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INTRODUCTION

The problem of the adhesion of bituminous coatings to
mineral aggregates is of great importance to the service
life of a bituminous pavement. In recent years, asphalt
paving technologlsts are much concerned with the problems of
stripping and durability of such a pavement. Some aggregates
have a greater adhesion tension for water than bitumen, as
a result, large percentage of fallure ocourring in bituminous
pavements is caused by water displacement of the bitumen
films from the aggregabe surface. At the same time, poor
adhesion between bltumen and dry aggregabe exists 1if
conditions of gpplication such as temperature or consistency
are not carefully controlled. Good spreading or wetting
will not ocecur with certaln viscosities and surface tensions
of the bitumen. Conversely, the grade of bitumen should be
such that its viscosibty under such shearing forces may be
expected to withstand the load imposed and will not cause
the bitumen fllm to be separated from the surface of the
aggregate.

Adhesion between two different materiels 1s a surface
phenomenon and 1s dependent upon their intimacy of contact
and the mutual affinity of the surfaces of the two materials.
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The adhesion may be due to either specific or mechanical ad-
hesion. According to the A.5.T.M. Committee D-1i on
Adhesives (é;, the apecific adhesion formed between surfaces
are held together by valence forces of the same type as
those which give rise %o cohesion, and are also associated
with adsorption phenomenon. Mechanical adhesion, on the
other hand, is the interlocking asction between the two
ad joining materials, It is formed by any liquid which
penetrates through porous surfaces and then changes into
solid, tenacious materials as the liquid viscosity 1nerassua:?
Before the beat poasible adhesion between two substancé;J
can be obtalned, it is necessary that their surfaces be
brought into the most intimate contact. Such contact, as in
the case of viscous bitumen binder and aggregate could be
possible only when one 13 temporarily liquefied at the time
of contact. The abllity of the liquefied bitumen -binder to
make Iintimate contact with the mineral aggregate 1s its
wetting power. When a liguid wets a solid, the liquid sur-
face energy may increase, decrease or remain constant. These
changes are the prineiple problems of wetting and adhesion.
The extent of the changes are limited by the surface tension
of the liquid and by the contact angle formed between the
liquid and solld phases.

Bealdes these two major factors, the problem of adhesion
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at different elevated temperatures so as to study the inter-
relationship between the surface tension and viscosity at the
same btemperature.

3« To eveluate the adheslon tension between bitumen
end solid materials at variaué temperatures by the measure-
ment of thelr contact angles.

e To establish a relationship between spreading and
viscosity of the bitumen.

5. To find the mathematical expression which would
raprementSthe data so obtained in this investigat ion.



REVIEW OF LITERATURE

Rheologlcal Properties of Bitumen Binders

The scientific sbtudy of the mechanical properties, such
as flow, ductillity, and plasticity of concentrated colloidal
systems has been termed rheology by the colloid aeientistsoi‘
Nellensteyn (45) indicated that paving bitumen is a pro-
tected lyophobe sol or an extremely stabls carbon-oleosole
in the form of & colleidal system, ih which the sasphaltenes
are dispersed in the olly constituents, and the solution 1is
sbabilized by the resin fraction, which acts as a protective
colloid.

The more lmportant rheclogical properties of the paving
bitumen are the character of the colloidal syst;; and its
consistency., The main difference in the character of the
system concerns its deviations from Newtonien floé? while
the differences in consistency can be indicated by the values
of its viscosity. -

Pittman and Traxler {53) indicated that majority of
petroleum products behaved as a Newbtonlan liquid in which
the viscosity 1s independent of the rate of shear at the
time of measurement. Bltumen as the residus from the
petroleum crude distillation sometimes deviated appreclably
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from Newtonian flow at normal atmospheric temperatures.

Traxler and Coombs (64), Lee, Warren and Waters (36),
Hughes and Hardman (31), Mack (38), and Saal and Labout {59)
all seem to agree that common types of flow exhibited by
bitumen at low temperature is of ﬁes:zwxweﬁnws or complex
flow wwa@aww»@mm‘aﬁ@ that thelr viscosity depends on the
rate of shear, which decreases in value as the rate of shear
Increases. |

According to Pfeiffer (52, p. 10), the different rheo-
loglcal characteristics of bibtumen in relation to rate of
shear, shearing stress and time can be shown in the
following (Figure 1).

Rate of Shear
Y A R

Pig. 1. HRate of shear of bitumen under a constant shearing
stress as a function of time (after Pfeiffer)
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The rheological behavior of some bitumens (CQurve A) is
of simple nature, wherein it behaves entirely in accordance
with Newtonian flow, and the rate of shear 1s constent and
proportional to shearing stress applied. This type may be
a viscous, non-colloidal liquid or a sol with slightly or
non~elastic particles. In other bitumens (Curve B), the
behavior 1s more complex where the rate of shear decresses
at the beginning of the deformation. After reaching the
time t,, the rate of shear becomes aeaaamaw_mbn proportional
to the shearing stress applied. 1In still others, the rate
of shear {Curve C) drops at the beginning, then passes a
minimum value and subsequently rises. After the release of
the shesring stress, the awwmapa,aaaoqaaw may be complete or
be partial within certailn limits. Type C bitumens are often
thixetropic, wherein wﬁs,@»maampww under flow diminishes at
first owing to the alteration of internal structure, and
increases after an intervel of reast.

Saal (56) observed a merked thixotropy in the case of
paving bitumen. His experiments consisted of foreing a
bitumen through two capillaries of exactly the same diameter
but of different lengths. The pressure necessary in each
case was proportional to the length of the tube, but one
tube was inclined to permlt equal guantities of bitumen to
be foreed through the tubes per unit of time. As a result

of its internal movement, the bitumen bescame less viacous in



the longer tube and various viscosity values were obtailned
with repeated determinations. The original viscosity did

not seem to recover after a rest perlod of many hours,

The FPhysical Meaning of Viscosity

Maxwell (42) defined visaaéity as the measure of inter-
nal resistance or deformation of a fluid. There is a cer-
tain measurable resistance when one layer of a fluid 1s made
to move in relation to another layer. The viscosity measure-
ment 1s perhaps the most valuable means of studying the
inner nature of bltuminous substances.

Phenomena involving the deformation of the matter are
the stress and motion, or the stress and strain. Shear as
deseribed by Markwood (41) i1s one kind of stress ocourring in
the sliding areas that produces strain without being acoom-
panied by changes in volume. The ratio of the velocity with
which one of these areas slides past another for a certaln
distance 1s e¢alled, by him, the rate of shear.

Newton (20, 16) assumed the shearing forces between two
parallel planes in a lliquid in relative motion to be propor=-
tional to the area of the planes and to the veloclty gradlent
between them. His well known equatlion:

7= &
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where §§ is the veloclty gradient perpendicular to the
planes, A is the area of the planes, ) the coefficient of
viscoslty, and 7 the shearing forces. In another form, the
viscosibty N = = , « The value ! 1is not a
dimensionless unit but is expressed in the three dimensional

units of mass (M), distance (L) and time (7). Since rate of
shear § = %f%%%é%%

= 1/7

foro
Shearing stress 7T = EEEEQ

= W = uplye2,
Therefore the viscosity 1 = 7/8 will have the dimension of
i%é;%?l. m_mmflm’l unit.

Tha usual mode of expressing viscosity has been referred
to as absolute viscosity with the unit of polse {(15) (or
centipoise = 0,01 poise).

According to Einstein (22) work done in overcoming
friectional resistance 1s transformed into heat, and a con-
nection exists between the viscosity coefficlent and the
kinetic energy transformed into heat. Thus the useful alter=
native definition of the visaasiﬁy coefficient is

a=(&)°
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where q is the kinetlc energy transformed into heat in unit
time for unit volume. This view of viscosity coefficient as
8 measure of the energy dissipated is socmetimes more fruit-
ful than one in which a physical picture of the procesaes
affecting viscosity is involved.

Influence of Temperature on Viscosity

In work reported by Andrade (8) and Sheppard (60), the
rate of change of viscosity of a fluid with temperature is
affected on both degree of aolvation and molecular shape.
Increased temp@ratnra usually involves deoreasses in relative
viscosity. However, increased temperature also causes more
vigorous internsl Brownisn motion, which may result in
flexible macromolecules in inocreased or decreased asymmetry
according to whether the molecules at the lower temperature
were respectively in a compact or extended form.

The molecular orientation as reported by Burgess (17)
is also affected by the change of the tgmperatura. The ine

ereasing effectiveness of Brownlan motion at higher tempera~
tures leads to deoreased orientation and, therefore, to an
increased relative viscosity.

Robinson (55) showed that at low velocity gradients,
where orientation was not complete, an increasing temperature

will cause an inerease in relative viscosity, and simultaneously,
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decreased double refraction. Thus the increasing effective~
ness of Brownlen motion at higher temperatures leads to de~
ereased orientation and increased relative viscosity.

Paving bitumen, as generally assumed by the chemists
(30, p. 165; 46), is a colloidal system in which the solu-
bility of the dispersed phase asphaltene in the oily con-
tinuous phase of the maltenes is influenced by the change
of temperature.

Aaeafaing to Traxler and Coombs (65),

the solubllity of asphalt at high temperature is
increased, except for free carbon if it 1s present.
As the temperature ls progressively lowered, the
two phases, dispersed and continuous, beceme more
distinet and the colloided properties of the system
became more exaggerated. However, even at low
temperatures, the systewm usually 1s stable, the
asphaltenes remaining dispersed owing to the pro-
teoctive actlon of the asphaltic resins. Various
investigators are divided in their opinions as to
whether this system has the form of a suspensoid

or of an emulsold. The opinion has been expressed
that the temperature~-viscosity curves for asphaltie
bitumen should have two marked points of transition,
one where the syatem passes from the liquid to the
semi-liquid, and then to the solid state.

