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Foreword

The papers in this volume, dealing with various facets of asphalt concrete mixtures, should
be of interest to state and local construction, design, materials, and research engineers as
well as contractors and material producers.

Solaimanian and Kennedy describe a simple method for calculating the maximum pavement
temperature profile using maximum air temperature and hourly solar radiation. The method
was developed to be used for Strategic Highway Research Program (SHRP) binder and
mixture specifications and as a quick method for determining maximum pavement temper-
ature for various regions of the United States and Canada. Jung and Vinson describe the
thermal stress restrained specimen test, developed under SHRP. The test is an accelerated
laboratory test to evaluate the low-temperature cracking resistance of asphalt concrete mix-
tures. Kandhal and Cross describe the results of their research to evaluate the effect of
aggregate gradation on the measured asphalt content of hot-mix asphalt mixes. Fwa and Ang
describe a laboratory moisture treatment that was designed to simulate the conditions to
which pavements are exposed in the wet tropical climate of Singapore. Harvey and Monismith
report on a study to determine the effects that laboratory specimen preparation variables
have on permanent deformation, fatigue, and flexural stiffness performance. The study was
conducted with test equipment and methods used by the SHRP A-003A contractor. Little
et al. report on the development of criteria to evaluate uniaxial creep data and asphalt concrete
permanent deformation potential. Mohammad and Paul present the results of a study to
investigate the variation between several structural properties for specimens tested in two
different indirect tension test devices modified in Louisiana.

Farrar et al. present the results of a field trial to assess the performance of six binder-
modifiers in recycled asphalt pavements. They report that after 5 years the six modifiers did
not appear to significantly improve field performance when compared with control sections.
Stuart compares the properties of mixtures in which the asphalt binder was modified with
either chromium trioxide, maleic anhydride, or furfural to an asphalt mixture containing an
AC-20 control asphalt binder. Pradhan and Armijo describe a laboratory investigation to
determine the effects of commercial modifiers on the physical properties of Montana asphalts.
The purpose of the study was to select modifiers to mitigate the severe rutting problems in
Montana. Khedaywi et al. present the results of a research project to study the effect of
rubber concentration and rubber particle size on the properties of asphalt cement and asphalt
concrete mixtures and to investigate the effect of rubber on water sensitivity of asphalt
concrete mixtures. Stroup-Gardiner et al. report on three experiments that evaluated the
influence of the amount of rubber and rubber type, rubber pretreatment, and asphalt chem-
istry on asphalt-rubber interactions.

Jimenez discusses the use of the computer program ASPHALT for estimating a design
asphalt content for asphalt paving mixtures. Cross and Brown report on a study to determine
the amount of segregation that can be tolerated in hot-mix asphalt before premature raveling
is likely to occur. Lai presents the results of a round-robin test program for evaluating the
loaded wheel tester procedure developed by the Georgia Department of Transportation for
determining rutting susceptibility of asphalt mixes. Carpenter evaluates field measurements
of permanent deformation. He reports that modeling attempts using field measurements have
been fundamentally flawed and that their predictions of rut depth development have not
been adequately presented to truly represent the interaction of mix parameters with performance.

Mazumdar and Rao present the results of a study on the effect of flyash filler on the air
voids and other engineering properties of sand-asphalt-sulfur mixes. Scholz et al. describe
the procedure to produce asphalt concrete specimens using rolling wheel compaction. Rolling
wheel compaction was used in preparing specimens for the water sensitivity work performed
for the SHRP A-003A contract. Stoffels et al. report on a study to evaluate different computer
programs for estimating asphalt concrete pavement temperatures. They found that pavement

vii




viii

temperatures predicted by the FHWA integrated model compared more realistically with
actual pavement temperatures than the temperatures predicted by other models. Shatnawi
and Van Kirk describe an investigation into the causes of premature asphalt pavement distress
in Northern California. The distress, which had been mainly manifested in the form of
cracking, was found to have been caused primarily by moisture-induced damage. Aglan et
al. report on a research project to study the effect of varying percentages of styrene-butadiene-
styrene additive on the fatigue crack propagation behavior of an AC-5 asphalt concrete
mixture.
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Predicting Maximum Pavement Surface
Temperature Using Maximum Air
Temperature and Hourly Solar Radiation

MANSOUR SOLAIMANIAN AND THOMAS W. KENNEDY -

A simple method is proposed to calculate the maximum pavement
temperature profile on the basis of maximum air temperature and
hourly solar radiation. The method was developed to be used
mainly for Strategic Highway Research Program binder and mix-
ture specifications and as a quick method of determining maxi-
mum pavement temperature for various regions in the United
States and Canada. The method is based on the energy balance
at the pavement surface and the resulting temperature equilib-
rium. Reasonable assumptions are made regarding thermal prop-
erties of the asphalt concrete. The accuracy of the method was
tested by applying it to some field cases for which measured
pavement temperatures were available. In 83 percent of the cases,
the proposed equation predicted the pavement temperature within
3°C, which is well within reasonable limits, considering the nu-
merous uncertainties that exist in material properties, accuracy
of measurements, variability of environmental factors (wind, sun-
shine, etc.), and inclination of the pavement surface in receiving
radiation.

The binder and mixture specifications that are in development
under the Strategic Highway Research Program (SHRP) As-
phalt Research Program are tied to maximum and minimum
pavement temperatures for various locations in the United
States and Canada. Therefore, it became necessary to seek a
quick and efficient way to determine the maximum pavement
temperature profile with sufficient accuracy for various re-
gions. Barber (/) was among the first researchers to propose
a method of ‘calculating maximum pavement temperature from
weather reports. He applied a thermal diffusion theory to a
semi-infinite mass (pavement) in contact with air. In his the-
ory, solar radiation was considered on the basis of its effect
on the mean effective air temperature. The resulting equation
is simple. However, because the method uses total daily ra-
diation rather than hourly radiation, the calculated maximum
pavement temperature with this model is the same for dif-
ferent latitudes having the same air temperature conditions
and the same total daily solar radiation.

Another procedure was suggested by Rumney and Jimenez
(2). They developed some empirical nomographs to predict
pavement temperature at the surface and at a 2-in. depth as
a function of air temperature and hourly solar radiation. These
graphs were developed on the basis of data collected on pave-
ment temperature in Tucson, Arizona, in June and July along
with data collected on measured hourly solar radiation.
Dempsey (3) developed an analysis program, named climatic-
materials-structural (CMS) model, that is based on heat trans-

The University of Texas at Austin, Austin, Tex. 78701.

fer theory and energy balance at the surface. A finite differ-
ence approach is used to deal with the resulting differential
equation. The CMS model uses a regression equation to cal-
culate the incident solar radiation from the extraterrestrial
radiation. The program is useful for providing detailed in-
formation about pavement temperature variations during the
day for a sequence of days. However, the program requires
a considerable amount of input. The method proposed here
can be used when one is interested in determining just the
maximum pavement temperature with a minimum amount of
input. One can also directly use the charts that are developed
for this purpose. The method is very simple and quick: a user
who knows the latitude of the location and the air temperature
can use the charts to find a reasonable estimate of the max-
imum pavement temperature. The method is developed on
the basis of the theory of heat transfer and takes into account
the effect of latitude on solar radiation.

