemxsaggregateandofwatcrmnspontomeimerfacearepmposed'I'heslrippingofasphaltfromasilioews
aggregateisduetomefommionofawaterlayernmxymonolayersthickatmcintetfaccbetweenanasphaltanda
silioeousaggmgate.Thefomlationofthemterfacialwmerlayerisacphhwdbyﬂxewmkseoondary-fombondsfomed
betwecntheacidicasplmltandmeacidicsilioeousaggmgateascompmedtothebondsbetweenwaterandthesame
substrate. Consequently, the asphalt/siliceous bonds are not hydrolytically stable and displaced by water. Basic aggregates,
such as limestone, formed strong bonds (acid-base or electrostatic interactions) with acidic asphalts, which can resist the
waterdisplaoement.Thetﬁchwd&ehmﬁdﬂmmhyﬂishwmmdﬂmemmamr&nsiﬁwmygmpic)ﬁhn
at the interface or an osmotic pressure force exists between the outside and the interface. The thick water layer observed
fortheﬁveasphalt/silicewsaggmgatespecimensarepmbablyductotheprwenceofawater—sensiﬁveﬁhnatthc
asphalt/aggregate interface. This water-sensitive film is probably due to both the inward migration of water-soluble species
in the asphalt and the water-soluble materials present at the interface. The transport of water to the asphalt/aggregate
mterﬁceispmposedasthmughthemmmpmhwaysfomwdbyﬂwwmerdimol\nionofthewater-solublespecisinthe
asphalts. For thin asphalt films, continuous pore channels allow water to reach the interface quickly, but thick films
required long or repeated exposure to establish continuous pathways for water to reach the interface.

KEYWORDS: Adhesion, aggregate, asphalt, asphalt/aggregate interface, ATR spectroscopy, bonding strength,

diffusion, FTIR, in situ measurement, internal reflection spectroscopy, quantitative, siliceous aggregate, stripping, water,
water susceptibility.
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INTRODUCTION

The debonding of asphalt from mineral aggregates in the presence of water (stripping) "has been observed at
times ever since asphalt paving came into existence” (1). Since stripping was first recognized as a problem, many studies
have been devoted to the search for a solution to this problem (2,3). Still, stripping continues to occur in many areas,
particularly for asphalt on siliceous (SiO,) aggregates. The stripping occurs on siliceous aggregates because the bonds
between the SiO, and the organic asphalt are not hydrolytically stable (4). This means that water is likely to enter the
interface and displace the asphalt from a siliceous aggregate when a asphalt/siliceous mixture is exposed to water or to
high relative humidities. This problem is magnified if there are hygroscopic salts at the interface or osmotic driving forces
existing between the interface and the outside. Unfortunately, water soluble inorganic and organic salts are almost
ubiquitous contaminants at the asphalt/aggregate interface, either present before the asphalt application or migrating there
during exposure. The presence of a monolayer of water at the interface would probably not interfere with the adhesion of
an asphalt/aggregate mixture. However, increasing the coverage of water will, at some point, affect the bonding strength
of the asphalt/aggregate mixtures.

Whether asphalts fail prematurely or in the range of their expected service lifes, they require large replacement
costs that could probably be reduced through development of effective methods for measuring the effects of water on the
stripping of asphait from an aggregate, for effectively evaluating the water resistance of an asphalt/aggregate mixture, and
for evaluating the effectiveness of antistripping agents. A major technical barrier to overcoming the problem of stripping
is the lack of an effective technique for measuring the stripping resistance of an asphalt from an aggregate. If such a
technique were available, it would make possible direct studies of the effects of water on the asphalt/aggregate interaction
and, ultimately, predicting the stripping characteristics of an asphalt/aggregate pair in the presence of water.

The main objective of this study was to develop a sensitive, spectroscopic technique to nondestructively evaluate
the water stripping resistance at the molecular level of an asphalt on a siliceous aggregate. This study consisted of three
phases. Phase 1 involved the development of a nondestructive, spectroscopic technique to measure the amount and
thickness of the water layer at the interface between an asphalt and a siliceous aggregate. Phase 2 was to develop a
technique to measure the adhesion loss of the asphalt/aggregate mixture exposed to water. And Phase 3 aimed to relate the
quantity of the interfacial water layer obtained in Phase 1 with the adhesion loss data generated in Phase 2. If a
relationship between these two quantities exists, then the spectroscopic technique can be used for assessing the stripping
resistance of an asphalt on a siliceous substrate. This final report summarizes the research in those three areas. In
addition, this report also presents the results on the use of the spectroscopic technique for evaluating the effectiveness of
different antistripping agents for asphalts. And finally, based on the interfacial water information the mechanisms of
stripping of an asphalt from a siliceous aggregate and the transport of water from the environment to the
asphalt/aggregate interface are presented.

1. DEVELOPMENT OF A SPECTROSCOPIC METHOD FOR MEASURING IN SITU
WATER AT THE ASPHALT/MODEL SILICEOUS AGGREGATE INTERFACE

1.1. BACKGROUND

In situ measurement (amount and thickness) of the water layer at the organic film/substrate interface is
the subject of great interest in many industries including asphalt pavements, organic coatings, adhesives, and
electronic packagings. Water and hydroxyl groups on surfaces can be studied effectively by a number of
spectroscopic methods (5-7). Similarly, techniques for studying in situ chemical reactions at an aqueous
electrolyte/electrode interface have been developed (8,9). A technique for measuring the viscosity of thin films of



aqueous solutions between two closely-spaced mica or silica surfaces has been reported (10,11). However, until
recent Tesearch at the National Institute of Standards and Technology (NIST), no technique has been available
for measuring in sifu water at the asphalt/siliceous substrate interface.

In situ measurement of water at the asphalt/model siliceous aggregate interface was accomplished
using Fourier transform infrared (FTIR) in the multiple internal reflection mode (FTIR-MIR). FTIR-internal
reflection, commonly known as FTIR-ATR (attenuated total reflection), spectroscopy is a powerful technique to
provide qualitative, as well as quantitative, information on complex molecules at surfaces and interfaces. In
internal reflection, the evanescent electric field (produced on total reflections at the substrate surfaces) penetrates
the surface of the sample to a depth generally on the order of one wavelength of the radiation. The evanescent
field, which decays exponentially with distance in the sample, interacts with the material of interest and causes
an attenuation of the reflection of the propagating beam. Detection of the attenuated radiation at the exit of the
substrate yields an infrared spectrum of the sample. Thus, when an asphalt-coated specimen is exposed to water,
mmmmmmmwmmmmnmmmﬁmﬂwmtmmw
detected. Mmﬁqwmodeofmwmcﬁonbaw&nthewammmammdalhasmadembleahrge
number of applications. Also new applications are being developed each year. These applications take
advantage of the technique's ability to probe the near surface layers of solids and liquids. Harrick (12,13) has
welopdﬂwqmmmamsdmemmrw:uﬂmnmm.mmmﬁmﬁwmmbmwofm
technique has been verified by experimental data from a variety of applications (14-17). The uses of this
technique for the studies of adsorbed species, ultrathin organic films, and single-monolayer Langmuir-Blodgett
films on substrates have been reviewed (18-23).

FTIR-internal reflection spectroscopy offers a number of advantages for studying water at the organic
coating/substrate interface: 1) it is sensitive toward molecular water, its dissociated OH group, and its degrees of
hydrogen bonding, 2) it can be used at ambient conditions, and thus, is suitable for in sifu measurement, J)it
detects water from the substrate side, therefore, preventing the interference of water from the environment, and
4) under proper conditions, it can be quantitative.

1.2. THEORETICAL FORMULATION FOR MEASURING WATER AT THE ASPHALT/MODEL
SILICIOUS SUBSTRATE INTERFACE

Inthepmviousrepoxt(24),wedwcn"bedanempiﬁcalappmchformmﬁngmemichwofﬂ\e
water layer at the interface between an asphalt film and a SiO»-covered silicon substrate. Recently, we have
derivedequationsbasedonthemeoryofintemalmﬂectionspecmscopyforquamifyingthewatcrlayeratme
asphalt/model siliceous substrate interface. This development eliminates the need to conduct laborious
experiments for establishing the infrared absorption/water concentration curve, which is required by the
empirical approach. This section describes the derivation of the equations for determining the thickness and
amount of the water layer at the asphalt/model siliceous aggregate.