From the rheological standpoint, the latter
statement 1s 1ll-defined. For as far as flow
properties are concerned, a transition from the
true liquid state to anything approximating the
solid state means a change from purely viscous
properties to definitely plastic behavior involving
yield values and mobilities rather than viscosities.

The rate of change of the viscosity of the paving
bitumen with temperature cannot be solved by simple for-

mula. For ordinary homogenous fluid, Andrsde (8) and
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Sheppard (60) have derived the relationship between the
viscogity and the temperature. They denoted the potentlal
energy of the adjacent molecules as ¢ (numerically negative),
then the probability that two molecules will combine 1is
proportional to e“;%ﬁ » vhere k 1s the Boltzmann constant.
From this, the viscosity in the first approximation should

be proportional to ez , and 80

= Ao Eéig"
or . ‘ €
;gg 7 = 1&g»a + g*gg* log o
where A is a constant and Ty the tﬁm@erahure in terms of
absolute unit. According to Andrade, & atraight line In
general should be obtained when log { is plotted against
the reciprocal of corresponding absolute btemperabture.

The change of viscosity of bitumen with temperature haa
been represented by various authors (UB) in as many as six
main different graphical ways with the sole purpose to ob-
tain some straight-line relationship. These are:

(1) Iog viscosity vs. ordinary temperature (in either

Fahrenheilt or Centigrade).
log n = k - nt
where q~1s the absolute viscosity in polses,
t 18 the temperature of ® F. or ° ¢.

k and m are constants.
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The strailght line relationship has been illustrated by
Saal (57), Neppe (48), Traxler and others (66) to be fairly
linear within a limited temperature range. This indilcates
that there 1s no sudden change In the physical properties,
but a gradual transition from a condition approximating tme
solution to & distinetly colloidal state. The asphaltenes
gradually separate from solution in the maltenes and become
aagociated when the bitumen is cooled. This gives rise to
a stable system, the colloidal properties of which become
more pronounced as the temperature is lowered farther and
farther. As a result, their straight line relationship only
holds in narrow range of temperature.
(1) log viscosity va. log ordinary temperature
log V(szkwnlogt
where n, k are conastants.
This tempersture-viscosity relationship has been used by
Evans and Piokard (24), Lewis and Hillman (39), Lee and
associates (35), and Mitchell and lee (43). Resultant plot
from this relationship has a slight curvature, but only over
really wide ranges of temperature and the equation is
rﬁmmably applicable for narrow ranges.
(3) log viscosity vs. log absolute temperature
log V( =k «n log Tgn,,

This method as used by Lang and Thomas (32) differed from
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the preceding ones in that the log of the absolute temperature
is used. PFrom & sclentific point of view, it is decidedly
more rational, as it gives a relation which is absolute in
basls.
(L) log viscosity vs. reciproecal of absolute temperature
log 1 = log A = B/wabstlag °
where A and B are constants,
This is based on Andrade's (8) fundsmental equation for pure
liquid.
(5) log viscosity vs. reciprocal of square of sbsolute
temperature
log N =k = m/Taabs.
Umstatter (68) used this formuls and obtained a straight line
relationship at the low temperature range and checked falrly
well on the high temperatures, except that the slopes m varied
at both the low and high temperature ranges., This clearly
indicated that the structural system of the bitumens are
affected by temperature.
(6) 1log log viscosity vs. log absolute temperature
log log N=k-m log Tgpg,
According to Ubbelohde and his co-workers (67), the most
satisfactory graphical rapriaantation for the relationship
between temperature and viscosity of liquid petroleum products
was the log-log expression similar to the Nevitt's fundamental
equation (48):
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log log A { U + ¢) = k = m log Tgyg,

where ¢ 1s a small correction factor which is equal to 0.8,

M is the kinematlc viscosity at absolute temperature,
which can be converted to absolute viscosity by dividing the
kinematlc viscoslty with the specific gravity of the material.

Works by Fair and Volkmann (25), and Seal (56) on tars
all agreed the valldity of this equation but they suggested
that the correction factor for the kinematic viscosity be
changed to 0.95 in order to establish a better straight line
relationship. |

Ordinarily, the klnematic viscosity of the viscous pe-
troleum products are very high. Since the correction factor
in the equation 1s extremely small, it can therefore be neg-
lected without materially affecting the accurasy of the
plotting or the viscosity value obtained by using the equa~
tion. Consequently, if the double logarithm of viscosity 1s
plotted against the logarithm of the absolute temperature, a
straight line relationship can also be 6bba1n¢d;

Methods of Viascoslty Measurement

Methods of viscosity measurement involve a number of
principles of motion. They all merve to deaaribé, in one
way or another, the resistance of fluids to flow when acted

upon by external forces. A great number of these instruments
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have been devised for the measurement of viscosity in the
relative values only. There are however, several distinct
methods which are susceptible to mathematical treatment so
that absolute viacositles may be obtained. The possible
“methods for measuring viscosity may be classified under
three distinet groups.

Group I == the measurement of the resistance offered to
a moving body (usually & solid) in contact
with the viscous fluid. The varlous methods
of measuring viscosity under this group
generally maintain the fluid in a nearly
fixed position.

Group II == the measurement of the rate of flow of a
viseous fluid by the time efflux through the
calibrated horizontal or vertical tubes or
orifice.

Group III =» methods in which neither the flow nor the
resistances to flow are measured. The decay
of osclllations of a liquid, the decay of
wave# upon a free surface of the vibratlons
in a wviscous substance and the rate of crys-
talllzation are the general means of obtaining
the viscositles under this group of methods.

The more important classes of instruments as generally

used in conjunction with the measurement of the viscosity of
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paving bitumen are grouped as follows (L8):
l, Flow from an orifice
2« QCapillary tube viscometers
3« Coaxial cylinder viscomebters
%. PFalling sphere viscometers
+« Rotating cylinder viscometers
6. Torsion type viscometers
7« Flow along inclined plane
8. Miscellaneous, such as vibrational viscometers and
torsional oyrstal viscometers.

Bach type of apparatus has 1ts own special charascteristics
of limited applicability, sensitivity, aﬁyantages and dis-
advantages. Formulse converting measurements empirically
and directly into gbsolute unit of viscosity have been de-
rived for most of the instruments on the basis of the rele~
vant theoretical prineciples involved.

f In the torsion viscometers group, the drag of the liquid
on a apindle rotating at a constant speed is transmitied in

tension thirough a calibrated spiral spring and recorded on a
dlal rotated at the same speed. Rﬁt&tiﬁg speed of the dial
and the spindle can be changed 80 as to enable the behavior
of bitumen to be studled at definite pre-determined rates of
shear. BSuch facllities are particularly valuable in the
atudy of identifying non-Newtonian bitumens and of estab-
lishing the presence and extent of thixotrople, dilatant and
other rheological properties.

In efflux~type viscometers, the rate of shear 1is very

low and cannot be varied.
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Caplllary tube viscometers based on the volume of flow
per unit time are directly proportional to the pressure drop
through the tube and the fouézg power of the capillary dia-
meter, and inversely proportional to its length. Visco-
meters of this type such as the Koppers Capillary Rise
Viscometer (5li) are particularly adaptable to high-viscosity
and highly colored liquida. Deviations from purely viscous
flow can be indicated and investigated by use of different
applied vacua.

The conicylindrical viacometers are so designed that

| the shearing stresses can be controlled as desired.

Surface Tension and Surface Energy

The information of surface tension of paving bitumens
is Just as important as the viscosity to the asphalt paving
technologista. The extent of adheslion, penetration and
spreading of the bltumen on a mineral aggregate is greatly
dependent on the relative relations between the surface
tension of the liquid and of the solid.

The surface tenslion of a material as described by Adams
(1, p. 2) 1s due to the attraction of the surface molecules
for one another which acts simultaneously sidewlse and in-
ward, and a8s a result, it causes the surface to diminish to

the smallest surface area possible. Against the inward
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Ra&.aogwﬁm aﬁ&ﬁawww» forces is the work done or energy of
each 3@%3&&% to @ﬂmﬁgm to the surfsce. This additional
enargy due | to their uﬁwegwa»mw position may be gmﬁéa& as
surface mﬁawmw which is numerically equal to the swurface
tenslon.

Saal (58) attempted to measure the surface tension of
various bitumens by means of the apparatus developed by Du
Nouy (in a hydrogen atmosphere); at high temperatures the
bitumen was agwwﬁ.agww 1lquid to | permit the determination.
With this apparatus, the force necessary to draw & metal
ring of known awmaawﬁ. from the bitumen 1s determined. Cor-
rection must be spplied for the w%ﬁw»mﬁ. ghape of the liquid
£ilm which the ring formed.

