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ABSTRACT

Because of the geographic location of Costa Riecbuntry is subjected to one of the highest tewél
precipitation in the world. As such, it is to bepegted that moisture damage is the most commonafype
pavement failure in the country. However, desgiterevious fact, little research has been perfdrime
qguantifying the affinity of the asphalt binder aeghregates that are used.

Consequently, the present study consists of amteffocharacterize the strength in the bond
between the asphalt binder that is used locally6@Rr22) and several types of aggregates from diifere
parts of the country (1 limestone and 4 distingerigravels from several locations). Additionalilye
neat asphalt binder was also modified with a commmkeEBR, a modifier commonly used in Costa Rica
since it is supposed to promote adhesion. To etatha strength of the bond between the asphalebin
and the various aggregate combinations, the BituBmmd Strength (BBS) test was used. The results
were checked by means of a goniometer that meatheesontact angle between the asphalt binder and
the aggregate surface, which corresponds to a meea$wvettability. Finally, a subset of the anakyze
asphalt binder and aggregate combinations were taspepare an HMA mixture and evaluate it under
the Hamburg Wheel Tracking Device (HWTD).

The BBS results showed differences in behaviortduine effect of moisture on bond strength
when changing the aggregate source. Additionalyedding on the aggregate type, different types of
failure were observed: cohesive versus adhesivdedkease was identified in the bond strength when t
SBR was used. However, when using the modifier effect of moisture on bond strength was reduced.
The BBS results were consistent with the contacfleameasurements and with the HWTD results,
showing that the test can eventually be implemeased screening tool.
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INTRODUCTION

Moisture damage has been reported as one of the csaise of deterioration of asphalt pavement
structures in Costa Rica. Moisture damage, whidsgociated with a reduction in the adhesion betwee
the asphalt binder and aggregate surface, or asimehéailure of the binder mastic structure when
subjected to moisture, is dependent on severahblas that include: type of asphalt mixture, pripsr

of the asphalt binder and aggregate, environmemtdl traffic characteristics, construction techngjue
and the use of modifying additives or agefit2). However, the presence of moisture in the water-
accessible pores of the aggregates and/or at thealasbinder and aggregate interface is the most
common factor in stripping related problems.

In order to ensure a proper resistance to moistaraage, the Costa Rican road and highway
specifications require a retained tensile strenathprding to AASHTO T283, above 85% for all hokmi
asphalt (HMA) mixtureq3,4). Most HMA mixtures in Costa Rica tend to displegtained tensile
strengths considerably above the required spetidita However, once the HMA is placed in the field
the deterioration rates due to moisture damagefaary high. Pavement failures just months after
construction were observed in many cases. Thiddaat into mandating the use of lime or some othe
types of anti-stripping additives on some projedioreover, other moisture sensitivity tests sustihe
Hamburg wheel tracking device has been examineahaalternative or companion test to the current
AASHTO T283 test.

Consequently, it becomes evident the need to rbatiderstand the adhesion characteristics
between the commonly used aggregates and asphdirbiin Costa Rica. To this end, a study was
initiated at LarammeUCR to assess moisture damégespmhalt mixtures with local material in Costa
Rica. The study included a PG64-22 asphalt bimlieed with five different aggregate sources: one
limestone from the central part of the country afadir river gravels from several other location3he
study focused on the cohesion and adhesion prepesfithe asphalt binder with the various aggregate
sources by measuring the Bitumen Bond Strength |BBSt, the contact angle between the asphalt
binder and the aggregate using a goniometer, anHamburg Wheel Tracking Device (HWTD) test.

BACKGROUND

Moisture damage can occur at the interface betweemastic (mixture of asphalt binder and mineral
filler) and aggregate surface (adhesive failureyitinin the mastic structure itself (cohesive fedlu The
type of failure that may occur mainly depends om pnoperties of the mastic itself. However, selvera
other factors would also have an effect on the tamssusceptibility such as the addition of a binde
modifier, liquid anti-strip agent, or hydrated lirf@. It has also been reported that an increaseeiplth

of the water at the asphalt binder and aggregatéacsu interface has an important effect on the
weakening of the adhesion bond between the tworraksé€r).

A literature review by Tarrer and Waglh) showed that at least five different mechanisms of
failure are associated to moisture damage andpstgpand might occur individually or simultanegusl
detachment, dplacement, spontanemuemulsification, pore pressure, and hydraukcouring.
Detachment occurs when a thin layer of water digdahe complete asphalt film from the aggregate
surface. This is a result of lower free surfacergy of water as compared to the asphalt bindsultieg
in a higher wettability of the aggregdte8).

