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FOREWORD

This state-of-the-art report is on the moisture susceptibility of asphalt
mixtures used in highway pavements. Moisture damage in asphalt mixtures is

a complex mechanism which is not well understood and has many interacting
factors. The majority of State highway agencies report some problems with
moisture susceptibility, primarily in the form of stripping, and use anti-
stripping additives to increase durability. Stripping generally leads to
potholes, raveling and/or rutting, but can also lead to cracking and bleeding.
This report will be of interest to individuals concerned with any aspect of
understanding and preventing the moisture susceptibility of asphalt mixtures.

Sufficient copies of this report are being distributed to provide two copies
to each FHWA regional office and three copies for each FHWA division office
and each State highway agency. Direct distribution is being made to the
division offices. Additional copies for the public are available from the
National Technical Information Service (NTIS), U,S.jDepartment of Commerce,
5285 Port Royal Road, Springfield, Virginia 22161.
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NOTICE

This document is disseminated under the sponsorship of the Department of
Transportation in the interest of information exchange. The United States
Government assumes no liability for its contents or use thereof. The contents
of this report reflect the views of the authors, who are responsible for the
facts and accuracy of the data presented herein. The contents do not
necessarily reflect the official policy of the Department of Transportation.
This report does not constitute a standard, specification, or regulation.

The United States Government does not endorse products or manufacturers.
Trademarks or manufacturers’ names appear herein only because they are
considered essential to the object of this document.
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CHAPTER 1: CAUSES OF MOISTURE DAMAGE

The majority of studies on moisture or water damage in asphalt mixtures
deals with an observed phenomenon called stripping. Stripping is the dis-
placement of asphalt films from aggregate surfaces that occurs when the
aggregate has a greater affinity for water than the asphalt. It has been
speculated that an asphalt may be able to strip from an aggregate under dry
conditions, especially after it has aged many years, but most losses of
adhesion are attributed to the action of water. Stripping under dry con-
ditions and the effects of changes in the amounts and types of the asphalt
chemical functional groups adsorbed onto the aggregate surfaces with time
have not been investigated to a significant degree. Also, in most cases,
the effects of aging and moisture occur simultaneously in pavements.

Mechanical tests which evaluate the susceptibility of a compacted mixture
to moisture damage measure reductions in strength due to a loss of cohesion
and adhesion. In most moisture damage studies, adhesive failures are de-
fined as those where the asphalt is debonded or stripped from the aggregate.
Cohesive failures are defined as those where the bulk asphalt film flows,
tears, or is weakened in some way. However, this is a lTimiting definition
for cohesion, as the cohesional resistance of a mixture is reduced by losses
in adhesion if these losses affect the frictional resistance between the
aggregate particles or how the aggregate particles interlock. Cohesion in
general terms is simply some measure of how the mixture holds together. 1In
this report, the definition that cohesive failures are those where the bulk
asphalt film f]ows, tears, or is weakened is used.

Water can cause cohesive and adhesive failures. Expansive materials,
such as clays, caught in an asphalt can cause a cohesive failure when water
is present without any adhesive failure. However, how water affects an
asphalt within the film when clays are not present is not understood. Water
at 140 °F (60 °C) used in laboratory tests for evaluating the moisture suscep-
tibility of asphalt mixtures can damage a mfkture with 1ittle or no evidence
of visual stripping or expansive materials such as clays. There is evidence
that water can diffuse into an asphalt and weaken the film, and this may be
one reason.‘"® The binder in this case is éometimes defined as an inverted
emulsion. The extent to which this occurs in pavements is unknown.
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It is possible that high pore pressures in a p%vement due to water in the
voids and the action of traffic can assist in causﬁng some mixtures to ravel
without visually stripping. This is another form bf cohesive failure.

Moisture-related failures in pavements are a]sb a function of any
aggregate degradation due to processes such as freéze—thaw cycles, although
moisture-related failures due to losses in aggregate strength seem rare.

The mechanisms by which water alone causes adhésive failures, as mani-
fested by stripping, are also not clearly understo@d. Although stripping
is the most commonly recognized form of moisture démage, as indicated by the
previous information, it is not the only form of mbisture-re]ated damage that
can occur. However, most of the literature deals with the adhesive failures,
or stripping, and moisture or water damage is often equated to stripping.

Moisture damage generally starts at the bottom?of an asphalt base layer
or at the interface of two asphalt layers where thé water content is the
highest. Eventually, potholes are formed or the pévement ravels or ruts.
With hardened binders, fatigue cracking (a]]igatoricracking) may occur.
Surface raveling or a loss of surface aggregate cah also occur, especially
with chip seals. Occasionally, binder from within}the pavement will float
to the pavement surface creating spots of bleeded tspha]t. This process is
sometimes referred to as the "emulsification of binder," but it has not been
proven whether a significant quantity of asphalt i# being emulsified, or if
the asphalt is simply stripping off the aggregate énd floating to the surface.
There are cases where asphalts from caustic treateﬁ crudes have emulsified in

1
the presence of water, but these cases are Timited,

The following factors influence the degree of Loisture damage. These
factors are further defined in table 1.

Type of aggregate.

Type of asphalt.

Mixture design and construction.
Environment.

Traffic.

Antistripping additive properties.

|
|
|
|
|
|
|
|
!
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Table 1. Factors which influence moisture damage.

Aggregate
¢ composition
- degree of acidity or pH
- surface chemistry
- types of minerals
- source of aggregate
. phys1ca1 characteristics

Asphalt

L}
¢
¢

Mixture

angularity
- surface roughness
- surface area
- gradation
- porosity
- permeability
dust and clay coatings
moisture content
resistance to degradation

grade or hardness
chemical composition
crude source and refining process

Design and Construction
air void level and compaction

permeability and drainage
film thickness

Environmental

Traffic

temperature

freeze thaw cycles

moisture vapor

dampness

pavement age

presence of ions in the water

(including the effect of the pH of the water)

Antistripping Additive Properties




1. Type of Aggregate

Studies that have been used to evaluate the effects of aggregates on the

degree of damage are generally separated into three concepts:

(1) surface

energy theories, (2) the degree of chemical bonding, and (3) the degree of

mechanical interlock.
damage are thought to be related to a combination

Adhesion, stripping, and even other forms of moisture

of all three concepts, but

the concepts have never been combined to form an averall coherent theory for

them.
aggregate combination, the conclusions from them r

When these different concepts are applied t

the mixture to undergo damage_may conflict. Even
studies which deal only with only one concept ofte
Although the procedures and theories under all thr
asphalt-aggregate-water interactions, most studies
evaluating the effects of aggregates rather than t
It is generally believed that the type of aggregat
moisture susceptibility.

0 a particular asphait-
egarding the potential of
the conclusions of various
n conflict with each other.
ee concepts evaluate

have been concerned with
he effects of asphalts.
e has a greater effect on

Surface energy theories deal mainly with how materials reduce their

surface free energies to obtain more thermodynamic

ally stable conditions.

Chemical bonding studies try to relate adhesion to the chemistry of the

materials and the chemical reactions that occur.

In both concepts, it is

hypothesized, but not confirmed, that molecules in the asphalt interphase

and at the interface can orientate themselves to 1

interphase region of the asphalt is that part of t

the bulk asphalt and the interfacial region where
contact and adsorption occurs. Both concepts eval
phenomena but in different ways.

Surface energy ¢

mprove adhesion. The
he asphalt layer between
the aggregate and asphalt
uate the same bonding
oncepts use phenomeno-

logical approaches, while chemical bonding studies use molecular approaches.
However, surface energy studies make no assumptions regarding the nature

of the molecular structures at the interface respc

nsible for adhesion.

Studies concerned with the degree of mechanical interlock deal mainly with

the physical properties of the aggregate which a
of the composite material.

ff

ect the physical strengtn




a. Surface Energy Theories

Surface energy theories state that molecules in the interior of a liquid
or solid are closely packed and are in equilibrium with themselves, while
surface molecules have unbalanced forces. These unbalanced forces cause
the surface molecules to be attracted inward. For a liquid, this results
in molecular counter-diffusion which sustains a Tayer of less dense liquid
along the surface. This layer is in a state of tension, called surface
tension. It is assumed that this tension is a constant in all directions.

For a solid, the molecules do not have the freedom to move, and thus
reactions occur within the surface to balance the forces, and/or the surface
adsorbs polar or polarizable molecules from the surrounding medium.® Fac-
tors which can lead to reactions in the surface structure which equalize
the difference between the surface and interior molecules are: (1) polar-
ization of surface ijons, (2) distortion of surface structure, and (3) non-
stoichiometric excess of anions over cations at the surface. A state of
equilibrium generally cannot be obtained without adsorption and may never
be fully achieved. A real surface tension can only occur in a solid if the
surface molecules can move. Because movement is generally very limited even
with the occurrence of reactions in the surface layer and/or adsorption, a
‘surface tension which accounts for the effects of the unbalanced forces and
‘the inward pull cannot be measured. Also, any surface tension that does exist
will generally vary across the surface or from point to point.

Surface free energy (force x length) is the difference between the energy
in the surface molecules and in the interior molecules. It is equal to the
surface tension (force/length) times the surface area of the material. Sur-
face free energy is the energy stored in the surface. Materials try to min-
imize the amount of surface free energy. A drop of liquid tends to remain in
the form of a sphere because this shape has a minimum amount of surface area
and thus surface free energy. Whether or not a Tiquid will increase its area
to spread over a solid depends on whether this will reduce the total surface
free energy of the combined materials. Any change in surface free energy due
to any physical or chemical mechanism is defined as surface activity.‘é’ For
two liquids having similar viscosities, the Tﬁquid with the lower surface
tension will spread more readily on a solid than the 1liquid with the higher
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surface tension because it has a lower amount of surface free energy per unit
area. In general, surface tension and surface free energy will decrease with
an increase in temperature.