Surface tension at or below the room temperature cannot
be measured directly with the spparatus and had to be calcu-
lated by extrapolation fyom the data at higher temperatures.
The total surface energy E, was calculated by Saal from the
following equation: o

Eg =6 -13%5%
where By = total surface energy in ergs/sq. om.
G = surface tension in dyne/cm.
T = asbsolute temperature.
The ﬂgwagﬁg between the values obtained by linear Snag..,
polation and the true values is very slight. |



oys uo peseq EBM poysew oyl *£97s005TA UYSTY JO @ouentJuy
oUq NOYLTM seangBJedueg MOT 4% SUMMGTQ JO SUOTEUSG G0BJATS
JO JUOWEANBEOU OUY JO0F POYZSW JOULOUB POSTAED (HE) HOBH
*3uta uvatd fue JoFy mer oprogeawd v sleqo
Qn.mk £apqusndb euyg uwodn g Jo eouepusdep oyj 4vus punoJ Loyl
| *g8utx
I18 X0J BJUBLEUCD TBEJILATUN PIBPUBRLS §L06000°0 = q
pus 052L°0 = ® pue
¥el9r - MESH0t0 =0
X QULSW
BUTMOTTOF U3 UF ‘SUTa oyg JO OJTM oug JO SuIpEL = &
¥/x opgex eyjg uodn spuedep YoTUMm ‘UEqSUO0 B = Y
(TTo~aegqen ‘are~pInbiT) ATsapgoedsed
gopeyd aqoddn pue JoMOT 813 JO SOT4TSUED = P PUB (¢
*wp aod seufp *Bupa uwo Trnd ummIXeWw = J
*wo aod seulp ‘uolsue] EOBJINS IO TVIOBIIOGUT = §

404087 UOTIOPAI00 = W = 4 edoyn

?a,z
o0 Zhx(Exihayo-n

N0y BupmorTol ouys £q POLYINSTRO €4 U8D
uopjoeadod sTug ‘(¢L) saejey ﬁg. suepInZ 043 Sulplovoy
*Buta eyq Jo UoTsUSUIp OUg pus Buta eyg uo TInd ErMITXVW
eys ‘pinbir eyy Jo Lg1suep ey uwodn spuedep JUSWSINSVSW UOTE
~ueq eowJyans poujem Sulx oU3 J0F JO0408BF UOTHOOIIOD SUTL

o2



21

fact that a thread of bitumen suspended vertically is ex-
posed to two different forces -- viz, gravitation and sur~
face tension. If the thread is very short and gravitation
is axaoéﬁed by surface tension, the latter tends to reduce
the surface of the thread by reduction of its length. 1In
the reverse case the gravitational force tends to slongate
the thread. At a definite length of the thread, the gravi-
tational and surface tension are in equilibrium, and the
thread will retain its original length. This length corres-
ponds to the height to which the bitumen would rise in a
capillary tube of the same diameter as the thread. Thus
the surface tension can be obtsined at lower temperature
withouh any correction by using the formula
3= % lrdg,

where 3 = surface tension in dyne/cm.

1 and r = length and radiua of the thread in ocm,

d = gpeclific gravity

g = gravitational constant.

The variation of surface tension of bitumen with
temperature ls of great importance to the question of wetting
and spreading when the variable viscosity is held constant,
their relationship in many instances being inversely propor-
tional,

Investigation by Nellensteyn and Roodenburg (47)

revealed that an abrupt transition point generally occurred
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in the surface-tension-temperature curve of the paving
bitumen. Below a certain temperature the values ebtained
for the surface tenslon increase rapidly with decreasing
temperature. Aabove this transition temperature the bitumen
behaves like an ordinary oil. The surface tension in both
cases varles as a stralght line with the relative tempera-
ture change. The transition peint is probably due to sudden
decrease In the cohesion of the colloidal liquid as
temperature increaged.

Measurement of the surface tenslon of the solid to
which the bitumen adhered 1s of conaiderable difficulty, and
the progress has been very slow. Works by Zwlkker and Loman
(7&) has been based on a simplified Antonow Theorem that the
resulting Interfaclal tension st a surface of contact of a
1iquid}and a solld is the difference of the swrface tensions
of the two materlals. If the surface tension of the solid
is much grester than that of the liquid, the latter spreads
and measurement is not possible, but if the surface tension
of the liquid is greater, the liquid assumes the shape of a
drop and the angle of conbact with the solid can be measured.

Theoretical 3ignificance of Interfacial Tension
and Contaoct Angle

Energy relations at the interface between bitumen and
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aggregate have been used by many workers (29) as the sclen~
tifie approach to measure the durability of bituminous
pavements in the presence of water. The stability of the
mixture depends on the energy of the interfacial tension
between solid and liquid. Although no method has yet been
found of determining this interfacial tension directly (1,
p. 178), yet the work of adhesion Wa of a liquid to solid
¢an be easily measured imdirﬁetly.f'nuprk (alrig.wun) was
the -firat to indicate the relationship between work of ade
heslon per unit area of solid and their surface and inter-
faclal tensions.
Wa= Yot Tt Vs
where Y gy and [, are the surface tensions of solid and
liquid, YVSL the interfaclial tension between solid ané .
ligquid., This expression was suggested by Bartell«%gify./hh)
as the adhesional wetting. While the work of spreading Wy
was consldered as the different free surface energy changes
which oceur durlng the process of spreading, he equated
this free surface energy change as
W = Ygy =~ (Vpa + Yy
= Yaa " Vs " Vst
The two equations involve the difference between the two

unknown solld surface tensions, and thelr differences can be

found as the llquid frequently rests on the solid at a
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attempt to aetermine the adhesion tension in bituminous
paving mixtures.

Hallberg (27) used Bartell's displacement eell together
with his own adhesion meter and was gble to measure directly
the interfacial tensions of bltumen-aggregate and bitumen-
water. Together with the corresponding angle of contact, he
succesafully calculsted the degres of adhesion in the
bituminous mixtures under the effect of water with
amazingly good results.

Meck (39), however, analyzed the energy relations at
the interface between bltumen and aggregate with different
methods. He measured the interfaclial tension between solids
and liquid by allowing the powdered sollds to settle freely
in liquid. The volume to which a lyophilic powder settles
in a pure biltumen solution is proportional to the inter-
facial tension between the two phases. The valldity of
the extrapolation of the diluted bitumen solutlon to the
full concentration is doubtful as the concentration~interfaciel
tenslon curve might not hold a streight line variation to
the hundred per cent concentration. Thils physico-chemistry
approach 1s, however, quite valuable for the basic investi-

gation of the adhesion problem between bltumen and aggregate.
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The Phenomenon of Wetting

The phenomenon of wetting has been recognized by many
experimenters as an Important step in the coating of bitumen
binder to aggregate, in the performance of the contect in-~
sectlicide, process of detergency in laundering and the

problem of flotation of valuable minersal.

Nuttall and Cooper (50) regarded the wetting of a solid
by a liquid as analogous to the spreading of a liquid on
another liguid. They assumed that liquid on solid would
follow the equation of spreading of 1liquid to liquid. The
surface tension of the lower 1iguid must be greaster than the
surface tension of the upper liquid plus the interfacial
tension, if spread is to take place. They reasoned that
wetting will ocowr if the former value is greater than the
latter,

Moore (Ll.) considered wetting as slight chemical
affinity exhibited between liquid and solid, and stated that
a given liquid will spread on a gilven aeiid when its adhe-~
sion to the solid 1s greater than the cohesion of the
liguid,

Woodman (71) differentiated spreading as indicating the
area covered by a drop of given liquid, and wetting as the
amount of the liquid adhering to a glase slide after drainage.
Such adherence is influenced by the viscosity of the liquid
studlied.
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Methods of Angle of Contact Measurement

The study and use of contact angles in connection with
bitumen and aggregate has always been complicated by the
prevalence of hysteretiec effects of the measured angles and
the viscoslty of the bitumen. There are various methods
avallable for measuring contact angles of organic c¢ompounds
"on solids, however only a few may be of practical use with
bituminous materials,

Among these methods only four can be used to measure
contact angles formed by bitumen on aggregates. They are:

(1) Direct messurement.

Langmuir and Schaefer {33) and others have used this
method by placing a drop of the liquid in question on a flat
solld surface or an alr tubble trapped purposely under a
solid. A magnified image of the drop or the bubble is
thrown on a sereen, and the angle of contact 1s marked and
measured by meana of a protractor. Or the image is photo=-
graphed and the angle then measured from the enlargement.
This method 183 very simple but cannot be utilized when the
lower part of the drop camnot be seen dlstinctly Af the edge
of the solid is not flat. Measurements obtained by thils
method will only be a single point on the surface. Such a
procedure is rather unsatisfactory for working with
naturally cecurring objects having variable surface
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properties such as in the case of aggregate surface. How-
ever, for uniféam homogenous surfaces, this polnt measure=-
ment generally ylelds a fairly reliable result.

{2) Computation from the drop size.

The contact angle formed by & drop on a solid}was com=
puted from the dimensions of the drop. The computation is
gimple 1f the droplet is mmall ané.may be treated as a
spherical segment., The gravity effect on & small ﬁrcplat is
80 small that the assumption of the drop being e segment of
a sphere la jJjustified.

Bagshworth and Adams (11), Mack (40), and Bikerman (12)
indlcated the angle between the horizontal plane through the
base of the drop and the tangent to the spherieal surface at
the polint of contact is

ﬁﬂ&ﬁwﬁl(%)
where h is the greatest helght of the drop and x, the radius
of the base of segment. The distance x 18 measured by a
micrometer eyepiece of a low power microscope, while h can
only be messured with the high power travel mleroscope.

Often the determination of this height h of a small
droplet is not convenlent, especially in the case of small
angles on & surface which is not perfectly plane. Mathe=-
maticel relatlonship between volume of the sphere and i1ts

radius is related to the helght of the sphere segment, so
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V_ . T(2-3c0s@ + cos39)
3 sine

where V 1s the volume of the sphere segment. Computation of
the angle from the drop size ylelds an average value of all
the contact angles occurring along the perimeter of thé drop,
and is independent of the form of the solid surface. For
the measurement on aggregate surface this is the only method
that has practical applicability,

(3) Level surface method.

Adem and Morrell (3) have used the quadrilateral plate
immersed 1n the liquld and tilted untill the liquid swrface
remains undistorted right up to the line of contact. The
angle made by the plate with the horizontal and measured by
mesnsg of a protractor is the angle of contact.