THEORY

The net rate of heat flow to and from a body, g,.., can be
calculated from the equation

Goar = 4t g, + g, * q. * g, — g,
where

q, = energy absorbed from direct solar radiation,

g, = energy absorbed from diffuse radiation (scattered from
the atmosphere),

g, = energy absorbed from terrestrial radiation,

g. = energy transferred to or from the body as a result of
convection,

g, = energy transferred to or from the body as a result of
conduction, and

g, = energy emitted from the body- through outgoing
radiation.

q, and g, are always positive for the surface of a body such
as pavement exposed to radiation. The terrestrial radiation,
q,, is positive for a body that is above the surface of the earth
or is tilted so that it can “see” the earth surface. For the
pavement surface, g, can be considered to be 0. The convec-
tion energy is transferred from the pavement to the surround-
ing air if the former has a higher temperature than the latter.
In this case, g. appears with a negative sign in the above




formula for a pavement. The conduction energy appears with
a positive sign if the surface temperature is lower than the
temperature at a depth below the surface (as might be the
case during cold winter days). Conduction energy will have
a negative sign when the surface temperature is higher than
the pavement temperature at other depths. This is especially
true during the hot days of summer. Finally, the energy emit-
ted from the pavement surface, q,, is always negative. There-
fore, during summer, when the greatest interest in predicting
the maximum pavement temperature exists, the net rate of
heat flow to the surface of the pavement can be written as

qnet=q3+qa—qc—qk_qr (1)

Each of the quantities in this heat flow equation is discussed
later.

Direct Solar Radiation

The energy absorbed from direct solar radiation, g,, can be
calculated as

g, = o R, (2

where o is the surface absorptivity to the solar radiation and
R, is the incident solar radiation.

The part of the incident solar radiation that is not absorbed
by the surface [(1 — ) - R;] will be refiected back to the
atmosphere. .

The surface absorptivity « depends on the wavelength of
the incoming radiation. For some materials o varies within a
very wide range depending on the wavelength. For example,
polished brass has an absorptivity of about 0.08 for long-wave
radiation (9.3 wm) at 100°F and 0.49 for solar radiation that
is considered shortwave radiation (less than 2 pm). White
paper has an absorptivity of about 0.95 to long-wave radiation
. and 0.28 to shortwave radiation. For asphaltic materials it
seems that o, does not vary substantially over a wide range.
Typically a,,, for asphalt mixtures varies from 0.85 to 0.93.

The incident solar radiation R; depends on the angle be-
tween the direction of the normal to the surface receiving
radiation and the direction of the solar radiation and can be
calculated as

R, =R, cosi 3)

where

R, = the radiant energy incident on a surface placed nor-
mal to the direction of the rays of the sun and

the angle between the normal to the surface and the
direction of radiation.

-
I

R, can be calculated from the solar constant R,, which is the
impinging rate of the solar energy on a surface of unit area
placed normal to the direction of the sun rays at the outer
fringes of the earth’s atmosphere. The solar constant is about
1394 W/m? (442 Btu/hr ft?). The rate of solar energy received

at the surface is substantially less than the solar constant be-

cause a large portion of the radiation is absorbed by the at-
mosphere and its contents before reaching the earth. Gases,
clouds, and suspended particles in the atmosphere scatter and
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reflect about 26 percent of insolation (incoming solar radia-
tion) into space. The atmosphere and the earth’s surface to-
gether absorb about 70 percent of insolation. The solar energy
received at the surface depends on the location, time of the
day, and time of the year. The value of R, can be calculated
as

R, = Ry 4
where

R, = solar constant;

m = relative air mass, defined as the ratio of the actual
path length to the shortest possible path; and

7, = transmission coefficient for unit air mass.

The value of 7, is less in the summer than in the winter
because the atmosphere contains more water vapor during
the summer. The value also varies with the condition of the
sky, ranging from 0.81 on a clear day to 0.62 on a cloudy one.

The relative air mass m is approximately equal to 1/(cos z),
where z is the zenith angle (the angle between the zenith and
direction of the sun’s rays).

The zenith angle depends on the latitude &, the time of
day, and the solar declination. The time is expressed in terms
of the hour angle # (the angle through which the earth must
turn to bring the meridian of a particular location directly
under the sun). At local noon k is 0, but in general it depends
on the latitude and the solar declination, 8. The zenith angle
can be found from

cos z = sin ¢ sin 8; + cos &, cos A cos ¢ (5)

For horizontal surfaces cos i = cos z, but for a surface that
is tilted at an angle § degrees to the horizontal, i can be
obtained from

R, ) . .
— = cosi = cos|z — Y| — sin z sin
R’l

+ sin z P sin |4 — B (6)
where
¢ = tilt angle,
A = the azimuth of the sun, and

B = the angle between the south meridian and the normal
to the surface measured westward along the horizon.

Development of the preceding formulas was explained else-
where (4).

The solar and surface angles for a tilted surface are shown
in Figure 1. Brown and Marco (5) have developed graphic
relationships from which the values of the required angles can
be obtained for northern latitudes. One of these graphs giving
solar angles for the period from May to August for latitudes
between 25°N and 50°N is shown in Figure 2.

Atmospheric Radiation
Atmospheric radiation absorbed by the pavement surface may
be calculated through the following empirical formula devel-

oped by Geiger (6) and reported by Dempsey (3):

qa = eaGT:ir (7)
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Vertical to Horizontal Plane (Zenith)
Normal to tilted surface

S
u\n. North

Horizontal Plane

Tilted Surface

West -— —East

South

FIGURE 1 Definition of solar and surface angles for
Equation 6 (4).

where

m
8
I

= G — J(107¢5),

Stefan-Boltzman constant = 5.68 x 10-8 W (m?
K),

T,, = the air temperature (°K), and

= the vapor pressure varying between 1 and 10 mm of
mercury.

Q
I

©
|

G, J, and P can be represented by constant values of 0.77,
0.28, and 0.074, respectively, according to Geiger (6).
Conduction Energy

The conduction rate of heat flow from the pavement surface
down can be approximately calculated as

T, - T,
. = —k fd s
UL d (8)
where
k = thermal conductivity,

~
I

; = surface temperature,
depth, and
= temperature at depth 4.

o3
o

Radiation Energy Emitted from the Surface
The rate at which the surface emits radiation is given by
qr = EO-T? . (9)

where € is emissivity.

Emissivity as well as absorptivity is involved in any heat
transfer by radiation. For a body at the same temperature,
they have the same numerical value. However, as mentioned
before, absorptivity may be significantly different from emis-
sivity if the radiation absorptivity is not from a black body

90
25°IN. Lat.