(1) Spreading of a Liquid on a Solid. Values for the interfacial
tensions between some materiais and air, and between some flat solid sur-
faces and drops of liquids in air, are shown in table 2. 7%% The term
"interfacial tension" is often used instead of "surface tension," because
the surface tension of a liquid is often specified as the tension of the
liquid in its vapor. A higher interfacial tension in the table means there

is more surface free energy per unit area.
|

Some methods for determining the interfacia1,&ensions between liquids and
air and between two immiscible Tiquids are reported elsewhere although newer
methods may exist.®* 1In most reports, the asph?]t-air and asphalt-water
interfacial tensions are reported at 77 °F (25 °C}. However, interfacial
tensions with asphalt are difficult to determine Et this temperature where
the asphalt is a semi-solid. Thus, the interfacial tensions were generally
determined at various temperatures above 77 °F (25 °C), where the asphalts
were fluid, and the data at 77 °F (25 °C) was obt#ined through extrapola-
tion.®® The literature states that these inter‘acia] tensions vary little
with the source of asphalt, and in most cases, the asphalts may not have
reached their true equilibrium positions of zero flow when the interfacial
tensions were recorded.‘® If the equilibrium position has not been reached,
then the surface tension is approximate or is the tension for some less than
final condition. Procedures for determining the interfacial tensions between
solids and air and between solids and liquids were not reported in the liter-
ature reviewed, except the procedure for asphalt-water interfacial tensions
just mentioned. Although true surface tensions fbr solids do not exist, there

are still unbalanced forces, whose effects were détermined through some

indirect means in these studies.

Figure 1 shows a drop of asphalt on aggregate in air. The "work of
adhesion" is the change in the total surface free! energy that occurs when
the materials are combined, or the numerical sum Bf the energies for and
against spreading. However, the work of adhesion is generally calculated
using interfacial tensions. Thus the term "tension" can be confusing. For
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Table 2. Examples of interfacial tensions and work of separations.(za'”

Interfacial Tensions between

Materials and Air Dynes/cm
Free Water' : 72
Asphalt® 21-39
Rocks, Minerals

- Limestones 28-50
- Diabase 42-50
- Granites 52-73
- Quartz 74-85

Interfacial Tensions between

Solids and a Drop of Liquid in Air Dynes/cm
Solid Liquid
Asphalt Water® 16-40; 30+5 at 77 °F (25 °C)
Glass Tar 18.5
Quartz Asphalt 14-20
Quartz Water 0
Work of Separation in Air Dynes/cm
Rocks or minerals and Asphalt
- Limestone and Asphalt 21-26
- Slag and Asphalt 23-26
- Sand and Asphalt 22-30
- Quartz and Asphalt 33
Rocks or minerals and Water
- Limestone and water’ 58-64
- Slag and water 63-68
- Silica sand and water 83
Asphalt and water 0-16
Sand and tar 40.5

"True surface tension of water in its vapor.

Lower values are obtained at high temperatures.

Lower values are produced by soft asphalts.

Based on the assumption that the quartz has a thin layer of adsorbed water,
which completely ties up the surface charges.

Theoretically, these values should not be higher than the values given for

the surface tension of limestone in air. No feason for this discrepancy was
given. t



i:

a unit surface area, the interfacial tension and the surface free energy
between two substances are numerically equal, a]tbough they do not have the
same physical meaning. As stated previously, ene}gy is force x length while
tension is the force divided by length. Thus, muﬁtip]ying a tension by a
unit area gives an energy which has the same numerical value as tension. For
practical purposes, tension is often equated to ehergy even though tension
should be a vector requiring vector addition, whereas energies are the num-
erical sums of the energies for and against spreaﬁing. For vector addition,
the directions and changes in the directions of t%e tensile forces must be
considered. Thus it is often easier to calculate a change in energy for
combined materials than a change in tension.

The work of adhesion is defined as:
Work of Adhesion = B - A+ C. (1)

Often a coefficient is placed before the asphalt-air interfacial tension
“C" to account for the difference between the change in the asphalt-air
surface area and the changes for the other two surface areas during

spreading. The changes in the other two surfade areas are equal.

AR
T
B |
AGGREGATE

A = Interfacial tension between agéregate and air.
B = Interfacial tension between aggregate and asphalt.
C = Interfacial tension between asphalt and air.

Figure 1. Interfacial tension diagram.



When placing a drop of asphalt on an aggregate, the aggregate-air surface
area decreases, the aggregate-asphalt surface area increases, and the asphalt-
air surface area increases. Thus, spreading of the asphalt over the aggregate
is promoted by a higher interfacial tension "A" between the aggregate and air,
a lower interfacial tension "B" between the aggregate and asphalt, and a lower
interfacial tension "C" between the asphalt and air. The sign convention used
in this report is that when a system loses energy, then energy is negative.“o’
Thus spreading of an asphalt on an aggregate is more likely with a Tlower work
of adhesion because this means more energy is given off by the asphalt spread-
ing. A negative work of adhesion indicates that spreading should occur while
a positive value indicates the asphalt should recede. Note that if the drop
of asphalt is round, its surface area will initially decrease with spreading.
Thus the work of adhesion for this limited case is:

Work of Adhesion =B - A - C. (2)

However, at equilibrium the angle should always be less than 90° for
aggregate-asphalt systems, where equation 1 is applicable.

The work of adhesion is a measure of the propensity of the asphalt to
spread, but does not indicate how much area a drop will cover. The equations
assume that the materials have reached their equilibrium positions and thus
refer to equilibrium conditions only.

Of the four aggregates listed at the top of table 2, quartz has the
highest aggregate-air interfacial tension "A." However, the aggregate-asphalt
interfacial tension "B" is only given for quartz and thus the work of adhe-
sions, or the various degrees to which an asphalt should spread on the four
aggregates, cannot be calculated. Also, the references from which the data
in table 2 were taken do not indicate how each of the interfacial tensions
were obtained, such as those between the aggregates and air. Most of the
data in the reviewed literature were taken from other, older reports, which
are now not readily available and were not re?iewed.

The work of adhesion can be calculated usfng the energy of immersion.
When an aggregate is totally submerged in an asphalt, the change in surface
free energy due to immersion, or the change ingsurface free energy due to the
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aggregate-air interface being replaced by an aggre
is "B - A." This difference is called the energy
tension and is often defined by the letter "F." B
with asphalt-aggregate systems, it is a negative v
immersion is often obtained by measuring the heat
imeter, which actually measures the change in enth
when the aggregate is immersed. Free energy is eq
the absolute temperature times the entropy. Entro
disorder or the capacity of a material to undergo
is given off, both the enthalpy and entropy are ne
of entropy on free energy opposes the effects of e
studies, free energy is equated to enthalpy and th
The heat measured by this test must be divided by
aggregate to obtain the surface free energy per un
energy of immersion by a calorimeter only gives th
two interfacial tensions "B - A" and not the indiv
it can be used along with the asphalt-air interfac
1 or 2 to calculate the work of adhesion. Some ot
the quantity "B - A" are reported elsewhere, but t
aggregate-asphalt combinations.®

Vector'notatidn can also be used to calculate

The model in figure 2 shows the interfacial tensions in vector form.
convention used in this report is to evaluate sprq

|
|
!

9ate—aspha1t interface,

of immersion or adhesion
ecause energy is given off
@D The energy of

bf immersion using a calor-
§1py or the heat released
La1 to the enthalpy minus

by is a measure of internal
Spontaneous change. As heat
bative. Thus the effects
nthalpy.
e entropy term is dropped.

alue.

However, in most

the surface area of the
it area. Determining the
e difference between the
idual tensions. However,
ial tension "C" and equation
her methods for measuring

hey have not been used with

the work of adhesion.
The
ading in the negative

direction, so that the analysis using vectorial equations is consistent

with the above equations based on energy. Using ﬁhis convention, spreading

occurs in the negative x-direction.

in the x-direction along the aggregate surface is:

B - A+ C(cos 8).
Sum x =B - A+ C(cos 8) =0 a
-C(cos 8) =B - A

Sum x

]

This equation is applicable to any angle. Whe

The summation of the interfacial tensions

t equilibrium.

(3)

n the drop is round, or the

angle is 180°, the summation in the x-direction wi?] be the lowest possible

negative value, which indicates the point at which

is the greatest. Generally, the angle will never

10

the likelihood of spreading
stay at 180° because of the




action of gravity and because there will always be some attraction between two
materials. When spreading occurs, the angle decreases and the summation in
the x-direction increases until equilibrium is reached. Equation 3 assumes
that equilibrium can be reached, although equilibrium of the unbalanced forces
on the surface of an aggregate may never be fu]]y achieved. By substituting
the term "-C(cos 8)" into equations 1 or 2, the work of adhesion can be
calculated by measuring only the contact angle and the asphalt-air interfacial
tension "C." Thus, the two common approaches for calculating the work of
adhesion are to either measure the contact angle or the energy of immersion.
Both give the quantity "B - A." The results from contact angle studies and
energy of immersion studies can be compared using equation 3, but this was

not done in any of the literature reviewed.

To determine the contact angle between aggregates and asphalts, cutback
asphalts were often used. One reason for this is that during these studies,
cutbacks were widely used in pavements. However, cutback asphalts were also
used to replace semi-solid asphalts because semi-solid asphalts are very slow
in reaching their equi1ibrium positions. The correctness of the measured data
for semi-solid asphalts was often questioned. Thus a semi-solid asphalt was

c AR
ASPHALT
9
T
A B
AGGREGATE

Interfacial tension between aggregate and air.

A=
B = Interfacial tension between aggregate and asphalt.
C = Interfacial tension between asphalt and air.

Figure 2. Interfacial tension diagram in vector form.