(i) Displacement pressure method.

Bartell and Osterhof (10) indicated the pressure P re-
quired to prevent a liguid of surfece tension Y from
entering a capillary of radius R as:

PTRS = 27T R ! cose
and s0 :
6 = sos™l %%w .
This method has been used by many workers in the study of
adhesion between bltumen and aggregate with the presence of
water. Aggregate used for such studles has to be pulverized

into fine powder in order te¢ pack into the displacement cell,
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Contact angle between powdered aggregate and bitumen by this
method may not be the same for the aggregate not pulverized.

Hysteresis of the Contact Angle

Hystereslis of contact angle is a complex phenomenon and
the predominating factors contributing to 1t depend on both
the chemlcal and physical nature of the solid surfaces. If
a drop of liquid which is placedon the solid surface is
tilted or a droplet is withdrawn or added %o the firat drop,
the contact angle on the advancing edge 1s always greater
than that on the receding edge. Sulman (62) called this
eff'ect the hysteresis of the contact angle.

Experiments of Ward and his collaborators (69) suggested
that hysteresis 1s a result of frictional resistance to
movement of the liquld over the surface of the solid.

Adam and Jessop (2) attempted to formulate hysteresls
a8 an effect of a frictional foroe F, operating along the
surface with equal intensity. When they are in equilibrium,
the adhesion tensilon (A) for the advancing motion is

A= TVi,cos8, +F
- and for receding motion
A= Tiapaseg - F
@, and @p being the advancing and receding angles. Combining
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the two eguations, the equilibrium contact angle which would
be obtained in the ebsence of friction F will be (1, p. 181)

2c080 = aos@a + ecaﬁa .

Effect ef Surface Roughness on the Contact Angle

The effect of roughened surface to the wetting or
spreading problem of the liquid and solid is quite signifi-
cant. It has been reported (13, p. 332) that the contact
angles on rough sollds are greater than on relatively smooth
surfaces, and the hysteresis of wetting 1ﬁeraasea with the
degree of roughness.

According to Bikerman (1lj), the roughen effect to wet-
ting differed according to whether (a) the surface is grooved
or ridged, (b) the drops expand or contract, snd (¢) the
equilibrium contact angle is acute, right or obtuse.

Wenzel {70) indicated such effect is a direct function
of the ratio between the actual surface to geometric surface,
or the roughness factor r. The contaet angle formed will be

0, (rough surface contact angle) = cos™L r cos6 .

Published data by Lee (34) on adhesion in relation to
bituminous road materlals indlcated that the differences of
contact engle made by tar on highly polished glass and stone
surfaces under water were due to various degrees of rough-

ness of the solid surface, and this veriation is much
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greater than the nature of the materials, His results
showed that the binder has much more difficulty 1n‘weﬁt1ng 8
rough stone éurface whiech is already in contact with water
than in wetting a smooth surfsace. In addition to the frie-
tionsl effect of the rough surface, water is presumasbly en-
trapped in the minute crevices of & rough surface and pre-
vents the tar from wetting the solld. Of course, such
changes as indlcated in the adhesion tension equation will
give a larger angle of contact.

Experiments by Thlessen and Schoon (63), and Parker and
Smoluchoweki (51) on crystals and metal have demonstrated
the significant effect on the contaet angle due to various
degrees of the roughness of the solid surfece to be wetted,
however the variatlon does not necessarily differ in direect

proportion to the messursble degree of roughness,
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INVESTIGAT ION

The experimental investigation of this problem was
made on the bitumens most commonly used by the Mid-Weatern
State Higlway Departments for bituminous paving purposes.
Selection of test procedures and equipmenta were based on
the simplicity of opersation and control. To minimize some
of the variables involved, the preliminary study on contact
angles between bitumens and sclids were made on miecroscopic
slides, then measurements were made on both polished and

aplit aggregate surfaces.

Materials

Kinds of bitumens

Twenty~eight bitumen samples of different grades were
included in this study. They were furnished through the
sourtesy of four major refineries located in the mid-western
atates,

Physical properties of these biltumens are given in
Tables 1 through L. Most of the informations tabulated
were furnished by the refineries and have been checked with
the standard tests (l, 7) described by the American Society
for Testing Materials.



Table 1. Characteristlics of bituminous materials
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A=3 61 0,031 1,011 99.47 99.56 601 135 100" 23.4 negative
A=l 73 0,017 1,015 99,62 99,84 598 135 100" 22,8 negative
A=5 90 0,021 1.081 99.76 99,90 570 126 100" 21,7 negative
A=b 108 0,01} 1,020 99.64 99.92 576 129 100" 21,5 negative
A-7 123 0,036 1,021 99.82 99.90 568 123 150" 18.8 negative
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Table 2. Charscteristies of bituminous materials

- Teskts
Sample _ B .

g @B B 4 & -
no. @ - 3 %, ?& =] B Q= B

S NN AN S DU S LI ¢ M

£ 0 g gb dF da Pa d. O B8 08

; . T > T I

+3 e wd wdy OO £ £ D wd v O 42

2 as oKk 3° 3° 8% &85 4. gPg %

8- S &b 3985 35 @ $R Er &58 &
B-1 45 0,026 1,007 99,50 99.72 654 142  -=  [.9 negative
B-2 58 0,010 1.011 99.73 99.81 635 139 -= 23.6 negative
B-3 67 0,006 1.004 99.5L 99.62 &4ty 138 1007 23.4 negstive
B-li 82 0.008 1.008 99.61 99.72 630 130 100" 19,7 negative
B=5 86 0,002 1,021 99,67 99.80 620 126 100" 19.5 negative
Beb 117 0,008 1,001 99.70 99.82 598 123 100" 19,1 negative
B-7 U1 0,001 1,008 99,42 99,8 612 120 100" 18,4 negative
B-8 190  0.010 1,019 99.56 99.82 596 115 100" 14.2 negative
B-9 - 216 0.013 1.042 99.64 99.80 598 14 - 9.8 negative

Teast method AS?E ASTH ASTH ASTH ASTH ASTHE ASTH ASTH * AASHO
De5 Db D=70 D165 D~} D-92 D=36 D=-113

T-102

*csanyl and Fung Modified Method.

Technologists,

Proc. Assoc, of Asphalt Paving

vol. 23, pp. 64~-77, 195k,

13



Table 3.  Characteristics of bituminous materials
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per cent.

The black trap rock was obtained from the Arlington
Stone Company, Leesburg, Virginla. This aggregate was
qgarried in London County, Virginia. It consists of plagio-
clase, feldspar and pysozenes of minocline class, and 1s
considered to be highly hydrophilic in character. They are
very hard and tough with the Los Angeles wear of 19 per
cent. The split surface 1s very irregular and corrugated.
The apparent specific gravity is 2,99 and the rock has an
average absorption of 0.8l per cent.

Both aggregates used for this study were split into
small sizes of apprnximataiy one inch in diameter, and they
wers carefully washed twlce with distilled webter to ramovav

all the fine dust particles.

Method of Praecedure

Method of messuring viscosity of bitumens

Abgolute viscosities of ail the bitumen samples were
measured over a range of temperatures from 140° F. to 400°
P, by two viscometers. The Koppers Capillary Rise Viscometer
was used to measure the viaansikia# of the samples at tempera~
tures from 140° P. to 180° P,, while for temperatures ranging
from 150° F. to 400® P, the Brookfield Sychrolectriec Visco-

meter was used.
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Koppers Caplllary Rise Viscomeiter measurement. For
each bitumen sample, approximately 10 ml. of material was

placed in the sample cup, with the sleeve and capillary tube
asgsembled. The unit was Immersed in the constant temperature
water bath for 30 minutes. The capillary tube was then
lowered until the end of the tube was immersed to a depth of
1 om. in the bitumen sample. It was allowed to remain for
another 15 minutes in the bath before the test started. A
vacuum equal to LO em. of Hg was applied to the top of the
capillary tube through the vawmn reservoir, The time re-
quired for the bitumen menisecus to rise between 2 to L om.
or I to 5 om. graduation marks in the capillary tube was
noted. The absolute viscosity of the bitumen at the water
bath temperature was calculated by the equation

aripat

LT (B by “F“?‘ lﬂ) -(1-1)]

where V\ = absolute viscoslty in poises
g = gravitational constant, cm. per second per second
r = radius of the capillary bore, em.
f = density of bitumen, g. per ml.
At = time of capillary rise, second
H = vacuum applied, cm. of water
l, = initial height of bitumen in capillary at start
of timed inbterval, om.
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la= final height of bitumen in capillary at end of
timed interval, cm.

A_= depth of immersion of capillary in bitumen, cm.
(1.0 em. ).

With some of the constants substituted inte the general
formula, the viscosity far‘hha capillary rise betwesn 2 to i
om. equalst

Vf“"a-»z; = (90,15 xhx A¢)F
for I to 5 em. capillary rise, the viscosity 1s:

Y‘{‘h._g = (120,10 x h x At)f
where h 18 the vacuum applied in em. of mercury.

The affect of varistion in density of all the bitumens
tested over the entire temperature range 1s less than one
per cent of the resulting viscosity measurement. Densitles
of the bitumens used in the calculation of the viscosity
therefore were based only on the values obtained at 1&0“ P

A total of nine viscoslty readings for each bitumen
sample were run at every 10° F. interval from 140° P. to
180° P, Tests were repeated at least three times for each
temperature interval with maximum alloweble deviatlion of

not more than 3 per cent between the three trials. The

, *ese two formulae are inaccurate, particularly for

low value of h, because they do not take inbto account the

effect of the static head of the fluld column on the value
of the driving force h.
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sverage of the three trial resdings is reported as the via-
coslty of the sample at the tested temperature.