35°
\\/ “ 80
[ / 50°

PM. AME SR : 70

RIS

120-240
120-240

60

110-250

100-260 50

90-270

80-280 40

70-290

z (Angle Sun's Rays Make with Vertical)

60-300 30

Z
4
Al

/’
’
5~
h
U
=3
]

50-310

A (Azimuth Angle of Sun,) Degrees

40-320 20

' I
78
/

30-330

20-340
10-350 &

0-360
AM.+6 7 8 9 10
PM.+»6 5 4 3 2 1

Mean Sun Time

FIGURE 2 Solar angles for the period from May to August in
northern latitudes (5).

or if it is from a body at a very high temperature (such as the .
sun). For asphaltic materials, the emissivity and absorptivity
to shortwave radiation (such as solar absorptivity) have been
reported to be identical (about 0.93).

Convection Energy

The rate of heat flow by convection to the surrounding air is
given by

qc = hc(Ts - Tair) (10)

where A, is the surface coefficient of heat transfer (average
convective heat transfer coefficient).

In general, A, depends on the geometry of the surface, the
wind velocity, and the physical properties of the fluid (in this
case air). In many cases, it also depends on the temperature
difference.

Equilibrium Temperature at the Pavement Surface

The equilibrium temperature at the pavement surface can be
obtained by setting the net rate of heat flow, g,,.,, equal to 0.

qs+qa—q6_qk-qr:0 (11)

Then, by writing each of the above flow rates in terms of
temperatures, an equation involving surface temperature, air




temperature, and temperature at a depth can be obtained.
The air temperature should be available through measure-
ment. Reasonable assumptions could be made about the tem-
perature difference between the surface and a particular depth.
The final equation obtained in this way will be the following
fourth-degree equation, which can be solved to yield the sur-
face temperature.

422qr sz - cos z + g,0T2 — h (T, — T,)

- S(T" - T) —ecT =0 (12)

Maximum Pavement Temperature and Required
Thermal Parameters

Maximum air temperature and maximum hourly direct solar
radiation can be used to calculate the maximum pavement
temperature. The maximum hourly solar radiation is obtained
by using the minimum z angle from the Brown and Marco
chart. This angle has the lowest value at noon sun time for
different latitudes. For the months between May and August,
at the noon sun time, z can be approximately calculated as
z = latitude — 20 degrees (for latitude > 22 degrees)

The value of 1, for calculation purposes is assumed to be
0.81, which represents a clear sunny day.

An investigation of several different sets of data concerning
maximum temperature difference between the surface and a
2-in. depth during hot summer days indicates that this dif-
ference varies between 10°F and 20°F with an average value
of 15°F. Calculated maximum pavement temperatures re-
ported in this paper are based on the 15°F difference
assumption.

The coefficient ¢, for atmospheric radiation, as defined in
empirical Equation 7, depends on vapor pressure. A change
in vapor pressure from 1 to 10 mm of mercury increases g,
from 0.53 to 0.72. The calculated atmospheric radiation varies
between 246 and 331 W/m? (78 and 105 Btu/hr/ft?) in extremes
for an air temperature of 27°C (80°F). The variation is be-
tween 284 and 378 W/m? (90 and 120 Btu/hr/ft?) for an air
temperature of 38°C (100°F). Therefore, the effect of vapor
pressure on changing the atmospheric radiation is not signif-
icant, considering the magnitude of other forms of radiation
that are involved in the surface energy balance. A value of
0.70 was adopted for ¢,, considering the above discussion and
the fact that during the summertime the vapor pressure is
higher than at other times of the year.

The most reasonable values for thermal parameters a (solar
absorptivity), £ (emissivity), k (thermal conductivity), and A,
(surface heat transfer coefficient) need to be input to obtain
the best estimate of the maximum pavement temperature.

The emissivity of a surface varies with temperature, its
degree of roughness, and oxidation. Therefore, the emissivity
in a single material may vary within a wide range. Absorptivity
depends on the same parameters as emissivity as well as the
nature of the incoming radiation and its wavelength. For as-
phalt materials, it seems that these two parameters vary within
a narrow range (0.85-0.93).
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The range of variation in the thermal conductivity of asphalt
concrete appears to be significantly larger than that of ab-
sorptivity and emissivity. Highter and Wall (7) report that
values of thermal conductivity for asphalt concrete range from
0.74 to 2.89 W/m? °C (0.43 to 1.67 Btwhr/ft> °F/ft) after re-
viewing a considerable number of references regarding this
property. Because aggregate is the major portion of the as-
phalt concrete, it seems reasonable to assume that significant
variations in thermal properties of the aggregates cause large
differences in the thermal conductivity of the asphalt concrete.

The surface coefficient of heat transfer seems to be more
difficult to determine than the other parameters. The coef-
ficient 4, is not really a thermal property of the material in
the same sense that k is. It is not a constant and depends on
a lot of variables. It is mainly used to yield a simple relation-
ship for convection heat transfer.

The empirical formula developed by Vehrencamp (§) and
reported by Dempsey (3) appears to be the most suitable for
determining A, for a pavement surface.

h, = 698.24[0.00144 TO3U°7

+ 0.00097 (T, — T.)*?] 13)

where

h. = surface coefficient of heat transfer,

T, = average of the surface and air temperature in °K,
U = average daily wind velocity in m/sec,

T, = surface temperature, and

5
T, = air temperature.

Il

The expression in brackets yields the convection coefficient
h, in terms of gram calories per second square centimeter
degree Celsius. The factor 698.24 is used to give the result in
terms of Watts per square meter degree Celsius. For an average
wind velocity of about 4.5 m/sec (10 mph) and for typical
ranges of maximum air and pavement temperatures, the for-
mula yields a value varying between 17 and 22.7 W/m? °C [3
and 4 Btu/(hr/ft? °F)].

Sensitivity Analysis

A sensitivity analysis was performed to investigate the effect
of various thermal parameters on the predicted maximum
pavement temperaturé. Some of the results of the sensitivity
analysis are shown in Figures 3 and 4. Essentially a linear
relationship is observed between calculated maximum pave-
ment temperature and solar absorptivity. The relationship
between thermal conductivity and maximum pavement tem-
perature is also approximately linear. As expected, surface
temperature drops as thermal conductivity or absorptivity
increases.

The results reported in this paper are for the following
typical thermal parameters: for asphalt concrete, a = 0.9;
e =09k =138Wm?°C; h, = 3.5 Wm?°C.

Comparison of Measured and Predicted Temperatures

Discrepancies between the measured and calculated pave-
ment temperatures are unavoidable because of the influence
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FIGURE 3 Calculated maximum pavement temperature as a function of solar absorptivity for

various values of emissivity.

of a large number of factors and their corresponding varia-
tions. These discrepancies are important to consider for com-
parison purposes.