11




often cutback with solvent. However, a semi-so]idxaspha1t will not have the
same angle as the cutback as each has its own viscosity and its own inter-
facial tension with the aggregate. The kinetics of the system is a major
problem with surface energy studies.’” Different materials will reach
equilibrium positions at different times, which depend on viscosity and

thus temperature.

Methods for measuring contact angles are reported elsewhere.: ' The
validity of an approach where contact angles have ﬁo be measured has been
questioned because (1) the angles are difficult to measure, (2) angles can
only be measured where spreading is low to moderaté, and (3) an angle depends
on whether the asphalt was advancing or receding b%fore its equilibrium

position was reached.®: "

Also, the roughness of the aggregate must be
quantified when measuring contact angles, or else ﬁhe data has little meaning.
An increase in roughness generally exaggerates thejf]ow during either spread-
(9 A material which flows easi1J will flow even more
easily, and a material which does not flow easily will flow less easily.
However, studies which have used smooth, flat surf%ces to measure contact
angles often do not indicate if the aggregate surféces were polished to such
a degree that the effects of surface roughness wer% eliminated, or whether
the degree of roughness was factored into the expeﬁiment. When a significant
amount of air is entrapped under the asphalt because of high roughness or
porosity, studies concerned with measuring surfaceT

so they account for this air.”

ing or recession.

energies must be modified
|
|

Contact angles and interfacial tensions are a]#o dependent on (1) the
test temperature, (2) aggregate characteristics which affect roughness, such
as the use of weathered versus polished surfaces a*d the degree of absorption,
(3) the presence of water or contaminates on the s¢rface and the degree of
adsorption, (4) possibly the size of the liquid dr@p, and (5) possibly the
atmospheric pressure. Some of these factors, such%as the degree of asphalt
absorption and adsorption, may be difficult to také into account.

Only a few works of adhesion are given in the iiterature for aggregate-
asphalt combinations. These are presented later iﬁ this Titerature review.
The Titerature states that asphalts should spread free]y on an aggregate even
if the aggregate is coated with a thin film of adsérbed water and/or dust,
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because spreading will still reduce the free surface energy.®® The Titer-
ature states that adsorbed materials such as water and dust will decrease both
the aggregate-air interfacial tension "A" and aggregate-asphalt interfacial
tension "B." If both are reduced proportionally, then there would seem to be
no change in the work of adhesion or degree of spreading. However, the pres-
ence of water or dust will decrease the adhesive force by decreasing the
contact area between the aggregate and the aspha]t.(a4'ns) This conclusion
is not explained in terms of surface energies. The literature also does not
indicate whether the two interfacial tensions "A" and "B" are always reduced
proportionally, nor are the effects of various types of adsorbed materials
including antistripping additives on adhesion discussed in any detail. Be-
cause other surface energy studies generally indicate that aggregates have
more affinity for water than asphalt, it appears that thin films of adsorbed
water are of insufficient substance to prevent this spreading. With thick
films of water, there will be no adhesion unless the system is chemically
modified.

Spreading also depends on the viscosity of the asphalt, although the roles
of viscosity and temperature are not clear in most surface energy studies.
More viscous asphalts will spread less easily. Adjustments in the temper-
atures of the various asphalts can be made to obtain equal viscosities, but
these adjustments will also affect the interfacial tensions.

As stated previously, a higher interfacial tension means there is more
surface free energy per unit area. As shown in table 2, asphalt has a lower
interfacial tension with air (21 to 39 dynes/cm) compared to free water (72
dynes/cm). Although the degree to which these two materials will spread on
a solid also depends on the interfacial tension between the liquid and solid,
the data appears to suggest that asphalt should spread more readily than water
because it has a much lower interfacial tension with air. However, the energy
that is needed to spread an asphalt at 77 °F (25 °C) far exceeds any inter-
facial energies which may promote spreading.‘®” This is due to its high
viscosity. The energy which causes a material to resist spreading due to its

- cohesiveness is defined as the work of cohesion. The work of cohesion goes
against spreading and thus is positive energy. The work of adhesion must
overcome the work of cohesion for spreading!to occur. Thus, when the work
of adhesion is added to the work of cohesioh, the summation must be negative
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for spreading to occur, indicating energy is givenioff. This difference is
often defined as the spreading coefficient.® Non# of the reports reviewed
indicated how the work of cohesion was considered.% Thus the results of

surface energy studies must be viewed with cautioni

(2) Debonding or Stripping. The degree of spreading when mixing an
asphalt and aggregate is mainly a function of the amount of binder, the binder

viscosity, the degree of mixing, the shape of the aggregate, and the degree
to which the aggregate is dried. Thus the resu]tsgof interfacial studies
concerned with spreading, such as those previous]ygmentioned, give little
useful information for most applications. Howeverﬁ interfacial tensions can
be used to study debonding or stripping. |

The "work of separation" is the energy required to separate two materials
when they are at equilibrium. In figure 1, when tde asphalt rolls back into
a bubble, the aggregate-air surface area 1ncreases£ the aggregate-asphalt
surface area decreases, and the asphalt-air surface area decreases, thus the
work of separation is: |

i
(]

Work of separation = A - B | (4)

When energy must be applied to a system to obtain separation, the work
of separation will be positive. Again, a coefficient may be placed before
the interfacial tension "C" to account for differences in the changes in the
three interfacial surface areas. This equation is the negative of the work
of adhesion given in equation 1 and thus is determined in the same way, by
measuring either the energy of immersion or the contact angle. As with
studies on spreading, the effect of the cohesiveness of the asphalt on
separation is generally not addressed in most studies.

Values for the work of separation for some materials are given in table 2.
In some reports these are defined as the work of adbesion, as the absolute
values of these two types of work are equal for an éspha]t bubble which
spreads by rolling and recedes by rolling back. Ho@ever, as previously noted,
contact angles can depend on whether the asphalt is advancing or receding
before the measurement is recorded. This is a Fund%menta] problem with using

contact angles. 1In other reports the work of separétion is called an adhesion

14




tension, which makes the Tliterature confusing as adhesion tension is also
another name for the energy of immersion. '

As previously stated, table 2 does not contain the necessary interfacial
tensions to calculate the works of separation (or works of adhesion) and in
many studies only the work of separation is reported. It is often difficult
to determine from the Titerature how a reported work of separation was
determined and at what temperature it was determined. Mathematical errors
were found in a few reports concerned with the measurement of the work of
adhesion and separation, which reduces the confidence in these studies. The
reported works of separation in table 2 between rocks or minerals and asphalt
are close, although the literature indicates they increase slightly with
increasing aggregate polarity.

If the edge of the asphalt bubble in figure 1 detaches upward from the
aggregate rather than rolls back, then the aggregate-air surface area
increases, the asphalt-air surface area increases, and the aggregate-asphalt
surface area decreases, all by the same amount. The work of separation needed
to accomplish this is:

Work of Separation = A - B + C. (5)

This is the amount of work that must be applied to the system when it is
at equilibrium to cause a unit area of detachment. It is known as the Dupre

equation.'®

The work of separation is greater for the detachment case
compared to the case where the asphalt rolls back and thus it would seem less
likely to occur. However, many aged asphalts are so stiff that they cannot

roll-back, and thus detach.

The work of separation by detachment is the negative of the work of
adhesion if adhesion were to be by attachment. (Equation 5 is also the
negative of the work of adhesion given in equation 2 if a coefficient is
not placed before the interfacial tension “C;") As with the case where the
asphalt rolls back, it can be found by measufing the energy of immersion.
For the case where the asphalt rolls back, the term "A - B" can also be
obtained by measuring a contact angle. Thefiiterature does not indicate
whether this approach physically applies tolthe detachment case. Although
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the literature is generally confusing on which equa
a work of separation, it appears that equation 4 is

Figures 1 and 2 can also be applied to a drop o
which is then placed in water. Compared to the cas
stated in the literature that the work of separatio
" much Tower, thus indicating a greater propensity fo
strip when surrounded by water. However, little da
this hypothesis. When placed in water, the interfa
significantly drop, the interfacial tension "C" sho
and the interfacial tension "B" should remain the s
So

measuring the work of separation for some oils on g

separation indicates the asphalt should recede.

are reported elsewhere, but they apparently are not
applicable to aggregate-asphalt combinations.
of separation (work in air minus the work in water)
separation due to the water can be calculated and u
determine the propensity for stripping. This has n
Studies on asphalts indicate that water, which
asphalt from most aggregates because polar liquids
the surface energies of aggregates than nonpolar or
such as asphalt. As shown in table 2, the works of
gates and water are greater than between aggregates
has a greater selective wetting power and should pr
whether stripping will occur should be determined u
asphalt and water, as the asphalt and water have th
tension. These values in table 2 appear to be comp
Polar molecules are those in which the centers
positive charges do not coincide. Water molecules
satisfy both negative and positive charges (polar o

gate surfaces. Asphalts on highly polar aggregates

likely to strip while asphalts on weakly polar aggr
are least likely to strip. The asphalts on the hig
have slightly higher works of separation in air but

By

tion is used to calculate
generally used.

£
€

asphalt on aggregate
in air, it has been

n in water is generally

r the asphalt to recede or
ﬁa is available to confirm
éia] tension "A" should

uld change very little,
éme. A negative work of

ﬁe methods for directly
ranular materials in water
‘used and/or are not
Esubtracting the two works
, the change in the work of
sed as another parameter to

ot been done.

is highly polar, can strip
are better able to reduce
partially polar liquids

separation between aggre-
and asphalt. Thus water
oduce stripping. However,
sing the combination of

eir own interfacial

uted using equation 4.

bf the negative and

being polar thus can

r ionic sites) on aggre-
%such as quartz are most
ggates such as Timestone
%1y polar aggregates should
§1ower works of separation

in water. Aggregates more prone to stripping should have high interfacial
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tensions. Whether or not some polar groups of an aggregate have a higher
adhesive force with asphalt than other polar groups is generally not deter-
mined in surface energy studies. Only the overall total surface free energy
is considered. Surface energy studies also have not accounted for any long-
term, time-dependent chemical bonds if they occur.