Brookfield Sychro~lectric Viscometer measurements.

Viscosities of bitumen at higher tempersture ranges (l50° F.
to 1,00° P,) were messured by the Model LV Brookfield Sychro-
lectric Viscometer. This equipment maaauﬁéa the dreag pro-
duced upon a gpindle rotating at s definite constant speed
while immersed in the bitumen under test., The equipment has
four spindles of different sizes and four different rates of
shear (proporticned to four rétating spesds ), By proper
selection of spindle andé spg&d, the viscoslity measurement
can be obtalned as high as 1,000 poises.

To maintain constant rate of shear with each sample
tested, only the high viscoslty spindle (no. } spindle) and
the two lower rotating speeds were used on all the ssmples.
However, check readings were occasionally teken with the
other spindles and rotating speeds for purpose of checking
the flow characters of the bitumens.

For the test, a 500 ml. tall~f¢rm Berzelius beaker cone
taining‘approximataly 4O ml. of bitumen was heated in an oil
bath until it reached a temperature of 410° F. The Brook-
fleld viscometer, with a calibrated iron~-constantan thermo-
couple attached to the outside surface of the guard for
temperature meassurement, was lowered into the bitumen to a

certain depth. During the test, temperature of the bitumen
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was gradually reduced by running cool water through the
cooling system of the oll bath. AL every 10° P. reduction
in temperature, as indicated by the pyrometer, a viscosltiy
reading was taken. Tests continued until bitumen temperaw
ture reached 150° F. Duplicate trials were made on seversl
samples of each bitumen and the average results were used
- for the analysis,

To insure that the sampls had not been polymerized
during the ulo” F. 0il bath heatlng, asphaltene content was
checked for each original sample and those that had been
heated to hl&” P. Any change of asphaltene content of more
than 2 per cent required repetition of the viscosity test of
the sample at a lower temperature, such as 350° P,, or as
low as 300° F., dependent on the result of the asphaltene

content test,

Surface tension measurements

- The surface tension of the bitumen was determined by a
Ceno=-du Nouy Tensiometer Model 70530. This apparatus gives
the static values (l.e., the equilibrium values) in dynes
per centimeter. The measurements were made over a temperas-
ture range of 150° F. to 400° F. except when the asphaltene
teat indiceted that such sample cannot be heated to hOOO F.

For surface tension determinations, a pyrex
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erystallizing glass dish, 2 inches in dismeter by 1} inches
in depth, was equipped with a fine iron-constantan thermocouple
wire. The tip of the wire extended from the edge to the
center of the dish and was about 4 inch from the bottom.
About 40O ml. of the bitumen under study was first ovenw
heated to th0 F. in a covered besker. As soon a8 the sample
reached the oven temperabture, 50 ml., of this heated sample
was placed in the test dish. Surface tension measurements
were made iﬁ the dish, with readings taken at every 109v?.
drop in temperature. Values obtalned at the varlious tempera-
tures were qarréateé according to the methods given by

Harkin (28) and Zuldema et sl (73).

Contect angle measurement

Two methods of contact angle mesasurement were used.
All sngles of contact between the bltumen and microscopic
slldes were measured by the direct optical method for resason
of simple and speedy operation. Angle of contact between
bltumen and aggregates, hﬂwaﬁar, were measured indirectly by
the calauiatian of droplet size formed on the aggregate
surface.

Preparation of slides. Slides used for contact

angle measurements were heated by a 250 watt General Electrie
strip hester, which was mounted on a leveling platform made

of asbestos board and aluminum angles. Surface elevetions
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of the heater where the slide was placed, were checked with
an 1/1000 inch Ames dlal. Any deviatlon during heating was
corrected by adjustment of the four leveling screws of the
platform. B8lide temperature wes carefully eantrellaé with a
varisc transformer and measured by a pyrometer equipped with

a sensitive surface contact thermocouple (Plate 1).

Preparation of aggregate specimen. Aggregates recelved
from the guarries #era first reduced to smaller size approxi-
mately one linch cube. Meaﬁﬁremants of contact angles were
made on types of surfaces, nsmely on & split surface sd on
a polished surface. The former was prepared by breaking the
aggregates under a speclal design hydraulie hand press (18),
while the lattev was polished by a metallurgical grinder to
a high degree of finish similer to the surface of a glass
slide. The aggregate specimens were then weighed individually
after they were washed and dried to constant welghtb.

In order to keep the flat surface of the aggregates in
& level position ready for the spplication of bitumen drop-
let, a 2~ounc¢e shallow tin can was filled with No. 100 U. 8.
Sleve silica sand in which each particle of aggregate waé
embedded. The plane of the asggregate surfece was adjusted
by a steel ruler placed across the rim of the can at several
points and the finel surface was checked by en Ames dial at .
three points within the area where the droplet was placed.



Plate 1. Devices for heating and measuring
temperature of glass slides

Plate 2. Devices for applying bitumen droplet
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Maintenance of constsnt temperature of the aggregate
specimen during and after the application of bitumen droplets
was extremely difficult and time consuming. In the early
part of this investigation, the placing of droplets was per-
formed inside a small glass door drying oven set at the re-
quired temperature. This tempersture was measured on the
surface of the aggregate by & surface contact thermocouple
placed near the area where the droplet was spplied. A4n
alternate method was used in the later part of the study, in
which the aggregate specimen was heated under two infra-red
heat lamps located approximately ten inches above the sur-
&wam. A8 aa&ﬁ as the aggregate reached the required tempera-
ture, the bitumen droplet was applied. The specimen can was
carefully placed in the pre-~heated oven naa,m time of about
three minutes, during m@%aﬂ the contect angle came to
equilibrium. Results obbtalned fyom both methods agreed
gquite well within the accuracy of the measuring equipment.

Method of applying bitumen droplets. Drops of
bitumen at 300° F. were deposited either from a pre-heated
syringe (using sizes number 21, 22 and 25 short stem needles),
in the volumes of 0.012, 0.010 and 0.008 ml., or from a
serological pipette with volums being regulated by a call-
brated screw micro-pipetier. Temperature of the bitumen in
the pipette was kept constant by a 60 watt electric heating

tape, and was measured by the sealed-in fine iron~-constantan
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thermocouple (Plate 2}. By touching the tip to the solid
surface for a definite length of time, drops of a constant
and reproducible size were detached onto the surfaces of the
solid. The direction of motion of the disocharged liquid
bitumen can be controlled by adding or withdrawing some
bitumen from the drop, and the proper advancing or receding
angles of contact can be formed with ease.

Afbver the droplets formed on the surfece of the solids
(glasa sllides or aggregates) and reached the state of
equilibrium and further spvéading ceased, the solld was
Immedietely removed from the heating strip or from the oven
and allowed to cool at room temperature for two hours. It
was then placed in a freezer until the time when the angle
me asurement was ma&n;

Measurement of contact angles. For high viscosity
bltumen, the angle of contact on the glass surface was
generally large and distinet. Measurement made using the
method of image projection was found to be very satisfactory.
The apparatus consisted of a 50-watt small SVE strip film
projector as the light source, a condensing lens system, an
adjustable stage or manipulator snd s small pleture frame
mounted with a thin sheet of opal ground glass. Measurements

- were carried out at night or in a dark room.

Each slide containing the small bitumen droplet was
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Plate 3. Apparatus for measurement of contact angles
formed on glass surface

Plate lj« Bitumen drop on the surface of glass slide
as seen through the microscope
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those that have been formed on highly polished surfaces.
Another method, the prineiple of spheroidal segment (40),
was used. Angles were calculated from the greatest height
and radius of the droplet segment. Droplets on the surfaces
of aggregate elther embedded in fine sand in an ointment can
or mounted on a paraffined glass plate, were measured under
a high power Leitz Ortholsux research microscope (Plate 5).
Pine talcum powder was sprinkled on the surface of the drop-
let to permlt better foocussing., The size of the base of
the droplet was measured by a micrometer eyeplece, while its
greatest height was obtained by successively foocussing on
the top and the base of the segment. The differences of
depths of foous as indicated by the vernier of the fine
fmuaaaing ad Justment gave the greatest height of the droplet.
Contact angles formed on & solid can also be calculated
from their respective radius and volume., The volume for
each droplet can elther be measured from the welight added
to the solld or from the decrease of weight in the plpette
after each drop has been delivered. In most cases, the
volume of each drop can be calculated from the dlsplacement

of the pipette with reasonable scouracy.
Measurement of the rate of spreading

Extension of a liquid drop on a solid is a combined

action of thelr surface energles. The rate for such



Plate 5. Apparatus for measurement of helght and
diameter of the droplet

Plate 6. Apparatus for measurement of the rate of
spreading
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Table 5. Viscositles of six similar penetration bitumens as

maagmrad by three viscometers at temperature of
180° F,

Sample A-S  Be§  G-f D2 E-l B2

Brookfield
Synchyo=
lectric
Viscometer . ,
At 6 R.P.M. 26,500 9,200 15,000 13,500 34,000 8,700

12 R.P.M. 26,200 9,200 15,000 13,500 35,800 8,900
30 R.P.M. s 9,150 15,000 13,200 - 9,350
60 RePuoMa -~ 9,9{)& o e e bsiad ‘ 9’700
Koppers!
Capillary Rise
Viscome ter 27,000 9,200 14,800 13,800 36,700 8,300
Saybolt Furol

Viscometer
{ converted) 26,800 9,480 15,600 14,000 U42,000 8,500

under study. The results are shown in Table 5., These
| checked reasonably well with those obtained by Kopper's and
Saybolt Furol Viscometers. |

The relation between log viscosity end temperature for
all the bitumens are shown in Figures L through 8. They are
the average value from a number of testa.