Displacement differs from detachment because wmretrates the aggregate surface by a break
in the asphalt binder film caused by inadequatdimgar asphalt film rupturél,7,9) Spontaneous
emulsification results when water and asphalt birdenbine to form an emulsion, phenomenon that is
amplified by the presence of emulsifiers such amesmineral clays and asphalt binder additi{ieg,9)
Pore pressure can also generate moisture damagehalt mixtures with high air void contents, tybig
open graded mixtures where water can circulateutitrahe interconnected voids. The problem worsens
if water becomes trapped in the impermeable védij$0) Hydraulic scouring occurs only at the
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pavement surface and is a result of the effectebiole tires on wet pavement surfaces which geaerat
high water pressures ahead of the tire and subgbind the tirg1,10)

There are several methods available in the liteeafior characterizing the moisture susceptibility
of asphalt mixtures. Most of the tests are emglilic the sense that they are intended to charaettre
resistance of the mixture to moisture damage ireggrwithout any ability to differentiate betwedret
various aforementioned modes of moisture damageamigles of moisture susceptibility tests are the
boiling test (ASTM D3625), Texas boiling test (TB30-C), static-immersion test (AASHTO T 182),
Lottman test, modified Lottman (AASHTO T283), Tudiff and Root Conditioning test{11),
immersion-compression test (AASHTO T 165), TexagZe thaw pedestal test, Hamburg wheel tracking
device (HWTD) test (AASHTO T 324), and the Supemaimple performance tests (static creep,
repeated load permanent deformation, and dynaméuhas) with an environmental conditioning system
(ECS).

In addition to the previous tests, thermodynamgsr@aches to quantify the affinity of aggregate
and asphalt binder have also been employed. Vpis of analysis evaluates the micro-mechanisms
associated with adhesive or cohesive failures aagdires the measurement of surface free energy of
aggregates and asphalt binder. Surface free ewerggsponds to the amount of increase of freeggner
(work) required to create a unit area of surfacarmf given material. The surface free energy @n b
classified based on the source of the intermoledalaes that generate it intg® (monopolar acidic)y
(monopolar basic), angt" (apolar or Lifshitz-van der Waal§)2,13,14) The total surface free energy is
a combination of these components and can be osealdulate the work of adhesion if the components
are known for both aggregate and asphalt binddvis fiype of analysis generally involves the usea of
Universal Sorption Device (USD) for measurementhef surface free energy of the aggregates and the
Wilhelmy Plate for measuring the surface free ep@afgthe asphalt binder. This consists of a litidta
since some of the equipment, such as the USD,tiseadily available and need to be manufactured for
this purpose.

However very recently, a test based on a modifinaif the Pneumatic Adhesion Tensile Testing
Instrument (PATTI) test was proposed by researchete University of Wisconsin—Madison: Bitumen
Bond Strength (BBS) tegil5). This type of analysis is very useful in idenitify whether the type of
failure that is likely to occur is due to the adkiednterface between the aggregate and the adpihdier
or due to the cohesive strength or the durabilityttee asphalt binder and the mastic itsgd).
Additionally, the test has been reported as repéatand capable of capturing the differences aasexti
with use of additives and exposure to moisture.

OBJECTIVE

The main objectives of this study are to 1) inygee the affinity of the different types of aggrega
sources to the asphalt binder that is used in (Risf® and 2) to characterize the effect of incoaping
additives to the asphalt binder on the moistureestibility of the HMA mixture. The BBS test wasad

to evaluate the asphalt binder and aggregate amhasi well as the asphalt binder cohesion. Contact
angle measurements were also performed on alloimbioations of asphalt binder and aggregate samples
by means of contact angle goniometer. AdditionddWTD testing was performed on a subset of the
asphalt binder and aggregates, while consideriaggés in the testing temperature and the effethen
incorporation of lime and liquid anti-stripping atiek. The results were used to quantify the gtierof

the bond between the asphalt binder and the differggregate sources.

MATERIALSUSED IN THE STUDY

The different materials that were used in this gtage summarized ifable 1 Only one asphalt binder
source was selected for the study since the CastamRlational Petroleum Refinery (RECOPE) produces
only one type of asphalt. The asphalt is clagsifiethe national level as an AC-30 which corresisain

a PG64-22. The asphalt binder was also modified fyrene-Butadiene-Rubber (SBR) and used in this
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study. The SBR modified asphalt binder has beeently used and advertised in some projects itaCos
Rica as an enhancer for asphalt adhesion. Thev@&&Rntroduced to the asphalt binder by means of a
low shear mixer at a temperature of 150°C. Thaltieg performance grade of the modified binder was
PG70-22.