Because surface energy theories indicate that most aggregates are capable
of being stripped of asphalt to some degree, then most aggregates must be
considered hydrophilic. Whether an aggregate is hydrophilic must be deter-
mined using the combination of asphalt and water, as the asphalt and water
by themselves in air will spread differently. How water displaces an asphalt
film on a completely coated aggregate, or moves it aside, is not clearly
known. An inverted emulsion, where water penetrates through an asphalt, is

possibTe.‘”

(3) Conclusions of Surface Energy Studies. The majority of re-
searchers who have studied the causes of stripping hypothesize that inter-

facial energy relationships are primarily responsible for adhesion and
stripping mechanisms. However, the literature indicates that surface energy
theories of adhesion and concepts based on minimum surface free energy and
contact angle have not adequately described the adhesive properties of
asphalt-aggregate-water systems. Only generalized conclusions have been
obtained from them.®
oversimplifications compared to pavement mixtures, such as the use of smooth,

Studies in these areas use numerous assumptions and

flat aggregate surfaces. The literature also has poorly defined models for
asphalt-aggregate systems, lacks expTanations for many test results, and the
terminology is not consistent from report to report. The models used in
figures 1 and 2 are the simplest versions given in the literature and, like
most models, can be expanded.®'"

One conclusion from surface energy studies is that aggregates that have
more unbalanced forces may have a greater adhesive force with the asphalt.
However, these aggregates will also have a gkeater tendency to strip because
more forces will remain unsatisfied. Adsorbed foreign materials can have
positive or negative effects on adhesion andistripping. The effects depend
on if they are compatible with the asphalt.
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|
b. Chemical Bonding

(1) Degree of Acidity or pH. Concepts anb research on chemical bonds

between asphalts and aggregates indicate that thesk two materials may form
chemical bonds, such as water-insoluble covalent bbnds, which affect adhesive
strength.‘“ﬁ’ Most studies on chemical bonding ha&e been very simple such as
those that indicate how asphalts and aggregates shbu]d bond according to their
degree of acidity, or pH. The pH of a material inaicates its hydrogen-ion
activity. Values less than 7 represent increasing hydrogen-ion concentration
and increasing acidity, while values greater than 7 indicate decreasing
hydrogen-ion concentration and increasing alkalinity. A pH of 7 indicates
neutrality.

Chemical bonding concepts based on measuring pH state that more bonds
will be formed between an acidic material and a ba%ic material than between
two materials that are either both acidic or both basic, and the degree of
bonding will be greatest between a strongly acidic}material and a strongly
basic material. Even though asphalts are amphoterﬁc, or are capable of
functioning as a base or an acid, they have generaﬁ]y been considered slightly
acidic in most chemical bonding studies. Thus it %s hypothesized that basic
aggregates should provide good adhesive properties}whi]e acidic aggregates
“2) It was assumed in the chemﬁca1 bonding studies which
were reviewed that the reaction would produce water-insoluble chemical bonds,

which may not be the case. The solubility of the #onds were not discussed.
/ i
|

should bond poorly.

Assuming that water has a pH of 7 and asphalt bas a pH less than 7,
then in chemical bonding studies, acidic types of #ggregates are considered
hydrophilic and should strip. Asphalt has a 1ower§pH than water and thus
the water should tend to displace most of the asphalt chemical groups and be
adsorbed itself. A thorough discussion of this pkécess was not given in the
literature. Basic aggregates are lipophilic and sbou]d not strip. In this
case, the lower pH of the asphalt compared to waté% is desirable. Some
reports define basic aggregates as hydrophobic. Héwever, very few aggregates
are known to repel water. Either definition opposes surface energy concepts
where most aggregates are considered hydrophilic. 'An additional complication
is that through hydroxylation, partially stripped aggregates in contact with
water can become more hydrophilic over time.®
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(2) Classifications Based on Chemical Composition. Most types of
aggregates have both basic and acidic characteristics, thus the degree of

acidity must be determined on a percentage basis. One method of classifying
rocks determines the ratio of acidic components, Si0, plus CO,, to the basic
components: A1,0;, Fe,0;, Fe0, Mg0, Ca0, Na,0, plus K,0.““” These classifi-
cations, based on chemical analyses, use cutoffs between acidic and basic

aggregates of around 50 to 55 percent, and some define an intermediate range
such as 55 to 66 percent. Below 55 percent is considered basic and above 66

(7

percent is considered highly acidic in this case. The reasons for these

particular cutoffs were not given in the literature reviewed. Chemical

(7,13)

analyses of some rocks are shown in table 3. For most types of rocks,

the degree of acidity can be based solely on the Si0, content.

(3) Classifications Based on Mineralogical Composition. Table 4
shows a mineralogical classification for rocks. Mineralogical classifications

base the degree of acidity on the percentage of individual minerals in the
rocks and the acidity of each mineral. Acidity in table 4 is often based on
the percentage of quartz and orthoclase and plagioclase feldspars, which are
considered acidic. The degree of acidity from mineralogical classifications
may conflict with chemical classifications. Chemical analyses report com-
positions in terms of oxides, even if such oxides are not present in the
rock.‘” Chemical analyses also do not account for the various molecular
arrangements that exist. Neither analysis necessarily determines the degree
of acidity for the composition at the surface, nor do they account for the
various levels of acidity of individual chemical constituents or mineralogical
types. For example, two rocks may have the same overall degree of acidity,
but one rock may have a strongly acidic component and a strongly basic com-
ponent, and the other rock may have a weakly acidic component and a weakly
basic component. Even though they have the same rating, their bonding prop-
erties may be different. Elemental analyses are not useful at all. Table 5
shows another mineralogical classification for igneous rocks based mainly on
the amount of quartz.

(4) Zeta Potential. Studies on the pH and zeta potentials of min-
erals and rocks indicate that various naturd] samples for any one type are

rarely identical and their pH values and zeta potentials can vary.®® Zeta
potential is the difference in electrical potential across the interface
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Table 3. Typical chemical analyses of rocks

. . 7,13
in percentages (continued).¢’«™
Rock Si0z | AlO3 |FesOs| FeO MgO Ca0 Na:0 K0 H,0 CO.
SEpIMENTARY Rocks
Conglomerate........ 59.2| 19.2 | Tr.| 6.5 2.5 1.1 1.6 5.4 2.2
Sandstone........... 76.1) 8.7 ... 3.5 4.3 1.3 1.1 0.5 1.7
Argillaceous- . ;
sandstone. . ....... 75.5) 14.8 6.4 2.0
Calcareous-
sandstone......... 54.2) 7.4 | 0.5 1.4 3.3 14.6 1.7 1.7 1.5
Feldspathie- |
sandstone..........
Ferruginous-
sandstone. .. ...... 49.8] 5.2 129.2| 0.4 1.0 2.4 0.8 0.5 1]10.4
Arkose. ............. 76.1] 8.7 | ...] 3.5 4.3 1.3 1.1 0.5 1.7
Shale............... 53.3| 22.4 6.6 2.1 0.5 1.1 7.4 4.1
Calcareous shale...... 37.9] 7.0 1.0| 0.5/ 12.4 13.3 1.2 2.0 1.7
Siliceous shale. . ... 82.7) 1.8 1.0/ 0.3 1.1 2.9 0.5 2.6 4.8
Chert............... 98.2 0.8 .. .. .
Limestone........... 3.8/ 1.0 0.4 1.2 51.3 41.6
Argillaceous-lime-
stone..............[17.0] 6.9 | 2.1 2.2 35.5 ... 32.9
Dolomitic-limestone.. .]16.2 3.2 | 0.9 MgCO; = 36.0 CaCO; = 54.5 ...| CaCO;
) = 54.5
Ferruginous-lime- |
stone.............. 28.8 1.3 1.037.4 3.6 0.7 0.7 ...
Siliceous-limestone....{27.5| 1.7 | 2.0} ...| MgCO; = 0.3 CaCO; = 63.8 1.9] CaCO;
’ = 63.8
Limerock...... e 0.3 0.3 MegCO; = 04 CaCO; = 99.0 ...} CaCO4
. = 99.0
Dolomite............ 0.1 0.1 0.3 21.2 30.6 0.2/ 46.9
Argillaceous-dolo-
mite.............. 2.4 1.3 MgCO; = 41.1 CaCO; = 51.1
Siliceous-dolomite. . ..| 8.3} 1.8 0.2| 1.1/ 16.7 29.0 0.1 l 1.1 0.4 41.6
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Table 4.

(7,13)

Typical mineralogical compositions of rocks in percentages.
Rock Quartz 2{;};2‘ P(l:ffsig' Augite ﬁg;g; Biotite clt;{\};:; Epidote glggl:
IeneoUs Rocks
Granite................ 30 41 8 e ce 3 3 1 .
Diorite. ............... 8 7 30 3 27 4 0.1 5 .
Gabbro................ 0.5 44 28 9 2 RN 1 Ce
Digbase. .............. .. | 44 46 2
Rhyolite. . ............. 32 45 3 ... 0.7 3 2 2 0.4
Trachyte.............. 3 42 1 2 6 0.5 . 8 9
Andesite............... 0.6 48 14 3 .. 3 13
Basalt................. 36 35 21
MeTamMorPHIC ROCKS
Quartzite. . ............ 84 3 ce 1 2 2 2
Feldspathic-quartzite....| 46 27 1 ce Ce. 2 5 1
Hornblende-gneiss....... 10 16 15 3 45 3 1 2
Granite-gneiss. . ........ 37 32 3 . e 7 11 2
Biotite-schist........... 34 13 3 1 38 3 2
Mica-schist. ........... 37 16 1 - 13 26 2
Slate.................. 29 4 - ... 85 2
Marble................ 3 0.2 0.2 con - Calcite = 96
Amphibolite............ 3 1 8 70 1 0.2 1 12
SEDIMENTARY RoOCks
Sandstone.............. 79 5 0.3 ‘ 0.2 1 S
Feldspathic-sandstone. . .| 35 26 2 . 0.6 2 1
Calcareous-sandstone. .. .| 46 3 2 .| . Calcite = 42
Chert................. 93 ool ce Calcite = 1
Limestone. . ........... 6 Dolomite = 8 Calcite = 83
Dolomite . ............. 5 Dolomite = 82 Calcite = 11
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Table 5.