The plots of log~log viscoaity versus log. absolute
temperature (459.56 + © F; in degrees Rankine, or Fahrenheit
absolute) gave a straight line over the range of tested
temperatures from 150° to 380° P, These linear
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Fig. 5. Variation of absolute viscosity with temperature for
series B bitumens
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Fig. 8. Variation of absolute viscosity with temperature for
geries E bitumens
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viscosity-temperature curves are shown on Figures 9 through
13. 4n empirical equation representing this relationship
can be established in the form of
| log M = Am§?
where 1| 1s the viscosity in centipoise
A 18 a constant
m is a constant
Tr 1s the absolute temperature in Rankine.
The two constants A and m for all the bitumens as caloulated
from the observed results are shown in Table 6. |
Viscosltlies measured at various temperatures of five
bitumens with similar penetration are shown In Table 7.
Results indlcated that there is a direct relationship between
the per cent of asphaltene and viscosity. At the low tempera-
ture range, significant variations in viscositles with res-

pect to the asphaltene contents were observed.

Effect of Temperature on the 3urface Tension

The variation of the surface tension of the bltumen
with temperature is of Iimportance in the study of contaet
angles. 1In relation to viscosity, surface tenslion affects
the facility with which the bitumen wets the solid and ad-
Justs the droplets' slze and shape. An ghtempb to determine

the surface tension of semi-solid to solid states of the

bitumens 1s possible only when they are in the molten
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Constants for the viscosity-temperature equations
Log ¥ = A *T™

Sample m A Sample n A

no. | | no. | |

A=l 3.382  1.522 x 103 .1 }.019  9.822 x 10t

A~2  3.593 5.985 x 10 .2 3,78  1.256 x 103}

A=3  3.468 . 2.466 x 1010 c-3  3.401 1.528 x 1030

A=l 3.633 7.231 x 103 c=l,  3.316 8.410 x 107

A 3.8 2,092 x 1019 a5 3,227 L.221 x 107

A=6 3471 2.408 x 1030 ce¢  3.132  2.372 x 107

A7 3.675 B8.876 x 1020 g7  2.929 6.131 x 108

A8  3.656 7.6l x 1010 |

A9 3,035 1.187 x 101 D1 3.283 7.429 x 10°
D2 3,013 1.179 x 107

B-1  3.519 3.112 x 1030 De3  3.110 2.021 x 107

B2 3.347 1.052 x 10%°

B3  3.410 1,581 x 103® Bl 3.769  1.654 x 10t

Bl  3.238 . 4.901 x 109 E=2  3.099 1.946 x 10%

B«5  3.314 7.945 x 109

Beb6  3.286 6.487 x 109

BT  3.294 6.629 x 107

B-8  3.153 2.549 x 107

B-9 3,170 2.875 x 107
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Table 7. Comparison of the vlscosity at various tempera-
tures of five similar penetration bitumens

Sample A=5 Be=5 C-ly D2 E-1 Ew2

Penetration 90 86 90 98 92 86

Booapaltens 9.5  19.3  19.1  3L4 1645

Kaphtha

Tamperﬁﬁuro
°rF. Absolute viscosity in centipoise
1,00 L2 32 36 50 30 40
380 5h 41 50 71 L3 57
360 75 Sh 67 93 58 70
349 08 75 98 18 19 9
320 165 110 150 190 120 130
300 260 170 245 280 180 192
280 450 280 415 L6k 330 290
260 800 490 730 800 630 500
240 1,600 900 1,500 1,500 1,300 890
220 3,650 1,700 2,900 2,800 3,050 1,500
200 8,400 3,750 6,100 5,600 8,700 3,300
180 26,500 9,200 15,000 13,200 34,000 8,700
160 86,300 25,000 44,260 34,000 105,000 28,000

140 292,000 79,500 162,000 102,800 Qbﬂ,OQQ 96,500
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Pig. 1. Plot of surface tension vs. temperature for series A
bltumens
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Fig. 15, Plot of surface tension vs. tempersture for series B
bitumens
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Fig. 16. Plot of surface tension vs. temperature for seriss C
bitumens
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Fig. 18. Plot of surface tension vs. temperature for series E
bitumens
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absolute control of sll of these factors is either impossible
or impracticable. It is even difficult to seleoct truly
representative specimens from a hydrophoblc limestone and a
hydrophilic black trap that were used in this study. With
only a few lmportant varisbles which casn be controlled,
results of contact angle measurements on the aggregates

are very inconsistent, particularly when angles under study
are formed at lower temperatures (below 200° F.). Contact
angles formed on glass surfaces by bitumens at various
temperatures furnish reasonable data on the rheologlocal
effects of bitumen on a solid, which simulates the condition
of an ideal aggregate surface. Data obtailned on smooth
glass surfaces can be used te predict the relationship be-
tween bitumen and aggregates under conditions in which some

. variables have been eliminated. The statiastical results of
the contact angles as messured on glaaa surfaces are shown
in Pigures 2l through 28.

Disregarding the kind of surfaces on which the angle of
contact is measured, the time element for the droplet to
reach the equilibrium state 1s of material importance.

S8ince it was found in most cases (Figure 23) that a duration
of three minutes was necessary. This time was adequate for
8 droplet on an aggregate surface to reach the state of

equilibrium under temperature conditions over 2000 P,



Fig. 22, Relationship between contact angle and slze of spherical
segment
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Flg. 2. Plot of temperature vs. contact angle on
glass surface of serles A bitumens
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Mg. 25. Plot of tempersture vs. contact angle on
glass surface of series B bitumens
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Fig. 26, Plot of temperature vs. contact angle on
glass surface of series ¢ bitumens
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Measurements of the contact angles on glass surfaces
with the protractor eyeplece usually gave satisfactory re-
sults. On aggregate surfaces, the indirect measurement of
the &tuplat diameter together with the height or volume were
found to be more convenient. PFigure 22 shows the conversion
ourve of height/radius or volume/(radius)’ ratios to angle
of contact.

Tests to simulate the conditions of basic or acidic
characteristica of an aggregate were also performed on glaas
slides, by coating the surface of the glass slide with the
10 per cent normel solution of sodium hydroxide or 10 per
cent normal solution hydrochloride acid. The spproximate pH
readings on the surfaces of the slides were 10.4 and 2.7
respectively. Results on the effect of surface characteris-
ties are shown in Figure 29.

Flgures 30 to 32 show the relationships between the
contact angle on the glass surfaces and the viscosities of
the bitumen at time of gontact. These results are from the
1nharpvatabi¢ha of the ocurves of viscosity-temperature and
| eontact angle-temperature. Such plots are entirely emplri-
cal and are intended only to study whether there is any
direct relationship between contact angle and viscosity of
the bitumens. However, results shown in Figures 33 and 34
are separate experiments conducted with the bitumen on

slides whose temperatures were carefully controlled so that
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FPig. 30. Relatlionship between sbsolute viscosity and contaet angle on
glass surface of 50-60 penetration bitumens
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Fig. 33. Variation of contact angles formed by
bitumens of identical viscositiles
{bitunens from the same source)

Fig. 34. Veriation of contact angles formed by
bitumens of identical viscositlies
{bitumens from diffsrent sources)
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the viscosity of the bitumen will be wvery close to moe.
1000 and 5000 centipoises as set by the comparison tests,

The theoretical plots between surface tensions and con-
tact angles of a few selected bitumens are shown in Plgures
35 to 37. It is generally true that the effect of tempera-
ture to surface tension is not very oritical. Experiments
on droplets formed by controlled surface tension seem to be
unnecessary. FPossible discrepancy between theoretical and
sctual will be within the limits of the accuracy of the
measuring equipment.

Statistical results from the hundreds of angle measure-
ments formed on aggregates with both polished and split sur-
faces deviate considerably under the same temperature. The

results of this are shown in Tables 8 through 12.

Evaluation of Adhesion Tension between Bitumens and Solids

As already discussed in the previous chapter, nelther the
interfacial tension between solid and air or water ia known,
nor is there as yet & direct method of determining them.
However, the difference botween these two tensions ylelds
the adnesion tension, which be calculated from the known
angle of contact and the surface tension of the bitumen
under question. The value of this adhesion tension has
always been considered as another primary way of eatimating
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Table 8 -
polishsd and split surfaess

Contact angles formed by series A bitumens on aggregatea with

Black trep

32° ot

Bitumen Application % of As- Limestone
Tode Penetra- temperature haltene clished  Sp Pollshed Spllit
tion BItumen Aggre- g& 88'Be surface surface surface surfeace
gate ﬁaphths A
A-1 33 300%F. 350%F.  27.9 11923+ 11%0¢  15°38¢ 1&“2?*
300 15011 1 OL8 ¢ zaaagt 21%53¢
250 250 6953' 21% 71 279 9+
200 300291 05t ﬁz 1 }1°181
150 o #320-j80  #360.570 #,30.560  #}9-600
A=S 50 300 359 21,7 “3% 8%211 109481 10“13%
1@65 11@21! 13913 149271
250 250 ol 3¢ 199521 2@“1%
200 zsﬁae* 31 3200, 1 '
150 38011+ 38°37v 1169301 7° ot
A-7 123 300 359 18.8 6°30¢ 50,81 705 1 7°30¢
79181+ ?gh ot 3;1921;: ' 12° o
250 259 11%30¢ 13°1) 16° 0r 15°30¢
200 230 0Ot 25030+ 28930+ 30014
, 150 _ 33027 319301 0% L1° o
A~9 217 300 350 17.6 6°301 62 o1 645 7° 0!
r 300 79 0Ot 7%101 _3@§hz 892+
250 250 99201 9% gt 10951 119 *
200 200} 31 20°301 26%),0t 0t
150 33°3&‘ 369231 “B1e