One question concerns the accuracy of field temperature
measurements at the surface. A thermometer sitting on the
pavement surface will probably yield a different reading from
a thermocouple implanted into the surface. The wind velocity
can influence the surface temperature through its impact on
convection heat transfer. Even though it may not be signifi-

cant, considering the typical range of values for this param-
eter, the effect of wind velocity can make some slight con-
tribution to differences between measured and predicted values.
Also a slightly cloudy day versus a perfectly sunny condition
can cause small changes. In many cases, the effect of cloud-
iness and the percent sunshine are considered by applying a
reduction factor to solar radiation. Such a reduction factor is
typically obtained from a regression equation for different
locations. Obviously some probability and approximation are

80
he1y Solar Absarptivity = 0.9
“W/eqm. €oay,, E::'::’;M;m(’ V"YF)
' ann g
§ 75t
2
he
S 42025
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£ 70 17.0 (3.0
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E he1g
E 265)
% 65|
= h=227(40)
60 " 1 1 L n 1 a2 | - A i 1 —
0.8 0.9 1.0 1.1 1.2 1.3 1.4

Conductivity K, W/(m. C)

FIGURE 4 Calculated maximum pavement temperature as a function of coefficient of thermal
conductivity for various values of the surface coefficient of heat transfer.



involved in obtaining such a reduction factor. It also makes
a difference which part of the sky is cloudy and at what time
of the day cloudiness occurs.

Another important factor is that the input parameters, es-
pecially thermal properties, are not exactly known for these
field cases, and typical values reported for these parameters
are used here for calculation purposes. These values are used
on the basis of reasonable assumptions, previous measure-
ments, or empirical formulas.

Another factor is the inclination of the pavement surface
with respect to the direction of the sun rays. Obviously a
_ surface inclined toward the sun rays receives more radiation
than a horizontal surface, and a horizontal surface receives
more radiation than a surface inclined in the opposite direc-
tion of the sun rays. In Figure 5 maximum hourly solar ra-
diation of a horizontal surface is compared with that of a
surface normal to the sun rays. Even though such inclinations
may not be significant for asphalt pavements, they can create
discrepancies between measured and calculated values if the
effect is not considered. .

Considering that there is a lot of uncertainty with respect
to the factors discussed earlier and their effects, one should
not expect to match the measured values very closely. The
calculated values should be considered as typical pavement
temperatures for a certain location. The validity of the ap-
proach presented here is investigated by comparing the pre-
dicted and measured surface temperatures, taking into con-
sideration the preceding points.

Using the equilibrium temperature discussed above and
appropriate values for variables 7, a, €, k, and A, the max-
imum surface temperature was calculated for a number of
cases for which measured pavement surface temperature was
available. The cases investigated here include sites in Virginia,
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Arizona, Saskatchewan (Canada), Idaho, and Alabama. In-
formation about these cases (except Alabama) can be found
in previous work (7,2,9,10). The resuits are shown in Table
1 and Figure 6. This equation predicts the pavement tem-
perature with reasonable accuracy, considering the previous
discussion about the uncertainties involved. The correlation
coefficient and the R? value are 0.91 and 0.82, respectively.
Ninety:=six percent of the measurements are within 4°C dif-
ference, and 83 percent are within 3°C difference.

Effect of Latitude

A useful feature of the present equation in predicting the
maximum pavement temperature is that it takes advantage of
the maximum hourly solar radiation rather than the total daily
radiation. During the hot summer months, daily terrestrial
radiation is almost the same for both northern and southern
regions (Figure 7). However, the hourly radiations are dif-
ferent. Southern regions of the United States (lower latitudes)
receive more radiation per hour than do northern regions
(Figure 8). Thus, higher radiation contributes to larger dif-
ferences between air and pavement temperatures, as can be
seen in Figures 9 and 10. Figure 10 indicates an almost linear
relationship between the maximum air temperature and the
calculated maximum pavement temperature. The figure im-
plies that for the same latitude, the difference between air
and pavement temperatures is almost constant and is deter-
mined by heat transfer laws of radiation, conduction, and
convection. However, a parabolic relationship is observed
between the latitude and the maximum pavement tempera-
ture for various air temperatures. Figure 11 shows the dif-
ference between air and pavement temperatures as a function
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FIGURE 5 Comparison of maximum hourly solar radiation received by a
horizontal surface versus a surface normal to the sun rays.
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TABLE 1 Measured and Calculated Pavement Temperatures

of latitude. The maximum difference that occurs at lower

( calec. Measured Diff. latitudes varies between 25.5°C and 26.5°C (46°F and 48°F)
Case Temp., C Temp., C Calc.-Meas, when the maximum air temperature varies between 24.5°C
o .
College Park,MD 11 1.1 ) ?nd 42°C.(76°F and 108°F). The difference at 60-degree la.t-
Hybla,VA 48.3 51.7 -3.3 itude varies between 15°C and 16°C (27°F and 29°F). This
Tucson, AZ 60.6 63.3 -2.8 figure shows that the difference between air and pavement
Tucson,AZ 63.9 62.8 1.1 £ . £ . is al ind
Tucson,AZ 57.8 56.7 1.1 temperatures as a function o latitude is a most in ependent
Tucson,AZ 60.0 60.0 0.0 of the air temperature (or at least the effect of air temperature
Saskatch, CA 41.7 41.1 0.6 can be neglected). A parabola fits the average difference data
Saskatch,CA 46.7 49.4 ~2.8 rfectly. Th . f th bola i T = 0.0062 2
Saskatch, CA 49.4 48.9 0.6 perfectly. The equation of the para oalgA = -0.0 (
saskatch,CA 51.7 46.7 5.0 + 0.2289 & + 24.38, where @ is the latitude and AT is the
Saskatch, CA 52.8 50.0 2.8 difference between the maximum air temperature and the
Saskatch,CA 54.4 57.2 -2.8 . . .
Saskatch, CA c4.4 51.1 3.3 maximum pavement temperature in degrees Celsius. There-
Saskatch,CA 53.9 51.7 2.2 fore, once latitude of a location is known, AT can be ap-
Saskatch, CA 56.1 53.3 2.8 proximately estimated using this simple equation.
Saskatch,CA 58.3 58.9 -0.6 | . . .
Saskatch,CA 52.8 51.7 1.1 Also, in sou.thern parts, the difference bgtween air and
Saskatch, CA 56.1 53.9 2.2 calculated maximum pavement temperature is 25°C to 28°C
Saskatch, CA 57.2 4.4 2.8 (45°F to 50°F), whereas in northern regions it is 19.5°C to
Saskatch, CA 57.2. 56.1 1.1 o ° o . .
Saskatch, CA 59.4 55.6 3.9 22°C (35.C to 40°F). Moreover, the difference between air
Us 84, AL 59.4 56.1 3.3 and maximum pavement temperature changes more rapidly
Idaho 53.9 52.8 1.1 as one moves farther north.
Count 23 23 23
Average 55.1 54.1 1.0 Temperature Variation with Depth
Std. Dev. 5.1 5.2 2.2 -
Maximum 64 63 5 . . . L. .
Mz::imum 42 el -3 It is possible to approximate the temperature variation with
depth once the surface temperature is known. A number of
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FIGURE 6 Calculated maximum pavement temperature versus measured
maximum pavement temperature for various sites.
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FIGURE 7 Extraterrestrial solar radiation as a function of time of year for various latitudes.