Degree of acidity of igneous rocks.

pH Acidic <€-----------"-"---eee oo > Basic
Generally Usually
Quartz, % > 10 0 to 10 Absent, < 5 Absent
M
I _ Na- Ca-
N Type of Orthoclase Orthoclase Plagioclase Plagioclase
E Feldspar Na-Plagioclase (Albite (Labradorite
R usually) usually)
A
L
S Other Major | Some Biotite, Some Biotite, Biotite + Biotite +
Minerals Hornblende, Hornblende Hornblende + Hornblende +
Muscovite Pyroxene<40% Pyroxene +
0Tivine>40%
Phaneritic | Granites Syenites Diorites Gabbros
Peridotite
Phaneritic- Dunite
Porphyritic Pyroxenite
Hornblendite
T Aphanitic Rhyolites Trachyte Andesites Basalts
Dacite Augitite
E Aphanitic- Dolerite/
Porphyritic Diabase
X Basaltic-
Achondrite
T Aphanitic-
Vesicular
U
R Tuff Tuff Tuff Tuff
Fragmental | Breccia Breccia Breccia Breccia
E
Vesicular- | Pumice Pumice Scoria Scoria
Glassy
Obsidian Obsidian Obsidian Basaltic-
Glassy Pitchstone Pitchstone Pitchstone Obsidian
Perlite ‘
COLOR | Dark/Light 10/90 10/90 50/50 90/10
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between a substance such as aggregate and the surrounding medium. It is
caused by the presence of surface charges. Water is used as the medium in
studies dealing with moisture damage. Zeta potentials can be determined

for crushed and uncrushed minerals and rocks, and for natural surfaces and
surfaces treated with materials such as antistripping additives. Thus the
data can be used to evaluate surface effects. Studies concerned with the zeta
potentials of aggregates try to relate the degree |of chemical bonding to the
zeta potential. For understanding adhesion, it is believed that measuring
zeta potentials should be an improvement over just determining the degree of
acidity or pH.

It has been determined that zeta potentials for rocks are not simple
averages of the potentials of their mineral constituents. Interactions of
the constituents and minor minerals appear to be very important. The source
of the aggregate and variations within a quarry thus are factors which can
influence the zeta potential.

In one study, both the zeta potential and thejchange in the pH of the
water due to the mineral or rock were measured. The zeta potentials of the
minerals and rocks were all negative, and they apéeared to the authors to be
more negative as the pH of the water deviated from neutral. They concluded
that the zeta potentials were more negative at thé Tow and high pH values,
which ranged from 5.1 to 9.6, However, the data was scattered and a
relationship between zeta potential and strippingﬁwas not evident. In another
study, higher zeta potentials appeared to indicate a greater propensity for

stripping, but only five aggregates were eva1uate¢.‘23’

(5) Conclusions of Chemical Bonding Stud%es. As with studies
concerned with surface energy theories, most past%studies dealing with
chemical bonding have only provided a few genera]ﬁzed conclusions concern-
ing adhesion and debonding, and the chemical prop%rties of the binder were
generally treated as being far less important than the type of aggregate.
However, the surface chemistries of aggregates haye not been determined.

Support for concepts which state that chemical bonds are formed is given
by some studies where the heat of reaction, or enthalpy, has been measured.
For physical adsorption, the heat given off by the process should be very
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small because it is a condensation process. Chemical reactions should give

@ The amount of heat

off more heat because there is a heat of reaction.
given off in these studies indicates that chemical bonds are being formed.
Most of these studies have been concerned with the effects of the chemical
composition of the asphalt on moisture damage. See the section of this report

entitled "2. Type of Asphalt."”

¢. Mechanical Interlock

The physical properties of the aggregate affect stripping, but how the
effects of these properties along with surface energy and chemical bonding
concepts can be combined to explain moisture damage is difficult to perceive.

Increased aggregate angularity and surface roughness increases the me-
chanical interlock, which may help to resist the effects of moisture damage.
However, complete wetting and a uniform film thickness may be more difficult
to obtain with aggregates having high angularities. Asphalt films at sharp
edges may be very thin and more susceptible to breaking. Increased angularity
and surface roughness also increase the surface area, or contact area, between
the aggregate and asphalt. This may also increase the mechanical grip and
asphalt demand, but any beneficial effects are confounded with the change and
variability in film thickness.

The angularity of the aggregate and the contact area between the asphalt
and the aggregate can be increased by crushing the aggregate, but changes in
surface energy factors must also be considered. Crushing may increase the
number of unbalanced forces, which may increase or decrease the susceptibility
to moisture damage depending on the type of aggregate and asphalt. However,
because reactions can occur within the surface of a solid to balance the
surface forces and the surface can adsorb polar or polarizable molecules
from the surrounding medium, some of the broken bonds from crushing may not
be available for bonding. Surfaces of materials generally have unbalanced
forces which leads to surface tension. Thusiithese surfaces tend to attract
various materials even from the air.® f

Verbal reports indicate that crushing geﬁéra?]y increases the suscep-
tibility to stripping, while weathering geneﬁally has the opposite effect.
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Weathering should decrease the interfacial tensions between the aggregate and
other materials. This should reduce both the adhesive force and the potential
for stripping, unless other factors which help to reduce the susceptibility to
damage, such as mechanical interlock, are significantly lost in the process.
However, there is little published data to verify this hypothesis. It is also
hypothesized that over a long time period, adsorbed water molecules or loosely
bound water may be replaced with oxides of iron, 0ils, fatty acids, or other
organics more compatible with asphalt than water.®#

The mechanical interlock and contact area between the asphalt and the
aggregate can also be varied by manipulating the aggregate gradation. How-
ever, this manipulation can have a side effect. ﬁ1ne and coarse aggregates
used in a paving mixture often are not the same rdck type since different
types of aggregates are often blended together. $ecause moisture damage may
be confined to only the coarse or fine fraction, ér be more dominant in one
fraction, an alteration of the blend could increase or decrease the potential
for moisture damage. Also, while failure can be caused by damage in either
fraction, damage in one fraction of an aggregate nay be more detrimental than
damage in another fraction if these fractions affect the mechanical properties
differently. It has been hypothesized that stripﬁing in the fine fraction
may be more disruptive to the integrity of the mi%ture than in the coarse
fraction. It is unknown if slight, routine adjusﬁments in the percentages
of the different aggregates may lead to some variations in moisture suscepti-
bility. These adjustments often have to be made @hi1e the mixture is being
produced at the plant. |

A higher aggregate porosity generally increases the contact area and
asphalt absorption, and thus possibly the mechaniéa] grip. However, it also
may be difficult to completely remove all water v%por from inside the pores.
Furthermore, the effects of the long-term absorption of asphalt or specific
asphalt chemical functional groups on the susceptibility to moisture damage
are unknown. Thus, a higher porosity may or may not be beneficial. Studies
to evaluate the role of porosity would be difficuit to perform because it is
hard to find a particular rock composition havingévarious porosities. An
evaluation of porosity would almost certainly be confounded with changes in
the chemical composition of the rock.
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The crystalline grain size of the aggregate can affect both surface
roughness and porosity. Thus, it is also a factor. Glossy or crypto-
crystalline surfaces are generally low in surface roughness and porosity.

Increased aggregate permeability is detrimental because water entering
one point of an aggregate may diffuse through the aggregate to other points.

Dust and clay coatings must also be considered because they inhibit an
intimate contact between the asphalt and aggregate and provide channels for
penetrating water.”"* It has also been hypothesized that finely divided
mineral matter may cause stripping by emulsifying small amounts of the binder
when water is present, but this appears to be an insignificant factor if it

(25)

does occur. The agitation during mixing may remove some coatings from

aggregate surfaces but it also may create additional dust.

An increase in the moisture content of the aggregate may also decrease
adhesion if the water is not thoroughly dried from the aggregate surfaces or

pores. %%

Even if the aggregates are thoroughly dried by the mixing plant,
they still may have several molecular layers of adsorbed water, which will
decrease the number of unbalanced forces on the surface of the aggregate.
Most water is liberated upon heating to 212 °F (100 °C) but several molecular
Tayers may be bound so strongly that temperatures exceeding 1832 °F (1000 °C)

®  The effects of this strongly adsorbed water
2,8

are required for liberation.
on adhesion and moisture damage are unknown but appear to be very low.
Adsorbed water can affect both surface energies and the degree of chemical
bonding and the effects may depend on the type of aggregate.

Other molecular layers of materials may also be strongly adsorbed. As
previously stated, these materials may increase or decrease adhesion depending
on (1) the type of aggregate, (2) the types of adsorbed materials, and (3) the
way the adsorbed materials affect surface energies and the degree of chemical
bonding. The literature reports that oxides of iron, oils, fatty acids, or
other organics may be adsorbed. Normal mixiﬁg temperatures and the agitation
involved will not necessarily remove all of ihese materials.®® Little or no
research can be found concerning adsorbed maieria]s and their effects on
adhesion. |
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The hardness of the aggregate and its resistance to degradation may also
be important because aggregates that degrade or brieak due to freezing or
traffic Toads may disrupt the asphalt film and expose new, uncoated surfaces.