The theoretical basis of the model for quantifying water at the asphalt/substrate interface is derived
from the penetration-depth concept of internal reflection spectroscopy developed for thin and thick films (12).
Thephysimlmodelmwhichmethidumofﬂwwaterhyerattheasphalvnmdelsilioemsaggmgateintemceis
determined by the FTIR-MIR technique is illustrated in Figure 1. The substrate in this case is a silicon (Si)
internal reflection element (IRE) having a refractive index greater than those of asphalt and water. The surface
of the Si substrate is covered with a thin layer of silicon dioxide (Si0,). The problem is treated as a two-layered
sample model (Figure 1). The first layer consists of a water film having thickness, /, in contact with the
substrate. The second layer contains the water in the asphalt that is detected by the evanescent wave.



The total water detected by the FTIR-MIR technique is the sum of the amounts in the layer at the
asphalt/substrate interface and in the asphalt layer probed by the evanescent wave. Using infrared absorbance to
express the amounts of water statement may be written (25)

2 1z 2 22w
n, a, E e a,fl; o E; e(d,,,,) fe
li

-22)
2] fe o dz +
n, cosf / n, coso

T gz )

A:

where

2: incident angle

Z: depth from the interface

E,: amplitude of the evanescent wave at the surface

n,: refractive index of the substrate

n, and ";: refractive index and absorption coefficient of water at the asphalt/substrate interface
n; and "3: refractive index and absorption coefficient of water sorbed in the asphalt

1: thickness of the water layer at the asphalt/substrate interface

dow and dp,: penetration depths of the evanescent wave in water and asphalt, respectively, and
a,: fraction of water sorbed in the asphalt within the probing depth.

o
0|
in asphatt —
. Water sorbed in asphait within Probing depth
the probing depth of the evanescent
S— — | wave
/1T —==_—=:zWaterlayer- =——. - —~ - T —

Figure 1. The two-layer model used for quantifying water at the asphalt/model siliceous aggregate interface.

The first term of Equation 1 is the absorbance (FTIR) corresponding to the amount of water at the
asphalt/substrate interface. The second term represents the amount of water in the asphalt film within the
probing depth of the evanescent wave. d, and dj can be obtained from (13)

d, - Y —
2 1 n, [sin® - (32)212 @
1

where ( is the wavelength of the infrared radiation in the vacuum. d,, commonly defined as the penetration
depth of the evanescent wave, is the depth at which the amplitude of the evanescent field has decreased to 1/e of
its value at the surface. Although the probing depth could be up to three times of d,, (15), due to the rapid decay
of the evanescent wave more than 85 % of the total absorption intensity of a band is from one 4, (16,17). Thus,
the majority of water detected in the asphalt-coated specimen may be assumed to be within one ¢, Equation 2
explicitly indicates that the penetration depth of the evanescent wave in the sample is a function of the angle of
incidence, the wavelength of the radiation, and the refractive indices of the substrate and the sample.



Equation 2 is generally valid for non-absorbing or weakly-absorbing materials. For absorbing
chemical groups, Muller et al. (26) have derived a more exact equation for g, which uses the complex refractive
index no/n, (1+i6) (6 is the extinction coefficient) in place of the simple refractive index no/n;. Further, due to the
rapid change in the magnitude of n, around the center of an absorption band (dispersion effect), d, in the vicinity
of the peak maximum may be different from that at or away from it, particularly for low m and low 2. However,
analysis by Nguyen et al. (25) has shown that the effect of absorption on d, is negligible at the water OH
stretchings band. Thus, at the band of interest (OH stretching) and for the materials used in this study Equation 2
is valid for calculating g,

Assuming that the refractive index and absorption coefficient of water at the asphalt/substrate interface
are the same as those for water sorbed in the asphalt, i.e., n,=n; and ";="; (a reasonable assumption), integrating
andmrrangingEquationlyieldanexprmionforcalmlaﬁngthethidnmsofthewaterlayeratthe
coating/substrate interface, /:

/= 1-2"* [~ A ] 3)

where

n,a,E2d
A = 2 V2 Y=o “pw 4
- 2 n, cosb @

and A, is the infrared absorbance when the water layer at the asphalt/substrate interface is very thick (/64, i.c.,
Pdyy ). Physically, this means that the water layer at the interface is so thick that the amplitude of the
evanescent wave decays to a negligible value within it. In this instance, only the first term of Equation 1
remains. Equation 3 is still valid for the case where the water layer at the asphalt/substrate interface is not
continuous, e.g., discrete droplets, provided that the height of the droplet is not greater than the probing depth of
the evanescent wave in water. Reference 25 gives detailed derivation of Equation 3 from Equation 2.

Assuming water is uniformly distributed over the entire surface area of the specimen, the amount of
water at the asphalt/substrate interface, Q,, will be given by

Q-=lap &)

where / is the thickness of the water layer, a is the area of the asphalt specimen in contact with water, and D is
the density of water at the interface.

To obtain the thickness / and amount Q; of water at the interface using Equations 3 and 5, A, A4, aw, dix
andd,.mustbehnwnA,A*a.amobtainedfmmthreewpamtee)q)erimcnts: 1) FTIR-MIR in situ
measurement of asphalt/model siliceous aggregate specimens exposed to water, 2) FTIR-MIR analysis of water
in contact with the asphalt-free substrates, and 3) water uptake in asphalt films, respectively. In this study, A,
the FTIR-MIR absorbance corresponding to the total amount of water detected at a given exposure time, was
taken directly from the experiment. Value of A, the FTIR-MIR maximum absorbance of liquid water, for the
asphalt-free substrate was taken from Reference 25. Values of d,, and dpw , the penetration depths in asphalt and
water,wediwly,mcalmlﬂedﬁomEmmﬁonZusingﬁ-degmemdManglgandmereﬁactiveindic&sof
the substrate, asphalt, and water.



1.3. EXPERIMENTAL PROCEDURE

This section briefly describes the experimental procedure used to measure the thickness of the water
layer at the interface between an asphalt and a model siliceous substrate by the FTIR-MIR technique. Complete
details on the materials used, specimen preparations, and experimental setup are given in Reference 24. The
asphalts were from five Strategic Highway Research Program (SHRP) straight core asphalts: AAC-1, AAD-1,
AAG-1, AAK-1, and AAM-1. Their selective properties are summarized in Table 1.

Table 1. Some properties of five core SHRP straight asphalts selected for the study (27)

SHRP Asphaltene (heptane) Element, Mass Fraction % Viscosity
Asphalt content, % compat. index N 0] S kPas, 25°C
AAC-1 9.8 2.40 07 09 19 94.540
AAD-1 20.2 1.440 08 09 69 40.570
AAG-1 50 3.97 1.1 11 13 354.000
AAK-1 201 1.22 07 08 64 107.700
AAM-1 37 5.93 06 05 12 112,300

The asphalts were selected based on their wide range of difference in dispersibility (or compatibility),
asphaltene contents, and hetercatomic nonhydrocarbon constituents (e.g., N and S). The model siliceous
substrates were 50 mm x 10 mm x 3 mm spectroscopic grade, 45° parallelogram silicon (Si) internal reflection
elements (IRE). The as-received Si IREs had a 2.07-nm thick layer of native oxide (SiO, refractive index =
1.46) on their surfaces, as measured by ellipsometry. At ambient conditions (22 °C and 45 % relative humidity),
the surfaces of this substrate should be covered with silanol (SiOH) groups and adsorbed water, similar to the
functional groups on a silica surface (28). The surfaces of the Si substrate used were presumably to have the
chemical structure illustrated in Figure 2. The hydrated, SiO; -covered, 50 mm x 10 mm x 3 mm, 45°
parallelogram Si substrate used in the study is designated as the model siliceous aggregate.

Specimens were prepared by applying hot asphalt (at 60 °C) to one surface of the substrate using the
draw down technique. Masking tape strips placed along the substrate were used to control the asphalt film
thickness. A water chamber, which has an inlet and an outlet to introduce and remove water, was attached to
each asphalt-coated specimen. The specimen with the water chamber attached was positioned vertically in an
amoryholder.Thespecinnnmnﬂgumﬂonandcxpeﬁmnﬂlm:pformxﬁngmsiwwmratme
asphalt/aggregate interface is shown in Figure 3. With this configuration, the only pathway for water migration
from the eavironment to the interface is through the thickness of the asphalt film within the walls of the
chamber. Further, since the infrared radiation entered and propagated within the substrate, there was no
interference of liquid water from the environmental chamber or water vapor in the spectrometer compartment.
Note that with the thickness of the substrate and the configuration used, there were 17 reflections gencrated
within the substrate before exiting. The use of a thinner substrate, a longer substrate, a smaller angle of
incidence, or a combination of these factors would increase the detectability of water at the asphalt/substrate
interface by the FTIR-MIR technique.
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Figure 2. Postulated surface chemical structure of the model siliceous aggregate.
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Figure 3. Specimen configuration and experimental setup for in situ measurement of water at the asphalt/model
siliceous aggregate interface.