cases from Hybla, Virginia; Tucson, Arizona; and Sas-
katchewan, Canada, were investigated to find the best curve
fitting the measured temperature profile. It was found that a
cubic function of the form T = C, + Cid + C,d* + Cyd®
fits the measured data best. In this equation, coefficients C,,
- C,, C,, and C; were determined for each case. These coef-
ficients were then normalized with respect to the surface tem-
perature, which is presented by C, in the preceding equation.
The equation can be rewritten as

where C,/C,, C,/C,, and C,/C, are normalized coefficients.
Using n,, n,, and n, for these coefficients, respectively, the
equation can be written in the following form:

T = C(1 + nid + nd? + nyd®)

Once coefficients n,, n,, and n, were determined for each
case, the average values were’calculated. The overall cubic
function was found to be in the following form: '

C, C C
r= C"(l oAt e et Z’i‘P) T = T(1 — 0.063d + 0.007d — 0.0004)
3200 ; 1
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FIGURE 8 Average extraterrestrial radiation as a function of time of year for various latitudes.
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temperatures as a function of latitude for various air temperatures.
where

d = depth (in.),
T, = temperature at depth d (°F), and
T, = the surface temperature (°F).

Note that this equation was developed for degree Fahr-
enheit and a conversion is needed to get the result in degrees
Celsius. This equation was applied to each case. Comparison
of measured and estimated temperatures at various depths
indicates that within the top 20 cm (8 in.) of the pavement,
the differences are 2.8°C to 3.4°C (5°F to 6°F). At higher
depths, the differences are significantly larger. It may be rea-
sonable to assume that the design temperature will be selected
on the basis of the temperature distribution in the top 8 in.
of the pavement, where the largest impacts on performance
are observed.

Minimum Pavement Temperature

The minimum pavement temperature occurs mostly during
very early morning. An analysis of a number of field cases
indicates that the minimum pavement temperature during the
winter is in most cases 1°C or 2°C higher than the minimum
air temperature. Therefore, it seems reasonable and safe to
assume that the lowest pavement temperature is the same as
the lowest air temperature.

CONCLUSIONS

The following conclusions can be drawn on the basis of the
results and analysis proposed in this study.

1. The proposed simple method is capable of predicting the
maximum pavement surface temperature within a reasonable
level of accuracy.

2. The relationship between maximum pavement temper-
ature and maximum air temperature is essentially linear.

3. The effect of maximum hourly solar radiation in regions
with the same total daily radiation is significant and cannot
be ignored. This effect is considered on the basis of the lat-
itude of the location.

4. The difference between maximum pavement tempera-
ture and maximum air temperature is expected to be lower
at higher latitudes.

5. A quadratic equation perfectly fits the data representing
the average difference between maximum air and maximum
pavement temperatures as a function of latitude.

6. A change in absorptivity from 0.7 to 0.8 or from 0.8 to
0.9 increases the predicted maximum pavement temperature
about 7°F.

7. A change in emissivity from 0.7 to 0.8 or from 0.8 to 0.9
increases the predicted maximum pavement temperature about
5°F. '

8. As expected, a lower thermal conductivity results in a
higher surface temperature.
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‘Thermal Stress Restrained Specimen Test
To Evaluate Low-Temperature Cracking of
Asphalt-Aggregate Mixtures

DuHWOE JUNG AND TED S. VINSON

The thermal stress restrained specimen test (TSRST) has been
developed as an accelerated laboratory test to evaluate the ther-
mal cracking resistance of asphalt concrete mixtures. This work
was conducted at Oregon State University under a Strategic High-
way Research Program contract. A statistical analysis of TSRST
results indicated that asphalt type and degree of aging have a
significant effect on fracture temperature. Air voids content and
aggregate type have a significant effect on fracture strength. The
fracture temperature of relaxed specimens was colder than that
of nonrelaxed specimens. The decrease in fracture temperature
because of stress relaxation was significant for stiffer asphalts and
not significant for softer asphalts. Fracture strength was lower for
relaxed specimens. Fracture temperature was highly correlated
with SHRP low-temperature asphalt cement index test results,
namely, the limiting stiffness temperature and the ultimate strain
at failure. A ranking of asphalt concrete mixtures based on frac-
ture temperature from the TSRST compared favorably with a
ranking based on fundamental properties of the asphalt cement.

Low-temperature cracking is attributed to tensile stresses in-
duced in asphalt concrete pavement as the temperature drops
to an extremely low temperature. If the pavement is cooled
to a low temperature, tensile stresses develop as a result of
the pavement’s tendency to contract. The friction between
the pavement and the base layer resists the contraction. If
the tensile stress induced in the pavement equals the strength
of the asphalt concrete mixture at that temperature, a micro-
crack develops at the edge and surface of the pavement. Under
repeated temperature cycles the crack penetrates the full depth
and across the asphalt concrete layer.

Several factors reported to influence thermal cracking in
asphalt concrete pavements may be broadly categorized under
material, environmental, and pavement structure geometry.
Specific factors under each of these categories are as follows

(1):

® Material factors, such as asphalt cement (stiffness or con-
sistency), aggregate type and gradation, asphalt cement con-
tent, and air voids content;

¢ Environmental factors, such as temperature, rate of cool-
ing, and pavement age; and

® Pavement structure geometry, such as pavement width
and thickness, friction between the asphalt concrete layer and
base course, subgrade type, and construction flaws.

D. Jung, Department of Civil Engineering, Pusan National Univer-
sity, Pusan, Korea 609-753. T. S. Vinson, Department of Civil En-
gineering, Oregon State University, Corvallis, Oreg. 97331.

The thermal stress restrained specimen test (TSRST) has
been developed as an accelerated laboratory test to evaluate
the thermal cracking resistance of asphalt concrete mixtures.
The TSRST development work was conducted at Oregon State
University under a Strategic Highway Research Program
(SHRP) contract entitled “Performance-Related Testing and
Measuring of Asphalt-Aggregate Interactions and Mixtures.”

The purposes of the research work presented in this paper
are to (a) identify a suitable laboratory test or tests that will
provide an estimate of the low-temperature cracking resis-
tance of asphalt concrete mixtures, (b) validate another SHRP
contractor’s hypothesis for low-temperature cracking, and (c)
relate fundamental properties of asphalt cement to the ther-
mal cracking characteristics of asphalt concrete mixtures.