The selected aggregate sources are some of tHemidespread aggregate sources used in Costa
Rica. One of the aggregate sources corresponds litmestone material. The remaining aggregate
sources correspond to river gravels of complex nalngy from different geographical locations in @os
Rica. However, all of them can be classified disesius materials from igneous formations that have
been subjected to some sedimentary processes. CEh&al Caribbean material has historically
performed well with regards to moisture damagee fraterials from the Pacific Coast have been known
to result in stripping problems.

TABLE 1 Summary of Materials Selection.

Factor Levels Description

PG64-22
PG64-22 + 2.5% SBR (PG70-22)

Asphalt Binder 2

Limestone — Central Valley

River Gravel 1 — Central Caribbean
Aggregate Source 5 River Gravel 2 — Central Pacific
River Gravel 3 — South Pacific
River Gravel 4 — South Pacific

Lime (1.5% by wt. of aggregate)
Liquid Anti-Strip (1.0% by wt. of aggregate

Anti-stripping Agent (*) 2

(*) The use of these agents was included onlyHergerformance evaluation by means of HWTD.

The moisture resistance of selected HMA mixtures assessed in the HWTD using hydrated
lime and Ultrapave liquid anti-additive. Ultrapaf@ltracote UP-5000) was introduced following the
vendors specifications. The additive was introdute the aggregate immediately before mixing at a
concentration of 1.0% by total weight of aggregamly the aggregates identified as River Gravahd
River Gravel 2 and the original binder (PG64-22Jevased. All of the mixtures were designed follogi
Superpave specifications forgd\ of 100 gyrations. Typical gradations were used dach of the
evaluated aggregate sources. All the gradatiodsah@minal maximum aggregate size (NMAS) of 12.5
mm. The design asphalt binder content was 6.2 Ghéo for the HMA mix with River Gravel 1
aggregate and River Gravel 2 aggregate, respegctivel

DESCRIPTION OF TEST METHODS

The first part of the study consisted of charazteg the bond strength between the asphalt binakbtree
different aggregate sources using the BBS tesstifiggwas performed in accordance with AASHTO TP-
91(16). The BBS test is performed by means of the PAdpdaratug17) which is typically used by the
coating and paint industryFigure 3. Aggregate samples are initially lapped usingilizon carbide
material and cleaned in an ultrasonic cleaner gadoinder application so that there is no mechanic
interlock between the surfaces. Then a samplsptiat binder (0.4g + 0.05g) is initially placed metal
stubs of known diameter (20 mm). The stubs withabphalt binder sample are then pressed against th
aggregate surface.
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FIGURE 1 PATTI Testing Equipment (Sourcehttp://www.semicro.orp

The pull off tensile strength (POTS) under two typé conditioning, 24 hours dry and 96 hours
wet, is determined using the BBS test. Four repdis were used for each of the material combination
Additionally, the percent loss in bond strength @mel bond strength ratio are calculated as [RQFS
POTSwed/POTSy and POTQR/POTSy, respectively. All BBS testing were conductedhat Modified
Asphalt Research Center (MARC) in Madison, Wisconsi

In order to characterize the wettability of the mgmte surface by the asphalt binder, contact
angle measurements were also performed. Thedestis performed with the purpose of quantifying
how strongly the asphalt binder and aggregate mt@sdnteract with each other, relative to how ragty
each interacts with its own kind. Contact angleassgements were performed using a contact angle
goniometer at 25 °C. The goniometer used in tiidysis shown irFigure 2

FIGURE 2 Goniometer used in Contact Angle M easurements

The goniometer consists of an optical equipmentlblEpof capturing the profile of a liquid
(asphalt binder) over a solid substrate (aggregate)l is based on the sessile drop mettis).
Basically, the angle that is formed between theiditsolid interface and the liquid/vapor interfasehe
contact anglef). The equipment uses a high resolution camerasaftdiare to capture and analyze the
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contact angle. The samplase prepared very similarly those forBBS but differ in that the controlle
asphalt binder drop is applied directly over thgragate surfaceFigure 3. Four repetitions for each
material combination were used estimating the contact angle.