Aﬂeraddingwatertothcchamberandplacingmespedmnaﬁemblyinmespecuometcr,FI'm-MIR
specuaweretakenamomatimllycvcrylSminmswithmﬁdismrbancetomeinstnnnemumilmeexperimem
was complete. All spectra were the result of 32 co-additions and were collected at a 4 cm™ resolution throughout
the 1200 cm™ - 4000 cm™ range. Unpolarized light at an incident angle of 45° was used. All spectra were
plotted in the absorbance (A) mode. Diﬁ“erencespeaxawereobtainedbywbuaaingthespecmxmofspecimen
beforeexpoamﬁomﬁwmecﬂumofthcsamespecimenhﬁaﬁerexposingmwamrmapmﬁaﬂmtimeinterval.
antitaﬁveamlys&swerepcrfomedusingthepmkheightnﬂhod,whichnmmtheabsoxbanceatthe
maximum of the bands of interest. It should be noted that, except for one case where two specimens were used,
mxltsonthequantityofthewaterlayerattheasphalt/subsnatemmnedbytheanalyﬁwlﬂ'lR—MIRtechniqm
mmdaemimdﬁomoﬂyomgmimmuﬁmdom%emmmnﬂny@mawompanﬁngﬂmem

Since this was an in situ measurement, no errors due to the accessory adjustment, specimen changing,
spectrometer and environmental chamber conditions, and optical realignments were introduced in obtaining the
spectra. Thus,anychangsintheq:ec&awereadimdmﬂtofﬂ\eeﬁ”ectofwmerenteﬁngmeasphawaggmgate
specimen. Funher,bemuseﬂneasphaltwasapplieddimalytothemelemem,errorsmxlﬁngﬁomvaﬁaﬁons
in the contact between them were avoided. Until now, lack of control of the contact between the sample and the
element has hindered the broad application of the FTIR-MIR technique for quantitative studies.

1.4. RESULTS
1.4.1. FTIR-MIR Analysis of Water in the Asphalt/Siliceous Substrate Interfacial Region

In order to monitor changes resulting from water entering the interface between an asphalt
and a model siliceous substrate, it was necessary to examine the FTIR-MIR spectral characteristics of
water and of the asphalt/siliceous substrate system before water exposure. Figure 4a presents a typical
FTIR-MIR spectrum in the 1200 cm” to 4000 cm™” region of a straight asphalt (AAD in this casc)
appliedtothemodelsiliceousaﬂ)suatcbeforeexpommtowater.(FI'IR—MIRspectmofmeotherfwr
asphalts are given in Reference 24.) Because Si absorbs infrared radiation strongly in the region below
1200 cm™, bands below this frequency were deemed not reliable for analysis and therefore were not
included. The thickness of this asphalt film was 60 :m "13 :m. Typical straight asphalts show four
main bands associated with the CH groups in the 2800 cm™ to 3000 cm™ and 1350 cm™ to 1500 cm”
regions. Figure 4a shows little evidence of IR absorption due to the polar OH/NH groups, which
generally occur in the in the 3100 cm” to 3700 cm” region. This is probably due to the combination of
low concentration of these groups in the asphalts and the shallow probing depth of the MIR technique
in this frequency region. On the other hand, the FTIR-MIR spectrum of liquid water on the same
substrate (Figure 4b) shows a broad strong band in the 3000 cm™ to 3650 cm™ region, duc to the OH
stretching,andatl640cm",duetoHOHbemling, of molecular water. The shoulder (around 3250
cm“)ontherightsideofﬂwwaterOHsuachingbandisduetotheoontrﬂ)mionofthcovertoneofthe
bending mode. It is noted that the probing depths of the cvanescent wave in asphalt and water at the
OH stretching band for a Si substrate are <0.75 :m.
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Figure 4. 2) Typical FTIR-MIR spectrum of a straight asphalt on the model siliceous substrate before exposure to
water, and b) FTTR-MIR spectrum of liquid water on the model siliceous substrate.



Figure 5 illustrates one example of a series of typical unprocessed FTIR-MIR spectra for an
asphalt applied to the model siliceous aggregate before and after exposure to water for different times.
The thickness of the asphalt film of this specimen was 63 :m"10 :m. These spectra were obtained by
ratioing the spectra of the exposed specimen against the corresponding spectrum of the background
(the spectrum of the environment in the spectrometer).

Although the effect of water is evident in the 3000 cm™ to 3650 cm™ and 1625 cm™ to 1645
cm’ regions, these spectra still include information of the asphalt material. To provide data for
quantitative analysis of water at the interface, difference spectra were acquired by subtracting the
spectrum collected before exposure from those obtained at different water exposure times.

One example of the difference spectra in the 1500 cm” to 4000 cm™ region of an asphait
(AAC in this case) on the model substrate after exposure to distilled water for different times is
displayed in Figure 6. If water has not entered the asphalt/substrate interfacial region, all difference
spectra would be straight lines, with the exception of the intensity fluctuations of the CO; bands from
the air in the spectrometer. Bands above or below the bascline of a difference spectrum indicate an
increase or a decrease, respectively, of the concentration of a chemical functional group as a result of

waler exposure.

Figure 6 clmrlyshowsmatthemtensnyofthemterhandmtheMOOcm 13650 cm™ region
increased, while the intensity of the asphalt bands, ¢.g., at 2922 cm”, decreased with time of exposure
to water. Themtens:ty&cmssofthecoaungbands,togetherthhthemtensxtyofmewaterbandsas
a function of exposure time, may be explained only by the water entering the asphalt/substrate interface.
This is because the probing depths of the evanescent wave in water-saturated and water-free asphalts
are essentially the same. As the thickness of the water at the interface increased, the amount of the
asphdtmmuﬂmﬂnnﬂwprobmgdemhdecmsedbewnmmeasphdtmmwasmshedﬁnﬂmamy
from the substrate surface. ’I‘hemtensny,exprwsedasp&khelght,ofﬂ)ewaterbandat3400cm is
suitable for quantitative analysis of water at the asphalt/model siliceous aggregate interface. The water
bending mode was found not suitable for the analysis because it does not appear for low water
concentrations (29).

Figure 7 presents plots of intensity (peak height of the absorption band) changes of the water
OH stretching band as a function of exposure time for the five asphalts. Although, there are some
minor fluctuations of some data points, the trends of water accumulated in the interfacial region are
evident. In general, except for AAD which did not appear to take up any more water after 50 h, all
other specimens continue to pickup water for more than 100 h. Water initially entered the interfacial
region at a high rate, but then slowed down. The rates at which water entered the interfacial region
were quite different for the five asphalts. The rates of decrease of the bands associated with the asphalt
(e.g. band at 2922 cm™) also followed the same trend with the water bands (24).
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Figure 5. Typical FTIR-MIR spectra of an asphalt/model siliceous aggregate specimen after exposure to water.
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Figure 6. An example of FTIR-MIR difference spectra (Water exposed - unexposed) of an asphalt/model siliceous
aggregate specimen exposed to water for different times.
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Figure 7. Intens:tymcreaseofwaterongmupasaﬁmchonofexpowmt:meforﬁveSHRPasphahsonamodel
siliceous aggregate. (Each dot represents one data point.)

1.4.2. QUANTIFICATION OF WATER AT THE ASPHALT/MODEL SILICEOUS SUBSTRATE
INTERFACE

1.4.2.1. Model Verification

The FTIR-MIR intensity displayed in Figure 7 corresponds to the total amount of water
detected. This quantity comprised water at the asphalt/substrate interface and water in the asphalt film
within the evanescent wave probing depth, as depicted in Figure 1 and mathematically expressed in
Equation 1. Subtracting the water uptake within the evanescent wave depth in the asphalt from the total
water detected yields the values on water at the asphalt/substrate interface.

Before using Equation 3 for quantifying water at the interface between an asphalt and a
siliceous aggregate, the main question that must be addressed is how good are the assumptions and
model used for deriving this equation? One way to answer this question is to subject an organic-coated
substrate that has a water-resistance interface to a water environment. From the well-known
mechanism of adhesion bonding and durability of epoxy/E-glass fiber composites, such an interface
may exist. Consequently, specimens made of a two-part epoxy applied to a silane-treated SiO;-Si
substrate were prepared. Details on the chemical structure of the epoxy, silane coupling agent,
procedure for silane treatment on substrate surface are given elsewhere (30). The substrate and the
procedure used for collecting the spectra are similar to those described in Section 1.3 of this study.