TSRST

A number of test methods have been used to evaluate low-
temperature cracking in asphalt concrete mixtures. Vinson et
al. (I) evaluated the test methods in terms of properties mea-
sured, simulation of field conditions, application of test results
for use in existing mechanistic models, and suitability for aging
and moisture conditioning. On the basis of the evaluation of
the test methods by Vinson et al., TSRST was judged to have
the greatest potential to evaluate low-temperature cracking
susceptibility of an asphalt concrete mixture. The test has been
used successfully by several investigators to characterize the
response of asphalt concrete mixtures at low temperatures.
The basic requirement for the test apparatus associated with
TSRST is that it must maintain the test specimen at constant
length during cooling or temperature cycling. Initial efforts
to accomplish this involved the use of “‘fixed frames” con-
structed from Invar steel (2—6). In general, these devices were
not satisfactory because as the temperature decreased the load
in the specimen caused the frame to deflect to a degree that
the stresses relaxed and the specimen did not fail. Arand (7)
made a substantial improvement in the test system by inserting
a displacement “feedback’ loop that insured that the stresses
in the specimen would not relax because the specimen length
was continuously corrected during the test. The major prop-
erties measured in the TSRST are the low-temperature ther-
mal stress characteristics, tensile strength, and fracture tem-
perature under one or more temperature cycles. The TSRST
system developed under the SHRP program is shown in Figure
la. The system consists of a load frame, screw jack, computer
data acquisition and control system, low-temperature cabinet,
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FIGURE 1 TSRST: (a) schematic of apparatus, (b) typical
results.

temperature controller, and specimen alignment stand. A beam
or cylindrical specimen epoxied to end platens is mounted in
the load frame, which is enclosed by the cooling cabinet. The
chamber and specimen are cooled with vaporized liquid ni-
trogen. As the specimen contracts, two linear variable dif-
ferential transformers (LVDTs) sense the movement, and a

TABLE 1 Experiment Design
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signal is sent to the computer, which in turn causes the screw
jack to stretch the specimen back to its original length. This
closed-loop process continues as the specimen is cooled and
ultimately fails. Throughout the test, measurements of elapsed
time, temperature, deformation, and tensile load are recorded
with the data acquisition system. The detailed specification
and test protocol for TSRST are available elsewhere (8).

Typical TSRST results are shown in Figure 1b. The ther-
mally induced stress gradually increases as the temperature
decreases under a constant rate of cooling until the specimen
fractures. At the break point, the stress reaches its maximum
value, which is referred to as the fracture strength, with a
corresponding fracture temperature. The slope of the stress-
temperature curve, dS/dT, increases until it reaches a maxi-
mum value. At colder temperatures, dS/dT becomes constant
and the stress-temperature curve is linear. The transition tem-
perature divides the curve into two parts—relaxation and
nonrelaxation. As the temperature approaches the transition
temperature, the asphalt cement becomes stiffer and the
thermally induced stresses are not relaxed beyond this
temperature.

TEST PROGRAM
Experiment Design

The experiment design was divided into two phases. The ex-
periment design for Phase I 'was developed to evaluate the
suitability of the TSRST to characterize low-temperature
cracking of asphalt concrete mixtures. The experiment design
for Phase II was developed to measure the relationship be-
tween the low-temperature cracking characteristics of asphalt
concrete mixtures and fundamental properties of asphalt ce-
ment. The test variables and materials employed in each ex-
periment design are shown in Table 1.

Materials

The asphalts and aggregates involved in the experiment de-
signs were selected from the SHRP Materials Reference Li-

Phase I Experiment

Phase II Experiment

Design Variables

Levels Levels
Asphalt Type 4 14
Aggregate Type 2 (RB and RL) 2 (RC and RH)
Aggregate Gradation 1 (Medium) 1 (Medium)
Aging None 2 (STOA and LTOA)

Specimen Size

3.8x3.8x20.4cm
5.0x50x25.0cm

5.0x5.0x25.0cm

Stress Relaxation

Yes

No

Air Voids Content

2 (4 and 8 %)

2 (4 and 8 %)

Rate of Cooling

1 (10 °C/hr)

1 (10 °C/hr)
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brary (MRL). The asphalt cements considered in the Phase
I experiment were identified in the SHRP MRL as AAG-1,
AAG-2, AAK-1, and AAK-2. On the basis of a consideration
of the physical properties of the asphait cements, the thermal
cracking resistance of the mixtures should be AAK-2 (greatest
resistance) > AAK-1 > AAG-2 > AAG-1 (least resistance).
Mineral aggregates from two sources were identified in the
SHRP MRL as RB and RL. The RB aggregate is a crushed
granite from California that has a rough surface texture and
angular shape (relatively nonstripping); the RL aggregate is
a chert from Texas that has a smooth surface texture and
round shape. 4

The asphalt cements considered in the Phase IT experiment
were selected from several crude sources with a wide range
of temperature susceptibility characteristics. Mineral aggre-
gates from two sources were identified in the SHRP MRL as
RC and RH. The RC aggregate is an absorptive limestone
from Kansas that has a rough surface texture and angular
surface; the RH aggregate is a silicious greywacke (high SiO,
content) that has a rough surface texture and angular shape.
The asphalt cements considered in the experiment designs are
given together with the asphalt grade in Table 2.

Sample Preparation

A medium gradation for all aggregates was used in preparing
asphalt concrete mixtures. The asphalt cement contents (by
dry weight of aggregate) used with the RB aggregates were
5.1 percent for asphalts AAK-1 and AAK-2 and 4.9 percent
for asphalts AAG-1 and AAG-2; the asphalt cement contents
with the RL aggregate were 4.3 percent for asphalts AAK-1
and AAK-2 and 4.1 percent for asphalts AAG-1 and AAG-
2. In the Phase II experiment, the asphalt cement content
used with the RC aggregate was 6.25 percent for all asphalts;
with the RH aggregate it was 5.2 percent for all asphalts.
Beam samples (15 X 15 x 40 cm) were prepared using a Cox
kneading compactor. Four test specimens (3.8 x 3.8 x 20.3
cm or 5.0 X 5.0 x 25.0 cm) were sawed from each beam
sample.

Short-term and long-term aging were performed in a forced
draft oven for the Phase II experiment. Short-term oven aging
(STOA) was performed on loose mixture at 135°C for 4 hr,
and long-term oven aging (LTOA) was performed on com-
pacted specimens at 85°C for 4 days.

TABLE 2 Asphalt Cements Used in Experiment Designs
P
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TSRST RESULTS FOR ASPHALT-AGGREGATE
MIXTURE

Phase I Experiment

Specimens Designated 20.3/3.8RB (3.8 x 3.8 x 20.3
cm)

Typical thermally induced stress curves observed for two
asphalts (AAG-1 and AAK-2) showing extreme fracture tem-
peratures are compared in Figure 2a. AAG-1H and AAK-
2H indicate higher air voids content, and AAG-1L and AAK-
2L indicate lower air voids content. Thermally induced stresses
develop more rapidly, and the relaxation of the stresses ceases
at a warmer temperature in specimens with stiffer asphalt.
Thus, the stress in specimens with stiffer asphalt will equal
the strength of the specimens at a warmer temperature, thereby
resulting in fracture at a warmer temperature. On the basis
of a statistical analysis of the results, specimens with lower
air voids fracture at higher stress levels, and the fracture tem-
perature tends to be slightly warmer.