“¥gide variation in measured angles

E
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Table 11. Contact azngles formed by serles D bitumens on aggregates with
polished and split surfaces

Application T of As—

temperature haltene ~ Limstone Black tra -

Bitumen Aggre- 06/88'Be ed . BpL Follshed plit

gate Haphthsa mmﬁwwam surface | surface mﬁﬁ,ag
p-1 51 300%. 350°%°. 22a 798¢ 7° o 12%33¢  11°% or
» 300 13%271 159211 19%;3*  16%230¢

=R e B e fal

| 150 , B8°17e  18O3gr wmaw? 7013+

D=2 98 300 50 19.1 6°11+ 6°,,81 9%1r 13928+
wmo 9% 71 wwnwm¢ 15917 19%201

250 250 229321 2493 27933 28y

200 289291 279121 37930¢ w@wuw“

u._mm N wnﬂi y1- 2 509311 517351
De 191 300 350 13.3 3%251 19301 691l + 7921
> , wwm 7°u1 1 .wau% wa%.w“ 14°53¢
250 250 - 189277 16° o! 21°301 moomwm

200 20920 19°30¢ mowwww w 351

PadT at

150 31019¢ 349171 6°23¢

911




Table 12. Contact angles formed by series E bitumens on aggregates with

polished and split surfaces

Application ' '

" Bitumen temperature = phsliense Limestone Black trs
Tode YPenetra- DBitumen Aggre- 6/88'Be Pollshed Split Follshed Spiit
tion gate Naphtha surface surfacs surface surfeace
B-1 92 300%P. 350°%F. 31} 109301 99 or 11%3+  10%5
300 13%,8¢ 18%13 19%2iir  22%173
250 250 27%22r  26%1L 28%5+ 309251
200 1,89 ¢ 510261 ' 53°%17¢ c2 28y
150 #500-690 #6270 #gpo.790 ¥5E0.780
E-2 86 300 350 16.5 787" 89121 693t 6°15 ¢
L 300 mo%e: 109291 1193+ 12%91
250 250 S 21%47r 24%16r  27%°6r ;%3
200 309 71 30021+ 13936 B0° jit
@330_529 %96‘650 *523 &0

150

#3},0.530

*Wide variations in measured angles

L1t
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the degree of adheslon between s so0lid and a bltumen when
the question of stripping is in doubt. No attempt has been
made to include this problem in the present study, but for
eomparative purposes, the caleculation of the adhesion
ﬁans ions on s0lid by several bitumens at a given temperature
are calculated by the following formulat

r&&" fSL* Zf’m cosd
and T;A = Ygp = adhesion tension = XJM cos®
and the results are given in Tables 13 and 1llj, and 15.
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Table 13. Typlecal adheslon tensions for bitumens against
glags surfaces
ﬁ%mparaturw Surface ten-~ Contact Cos  Adhesion
Bitumen of solid slon at angle Q tension
sample ° 7, solid tem- e dyne per
perature degree ome.
dyne per o¢m.
250 30.0 ax.g 0.931 27.9
200 35.4 25. 0.900 31.9
A=S 300 28.0 i%.sv 0.968  27.1
250 30.2 0 0.961 29.0
200 3.2 20,3 0.938 32.1
A=9 300 - 27.8 12,0 0.978  27.2
250 30.0 13.7 0.972 2%.2
200 32.3 16,5 0.959  31.0
Bel 300 28.7 15.2 0.965 27.7
250 30.7 19.0 0‘9h6 29.0
200 o 1 < X9 23‘? 0916 3106
250 30.5 %g.ﬁ 0.957 29.2
200 35.0 20.5 0.937 32.8
B«9 300 27.8 11.8 0.979 27.2
250 30.0 0 0,970 29.1
200 32.3 16.5 0.959 31.0
C-1 300 28,0 12.0 0.978 27
250 30.5 14.0 0.970 29.
Culy 300 26.9 11.0 0.982 26.4
250 29.7 12.6 0.976 29.0
200 35.1 U7  0.967 33.9
CwT 300 28.0 10.2 0.984 27.6
250 30.1 11.7 0.979 29.5
200 34.1 13.5 0.972 33.1
D=1 300 29.3 12‘§. 0.977 28.6
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Table 13, {(Continued)

Temperature Surface ten- Contact Cos Adhesion

Bitumen of solid sion at angle °) tension
sample o, solid tem- e dyne per
perature degree ome
7 dyne per em.
D=2 300 29.0 11.8  0.979 28.4
250 31.5 15.0 0.966 30,
200 3.5 19.2 0.944 32.
D=3 300 28.6 11.1  0.981 28.1
250 31.0 13.8 0.971 30.1
200 33.5 18.0 0.951 31.9
E-1 300 29.1  12.7 0.976 28.
250 30.7 15.6 0. 963 29.
; 200 313.0 21.8 0,928 30,6
250 31.7 16.8 0.957 30.3

200 3.6 21.3 0.932 32.2




Table 1. Typilcal adhesion tension for bitumens against limestone snrraeés

Temperature Surface tension éontaat o | Adhesion
Bitumen of solid of bitumen at angle @ Cos 8 tension
sample °r. 80lid tempera- ’ degree dyne per

ture, * ' | o
ure, dyne per cm (L* (2 (F (@) {llgm (2)*

A=l 300 27.7 15.2 14.8 0.965 0.967 26,7 2658

250 30,0 20,9 21,1 0.934 0,933 28,0 28.0

A=S 300 28.0 10.9 11.3  0.982 0.980 27.5 27.4

- 250 30,2 12.6 12.7 0.976 0.975 29,5 29.4

A9 300 27.8 7.0 7.1 0.993 0.992 27.6 27.6

~ 250 30,0 9.3 9,0 0.987 0,988 29.6 29.6

B-S 300 28.5 10.6 11.l 0.983 0.980 28.0 27.9

C-l 300 26.9 8.7 7.9 0.989 0.991 26,6 26,7

‘ 250 29.7 19.3 19.0 o.94h 0.946 28,0 28.1
D2 300 . 29.0 9.1 11.1 0.987 0.981 28.6 28,
250 31.5 22,5 2h.7 0.924 0.909 29,1 28.

E-1 300 29,1 13.6 18,2 0.971 0.950  28.3 27.6

250 30.7 27.4 26,2 0.888 o0.897 27.3 27.5

E=2 300 29,6 10.0 10.5 0.985 0.980 29.2 29.0

250 31.7 21.8 2L4.3 0,929 0.912 29.4 28.9

#(1)] == Pollshed surface
{(2) == Split surface

12t



Table 15, ?ypical aéhasian tenslon for bitumens against black trap surfaces

Temperature Surface tension Contact ' Adhesion
Bitumen af solid of bitumen at engle @ Cos @ z tension
sample °p, gﬁliﬁ:§§§P°ra* degree ‘ dyne per
25 3 n 1 per » Sile
"omi a* @ w* e ¥ er
A-1 300 27.7 20;% 21.9 a.93? 0.928 25.9 25.7
, 250 30,0 2h.8 27.1 0,908 0.890 27.2 26.7
A~5 300 28.0 13.2 1. 0.97L 0,968 27+3 27.1
| 250 30,2 19.9 2@.“ 0.940 0,938 28 28.3
A=9 300 27.8 8.2 8.8 0.990 0,988  27.5 27.5
Be5 300 28.5 18.8 i8.5 .9&6 6;9-8 27.0 27.0
c 300 2649 Lo 13.5  0.969 3.972 26,1 26.1
& %59 29.7 %_’LZ‘,% 22,5 0.926 0.9 27.5 Z?a&
D~2 300 29.0 15.3 19.3 ,a.965 28.0 27.
250 31.5 27.5 28.2 0.887 a%h 27.9 27.
E-1 300 29.1 19. 22.2 s.9h3 0926 27.4 26.9
E~2 300 29.6 11.7 12,8 0*9?9 0.975  292.0 28.9
20 . 31.7 27.1 31.7 0.890 0.851 28.2 27.0

cet

éilg -~ Polished surface
(2) == Split surface
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DISCUSSION

Pactors affecting the degree of adhesion between
bitumens and aggregates are numerous. In this investigation,
emphasls was centered mainly on the rheological properties
of bltumens and the effects of surface characteristics of
aggregate upon adhesion.

Comparison of the viscosities of five series of bitumens
conf'irmed the general belief that bitumens behave as non~
Newtonian liquids at relatively low temperatures. Certain
flow curves (Figures 2 and 3) do not give a perfect straight
line function, indicating that the bitumen remains Newtonian
in character up to a certain rate of shear, after which &
temporary decrease or increase in the viscosity is brought
about by the shearing stress. PFor normal bitumens, series A=
D, decreasing viscositles are prevalent at higher rate of
shear. In the cracked bitumens, series E, the reverse is
true. Changes in viscosities with the rate of shear are
probably due to the dissoeiation of the molecular structures
in the micelles, The variation in sheer consequently will
alter the degrse of “lspersion in their colloldal state.

In this study, bitumens were applied at low consisten~
cles. The resulting flow eharacteristics approached the

Newtonlan character. The measurement of viscoslty by using
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the Brookfield viscometer is feasible since the resuli is
well correlated with the data obtained from other apparatus
commonly used for measuring viscosity {Table 5).