However, minerals of high hardness are often very hydrophi]ic.“o’

d. Classification According to the Degree of Visual Stripping

Table 6 lists various minerals and rocks according to the degree of visual
stripping associated with them. This information was extracted from reports
dealing with either surface energy theories, chemical bonding, or the effects
of mechanical interlock. See references 4, 7, 14, 15, 16, 17, 18, 19, 20, and
21. STight stripping is less than 10 percent; moderate stripping is from 10
to 30 percent, and severe stripping is in excess of 30 percent. Some minerals
fall into more than one category, thus they often display various degrees of
stripping. Because many minerals do not fall into a single category, it is
not surprising that many rocks, which are made up of minerals, cannot be
classified definitively.

Variations in the degree of visual stripping fbr a particular mineral or
rock listed in table 6 are probably related to (l)éthe presence and types of
adsorbed materials, (2) slight differences in minefa1ogica1 composition, (3)
impurities, (4) the structure and degree of crystaj]inity, (5) the effects of
weathering, and (6) other factors which affect the?po]arity of the surface.
Factors such as the types of adsorbed materials ané weathering show the im-
portance of interfacial properties, and indicate that surface properties are
more important than the overall composition of the aggregate. For example,
hornblende and biotite are sometimes found to strip when used in their natural
state, although freshly cleaved surfaces do not strip. These minerals are
usually considered basic and not susceptible to stripping. Crystallinity is
important because crystalline substances general]y}possess more unbalanced
forces than amorphous materials. A rock may vary in mineralogical compo-
sition, impurities, and/or the degree of crysta]]{ﬁity even within a quarry.

Table 6 appears to indicate that most aggregatés will strip to some
degree. This may be due in part to the fact that‘ﬁore aggregates prone
to stripping have been studied than those not prone to stripping. Highway
agencies which have 1ittle problems with stripping do not publish reports
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Table 6. List of rocks and minerals according to the degree
of stripping associated with them.

MINERALS

Severe Stripping

Slight Stripping Moderate Stripping

Biotite Biotite Biotite
Hornblende Hornblende Hornblende
Feldspars: Feldspars: Feldspars:

¢ Labradorite ¢ Oligoclase ¢ Oligoclase
¢ Bytownite ¢ Albite o Albite

¢ Anorthite ¢ Anorthite ¢ Anorthoclase
Chlorite Garnet ¢ Microcline
Sericite Muscovite Quartz ¢ Perthite
Diopside Muscovite ¢ Andesine
Olivine Chalcedony
Pyroxenes Quartz
Augite

Calcite

Slight Stripping

Gabbro

Basalt

Greenstone (Basalt)
Quartz Dolerite
Diabase

Scoria, Slag
Peridotite

IGNEQUS ROCKS

Moderate Stripping

Biotite Granite

Basalt

O0livine Dolerite
with Analcite

Quartz Diorite

Andesite

Diabase

Severe Stripping

Granite

Biotite Granite

Aplite Granite

Pegmatite Granite

Soda Granite

Granite Porphyry

Granodiorite

Obsidian

Albitised Olivine-
Diorite

Diorite

Rhyolite

Trachyte

Pumice

Granite Porphyry

Dacite

Syenite




Table 6. List of rocks and minerals accof

of stripping associated with them (

Slight Stripping

Siliceous River Sand
Siliceous Sand

with Iron Oxide Coat
Serpentine

Slight Stripping

Limestone
Dolomite
Graywacke
Limerock

METAMORPHIC ROCKS

Moderate Stripping

Biotite Feldspar Gneiss
Feldspathic Quartz-

Sercite Gneiss
Granitic quartz-

Feldspar Gneiss
Biotite-Muscovite Schis
Diabase-Hornfels
Hornblende-Gneiss
Biotite Schist

SEDIMENTARY ROCKS

Moderate Stripping

Limestone

Dolomite

Limerock

Reef Coral
Calcareous Sandstone
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continued).

Severe Stripping

Quartzite

Granitic Gneiss
Quartz-Sericite Schist
Feldspathic-quartzite
Biotite Schist
Muscovite Schist

Severe Stripping

Iron Oxide-rich Arkose
Chert

Flint

Breccia

Feldspathic Sandstone
Sandstone

Chalk

Oolitic Limestone
Argillaceous Sandstone




or perform a high amount of research on stripping problems, and thus their
aggregates do not appear in reports on stripping. Also, data is not available
to determine the number of times a mineral or rock falls into a particular
category for stripping in table 6. Thus, even though a mineral or rock falls
into more than one category, it may not fall equally into each category.

Table 3 shows that the majority of aggregates have an $i0, plus CO, level
above 50 percent, and thus some stripping with the majority of aggregates
could be expected.

2. Type of Asphalt

The stiffness of an asphalt can have an effect on moisture susceptibility.
The viscosity of the heated asphalt must be sufficiently Tow during mixing to
allow complete coating and absorption. Mixing time is equally important.
After coating, stiffer asphalts are generally harder to peel from an aggregate
at ambient temperatures, or take longer to peel, and thus have more resistance
to moisture damage. See references 2, 14, 16, 27, 28, 29, and 30. The
strength or cohesiveness of a very stiff mixture may not significantly
decrease even if a significant amount of detachment occurs. This is often
shown by age hardened asphalts, such as those in 20-year old binder or base
layers, where detachment from the coarse aggregate has occurred but the mix-
ture remains intact. It is unknown if the increased resistance to moisture
damage with increased stiffness is really due only to the stiffness or
cohesiveness of the binder. Differences in the amounts of the various asphalt
chemical functional groups being adsorbed also may play a role. Moisture
susceptibility is a function of the grade of asphalt and age hardening.

Asphalt chemical composition has been connected to variations in the
degree of moisture damage, although most problems have been attributed to
and vary with the type of aggregate. See references 12, 15, 16, 27, 31, 32,
33, 34, 35, 36, 37, and 38. Studies concerned with the effects of asphalt
chemical composition on moisture damage have been Timited in scope and number.
Most studies have been concerned mainly with the effects of the type of aggre-
gate. The chemical composition of the asph@]t was generally not considered.
Most studies concerned with the effects of hsphalts have only evaluated the
effects of their rheological properties. However, all of these studies
measured asphalt-aggregate-water interactions. In this report, the effects
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of the type of aggregate and the type of asphalt on§moisture damage are
separated even though they interact. The informatién in the Titerature is

presented in this manner.

It has been shown that tars, which contain a re4ative1y high amount
of phenols, are more resistant to stripping than as#ha]ts However, under
extreme conditions or with very poor aggregates, thé differences between these
two binders may be insignificant.(®:28:39

Using Rostler-Sternberg fractional composition ‘na]yses, it has been
stated that the resistance of asphalts to strippingidecreases with a decrease
in the ratio of the nitrogen bases (N) plus first a?idaffin (A,) fractions
to the paraffin (P) plus second ac1daff1n (A,) fracﬂ1ons, or with an increase
in the asphaltene fraction. B3 Eyen though aspha1tenes are polar, it is
hypothesized that because their molecular species are strongly associated to
form relatively rigid structures within the other a%pha]t fractions, they can-
not satisfy the unbalanced forces on the surfaces of the aggregate. By itself,
this explanation seems insufficient. How these con¢1usions explain or comple-
ment the conclusions from the studies on rheo]ogica] properties was not given.

Other studies indicate that the asphalt chemicai functional groups most
easily displaced by water are carboxylic acids, anh&drides, and 2-quinolones,
followed by sulfoxides, and total nitrogen. See references 37, 40, 41, 42,
and 43. More difficult to displace are ketones, phenol1c OH, and pyrrolic NH.
Of particular note is that many of the functional g&oups which are most easily
displaced, such as carboxylic acids and su]foxides,%are those which tend to be
strongly adsorbed by the aggregate after mixing. Né completed study toncerned
with chemical composition has evaluated aspha]t—agg%egate interactions and
moisture damage mechanisms using a broad range of different asphalts and
aggregates. Again, how these conclusions explain of complement the conclu-
sions from the studies on rheological properties was not given. As with
studies using surface energy theories, the effect of the cohesiveness of

the binder is not adequately addressed.

The crude source of the asphalt and the refining process are important
because the chemical composition of asphalts within a grade may be very
different. Asphalts originating from the same crude source may even have
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different properties. The processes used to produce the asphalts may be
different, or the asphalts may have been treated differently. Some suppliers
may even add an antistripping agent to their asphalts.

3. Mixture Design and Construction

The air void level and the permeability of the mixture, which are
influenced by the degree of compaction, asphalt content, and aggregate
gradation, are important because they control the level of water saturation
and drainage. See references 29, 44, 45, 46, 47, and 48. In general, the
percentage of air voids which can be filled with water increases with an
increase in permeable air void level. One exception is with open-graded
mixtures where air void levels of 15 to 25 percent allow water to drain.
However, the water must be able to completely drain from the mixture and not
pond underneath. Therefore, open-graded layers should not be placed directly
on rutted pavements. For dense-graded mixtures, the surface must allow any
surface water to run off of it."“
of water can be helpful. Any measure which prevents water from collecting and

Sealing a pavement to prevent the entrance

remaining in a pavement should be beneficial. Moisture damage often occurs in
base layers and in permeable layers placed on nonpermeable bases, especially

where subsurface drainage is poor.®’

Increasing the asphalt content should decrease moisture damage because of
the increase in film thickness and the decrease in permeability. Even if a
coating appears to be complete, it may contain holes or discontinuities which
can enlarge with time. See references 4, 7, 8, 25, 29, and 50. It may also
be possible for water to diffuse through an asphalt by osmosis in quantities
of significant substance regardless of the film thickness.” In this case,
water may appear to be dispersed in the asphalt, which is considered an in-
verted emulsion (water in 0il1).Y Diffusion may be due to (1) the develop-
ment of blisters, where asphalt wraps around drops of water because of special
interfacial energy mechanisms, (2) the presence of emulsifiers in the asphalt,
(3) dusts and water soluble salts at the aggregate surface which attract
water, and (4) the movement of water to aggrégates because they are cooler.®
The recommended method for increasing the asﬁha]t content of a mixture, or the
amount of coating, is to open up the gradatidn to increase the voids in the
mineral aggregate (VMA). |

33



Other mixture design factors such as gradation
discussed under the section of this report entitle
Interlock."