Specimens Designated 25/5RB and 25/5RL (5.0 x 5.0
X 25.0 cm)

Typical thermally induced stress curves observed for spec-
imens with two asphalts (AAG-1 and AAK-2) with different
aggregates (RB and RL) are compared in Figure 2b. Speci-
mens with RL aggregate tend to fracture at a warmer tem-
perature and lower stress level. On the basis of a statistical
analysis of the results, fracture strengths are greater for spec-
imens with higher air voids, but no significant difference in
fracture temperature between specimens with higher and lower
air voids was noted.

Stress Relaxation

Stress relaxation tests were performed to investigate the effect
of stress relaxation on the low-temperature cracking charac-
teristics of asphalt concrete mixtures. Stresses were relaxed
at —22°C for specimens with asphalts AAK-1 and AAK-2
and at —14°C for asphalts AAG-1 and AAG-2 for 6 hr while
cooling the specimen at 10°C/hr.

MRL Code AAA-1 AAB-1 AAC-1 AAD-1 AAF-1 AAG-1
Grade 150/200 AC-10 AC-8 AR-4000 AC-20 AR-4000
MRL Code AAG-2 AAK-1 AAK-2 AAL-1 AAM-1 AAV-1
Grade AR-2000 AC-30 _ AC-10 150/200 AC-20 AC-5
MRL Code AAW-1 AAX-1 AAZ-1 ABC-1
Grade AC-20 AC-20 AC-20 AC-20
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FIGURE 2 Typical stress-temperature curves: (a) 20.3/3.8RB,
(b) 25/5RB and 25/5RL. :

Figure 3a presents typical cooling procedures employed in
the stress relaxation test. Typical thermally induced stress
curves observed from the tests are shown in Figure 3b. Ini-
tially, stresses in the specimen increase as the temperature is
lowered. When the temperature is held constant, the stresses
are relaxed. After the relaxation period, stresses increase again
upon ceoling. On the basis of a statistical analysis of the
results, fracture strengths following a stress relaxation cycle
are greater for specimens with lower air voids, and no sig-
nificant difference in fracture temperature was noted.

Phase II Experiment
Fracture Temperature
Figure 4 shows variations of fracture temperatures (warmest,
coldest, and mean) for STOA and LTOA specimens de-

pending on asphalt type for the RC aggregate. The fracture
temperatures exhibited a wide range depending on asphalt

type. The mean fracture temperatures of specimens with RC -

aggregate ranged from —32.1°C (AAA-1) to —18.6°C (AAF-
1) for STOA and from —27.8°C (AAA-1) to —13.6°C (AAG-
1) for LTOA. For specimens with RH aggregate, mean frac-
ture temperatures ranged from —32.2°C (AAA-1) to —16.3°C
(AAG-1) for STOA and from —29.3°C (AAA-1) to —13.6°C
(AAG-1) for LTOA. The fracture temperature was coldest
for specimens with asphalt AAA-1 and warmest for specimens
with asphalt AAF-1 or AAG-1.

15

0
5 - AAK-2 AAG-1
g -10
po (R O
5 -15
8
2 20
§
F 25k
-30 |
.35 L I ) L 1
100 200 300 400 500 600
Time (min)
(@
4
= AAK-2 AAG-1
o
2
o 3
w
g
n
= R
gaf T
3
° | S T e
=
=
[} -
£ 1
o
£
._ .
0 4 i 1 ! i} I
0 100 200 300 400 500 600
Time (min)
(b)

FIGURE 3 Typical results in stress relaxation test: (a) cooling
schedules, (b) stress variations with time.

Fracture Strength

Figure S shows variations of fracture strengths (highest, low-
est, and mean) for STOA and LTOA depending on the as-
phalt type for the RC aggregate. The fracture strengths ex-
hibited a wide range depending on the asphalt type. The mean
fracture strengths of specimens with RC aggregate ranged
from 1.9 to 2.9 MPa for STOA and from 2.1 to 2.9 MPa for
LTOA. For specimens with RH aggregate, mean fracture
strengths ranged from 2.6 to 3.5 MPa for STOA and from
2.0 to 3.4 MPa for LTOA.

STATISTICAL ANALYSIS OF TSRST RESULTS

Statistical analyses were performed using Statistical Analysis
System (SAS) (9) to evaluate the effects of test variables
included in the experiment designs on the TSRST results.
Because the air voids contents were not fully controlled, a
source variable VOID was considered to be a covariate (i.e.,
continuous variable) in the analysis. The analysis of covari-
ance was performed using a general linear model (GLM)
procedure. The analysis of covariance combined some of the
features of regression and analysis of variance. Typically,
the covariate was introduced in the model of an analysis of
variance.

The GLM procedure provides Type III hypothesis tests.
The Type III mean squares indicate the influence of that factor
after the effects of all the other factors in the model have
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FIGURE 4 Fracture temperature of mixtures with limestone
aggregate (RC): (a) short-term aged mixtures, (b) long-term
aged mixtures.

been removed. The procedure can also provide least-squares
means (LSMEAN) of dependent variables. LSMEAN of a
dependent variable is the mean value estimated for a given
level of a given effect and adjusted for the covariate (air voids
content).

The repeatability of the TSRST was evaluated in terms of
the coefficient of variation for the test results from the Phase
I experiment.

Phase I Experiment
Repeatability of TSRST

The evaluations were performed for the test results of 20.3/
3.8RB, 25/5RB, and 25/5RL at a monotonic cooling rate of
10°C/hr. Because the test results presented in the previous
section indicated that fracture temperature was not sensitive
to air voids content, the coefficient of variation for fracture
temperature was evaluated for a specific asphalt cement. The
coefficient of variation for fracture strength was evaluated
depending on target air voids content for a specific asphalt
cement.

The repeatability of fracture temperature was considered
to be excellent. The coefficients of variation were less than
10 percent for fracture temperature. The repeatability of frac-
ture strength was considered to be reasonable. The coeffi-
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aggregate (RC): (a) short-term aged mixtures, () long-term
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cients of variation for fracture strength are less than 20 per-
cent, except for asphalt AAG-2 (25/5RB).

Effect of Specimen Size

Statistical analysis was performed on the test results of 20.3/
3.8RB and 25/5RB. From both the Type III P, > F values
and mean squares, both asphalt type and specimen size are
identified as significant factors of fracture temperature. On
the basis of the Type III mean squares, fracture temperature
is most affected by asphalt type followed by specimen size.
LSMEAN of fracture temperature for 20.3/3.8RB and 25/5RB
depending on asphalt type are compared in Figure 6a. Frac-
ture temperatures for 25/5RB are lower than those for 20.3/

-3.8RB. This difference may be because of the longer time

required for the larger specimen to reach thermal equilibrium.