The results (average of two specimens) on the amount and thickness of the water layer at the
epoxy film/silane-treated substrate interface calculated using Equations 3 and 5 are presented in Figure
8. The parameters used for the calculation are given in Reference (25). Figure 8 clearly indicates that,
essentially, no or little water had entered the interface of this specimen.

The interfacial water layer result obtained by FTIR-MIR (Figure 8) is in good agreement with
the adhesion data of the same epoxy resin applied to a similar substrate, which showed that
epoxy/silane-treated SiO,-Si substrate system lost little of its bonding strength even after a prolonged
exposure to water at 24 °C (31). The result is also consistent with the chemical bonding theory used for
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explaining the hydrolytic stability of polymer composites made with silane-treated E glass fiber (32). If
no water accumulated at the interface, then the total water detected is due to solely water sorbed in the
epoxy resin layer near the interface. This is predicted by Equation 1 and observed experimentally in
Figure 8. For such a case, only the second term of Equation 1 exists. Apparently, the epoxy-coated,
silane-treated siliceous substrate has a hydrolytically-stable interface and the water was incapable of
replacing the strong chemical bonds between the silane coupling agent and the siliceous substrate or
between the silane agent and the epoxy resin. The result of Figure 8 provides the first evidence that the
model developed and presented here is valid for quantifying water at the asphalt/siliceous interface.
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Figure 8. Amount and thickness of the water layer at the interface between a model epoxy and a silane-treated
siliceous substrate as a function of water exposure, showing essentially no water entered the interface of
this specimen. (Each dot represents one data point.)

1.4.2.2. Thickness and Amount of Water at the Asphalt/Model Siliceous Substrate Interface

In order to obtain the thickness / and amount Q; of water at the asphalt/substrate interface
usingEquations3and5,A,A4,a.,,dpcandd,,.,mustbeknownA,thetotalIRabsoxbanceofwatcrin
ﬂwspecimenatwchexpomxeﬁmeistakendirecdyﬁomFigmelM&emaximumlRabsoxbanceof
water is given in Figure 4b. a,, water fraction of water in the film is interpolated from the asphalt
water uptake results given in Reference 24. The uptake experiments were conducted using the
gravimetric method for asphalts coated on aluminum sheets. Only the amount of water within the
penetration depth of the evanescent wave is used for the calculation. Discussion on the assumptions and
errors resulting from the interpolation has been presented in detail elsewhere (29).

Values of d, and dyw, the penetration depths in asphalt and water, respectively, were taken
ﬁ'omFigure9,whichslwwsthepeneuaﬁondepthoftheevaxmoentwaveasaﬁmcﬁonofinﬁared
wavelength. The curves on this figure were calculated using Equation 2, a 45° incident angle, and the
refractive indices of 3.42 for Si substrate, 1.55 for asphalt, and 1.32 for water. The refractive index of
asphalt was calculated from the data taken in Reference 33. As can be seen in Figure 9, the FTIR-MIR
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technique can probe rather deeply in the asphalt, particularly at long wavelengths. The results also
showedthatdpinasphaltissﬁghﬂygxmterﬂlanmwaterandthisdiﬂ’emnoeinawwithhwmsing
wavelength. At the wavelength of interest, 2.94 :m (the OH stretching of water, 3400 cm™), dpe and dpw
values in asphalt and water are 0.243 :m and 0.225 :m, respectively. At this wavelength, there is only
a small difference (0.018 :m) in the d, value whether asphalt or water is in the interfacial region. Due
to exponential decay, it has been shown experimentally that 87% of the signal obtained by the MIR
technique is from the d,, depth (17). Based on this result, the water signals observed in Figure 5 must be
from water close to the asphalt/substrate interface.

Results on the thickness and amount of the water layer at the asphalt/model siliceous substrate
interface as a function of exposure time for five SHRP asphalts are given in Figure 10. The mass of the
interfacial water layer can also obtained by using Equation 5, a water density (D) of 1 Mg/m’, and a
surface area (a) of 329 mm?Z. In general, the amounts of water within the penetration depths of the five
asphalts are very small, <5 %, as compared to the total water detected (24). These results are consistent
with other studies, which show that, for organic films such as asphalt, water detected is mainly from
the water layer at the film/substrate interface (25,30,34).
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Figure 9. Penetration depth of the evanescent wave in asphalt and in water as a function of wavelength.

Figure 10 shows that thickness of the water layer at the asphalt/model siliceous substrate
interface was different for the five asphalts. The thickness of the water layer for the AAD/substrate
interface increased rapidly and remained constant after approximately 45 h of immersion, but the water
layer thickness for the AAC specimen increased slowly at first and did not level off even after 100 h of
exposure. Water layers at the interface of AAG, AAK and AAM asphalts also increased less rapidly
than that of the AAD specimen and seemed to slow down after 75 h. For prolonged immersion, e.g. 90
h,ﬂwwamhyumtheasphalvmodeldﬁmmmmfacewasﬂﬁck&form(%nm)and
thinnest for AAM (25 nm). The thickness values for AAC, AAG and AAK specimens were 35 nm, 45
nm, and 35 nm, respectively, at the same exposure time. The results suggest that the AAD/siliceous
system was less resistant to water stripping than the AAM specimen. It is noted that since this method
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detects water after it has migrated through the asphalt film thickness, it is suitable for measuring the
diffusion coefficients of water in a film applied to a substrate, as demonstrated for asphalt (24) and

other organic films (34).
35 T T T T T i 7 ' 106.4
30 r 7 N 4 91.2 -
20 4 1 60.8 g..
4 =
v © e
3 i 56 B
© AAC-1 4 304 &
v AAD-1 =
o AAG-1 7] 162 B
*+ AAK-1
4 0.0
a  AAM-1

0 25 50 75 100 125 150 175 200 2256
Time, h

Figure 10. Amount and thickness of the water layer at the asphalt/model siliceous aggregate interface for five

SHRP

asphalts. (Each dot represents a data point.)

2. MEASUREMENT OF ADHESION LOSS OF ASPHALT/AGGREGATE SYSTEM
EXPOSED TO WATER

2.1. EXPERIMENTAL SECTION

2.1.1. Materials and Specimen Preparation

This experiment measures the bonding strength of asphalts applied to flat substrates exposed
to water as a function of time, Five SHRP asphalts, AAC-1, AAD-1, AAG-1, AAK-1 and AAM-1
applied to two aggregates, granite and soda-lime glass plates, were used for this study. Both granite
and soda-lime glass plates have dimensions of 304 mm x 304 mm sides and 6 mm thickness. The
granite plates were obtained from a local store and the mate-finish side was used for the test. Although
the exact type and source of the granite substrate were unknown, commeon granite stones contain, on
the average, the following major components: 72 % SiO., 13.6 % ALO;, 8.5 % Na,O and K70, and <2
% MgO and CaO (35). Soda-lime glass typically contains 72 % SiO;, 13% Na,O and K70, 13 % Ca0
and MgO, and 1 % Al,O; (36).

Granite and glass plates were washed thoroughly with a detergent and rinsed repeatedly with
distilled water followed by methanol and dried with hot air before use. Methanol was used to remove
water on the substrate surface. The asphalts were heated to 70 °C and applied to an approximately 12
mm diameter, confined area of the substrates, which were also heated to 70 °C. A preliminary study
employed two pieces of copper wire, having desired diameter and a length of about 6 mm, placed
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paralel to each other on each asphalt-coated area to control the asphalt film thickness. However, our
later study showed that mixing a small fraction (0.5 % based on asphalt mass) of glass beads having the
desired diameter in the hot asphalt is a more convenient method for controlling the asphalt thickness.

The glass bead procedure, which has been used in the aircraft industry to produce uniform adhesive
thickness, substantially reduced the time to prepare asphalt specimens for adhesion loss evaluations.

The thicknesses were verified by measurement using a thickness gage.