4. Environment

There are several environmental factors which
moisture damage besides the amount of rainfall and
Heat after a rainstorm can create blisters on aggr
the pavement, which may leave a pit, if broken. T
when warm asphalt moves from beneath a drop of wat
Low asphalt-water interfacial tensions should prom

but retard pitting.®

Most blisters in asphalt pavements are formed

expansion of entrapped water, ©132

In some cases,
asphalt can be seen on the surface of the pavement
is pushed upward in small areas because of underly.

or raised surface layers caused by the expansion o

the surface layer or in underlying layers may form

If bubbles at the surface are caused by the expans
the asphalt around the aggregates, then pits may b

broken. These mechanisms can speed up the moistur

water or water vapor, blisters have also been attr
observations, to salts, uncured steel slags, micro

stripped from aggregate which makes its way to the
trapped air.®" Other than the formation of blist
of water vapor on a mixture are unknown.

Pressures and water movements due to freezing
asphalt films and thus may promote stripping.®“®
peratures or fatigue stresses may promote strippin

entrance of water.

Temperature can also have an effect. Field ex
cool rainfalls and rapid drops in temperature whil
being placed or cured can have harmful effects on
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have been previously
d "c. Mechanical

can affect the degree of
water in the pavement.

egates at the surface of
hese blisters are formed
er and spreads over it.{"®

ote these types of blisters

primarily by the thermal
bubbles coated with

, or the surface layer
Bubbles
f entrapped water under

ing expansion.

holes or cracks if broken.
ion of water entrapped under
e formed if the bubbles are
e damage process. Besides
ibuted, mainly through field

bial action, and asphalt

surface along with en-
ers, the long-term effects

and thawing can rupture
Cracks caused by low tem-
g because they allow the

perience has indicated that
e a pavement mixture is

adhesion. Also, pavements




placed in cool seasons may be more difficult to compact, and thus have higher
air void levels and permeabilities than pavements placed in warmer weather.
This may increase the susceptibility to moisture damage. During the life of
the pavement, high temperatures may promote healing in dry weather, although
in wet weather, the decrease in viscosity associated with the high temperature
may decrease the resistance to moisture damage.‘®

Surface energies are a function of temperature. Changes in thermal
vibrations caused by temperature fluctuations affect surface energies and thus
the potential for moisture damage. However, little data is available on this
subject.

Aging increases the stiffness of an asphalt and thus may decrease the
susceptibility to moisture damage. As stated under the section of this report
entitled "2. Type of Asphalt," the strength or cohesiveness of a very stiff
mixture may not significantly decrease even if a significant amount of de-

tachment occurs. However, aging also changes the chemistry of the asphalt and
surface energies. The effects of these changes on moisture damage are unknown
and are confounded with the increase in hardness and the fact that moisture
damage is also time dependent. Whether a loss of adhesion can occur under dry
condition with aging and how this interacts with moisture damage is unknown.
There are no standardized or widely accepted aging methods to simulate the
Tong-term chemical changes of an asphalt. Aging of an asphalt within a
mixture is highly dependent on the climate and the amount of permeable air
voids.

The pH of the water has been found to influence the degree of moisture
damage and the effectiveness of antistripping additives. See references 4,
12, 23, 30, 32, and 53. Some of these studies show that a low pH helps the
retention of acidic asphalts on acidic éggregates, while a high pH helps the
retention of acidic asphalts on basic aggregates. This conclusion supports
chemical bonding theories. The effectiveness of some antistripping additives
appears to be affected by the pH of the water. In one study, it was stated
that the effectiveness of liquid cationic antistripping additives on acidic
aggregates may be improved by a Tow pH.‘"® However, these studies have been
limited in scope, and mechanisms for the reﬁérted conclusions were not given.
Acidic rain may have an effect on damage, but this has not been investigated.
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The presence of any ions in water could 1nf1u%nce the degree of moisture

damage.
been investigated.

5. Traffic

Asphalt which has partially stripped from an 3
the pavement dries except when the aggregate or as
action of traffic. See references 1, 4, 25, 27, 2
from traffic and the effects of water interact to

Sharp, aggregate edges may be very susceptible to

edges, the stress may be high while the film thickness may be Tow.
vibrations and pore pressures also may force water

G0 The extent that these two factors

interfaces.
Pore pressure is often hypothesized to be a major

damage.

bility to moisture damage in some cases.

6. Antistripping Additive Properties

Traffic also wears and can scour the asph
on the surface of the pavement and can create cracks.
pavement air voids and permeability due to traffic

Thus, road salts may have an effect on damage, but this also has not

iggregate may re-adhere if
phalt is displaced by the
8, 45, and 49.
‘cause pavement failure.®
breaking because at these

Stresses

Mechanical
into asphalt-aggregate
have on damage is unknown.
influence on the rate of
alt coating from aggregates
However, decreased

may reduce the suscepti-

The use of antistripping additives in mixtures

the degree of moisture damage. Antistripping addi
chapter 2 of this report.

7. Summary of Factors

can significantly affect
t
tives are discussed in

Adhesion should increase and moisture damage decrease when:

¢ The aggregate is thoroughly dried before the as
this liberates absorbed water and may increase

and thus the mechanical grip.

¢ The aggregate drying temperature is increased
liberate more water or water vapor.
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the absorption of asphalt

because higher temperatures




The aggregate is weathered because weathering decreases the number

of unbalanced forces between the asphalt and aggregate. It is also
hypothesized that during weathering, adsorbed water molecules. or Tloosely
bound water can be replaced with oxides of iron, oils, fatty acids, or
other organics more compatible with asphalt than water.

Dust coatings are removed because dust inhibits an intimate contact
between the asphalt and aggregate and provides channels for penetrating

water.

The angularity, roughness, and absorption of the aggregate increase
because these increase the mechanical interlock.

The permeability and number of weakly bound planes in an aggregate
decrease, because when this is not the case, water entering an aggregate

at one point may diffuse to other points.

The resistance of the aggregate to thermal, freeze-thaw, chemical, or
other disintegration mechanisms increases.

The grain size of the aggregate decreases because coarse—grained
aggregates may be smooth and nonabsorptive.

The percentage of balanced forces between the aggregate and the asphalt
increases.

The mixture air void level and permeability decrease.
The asphalt film thickness increases.

Drainage is improved.

The level of traffic decreases.

An effective antistripping additive is uséd.
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Some of the above factors tend to contradict éach other. Most weather-

ed aggregates are extremely smooth and do not pro@ide a good mechanical
interlock. Crushing the aggregate will improve tﬁe mechanical interlock but
may also increase the number of unbalanced forces* However, increasing the
number of unbalanced forces can be beneficial if it promotes chemical bonding.
Crushing also produces sharp edges which may only be thinly coated. Mixture
air void Tevels and permeability may also increase with crushing if the mix-
ture is more difficult to compact in the field. }ncreased aggregate porosity
may increase the degree of asphalt absorption, but all interior water vapor
may not be expelled during drying. High mixing timperatures may liberate
strongly bound water molecules, but bound materia]s which are advantageous
may also be Tiberated. 5

|

}

|

|
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CHAPTER 2: METHODS FOR CONTROLLING DAMAGE

Methods that have been used to reduce the susceptibility of asphalt
mixtures to stripping are:

Encapsulating the aggregate.
Precoating the aggregate.
Allowing the aggregate to weather.
Washing the aggregate.

Altering the mixture design.

Using antistripping additives.

® © e e ° e

These methods generally have been used to decrease the degree of visual
stripping. Many test procedures use mechanical tests to evaluate moisture
susceptibility. Even though mechanical tests measure reductions in proper-
ties due to both a loss of cohesion and adhesion, there are no specific
treatments for preventing cohesive failures caused by water, unless the damage
results from materials containing clays which can be removed. In cohesive
failures, the water damages the binder and visual stripping is not evident
or is Tow.

1. Encapsulating the Aggregate

Encapsulation of the coarse aggregate with materials such as epoxy can
reduce stripping by preventing the binder from contacting the aggregate. The
cost of this method is very high and generally there is a decrease in strength
and stability because of a loss of surface texture, %
these properties are greatest when the aggregate initially has a high amount
of texture. Epoxy to aggregate compatibilities should be considered because
adverse reactions between the two have occurred. ™ Epoxy coatings also
decrease the absorption and specific gravity of the aggregate and may create
conglomerations. Encapsulation is not used in practice.

The reductions in

2. Precoating the Aggregate

Precoating aggregates used in app]icationsfsuch as chip seals with the
binder (asphalt, cutback asphalt, asphalt emulgion, or tar) has been used
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with some success, although this method is often costly or impractical.
Precoating reduces the amount of exposed aggregate, even though some of the
binder will wear off due to traffic. Most evaluations of the effects of
precoating or encapsulating aggregates on the degree of stripping have been
laboratory studies rather than field studies. Precoating aggregates is a
method occasionally performed.