Asphalt Droj

et .
IlllllllillIllllllllllllllllllllllllIll-llllll-\llllllll

Aggregate Substre

(b)

FIGURE 3 (a) Asphalt Binder Drop Samplesfor Contact Angle M easurement and (b) Contact
Angle Images Used in M easur ements

Finally, HWTD testing was performed on HMA samp HWTD testing was performed at tv
different testing temperatures: 40°C and 5 Testing was performedccording toAASHTO T-324
specifications, for a total number 20,000 wheel loading cyclg49). Six replicatesamples of HMA
were preparedor each analysis conditicin the HWTD for a total of 72 test specimens (2 aggre
sources x 2 asphalt binder types x 3-striping agent conditions x 6 repetition All sample specimens
were compacted using the SGLC7.0% + 1.0% air void
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TESTING RESULTSAND DATA ANALYSIS
Bitumen Bond Strength Test

The parameter that is directly measured by the BB is the pull off tensile strength (POTE)gure 4
shows the results for both the neat (Control) dedSBR-modified (Modified) asphalt binders undeo tw
conditioning states (The error bars represent taraard deviation). The results indicated thateurtbty
conditions, the combination of neat binder and §tape aggregate required the lowest force to gtill o
the binder from the aggregate. Note also thasthedard deviation for this aggregate was highan th
those of the other aggregate samples. This wasodiadure in the rock itself: during the BBS tesbme

of the rock was removed with the asphalt bindeowelver, when using the SBR-modified binder, the
effect of the aggregates on POTS was reduced. ifspHlg under dry condition, all of the aggregated
SBR-modified binder combinations exhibited simiteond strength. Furthermore, it was observed that
generally the POTS value of the neat asphalt binges consistently higher than the asphalt binder
modified with SBR. This observation was not expdcbut it is believed to be associated with thnelbi
stiffness for each condition because the origimadiér might be slightly aged during the incorparatof

the SBR, affecting the bonding strength betweerbthder and the aggregate. Additionally, it isidedd
that SBR particles within the asphalt binder matnight result on small areas where the bond sthengt
might be slightly lower since the styrene has \&gh rigidity and less adhesive to the asphalt &ind

4.00 E Control 24H Dry Control 96H Wet
2 Modified 24H Dry = Modified 96H Wet

3.50

3.00

2.50

2.00

1.50

1.00

Pull Off Tensile Strength (M Pa)

0.50

0.00
River Gravel 2River Gravel 4 Limestone River Grav&ider Gravel 3

Aqggregate Sour ce

FIGURE 4 Pull Off Tensile Strength (POTS)

In order to better understand the significancehefdifferent parameters and their interactions on
POTS, regression analysis was conducted on the dita results are presentedTiable 2 The data
indicate that most of the independent variablegr@gate source, asphalt binder, and conditioniatg )t
have a significant effect on the POTS at any giesel of confidence (p-value < 0.001). Furthermore
the joint significance of all the independent paggers and their interactions is very high (p-vatue
0.001). This indicates that even though some @firidividual factors might not classify as sigrafit at
a given level of confidence (e.g. 90%), the joignificance of this parameters with other factarghe
model is high. This is the case of the Limestoggregate source which by itself might appear to be
statistically equivalent to the River Gravel 4 agate. However, when evaluated jointly with other
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factors such as conditioning state it becomes faigmt and therefore should not be dropped from the
overall model.

It is important to note that overall the analysismfirms the superior performance of the River
Gravel 1 aggregate under most of the analysis tiondi Inversely, River Gravel 3 shows the poorest
performance results in POTS. Additionally, thelgsia indicates that on average, performing theites
dry condition resulted in POTS values approximaf89 kPa higher than if the test is performed in we
condition (for the analyzed set of asphalt binderd aggregate sources). Similarly, it can be dfiggcht
that modifying the neat asphalt binder with SBRutesl in a decrease in POTS of approximately 260
kPa.

TABLE 2 Summary Statistics of Regression Analysis.