After applying asphalt to the substrate, a flat, porous stub with a screw attached to it was
pressed onto each asphalt-coated area (see Figure 11). The porous stubs, having a diameter of 12 mm
and a thickness of 6 mm, were cut from bricks used for construction. One advantage of the porous stub
is to provide cavities and increased surface area for enhancing the adhesive bonding of asphalt to the
stub. However, the uniqueness of the porous stub is to allow water to migrate through the asphalt film
thickness to the interface. Had the stubs been made of nonporous materials, such as that used in the
pull-off adhesion test for organic film on a substrate (37), water would migrate to the asphalt/substrate
interface from the edges and not through the asphalt film thickness. This would take a long exposure
time for water to cover the entire interface. Such surface transport from the edges would cause a
gradual adhesion loss, starting from the edge of the specimen and moving toward the center of the
specimen as exposure continues. This adhesion loss pattern is due to the loss of the bonding area rather
than due to the buildup of the water layer at the asphalt/substrate interface, and thus is not desirable for

this study.
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Figure 11. Components of apparatus and specimen arrangement used for testing adhesion loss of asphalt/flat
substrate specimens exposed to water.



Each stub-attached, 12-mm asphalt-coated area is one specimen. A total of 18 stub-attached
specimens were prepared on each substrate plate. Excess asphalt around each specimen was removed
by a razor blade. Specimens were then conditioned for three days at ambient environment (22 °C and
45 % relative humidity). Specimens were immersed in distilled water at room temperature (22 °0),
withdrawn from the water container at each time interval (8 time intervals), and immediately tested for
bond strength while the specimens were still wet.

It should be mentioned that several preliminary studies were conducted to provide base line
pammetexsusedfortheadhmionlosmmsuementofasphaltsappﬁedtomewbsuats.Theﬁrst
experiment was to optimize the thickness of the asphalt film. The results showed that, although a
thickness range between 100 :m and 300 :m was found suitable for the adhesion test, an asphalt
thickness of around 200 :m was found most convenient to prepare the specimens. Thinner asphalt films
required more laborious efforts to align the loading feature perpendicular to the substrate surface. On
the other hand, it was difficult to obtain an uniform thickness for films >300 :m because asphalt flows
quite easily at 70 °C. Further, thick asphalt films required long immersion times in water before
testing. The second experiment was an investigation of a well-characterized, porous brass material
commonly used in water filtering as a substitute for the brick stub. It was found that water did not flow
well through this material, perhaps due to the presence of a releasc agent used during the
manufacturing. Soaking these stubs in a hot nonpolar solvent followed by a hot polar solvent resulted
in satisfactory water flow in these stubs. However, becausc the procedure to clean these stubs was
laborious and involved volatile materials, the use of a porous brass material for testing the bonding
strength of asphalt/flat aggregate system in the presence of water was abandoned. Another study was to
determine the effect of trapped air during the specimen preparation on the adhesion; the result showed
that there was no significant difference on the bonding strength (dry) of specimens prepared in air and
in a vacuum,

2.1.2. Adhesion Measurement Instrumentation

Figure 11 depicts a schematic of the instrument used to measure the bonding strengths of an
asphalt applied to a flat aggregate exposed to water. The main features of this device are a portable
pneumatic adhesion tester, a piston, and a loading fixture consisting of a porous stub attached to a
screw. The pnecumatic adhesion tester, which was developed and patented at NIST, is now
commercially available for less than 3000 US dollars. This instrument is now part of the ASTM
D4541"Pull-Off Strength of Coatings using Portable Adhesion Testers@ (37). Among the portable
testers included in the ASTM D4541 standard, the pneumatic adhesion tester gives the lowest
coefficients of variance of results within and between the laboratories.

The procedure for preparing and testing the adhesion of an asphalt on a flat aggregate before
and after exposure to water is described below. After conditioning or exposing a specimen to water, the
piston is placed over the stub-attached loading fixture and against the substrate surface. Compressed air
is introduced, and as air pressure in the piston increases, an air tight seal is formed between the piston
gasket and the substrate. When the pressure in the piston exceeds the cohesive strength of the asphalt
or the adhesion between the asphalt and the substrate, the specimen breaks, either cohesively in the
asphalt or at the asphalt/substrate interface. Pressure at break was recorded and converted into stress,
using a calibration curve. All results of the bonding strength at each exposure time were the average of
six specimens. The coefficient of variation (COV) and standard deviation were determined.
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2.2. RESULTS

Figures 12 and 13 show the results of the bonding strengths of five SHRP asphalts on the soda glass
and granite substrates, respectively, as a function of exposure to distilied water. All five asphalts lost adhesion
rapidly as a function of exposure time. However, the rates of decrease and times-to-failure were different for the
five asphalts and for two substrates. Allasphaltsonﬂxesodaglasfaﬂedatmwhwﬁerﬁmthanmoseonthe
granite substrate. On granite (Figure 13), the bonding strengths of AAK-1, AAC-1 and AAD-1, which did not
appear to differ between one from another, lost most of their bonding strengths within 20 h of exposure. AAG-1
failed after 50 h while AAM-1 did not fail until after 180 h. On glass, AAD-1 lost most of its adhesion within 4
h, and the other four, behaved similarty, after 8 h or 16 h of exposure in water. On both glass and granite
substrates, the failure modes changed during water exposure. In the dry state, all failures occurred in the
asphalts (cohesive failure). Bmﬂ\elomsoffaﬂumapp&redmclmnge(bymenakedeye)mamixednwdc,i.a
cohesive and adhesive (breaking at the asphalt/substrate interface), or purely adhesive as exposure continued.

The results showed that the coefficient of variance (COV) of the bonding strength (between specimens)
of all specimens before exposure was less than seven percent. This indicates that the pneumatic pull-off
adhesion test is a good method for evaluating the bonding strength of an asphait on a flat aggregate. The COV
seemedtobehigherwhenmtingwetspecimens,parﬁanlarlywhenthemodeoffailurechangedﬁ'omoohwiveto
adhesive or to a mixed mode. ThehigherCOVofbondingsnengmaﬁerc:q)oanetowatcrwaspmbablydueto
the inhomogeneous nature of the asphaltic materials, which ocontain various polar and water-soluble species.
mishymdnﬁswasamanﬁatedbyﬁghtMmeopyandydsofspwimmaﬁerﬂwmwhichmvmledthat
mmmmwnm&mnmyamsdasphdnwmunaspmuwmpmbablymmaam
larger black areas of "unmodified” asphalt.

Based on the results of this study, time-to-failure at a given residual bonding strength in water may be
used as a criterion for comparing the relative stripping resistance of asphaits on flat aggregates. Although further
smdyandanalysisareneededtombﬁshthelevelofresidualadhwionappmpriateforsuippmgdetcminaﬁon,
themxltsprwemeddemonstmtedthatﬂ\euseofapmm:aﬁcpull-oﬁ'adhdont&eroombimdwithapomus
subissﬁtablefornmsningﬂlebondingsuengthofanasphaltonanaggmgateinmedryoonditionaswellas
inthepmmccofwater.Thistwtpmvidsusemldataonmerelaﬁvestripphgmsistanceofdiﬁemntasphaltson
a substrate. The method is quantitative, quick, simple, reproducible, insensitive to operator, and portable; it can
be used in the laboratory and in the field. Thepnwmaﬁcadlmionmeriscomnmiaﬂyavaﬂableammaﬁvely
inexpensive (<$3000) and the porous stubs can be easily made.

Time, h

Figure 12, BondingstmgthsdﬁveSBRPasphaltsonaaoda-limeglassmbstrateasaﬁmctionofexpowreto
water.
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Figure 13. Bonding strengths of five SHRP asphalts on a granite substrate as a function of exposure to water.

2.3. DISCUSSION

The more rapid and greater adhesion loss of asphalts on the soda-lime glass than those of asphalts on
the granite substrate requires some discussion, because it may help to explain the difference in stripping
characteristics of asphalts on dissimilar aggregates. The difference in the adhesion loss behavior of the same
asphalts on the two substrates may be explained by the chemical composition difference between the two
substrates.

As presented in the experimental section, both granite and soda-lime glass substrates compose
approximately the same amounts of Si0,. However, soda-lime giass contains substantially higher contents of the
alkaline oxides (MgO and CaO) and alkaline earth oxides (K-O and Na,O) and a lower content of Al;O;. The
nonsilica components in the amorphous glass are known to exist as microheterogeneities estimated to be from 15
D 10 200 D (38). These oxides are hygroscopic so that water adsorption on glass is characterized by the hydration
of these oxide microheterogeneities. Thus, soda-lime glasses have been found the most hygroscopic, but even a
more water-resistant E-glass powder adsorbs twice as much water as the silica (39). The rapid and multiple layer
adsorption of water on soda glass surface has been attributed to the hydration of hygroscopic inclusions in the
glass (40). Further, it has been verified that the adsorption of tens of molecular layers of water on polar solids at
partial pressures just below saturation is due to the presence of hygroscopic contaminants (41). Even at a relative
humidity of 50 %, a surface contaminated with 10” g/cm’ of potassium hydroxide would adsorb the equivalent
of five molecular layers of water.