3. Allowing the Aggregate to Weather

Aggregates can be weathered, although this method is often impractical.
Weathering periods are generally not specified in|practice. Differences

between the effects of weathered and freshly crus@ed aggregates on adhesion
are discussed in chapter 1 of this report. |

4. Washing the Aggregate

Washing aggregates may be beneficial. Washing should always be performed
when the aggregates contain clay, or the coarse a@gregates have high dust
coatings. Even dust coatings above one percent m@y cause problems. Aggre-
gates should (1) be nonplastic using American Association of State Highway and
Transportation Officials (AASHTO) Methods T 89 and T 90, or American Society
for Testing and Materials (ASTM) Methods D 423 and D 424, (2) have less than
one percent clay Tumps and friable particles, and (3) have a minimum sand
equivalent of 45 using AASHTO T 176 or ASTM D 2419.%°°® Water is usually
used to remove dust coatings. Washing aggregateégwith water is used in
practice. 3

Washing aggregates with acid to remove coatihés and strongly adsorbed
materials may improve their resistance to stripping. However, this method
may be costly and may abrade the aggregates, thusfcausing a loss of surface
texture.™>*  Whether an acid affects the surfac% chemistry of the aggregate
'by being adsorbed is not discussed in these repo?%s. Acid washes are not used
in practice. |

Other combinations of treatments such as washing aggregates with acids
and coating them with various oils or pitches have also been tried in the
laboratory, but the results and mechanisms exp]aﬁhing how they affect the
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susceptibility of a mixture to moisture damage are not well documented.

These treatments are not used in practice and are costly.

5. Altering the Mixture Design

The degree of stripping may be reduced by altering the mix design,
although some other additional form of treatment will probably be needed
unless the degree of stripping is initially Tow. Increasing the VMA, which
increases the amount of binder or average film thickness, may be advantageous.
Using an asphalt with a higher viscosity is generally not a good approach for
decreasing stripping because the advantages are often slight and usually any
advantage will be offset by increases in other problems such as low temper-
ature cracking or fatigue cracking. Increasing the VMA would seem to be a
good method for helping to prevent moisture damage but it is generally not
done. '

6. Using Antistripping Additives

Antistripping additives or agents are used to increase the physico-
chemical bond between the asphalt and aggregate and to improve wetting by
lowering the surface tension of the aspha]t.‘4”257’ Some additives are added
to the mixture by weight of the asphalt cement, while others are added by
weight of the aggregate.

Most additives added to the asphalt cement are surfactants which primarily
modify the aggregate surface. The interfacial tension between the aggregate
and the asphalt is lowered through this modification. These chemicals
generally consist of molecules having an oil-soluble, nonpolar tail which
is attracted to oils and an oil insoluble polar head which attaches onto the
aggregate. A portion may also attach onto some asphaltenes and thus not be
effective.®*” Whether and how they promote chemical bonding is unknown.
Other additives added to the asphalt cement may primarily reduce the surface
tension of the binder to promote spreading. These would seem to be less
effective as they would not be able to reduce the interfacial tension as much
as those which modify the aggregate surface. Others may modify not only the
surface chemistry of the binder, but the overall chemistry of the binder and
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even the aggregate surfaces. The literature is 1a&king in information
concerning additives and the mechanisms for how tﬁey function.

Additives added by weight of the aggregate, such as hydrated lime, are
generally added directly to the aggregate in order to modify the surface
charges of the aggregate or modify the asphalt at its interface with the
aggregate. As with additives added to the binder, most are used to modify
aggregate surfaces. These additives are used primarily when the coarse
aggregate fraction is susceptible to stripping because it is easier to coat
coarse aggregates than fine aggregates.

The choice of an additive must be based on (1) the effects on adhesive
properties, (2) the effects on other mixture properties, (3) the dosage
needed, and (4) economy. Regardless of whether the additive is added to the
binder or the aggregate, the end result is to decrease moisture damage. The
long-term performances of many additives are often questioned, and with some
additives, no long-term performance is available. It is generally assumed
that laboratory tests used to evaluate moisture damage and the effects of
additives predict Tong-term performance. Howeverg these tests do not dupli-

cate field conditions exactly and thus could givg%mis1eading results for some
additives. %

Additives that have been used in practice or tested in the laboratory
include: V

Traditional Tiquid additives.
Metal ion surfactants.
Hydrated Time and quicklime.
Silane coupling agents.
Silicone.

® & ©o ° @

By far, the traditional Tiquid additives andjbydrated 1lime dominate the
market in terms of use. The use of hydrated 1im¢:has increased greatly over
the past 15 years.
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a. Traditional Liquid Additives

(1) Antistripping Mechanism. Most traditional liquid additives are
proprietary liquid chemicals containing a hydrocarbon chain and the amine
group NH,, which is structurally related to ammonia.®**> This amine group
is the oil insoluble polar head which forms ammonium salts with hydrogen ions
of the aggregate. Most are cationic (positive head) and thus should increase
the adhesion between acidic aggregates and asphalts. It is hypothesized that
the effects are greatest with asphaits that are higher in acidity because
these asphalts will adhere more poorly with acidic aggregates. Other tradi-
tional additives reportedly are anionic, which promote adhesion to basic
aggregates. Others are both anionic and cationic (amphoteric).

Most traditional liquid additives are considered surfactants. Some may
affect the overall chemistry of the asphalt, but published research is limited
in this area. There are also no chemical specifications for traditional
liquid additives, which means that even the chemistry of a particular brand
name'product can be changed without the user knowing it.

(2) Types of Traditional Liquid Additives. Several chemical names
for traditional liquid additives appear in the literature, such as amido-

amines, imidazoline, fatty polyamines, fatty diamines, and fatty amines.
However, there is no comprehensive report on these additives which gives their
chemical composition, mechanisms for reducing moisture susceptibility, effects
on other asphalt mixture properties, or their Tong-term field performance.
Additives other than amines which fall into the traditgona1 category, but may
or may not be proprietary, include tall oil and fatty acids. Some of these
may be blended with amines. There are a variety of other chemical names that
appear in literature older than 25 years, such as cetyl pyridinium bromide and
cetyl trimethyl ammonium bromide, but 1ittle or no data or information on
their effectiveness is given.

(3) Dosage. Dosages range from O.f to 3.0 percent by weight of the
asphalt cement although they are commonly 0.5 to 1.0 percent. The optimal
dosage that should be used varies from asphi]t to asphalt and from aggregate
to aggregate. This optimal dosage can be déiermined in the Taboratory by
adding various dosages to the mixture and e@a]uating their effectiveness
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(5) Factors Affecting Migration to Aggregate Surfaces. In order

to be effective, the additive must be able to migrate to aggregate surfaces.
Migration is affected by (1) the heat stability of the additive, (2) the
degree of interaction between the additive and asphalt chemical functional
groups, (3) the efficiency of the blending operation, and (4) the blending
time.

When an additive is not heat stable, it is hypothesized that it reacts
with certain components of the asphalt to form inert salts, and thus is no
longer an antistripping additive.®* 1t is also possible that the additive
may degrade in the asphalt or there may be some loss due to volatilization,
but these hypotheses have not been tested. Additives which are stable at
ambient temperatures for many years may become ineffective after a few hours
at normal hot-mix temperatures. Reportedly, the heat stability of all the
chemical names previously listed (amido-amines, imidazoline, fatty polyamines,
fatty diamines, and fatty amines) are improved in some way. The Titerature
does not indicate how they are improved. Storage temperatures for liquid
additives should generally not exceed 200 °F (93.3 °C), and some do not have
to be heated to be delivered from the storage tank to the asphalt.

With interaction between the additive and the asphalt, the additive is
present but is attracted to certain asphalt components and thus does not
migrate to the aggregate.“" Additives also must not have a tendency to
form micelles in the asphalt as this will also prevent migration.

An additive may be ineffective if not blended thoroughly with the asphalt,
or if the viscosity of the mixture is not low enough for a sufficient period
of time to allow migration. Normal plant mixing operations should be suf-
ficient for most of the additive to migrate, but data in this area is lacking.

Additives can be tested for heat stability. Heat stability tests should
account for temperature, storage time, haul time, and possible delays in
construction including those caused by weather. The mixture with antistrip-
ping additive is tested for moisture susceptibility after the materials are
put through the simulation process. Usually the asphalt with additive and
then the mixture are kept hot in closed containers for periods of time. Heat
stability tests will also account for any interaction between the asphalt and
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the additive. The rate of reaction or interaction b%tween an additive and
asphalt depends on time and temperature. |

(6) Effects on Properties Other Than Moistu?e Susceptibility. Tradi-
tional Tiquid additives are occasionally diluted with fuel oils, kerosene, or

aromatic oils, and thus are not 100 percent effective. These additions aid
in blending the additive with the asphalt but they d@ not have antistripping
properties themselves. Traditional liquid additiveséhave a wide variety of
physical and chemical properties, and new varieties frequently appear on the
market while others are removed. |

Large changes in asphalt binder properties, suchgas viscosity, loss on
heating, temperature susceptibility, and aging have %eported]y been caused by
quantities of the additive at or slightly greater than the optimal dosage.

See references 14, 16, 25, 59, 60, 61, and 62. When changes do occur, the
viscosity generally decreases while the loss on heating increases. Decreases
in the stiffness of the mixture have also been reported. A change in stiff-
ness generally would cause some change in how the mixture compacts; however,
these same reports state that density is often affected very little. Tests

to determine the effects of an additive on asphalt binder properties are often
not performed by highway agencies, as most dosages are so small that they are

not expected to have any effect. However, as indic@ted above, they can have
an effect. '

Laboratory research studies concerned with the\éffects of Tiquid addi-
tives on asphalt binder properties often do not ]isﬁ the brand names of the
additives, and thus the results are often of 1imited value. In some cases,
chemical analyses are given and those familiar withéthe additives can recog-
nize them. In most cases, even when the brand namei are given, chemical
analyses of the additives are not performed. The only guidance given con-
cerning the effects of additives on asphalt binder groperties is that the
additive should not make the properties of the bindér go out of its specifi-
cations for grade. Overall, there is limited information concerning how
additives may affect the chemical and physical properties of an asphalt, and
what highway agencies should do about these effects.
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In some cases, the effects of an additive on the properties of the asphalt
have been attributed to the diluents added to the additive. In other cases,
the effects have been attributed to a lack of heat stability. This provides
another reason for determining heat stability