At tamperatﬁraa above 350° F., no detectable difference
was observed in visceosity among all five series of bitumens.
This indicates clearly that under such temperature gondition,
in spite of the diffargnee in sapheltene contents, grades,
sources or degree of thixotropy, there iz no change in the
flow properties of the bitumens. When the temperature is
low, & marked difference waa found in the viscosity for
bitumens of equal penetration but from different sources.
Bitumens A«3, B=3 and C«2, for example, all have similar
penetration. Their viscosities measured at 200° F. are
27,000, 7,200 and 31,000 centipoises respectively. B=3
bitumen waé 3¢7 50 L2 times less viscous than the A-3 and
C-2 bitumens. At 150° F., viscosities were found to be
735,000, 82,000 and 1,900,000 centipolses respectively. Here
the viscosity of B-3 bitumaﬁ was nine to 23 times lower than
A=3 and C-2. At higher btemperature such as 400° F., their
viscosities were practically equal to each other at 40
centipoises. The same holds true for other bitumens with the
exception of the cracked bitumens, where their viscosities
are changeable and inconsistent, It seems evident that
penetration test alone 1is not adeguate for ldentifying the
relative physical and chemical characters of bitumens.
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The straight line curve obtained from the plot of
logarithm viscosity versus absolute temperature on the log-
log co-ordinates is extremely useful. An empirical equation
is thus establlshed for each grade of bitumen as:

log log N = log A - m log yabaalute'

The significant constant in this equation appeared to be
m rather than A. Constant m is the tangent of the angle
made by the logaritimic curve with the axls of the abscissa.
It serves as en index to measure the temperature susceptibil-
ity of bitum@naw Constant A 1s the logarithm of the absolute
temperature when the logarithmic curve is extrapolated to
unit viscosity. Curves plotted in Fignras 9 to 12 were
caloulated from this empiriecal formula. The results are in
perfect agreement with the astual observed data. For cracked
bitumen E~2, however, the observed and calculated viscositles
do not coincide with each other. 7The deviation may be due
to errors in the measurement or that the equation 1s not
valid for this bitumen having thixotrepic character. The
advantage of this equation is that 1t furnishes a convenient
means of predicting the viscosity of all kinds of bitumens
at temperatures within the range of 140° F. to 400° F., an
information waich is of partioular interest to the bituminous
paving technologista.

Temperature exhlbits pronounced effect on the surface

tenaion of bitumens in liquid and semi~solid states. Between
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200° P. to 250° P, abrupt transitions were observed in the
surface tension curves (Figures 1 to 18). These transition
points generally appeared at low temperature when the pene~
tration of the bitumen is high. The linear proportion at the
two ends of each curve indicates that the surface tension is
directly proportional to the temperature below and above the
transition temperature. The breaks in all these curves sug-
gested that at specific temperature, changes in the molecular
structures are taking place. This same phenomenon did not
appear in each viscosity curve, therefore such changes
probably did not cceur inside the colloidal system of the
bitumen but at the surface boundary.

In view of the important effects that surface tension
and viscosity exert upon the physical characteristiocs of
bitumens, plots of viscosity versus surface tenaion for
bitumens of similar penetration wers made., Results on
Figures 19 and 20 showed the perfect straight line relation-
ship in most of the bitumens, especially series A and C.

The uniform variation means that such bitumens are very
homogeneous in physical character. On the contrary, the
curves for the hwﬁ eracked E series bitumens were very irreg~
ular in shape., Such variastion revealed their heterogeneous

quality . The compsarison of the high penetration bitumens
{Pigare 21) showed only slight variation in qualities among

them. In spits of these variations, the bltumens seem to
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have an identical response to the changes of viscosities or
surface tan#iona‘ The relatively straight line curve of
C-7 bitumen indicates the good quality possessed by the
series C bitumens over the other four series.

PFor perfect adhsesion between liquid bltumen and a solid,
#u@ stages are involved. Firat is the wetting of the sclid
by the ligquid and the second is the interaction of the
surface energies of the two substances acroas the area of
contact. As discuassed before, one of the factors that affect
the progress of the firat stage is the rheological properties
of the bitumen; the second stage can be analyzed by studyling
the effect of the solid surface characterlstics and the
adhesion tension between the bitumens and solids. The use-
ful means to evaluate such effects is the study of the
equilibrium contact angle formed on the solid surfaoces.
Results indicate that the contact angle formed by & small
bitumen droplet on solid surface is diresctly related to the
characteristics of the so0lid and the bltumen. This angle,
if not subjected to any external forces, will not change in
value when the state of equilibrium is reached.
| The study on the rate of spreading of bitumen on dif-
ferent solids is valuable. The slope in the first portion
of the spreading curve revealed a significant relationship
between the consistency of bitumens and the surface

characteristics of solida.  With two experimental bltumen
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droplets of identical slze and viscosity, the relative adhe-
slon quality of two aggregates at the same temperature can be
estimated by comparing the spreading areas covered by the
droplets since we know that the size of contact angle is in-
versely proportional to the 3pﬁaading aref.

The effect of temperature upon the solid and bitumen 1is
equally important in the formetion of contact angles. Any
change in temperature not only alters the consistency of the
bitumen, but also energlzes the effect of the surface polarity
in the solid. Smooth glass sﬁrf&aea sarvo’aa an ideal aggre-
gate, upon which the effects produced by roughness, absorp-
tion and polarity in actual aggregates were eliminated., Dif-
ferences in the size of contact angles obtained thus serve as
an 1nﬁax to predlct the adhesive qualities of the different
bitumens. The C series has consistent physical properties.
They formed smaller sontact angles and consequently provide
better adhesion to aggregates.

Temperature seems to produce significant effect upon
the formation of contact angle., The family of curves
(Figures 2} to 28) for the bitumens from the five different
sources behave similarly. At high temperature range,
identical contact angles were observed. As temperature
decreases, contact angles varied according to thelr
penetrations and sources. The c¢ritical temperature at

which unequal change of angles took place seems to be at
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the vieinity of 250° F. Above this temperature, angles
change per degree temperature was relatively small. Below
this temperature, the slopes of all the curves were flatter
Indicating that any slight change of tempersture either in
bitumen or solld will increase the angle of contact greatly
and thus reduces the force of adhesion.

The effect of temperature upon bitumens is actually
the alteration of their viascosity. It is quite clear from
the plots of viscosity versus contsct angle (Figures 30 to
~ 3l4) that their relationships are in straight line function.
The two eracked biltumens, E~l and E-2 were found to be
exceptions. Under equal vlscosity, bitumens of similar
penetration showed a marked difference in the size of
contact angles. With viscosity of less than 40 centipoises,
their angles are different by two degrees. At higher vis-
cosity range, the difference may amount up to ten degrees.
Again, bltumens from the C serles seem to possess the best
adhesion to aggregates.

The chemical nature of aggregates ls often considered
as another ma jor factor that affects the quality of adhesion
between bitumens and aggragatea. Limited data conducted on
the chemically treated glass surfaces {(Figire 29) approxi-
mated to the general belief that acldic stones gave poorer
adhesion with common bituminous paving materlals. It seems
that if with the presence of moisture similar to actual
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SUMMARY AND CONCLUSIONS

This investigation was concerned mainly with the rheo~
logical properties of bitumens and the effect of surface
characteristics of aggregates to the degree of adheslon.

Conclusions may be summarized as follows:

1. Five series of bitumens, four normal and one cracked,
were used in this study. They are non~Newtonian in character
but exhibit the properties of simple liguid at temperatures
above 200° P,

2. Under the same temperature, bitumens of equal pene~
tration do not give the same viscosity or equal angle of
contact on the same aggregate. Therefore, the use of penetra-
tion ﬁoat slone is inadequate to determine the physiocal and
chemical properties of a bitumen. |

3. An empirical formula can be established for the
relationship between viscosity and temperature:

log M = &ﬁ;:é‘
where | 1s the absolute viscoslity in centipoise, Ty, 1s
the absolute temperature in rankine, A and m are constants.
The exponent m can be used to detect the temperature suscep-

tibility. This formula is applicable for all the bitumen

series except the cracked one.
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. The change in systems from semi-solid to liquid
state were observed from the abrupt‘trnns;tian peoints in the
surface tenslon-temperature curves. The locations of the
point of transition vary slightly according to the types of
bitumen. They all ococurred within the temperature range of
200° to 250° F. This rangs is extremely useful for the
determination of proper mixing tempersture in paving
construction.

S; Specific adhesion can be evaluated between bitumen
and aggregate by means ér the measurements of thelr angle of
contact. The smaller the contact angle, the better is their
mutual affinity.
| 6. For comparing the adhesive characteristios among the
bitumens, smooth glass surfaces were used to serve as ideal
aggregates, upon which all the effects dus to roughness,
ébaarptien.and polarity in natural aggregates were sliminated.

7. Contact angles vary with the change of temperature
of the aggregates. The critical temperature of such change
appeared to be 250° F.,

8.\ The percentage of asphaltene content is found to be
another important factor that affects the adhesive guality of
the bitumens. The higher the percentage, the lower the
adhesion tenslon produced on the aggregates.

G Tﬁa petrologieal nature of the aggregates do affect
the degree of adhesion for the same bitumen. The hydrophobic
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limpstanaa consistently formed smaller contact angles than
the hydrophilic Black Traps. The same phenomenon correlated
with the findings on the chemically treated glass surfaces.
With the same kind of bltumen, acidic glass are found to
possess larger contact angle than the basic glaas.

10. If no external forces are invelved, the equilibrium
angle of eontact once formed on the aggregate surface will
not alter. Thus the initial wetting will decide the final
adhesion tension.

1l. The degree of roughness in the aggregates affects
adhesion more severely than the effect due to their
petrological differences.

12, The C~series bitumens seem to give the beat adhesion
to the two sggregates than the remaining four series.
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