Parameter Estimate | t-stat | p-value
Intercep 2.17¢ 82.61 | <0.00:
Limestont -0.00: -0.0¢ 0.95(

River Gravel . 0.30( 5.7z | <0.00:
River Gravel -0.10z2 -1.94 0.05%
River Gravel . -0.23¢ -4.4¢ | <0.00:

Dry 0.58( 22.1C | <0.00:
Limestone*Dn -0.13¢ -2.5¢8 0.01¢
River Gravel 1*Dn 0.23] -4.4C | <0.00:
River Gravel 2*Dn 0.09¢ 1.8( 0.07i

River Gravel 3*Dn .024¢ 4,7¢ | <0.00:

PG6422 0.261 9.9¢ | <0.00:
Limestone*PG6-22 -0.021 -0.3¢€ 0.69¢
River Gravel 1*PG6-22 0.10; 2.04 0.04¢
River Gravel 2*PG6-22 -0.05¢ -1.04 0.30(
River Gravel 3*PG6-22 -0.08¢ -1.7¢ 0.09t

Dry*PG64-22 0.21( 8.01 | <0.00:
Adjusted F° 0.90:

It is also important to highlight the type of fakuobserved during the BBS testing. In general,
under dry condition, a cohesive type of failure wéserved for all evaluated cases. This was
also the case for most materials under wet comgitiath the exception of River Gravel 2 and
River Gravel 3 which exhibited an adhesive failoedween the asphalt binder and the aggregate
surface.Figure 5shows selected examples for the failed samples t&fsting in BBS. From these
type of figures, a conclusion can be made as toyfie of failure that occurred: if more than 50%
of the aggregate area is exposed, the failure finatbas adhesive; otherwise, the most likely
failure mode is due to cohesion of the asphaltdiind
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Cohesive Failul Adhesive Failur

(@)

FIGURE 5 BBS Specimens After Testing Under Wet Conditionsfor Unmodified Asphalt Binder
with (a) River Gravel 1 and (b) River Grave 3

e \
% 0.30 § § w ‘ §
3 0.20 \ \ \ % \
0.10 § § § § §
0.00 - & - & & - & &

FIGURE 6 POTSLossBond Strength (%)

The results of the BBS test can also be interprigtddrms of the percent loss in bond strength
between the POTS values in dry and wet conditiéiigu(e §. The data confirms that the effect of
moisture on POTS is significant, and that POTSbie & discern between the different aggregatessize
This can be in part explained by the differenceffinity that is exhibited between the CaO and $i®,
molecules in the aggregates with the asphalt biodeposition.
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Furthermore, the effect of the additive on boneraith differs between the different asphalt
binder and aggregate combinations. In the casheoRiver Gravel 1, the effect of adding SBR to the
asphalt binder was negligible on the loss in thedostrength. For all the remaining asphalt biretet
aggregate combinations, a reduction in the lodsoofl strength was observed between the POTS in dry
conditions and the POTS in wet conditions, with éxeeption of the River Gravel 4 aggregate which
actually showed an increase in loss of the borehgth with the SBR-modified asphalt binder..

The previous results can also be confirmed whenpeoimg the ratio between the POTS in dry
condition to the POTS in wet conditioRifure j. The figure shows that in general all aggregate
binder combinations show a reduction in POTS rati@n modifying the asphalt binder with SBR. As
observed before, the River Gravel 1 and the Linmestaggregates show the lowest ratios, and in taet,
bond strength ratio in both cases is very similaemusing the modified binder.

4.00

m Control
3.50 ~ Modified

3.00

2.50

2.00

Dry/Wet Ratio

1.50

1.00

7.

0.50

0.00

River Gravel 2River Gravel 4 Limestone River GravBiver Gravel 3

Aqggregate Sour ce

FIGURE 7 POTSDry/Wet Ratio
Contact Angle M easur ements

The contact angle measurements were obtained trndee the wettability of the different
asphalt binder aggregate source combinations, @edaluate how well this value correlate to the BBS
test results. The contact angle was measureddoopaof asphalt binder placed on the aggregateaceyf
1 minute after placement and at room temperatutach drop was measured 10 times at 1 second
intervals. Four drops of each asphalt binder waeasured for each aggregate surface. The resalts a
shown inFigure 8 It is very interesting to note that the contautjle between the asphalt binder and the
aggregate surface increases in some of the casas thvb asphalt binder was modified (River Gravel 2
and River Gravel 4). Although this might be contréo what is expected, it is consistent with the
reduction in POTS that was observed when modifyiregasphalt binder. It seems to indicate that the
SBR modification is reducing the wettability of tasphalt binder on the aggregate surface. Furtirerm
the cases where an increase in contact angle veswval due to modification of the asphalt binder ar
consistent with the material combinations that leitbd worse resistance to moisture as measure by
POTS loss in bond strength and POTS Ratio. Theairéng materials showed a decrease in the contact
angle when the asphalt binder was modified. This e translated into enhanced wettability of the
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aggregate surface by the asphalt binder and anoireprent in moisture resistance as observed in
previous results.