Not only does soda glass adsorbs thick water films but this water has been found strongly alkaline. For
example, it has been demonstrated years ago that the visible water film formed from subsaturation vapor
pressure on the inside of a freshly blown glass tube could be titrated with an acid solution (42). Similarly, the
thin water layer between two soda glass plates has been known to test alkaline with a pH indicator. The
alkalinity is probably due to the conversion of alkaline earth oxides (Na,O and K;0) to hydroxides in the
presence of water. From this analysis, it is expected that not only the buildup of the water layer at the interface
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forasphalt/sochglassisfasleramithidcerbmalsothewaterlayerismorealkalinethanthatforthe
asphalt/granite samples. The stronger alkalinity would accelerate the hydrolysis of the asphalt/glass bonds, while
the faster water accumulation at the interface would decrease more rapidly the adhesion of the systems. Further,
the presence of a larger amount of hygroscopic materials at the interface for the soda glass substrate also creates
agrwteromoticdiﬁemncebetweentheomsideandtheintcxfaceforthiswstemthanthatformegmnite.The
greater osmotic pressure would result in a higher rate of water transport from the outside to the interface for the

soda glass than the granite specimens.

Another factor that may contribute for smaller adhesion loss of the asphalt/granite than that for the
asphalt/soda glass sample is the higher concentration of Al,O; in the granite substrate. The effect of Al,O; may
be explained by its strong interaction with asphalt. The interaction between a solid and a liquid can be estimated
from measurement of the heat of immersion, which also directly relates to the zero point of charge (pH of the
aqueous solution at which the oxide is uncharged). The heat of immersion of ALO; in water (7.3 x 102 J/m®) is
almost four times of that of SiO, in water (1.8 x 10?2 J/m?) (43). Obviously, the interaction is stronger when the
oxide bond (M-O) is highly ionic, such as Al,O;, and weaker when the M-O is covalent, such as in Si0,.
Although similar information for asphalt is not available, its interactions with the oxides should follow the same
trend as those of the water because both water and asphalt are weakly acidic. Thus, asphalt, being an acidic
material, is expected to form strong bonds with basic aggregates, such as aluminum oxides or limestone, and
weak bonds with acidic aggregates, such as silica. This is consistent with the acid-base interaction theory (44).

All four factors cited above; that is, the strong alkalinity, the faster and thicker interfacial water film
buildup, the higher osmotic pressure, and the fewer number of strong Al,Oy/asphalt bonds probably account for
most of the greater adhesion loss of an asphalt on a soda glass substrate than that of an asphalt on a granite
aggregate. The same analogy may be used as an explanation for the differences in the adhesion loss or stripping
susceptibility of asphalt on different substrates. The SHRP study on asphalt-aggregate interactions has
demonstrated that aggregate chemistry is a much more important factor than the asphalt composition for both
adhesion and sensitivity to water of asphalt/aggregate mixtures (45).

3. RELATION BETWEEN ADHESION LOSS AND THICKNESS OF THE WATER
LAYER AT THE ASPHALT/SILICEOUS AGGREGATE INTERFACE

3.1. INTRODUCTION

The buildup of water of many monolayers thick at the coating/substrate interface has been postulated as
the main cause of adhesion loss when an organic-coated substrate is exposed to water or high relative humidities
(46). However, there has been no study to correlate the water layer at the organic film/substrate interface with the
adhesion loss. The main reason for this is the lack of quantitative information on both the interfacial water layer
and the adhesion loss of organic film/substrate systems exposed to aqueous environments. Sections 1 and 2
provided quantitative data on the water layer at the asphalt/substrate interface and the adhesion loss as a function
of exposure to water. This section will examine the relationship between these two quantities for both asphalt
and other organic film/siliceous aggregate systems.

3.2. RELATION BETWEEN INTERFACIAL WATER AND ADHESION LOSS FOR
ASPHALT/SILICEOUS AGGREGATE SYSTEMS

The following discussion involves the relationship between interfacial water and adhesion loss for
asphalt/siliceous aggregate systems. The discussion is based on the water layer at the asphalt/model substrate
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given in Figure 10 and the adhesion loss data presented in Figures 12 and 13 for five SHRP asphalts on both
glass and granite substrates.

As shown in Figure 10, after 50 h of exposure the thickness of the water layer at the interface for the
AAD asphalt specimen was substantially greater than that of the other four asphalts, which did not differ among
themselves. Except for a difference in times of exposure, these resuits show a good agreement with either the
time-of-failure at 1500 kPa or residual bonding strength after 2 h exposure for the adhesion loss of asphalts on
soda glass (Figure 12). For the asphalt/granite system (Figure 13), there is a general agreement between the
adhesion loss and interfacial water layer obtained at long exposure times. For example, at 90-h exposure the
thicknesses of the interfacial water layer for AAD and AAM asphalt specimens were 90 nm and 25 nm,
respectively; the thicknesses of AAC, AAG and AAK specimens were in the same range for the same exposure
time, These results are in agreement with the time-to-failure at 1500 pKa of the adhesion loss data of the same
asphalts on a granite substrate given in Figure 13. Although further analysis is needed, the results show that the
thicker water layer at the asphalt/siliceous interface generally corresponds to the shorter the time-of-failure of the
system.

Both the interfacial water and adhesion loss data obtained in this study are consistent with moisture
sensitivity tests results of core SHRP asphalts on siliceous aggregates given in SHRP-A003B report (45). For
example, the numbers of repeated free-thaw cycles (moisture sensitivity test) for AAM, AAC, AAK, AAG, and
AAD on the RA granite (>a mass fraction of 96 % granite) were given to be 50, 36, 10, 7 and 5, respectively (the
longer the number of repeated cycles the more stripping resistance of a asphalt/aggregate mixture to water).
This is in general agreement with thicknesses of the interfacial water layer at 90-h exposure (Figure 10) for the
same order and asphalts on the model siliceous aggregate.

3.3. RELATION BETWEEN INTERFACIAL WATER AND ADHESION LOSS OF
POLYMER/MODEL SILICEOUS SYSTEM

Although there is a general agreement between the interfacial water layer given in Figure 10 and
adhesion loss presented in Figures 12 and 13 for asphalt/siliceous aggregate specimens, it is not expected to find
a strong correlation between these two sets of data. The main reason for this is due to the difference in the
substrates used for the two experiments, i.e., a model siliceous substrate was used for the water at the interface
measurement and soda glass and granite substrates were used for the adhesion loss study. As discussed in
Section 2.3, the chemistry of the aggregate surface plays a key role in the adhesion loss of asphalt on an
aggregate in water. For that reason, an experiment was carried out where the substrates and organic films used
for measurements of interfacial water layer were the same as those used for measuring the adhesion loss. This
experiment used specimens of a solvent-free epoxy coating on untreated and silane-treated SiO»-Si substrates.
The epoxy was a stoichiometric mixture of a low molecular weight diglycidyl ether of bisphenol A resin and a
polyethertramine curing agent. There was no solvent in the epoxy coating. Since it was a stoichiometric
mixture of low molecular weight materials, it was expected that only a little amount of amine was left after the
curing. The interfacial water measurement was carried out using 50 mm x 10 mm x 3 mm SiO,covered Si
internal reflection element (IRE), similar to those used for interfacial water measurement for asphalt as described
in Section 1. For the adhesion loss measurement, specimens of the same epoxy ooatings applied to Si wafers
having a diameter of 4 mm were used. The surfaces of the Si wafers had a native SiO, layer of about 2.5 nm
thick and, under ambient conditions, they should be covered with hydroxyl groups, similar to that of the Si IRE.
Thus, in this experiment the substrates used for both interfacial water and adhesion loss measurements were
similar. Both prisms and wafers were used with and without a silane surface treatment. The substrates were
cleaned with acetone followed by methanol, and dried with hot air before use. Silane treated substrates were
prepared by immersing cleaned Si prisms and wafers for 30 minutes in an acidified (pH=4) water solution
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containing a mass fraction of 0.1% aminoethylaminopropyltrimethoxysilane. The silane treated substrates were
dried for 10 minutes at 110 °C before applying the epoxy coatings. The coatings were applied on Si IRE and
wafers using the drawdown technique.

The procedure used for determining the amount of water at the epoxy film/model siliceous substrate
interface was the same as described in Section 1 for asphalts. Duplicate specimens were used for each
film/substrate system. The measurements of adhesion loss of epoxy coatings on Si wafers as a function of
expomreinwa!crwemoonductedusingawetpeeladhsionmrdscnbedinszemnoe47. The results were
the average of 12 specimens, which derived from two wafers.
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Figure 14. Amount and thickness of the water layer at the interface as a function of water exposure for: a)
epoxy/untreated model siliceous substrate system, and b) epoxy/silane-treated model siliceous substrate system.

Figure 14 presents the results on the amount and thickness of the water layer at the film/substrate
interface as function of exposure time obtained by FTIR-MIR technique for epoxy coating on untreated and
silane-treated Si IRE. Essentially, no water entered the interface of the epoxy/silane-treated substrate specimens,
but some water (about 10 monolayers) had built up at the interface of the untreated substrates. Figure 15 gives
the results on the adhesion Joss as a function of time exposed to distilled water for the same epoxy film on Si
wafers. Silane treatment greatly reduced the adhesion loss of the solvent-free epoxy specimens. Similar
relationship between interfacial water and shear strength has also been found for epoxy/E-glass fiber composites
@31).

Although more data and analysis are needed to determine preciscly the range of the amount of water at
the interface that causes the loss in adhesion, the results of this experiment indicate that there is a good
correlation between the thickness of the water layer at the organic film/siliceous substrate interface and the
adhesion loss of the same system exposed to water. That is, the more water entering the organic film/siliceous
substrate interface the greater the adhesion loss of the same film/substrate system. These results support the
above conclusion on the general agreement between the interfacial water layer and adhesion loss for asphalt
specimens. The correlation between data obtained by the two techniques developed in this work indicates that



information on the water layer at interface may be used for assessing the stripping resistance of an
asphalt/siliceous mixture. Thus, instead of carrying out elaborate water debonding or water sensitive tests, which
often require multiple replicates to provide any meaningful results, FTIR-MIR technique may be used for
determining the stripping resistance of asphalts on a siliceous aggregate. This technique may also be used for
conveniently studying the effects of many variables affecting the stripping of asphalts on a siliceous substrate
such as asphalt type, antistripping agents and their concentrations, environmental temperature, substrate surface
contaminants, salted water, and rained water. The application of FTIR-MIR technique for evaluating the
performance of antistripping agents is presented in the following section.
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Figure 15. Bonding strengths as a function of water exposure for specimens of an epoxy coating on untreated and
silane-treated model substrates.

3.4. EVALUATION OF EFFECTIVENESS OF ANTISTRIPPING AGENTS BY FTIR-MIR
TECHNIQUE

Based on the results presented above, FTIR-MIR was used to evaluate the relative performance of four
antistripping agents, using the same model substrate (SiO,~covered Si) and experimental setup shown in Figure
3. The antistripping agents (supplied by SHRP program) were MAS-021-001 (hydrated lime), MAS-016-001 (a
polyphosphate based), MAS-022-001 (a low grade aliphatic polyamine), and MAS-023-001 (a high grade
polyamine). The specimens were prepared by mixing thoroughly 1 % (based on asphalt mass) of antistrippping
agents in a hot asphalt (AAD) at 60 °C. Each hot anistripping-containing asphalt mixture was then applied to
the model siliceous substrate. The thickness of asphalt film used in this experiment was approximately 200 :m "
15 :m, as determined by a thickness gage. FTIR-MIR spectra were taken automatically every 15 minutes until
the experiment was complete.

Figure 16 presents FTIR intensity (absorbance) of the band for water at the asphalt/siliceous interface
as a function of time exposure to distilled water for an asphalt containing a mass fraction of 1 % of four different

antistripping agents. As indicated earlier, the intensity is directly proportional to the amount or thickness of the
water layer at interface. The results showed that there was little water at the interface of the asphalt containing
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MAS-021-001 (hydrated lime) antistripping agent, but substantial water had entered the interface for asphalt
specimen containing MAS-022-001 (low grade aliphatic polyamine) after 250 hours of exposure. Values of
water at the interface for the polyphosphate (MAS-016-001) and high grade polyamine (MAS-023-001)
containing asphalts were in the between. These results suggest that hydrated lime appeared to be the most
effective and low grade aliphatic amine was the least effective among the four agents studied.
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Figure 16. FTIR-MIR intensity of the water layer at the asphalt/siliceous substrate interface for different
antistripping agents.

4. MECHANISM OF WATER STRIPPING OF ASPHALT ON A SILICEOUS
AGGREGATE

The results of Figure 10 show that at long exposure times many monolayers of water had accumulated at the
asphalt/siliceous aggregate interface (one water monolayer is approximately 0.3 nm). Indeed, this was the case because
we observed substantial amounts of liquid water beneath the asphalt films as they were peeled from the model siliceous
substrate at the conclusion of the experiment. These results are consistent with extensive data on organic coatings and
water sorption measurements at silica surfaces. Leidheiser and Funke (46), in an intensive review of water disbondment
of organic coated metals, had given examples and cited references to support the evidence of the presence of multilayers of
water at the organic coating/metal interface. Another evidence is from water adsorption studies on high-energy surfaces.
For example, Zettlemoyer and coworkers (48,49) noted that monolayer of water on ferric and nickel oxides occurs at low
relative humidities, but mulitilayers exist at a relative humidity of 90%. Bowden and Throssell (50) found that up to 20
molecular layers of water were on aluminum, iron, and SiO, surfaces at ambient temperatures and humidities. Similarly,
Debye and van Beek (51) reported that silica powder, washed with water and then dried at 100 °C, retained a water
adsorbed layer tens of nanometers thick. The presence of multilayers of sorbed water on the surface of different types of
glass has been discussed briefly by Bascom (52).

The adsorbed water layers closest to the surface are strongly bonded and difficult to remove. Therefore, the
resence of a monolayer of water at the asphalt/aggregate interface would probably not interfere with the adhesion of an
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asphalt/aggregate mixture. However, increasing the coverage of water will, at some point, affect the strength of the
asphalt/aggregate bonds. This is substantiated by the adhesion loss data given in Figures 12 and 13 for asphalts and in
Figure 15 for an epoxy coating on a siliceous substrate. Further backing for the adhesion loss of organic-coated substrates
in water comes from extensive results on the durability of adhesive bondings (53) and organic coatings on metals
(46,54,55) These studies demonstrated that the bonding strength of an organic film/untreated, high energy substrate
system decreases significantly after exposure to water and high humidities. Further, the decrease is accelerated with
increasing temperature.

The stripping susceptibility of an asphalt from siliceous aggregate may be best understood from the interaction
energy standpoint. The bonding between asphalt, an organic material, and a siliceous aggregate is governed mostly by
weak secondary forces, which are generally less than 25 kJ/mole (4). On the other hand, the magnitude of the bonds
which water form with oxide surfaces are substantially higher, typically in the 40-65 ki/mole (7). Consequently, the
affinity of water for a siliceous aggregate is greater than that of asphalt to the same aggregate. Further, free surface energy
analysishasalsoslmwnmatu\emversﬂ)leworkofadhsionbamenanorgaMCﬁlmandanoxidc, including SiO,, is
highly negative in the presence of water (4), implying that the asphalt/siliceous substrate bonds are not stabie in water.
This means that water is likely to enter the interface and displace the asphalt from a siliceous aggregate when an
asphalt/siliceous mixture is exposed to water or to high relative humidities. This postulation is consistent with the acid-
base (an electrostatic interaction) theory proposed by Fowkes (44), who used this theory to explain for the water
susceptibility of asphalt/granite systems and water resistance of asphalt/limestone mixtures. The asphalt, with its low
basicity and high acidity, interacts weakly with the acidic SiO, but adheres strongly with basic aggregates, such as
limestone. The strong asphalt/basic aggregate bonds can resist the water-SiO, interactions, thus preventing stripping of
asphalt from the aggregate, consistent with practical observation.

Water probably enters the asphalt/siliceous interface by breaking the water-silanol (SiOH) bonds and building
up the water layer on the silanol-terminated surface. This occurred because the hydrogen bonds between the first water
layer and the silanol groups on a silica surface are substantially weaker (about 25 kJ/mol) than the bonds between the first
and second layer of water (>40 kJ/mol) (56).