175

4 Contro
170 B Modified

165

Contact Angle (°)
[ = =
al [¢2) [e2]
o €] o

[N
'S
ol

140

135

130 7/‘

River Gravel: River Gravel - Limestont River Gravel . River Gravel:
AqggregateSource

FIGURE 8 Contact Angle Results

It is important to note that the use of the gonitemnas a means to measure the contact angle
between the asphalt binder and aggregate surfacelatively new. Therefore, there is still no
specification as to standardize the conditions umdgch the asphalt drop is placed on the aggregate
surface and measured. In this study, the aspliiteb was heated to 150°C and placed over the
aggregate surface at room temperature which resulgs significant thermal differential between the
asphalt binder droplet and the aggregate surfdue.résults in a considerable effect on the magmitf
the contact angle. To test this effect, the amalyas repeated at several temperatures and chantes
contact angles were observed. However, the generatls remained the same (effect of different
aggregates and asphalt binder) and therefore thésorder of the factors and not necessarily the
magnitudes that should be observed.

Hamburg Whee Tracking Device Testing

In order to correlate the POTS to a performancesorea HWTD testing was performed using the neat
binder and two of the aggregate sources: River &rhwand River Gravel 2. These were selected since
the bond strength and bond properties that weréiéadt in each case were different. Furthermore, th
type of failures in the BBS test also differed (esifie versus cohesive) by material combinations. |
order to comply with local specifications, the effef anti-stripping additives (hydrated lime amguld
anti-strip) was also evaluated. The performansaltgare shown iRigure 9
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mNo Additive - 40 °C mNo Additive - 50 °C
Hydrated Lime - 40 °C = Hydrated Lime - 50 °C |
5 OLiquid Anti-strip - 40 °C BlLiquid Anti-strip - 50 °C|

Defor mation after 20,000 cycles (mm)

River Gravel 1 Aggregate Sour ce River Gravel 2

FIGURE 9 HWTD Test Results

The data show that when no anti-strip additivesuaesl, the difference in performance exhibited
by both aggregates was larger and consistent witit was observed in the BBS and contact angle tests
However, despite those differences, all of thedeformations were relatively low and met the maximu
12.5 mm specification requirement. Additionalliietmeasured rut deformations were reduced when
hydrated lime or liquid anti-strip additive wereeds The difference in the effect of the aggregéten
adding lime or liquid anti-strip decreased andenegyal the rut deformations were similar. Furtheemit
is important to note that none of the samples shaediary profile during the test, indicating thiatting
resistance and stripping resistance should be atkqu

SUMMARY OF FINDINGSAND CONCLUSIONS

Testing based on the Bitumen Bond Strength testbairmed, for the evaluated material, that thst te
results differs significantly between aggregaterses, asphalt binders, and moisture conditionsvak
observed that even in cases where the mineralodyfamation process of the aggregate is relatively
similar, considerable differences in bond stremgth asphalt binder can occur.

In general, it was observed that modificationhaf &sphalt binder with SBR resulted in an overall
decrease in the strength required to separatesfiteats binder from the aggregate surface. Theecalis
reduction in the bond strength is believed to batee to two factors: 1) stiffening of the aspHatider
during the modification process, and 2) intrinsiopgerties of the SBR. The styrene is very stiffl an
rubber is not an adhesive material, but in gen8BR has high resistance to tearing and moisture.
However, regardless of the previous reduction, dffect of moisture on the bond strength decreased
when the additive was used. This trend was alserebd in the contact angle measurements between th
asphalt binder (neat and modified conditions) deddifferent aggregate materials.

The findings the bond strength between the aspiadier and aggregate surface correlated well
with the HMA testing based on the HWTD for the stbsf mixtures evaluated. However, the
differences in evaluated mixtures were reduced vemtRstripping additives were used.

Finally, even though significant differences weédentified in the bond between the asphalt
binder and the different aggregate sources, inrgétige bond between the two materials was adequate
by exhibiting a ratio between the pull off tensfrength in dry and wet conditions below 0.70 as
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recommended in the literatu(0). Consequently, it is suggested that the aggregmieces be further
expanded to identify a wider range of bond stremgttth the asphalt binder, and to calibrate a tiokbs
value that can be used to screen different aspiiradier plus aggregate source combinations in Costa
Rica. Additionally, the study should be complemdntéth aggregates from existing pavements which
have and have not exhibited moisture damage prabtenfurther establish a threshold value for bond

e S g
WNPRPOOWONOURWNER

14

strength.
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