The contention that the interactions between asphalt/siliceous aggregate bonds are weak and that this weak
interaction can not resist water displacement is also strongly supported by a comprehensive analysis by Bolger and
Michael (57). They showed that there are only a few organic/substrate combinations, €.g., strong acidic organic/strong
basic substrate or strong basic organic/strong acidic substrate, that can resist the displacement by water. The reason for
this is mainly that most common metal elements (including Si) are considerably more electropositive than the carbon
atoms in organic compounds. Consequently, the electron density on the oxygen atom in the SiO; is considerably greater
than that on the oxygen in water or in most organic compounds. Therefore, covalently-bonded interfaces are not
commonly formed in organic film/unmodified oxide systems, and the secondary-force bonds that do occur are too weak to
resist the affinity of water to the polar, high-energy substrate. Thus, if high energy surfaces (e.g. Si0,) are not modified,
water is likely to form a layer at the interface when an organic film/high energy solid is exposed to water or to high
relative humidities. This assertion is supported by the well known practice in the polymer/glass fiber composite industry,
where the fibers are commonly treated with silane coupling agents to improve the durability of the composites used in
moist environments.

The amount of water at the coating/substrate interface is greatly increased if the interface also contains
hydrophilic contaminations or an osmotic driving force existing between the interface and the outside. Unfortunately,
water soluble inorganic and organic salts are almost ubiquitous contaminants at the asphalt/aggregate interface, either
present before the asphalt application or migrating there during service. The effect of hygroscopic contaminants on the
thickness of the water adsorbed layer has been discussed in detail in Section 3.3. It should be noted that, in the presence of
salt contamination, a liquid phase of water at the interface can be formed at humidities far below the saturation point of
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water (humidity of liquification). For example, the humidities of liquification of LiCl and CaCl, are only 15 % and 32 %,
respectively (58). Thus, if the interface is contaminated with these salts, it is likely to hold molecular water even at low
relative humidities.

Thepmenceofahydmphilicﬁhnattheintcrfacemayexplainforthediﬁerencminﬂﬁdmofﬂ\ewaterlayer
for different asphalts and between asphalt and epoxy specimens. Asphalts are known to contain water-soluble species,
which probably leached out of the film and accumulated to the interface during exposure. Such a water-sensitive layer at
the asphalt/model siliceous interface would result in higher amounts of water entering the interface and greater adhesion
lossmanthoseoftheepoxyspecimens.'I‘hepmnceofawatcrsensiﬁvelaycratmcorganicﬁlm/metalinterfaoehasbeen
documented by Walker (55), who found that the concentrations of the water-soluble products accumulated at the
coatinysubsu'ateinterfaoeofmealkydandq)oxywercoaﬁngsweresubstantiallyhighermanthoseforthepolyurethane
coatings. Thus, we believe that there was a layer of hydrophilic materials at the asphalts/SiO; interface and this layer was
the main reason for the much thicker water layer at the interface for the asphalt specimens than that of the epoxy system.
The concentration and nature of this water-sensitive layer were also probably responsible for the different rates and
quantities of water at the interface of different SHRP asphaits on the model siliceous substrate.

Water can reach the interface from the outside by a number of pathways, by diffusing through the matrix asphalt
and by migrating through pinholes, pores, defects, and local inhomogeneities in the asphalt films. Based on evidence ofa
large concentration of water present at the interface after a short exposure time and a much thinner water layer for thicker
asphalt films, we propose that water transport from the outside to the interface is through water-soluble, hydrophilic
regions in an asphalt film. The hydrophilic regions are areas occupied by the highly polar groups of the asphalt molecules
or by the water-soluble impurities (e.g., ions and salts) in the asphalt film. It is likely that each water-soluble impurity
parﬁcleisasociatedwithapolarsitcinmeasphaltThus,ahydmphilicregioninanasphaltﬁhnpmbablyconsistsof
polar groups of the asphalt molecules and water-soluble impurities. This postulation is based on extensive data on the
inhomogeneous nature of polymers and on the relationship between polymer heterogeneity and its protective properties
(59). Organic polymers are known to consist of high density/high molecular weight scgments separated by narrow
boundaries of low density/low molecular weight materials. The transport of water through polymer films has been
emeﬁnwnmﬂywwvedmbenaunﬁommmghanﬂmﬂmmxﬁce,hndongﬂwbmnﬂaﬁsammﬂme high-density,
high molecular weight segment (60). The water sorption of the low density/low molecular weight areas has been found to
be typical for a hydrophilic, ion-exchange membrane, which usually sorbs 45 % to 75 % water (based on mass) (61). This
means that these areas (i.., the hydrophilic, low density/low molecular weight regions) take up a substantial amount of
water and have a much lower ionic resistance than the rest of the film. The corrosion of metals under these polymer
coatings has been observed at the locations directly corresponding to the hydrophilic regions (61,62).

We believe that water first dissolves the hydrophilic regions (an emulsification process) and opens up a tortuous
pathway system in the asphalt matrix, allowing water containing ions reaching the interface. Thus, the water transport
through an asphalt is not a uniform diffusion through the homogeneous asphalt matrix but rather a transport process
mediated by the pores, which are opened up by the dissolution by water in the areas occupied by the hydrophilic
materials. A similar mechanism has been proposed for the transport of ions through polymer coatings to reach the
film/metal interface (59). It is noted that emulsification of straight asphalts is commonly observed and that the emulsified
products can dissolve polar as well as nonpolar components of the asphalts. For thick and low water-soluble impurity
asphalt film, the pores may not be continuous from the surface to the interface. In such cases, prolonged or repeated
exposure is required for water to reach to the interface. Since the chance for the overlapping of two or more water-soluble
regions is small, thicker or multiple layer asphalt film is more effective than a single coat of the same thickness.

The difference between the pore-mediated and homogeneous transports is the stretched exponential decay for the

formcrversussinmlee:q)omnﬁaldemyformelaner(&).Tbeuansportincmssifﬂmisanosmoticfombetmnme
outside environment and the interface, or when the interface also contains hydrophilic contaminants. Once entering the
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interface, water can transport along the film/substrate interface. For untreated substrate surface, the transport of water
along the interface has been found to be much faster than that through a polymer film (64).

Inwmmary,watersolublemteﬁalsnﬁgratedﬁomtheenvimmmasweﬂasfmmtheaspmltﬁlm,andthose
present at the interface (from both asphalt and aggregate) constitute a water-sensitive layer at the asphalt/aggregate
interface. This water sensitive layer is the main reason for the formation of a water layer many monolayers thick at the
interface, responsible for the stripping of asphalt from a siliceous aggregate. Modifying siliceous surface with a monolayer
of a base, such as an amine, will render the surface basic. This surface would form strong bonds with the acidic asphalts
and thus can resist the water displacement.

5. IMPACT ON HIGHWAY TECHNOLOGY

Besides measuring in-situ water at the asphalt/siliceous aggregate interface, the developed FTIR technique can
provide a method for:

1. Evaluating the water susceptibility of different asphalt binders on a siliceous aggregate;

2. Evaluating and screening antistripping agents for asphalts on a siliceous aggregate. (Antistripping agents
may be mixed in the asphalt binders or applied on siliceous aggregate surface before hot mixing.);

3. Conveniently investigating the effects of aggregate surface contamination, hot mix temperatures, and service
conditions on the water stripping of asphalt on a silicoous aggregate;

4. Measuring the diffusion of water through a layer of asphalt to a siliceous surface (essential for stripping
modeling);

5. Measuring in situ organic and inorganic compounds at the asphalt/aggregate interface;

6. Measuring transport properties of water, organic, and inorganic materials through a layer of
asphalt/aggregate mixture or concrete on a substrate.

6. CONCLUSIONS

A sensitive, spectroscopic technique for measuring water in situ at the asphalt/model siliceous aggregate has
been developed. The technique can detect and also provide quantitative information on the water at the asphalt/siliceous
aggregate interface. This information, which relates to the adhesion loss of asphalt/siliceous aggregate mixture, will be
useful for predicting the water susceptibility of asphalt/siliceous aggregate mixtures. The technique is convenient for
studying the effects of the aggregate, contamination of the aggregate, antistripping agents, and the asphalt, on the water
susceptibility of asphalt/siliceous aggregate mixtures. It is also unique in providing data on the transport of water through
an asphalt layer of any thickness attached to an aggregate. It is anticipated that the technique will have a wide range of
applications in highway technology. In addition to the spectroscopic technique, the adhesion test method developed in this
study would also provide a useful tool for conveniently evaluating, both in the field and in the laboratory, the effectiveness
of antistripping agents and the relative water stripping resistance of different asphalts on a flat substrate.
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