From both the Type III P, > F values and mean squares,
the air voids content is identified as the most significant factoer
in fracture strength. Fracture strength is most influenced by
air voids content. Asphalt type and specimen size are not
significant. The Type IIl mean square for air voids content
is extremely high compared with asphalt type and specimen
size. LSMEAN of fracture strength for 25/5SRB and 20.3/3.8RB
are compared depending on asphalt type in Figure 6b. Frac-
ture strengths of 20.3/3.8RB are greater than those of 25/5RB
except for asphalt AAG-2. This difference may be because
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FIGURE 6 Effect of specimen size: (a) fracture temperature,
(b) fracture strength.

of nonuniformity of some specimens with smaller cross sec-
tions that resulted from poor compaction. Little or no break-
age of aggregate was observed in the fracture surface of those
specimens. Fracture at the interface between aggregate and
asphalt was dominant. The overall fracture strength for 20.3/
3.8RB is slightly greater than that for 25/5RB. The extent
seems to be less than expected because the aspect ratio (length/
width) of the smaller specimen (5.3) was slightly greater than
that of the larger specimen (5.0).

Effect of Aggregate Type

The test result of 25/5RB and 25/5RL were statistically ana-
lyzed to evaluate the effect of aggregate type. From the Type
III P, > F values, asphalt type and aggregate type are sig-
nificant factors for fracture temperature. On the basis of the
Type III mean squares, fracture temperature is most affected
by asphalt type followed by aggregate type. Figure 7a com-
pares LSMEAN of fracture temperature for aggregates RB
and RL depending on the type of asphalt. Fracture temper-
atures are warmer for RL aggregate than for RB aggregate.
The overall fracture temperature of the RL aggregate is 2.84°C
warmer than for the RB aggregate.

From the Type III P, > F values, air voids content and
aggregate type are significant factors of fracture strength. On
the basis of the Type 1II mean squares, fracture strength is
most influenced by air voids content followed by aggregate

17

Fracture Temperature (°C)

HRL MRB

_35 i 1 1 1
AAG-1 AAG-2 AAK-1 AAK-2
Asphalt Type
(@
4
HRL BRB
g af
2
L
<)
c
L2r
7]
[+
2
[+
® 1
w
0 Fe / 1] 7
AAG-1 AAG-2 - AAK-1
Asphalt Type
(b)

FIGURE 7 Effect of aggregate type: (a) fracture
temperature, (b) fracture strength.

type. Figure 7b shows LSMEAN of fracture strength de-
pending on asphalt type and aggregate type. As shown, frac-
ture strengths for the RL aggregate are lower than those of
the aggregate. The overall fracture strength for the RB ag-
gregate is approximately 0.6 MPa higher than that for the RL
aggregate. '

The RB aggregate showed better resistance to low-
temperature cracking than did the RL aggregate. The better
performance of the RB aggregate may be attributed to its
rough surface texture and angular shape. Aggregate with a
rough surface texture and angular shape can provide more
bonding and interlocking between aggregate and asphalt ce-
ment, thereby leading to a higher fracture strength and a
colder fracture temperature. Breakage of aggregate was fre-
quently observed together with breakage of asphalt cement
in the fracture surface of specimens with RB aggregate. In
the case of specimens with RL aggregate, no breakage of
aggregate was observed, and fracture at the interface between
aggregate and asphalt was dominant. A rough surface texture
and angular shape of aggregate can give better interlock and
bonding, thereby resulting in a colder fracture temperature
and a higher fracture strength.

Effect of Stress Relaxation

Test results with stress relaxation were analyzed together with
test results without stress relaxation. From the Type III P, >
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F values, asphalt type, stress relaxation, and the interaction
between asphalt type and stress relaxation are significant fac-
tors of fracture temperature. On the basis of the Type III
mean squares, fracture temperature is most affected by as-
phalt type followed by stress relaxation and the interaction
between asphalt type and stress relaxation. LSMEAN of frac-
ture temperature for relaxed and nonrelaxed specimens are
compared depending on the type of asphalt in Figure 8a. The
decrease in fracture temperature caused by stress relaxation
is greater for specimens with stiffer asphalts AAG-1 and AAG-
2. In the case of specimens with softer asphalts AAK-1 and
AAK-2, no significant difference in fracture temperature be-
tween relaxed and nonrelaxed specimens can be seen. The
overall fracture temperature for a relaxed specimen is slightly
colder than that for a nonrelaxed specimen.

From the Type IIl P, > F values, air voids content and
stress relaxation are significant factors of fracture strength.
On the basis of the Type III mean squares, fracture strength
is most affected by air voids content followed by stress relax-
ation. Stress relaxation tends to decrease the fracture strength
of the specimen. Figure 8b shows the LSMEAN of fracture
strengths for relaxed and nonrelaxed specimens depending on
asphalt type. Fracture strengths for relaxed specimens with
AAG-1, AAK-1, and AAK-2 are 0.4 to 0.7 MPa lower than
those for nonrelaxed specimens. However, in the case of spec-
imens with AAG-2, no significant difference in fracture strength
between relaxed and nonrelaxed specimens was observed.
The overall fracture strength for a relaxed specimen is
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FIGURE 8 Effect of stress relaxation: (a) fracture
temperature, (b) fracture strength.
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approximately 0.4 MPa lower than that for a nonrelaxed
specimen.

Phase II Experiment

The source variables considered in the analysis were asphalt
type (AAA-1 through ABC-1), aggregate type (RC and RH),
degree of aging (STOA and LTOA), and interactions between
source variables. Air voids content (VOID) was considered
to be a covariate. The dependent variables are fracture tem-
perature (FRTEMP) and fracture strength (FRSTRE).

Fracture Temperature

From the analysis for the dependent variable FRTEMP, the
Type III P, > F values for all the factors are statistically
significant at 95 percent confidence level. The ranking for the
factors considered in the fracture temperature model on the
basis of the Type III mean squares is AGE > ASP > VOID
> AGG * AGE > AGG > ASP + AGE > ASP = AGG.
However, the Type III mean squares for the factors AAG,
ASP + AGE, ASP *» AAG, and AGG = AGE are not sig-
nificant compared with the factors ASP, AGE, and VOID.
The Type III mean squares for AGE and ASP are much
greater than those for VOID. Thus, fracture temperature is
most affected by the degree of aging and asphalt type followed
by air voids content, whereas aggregate type and the inter-
actions between asphalt type, degree of aging, and aggregate
type have a minor influence on fracture temperature.

LSMEAN of fracture temperature for STOA and LTOA
specimens are compared in Figure 9. Fracture temperatures
are considerably warmer for LTOA specimens. The differ-
ence (LTOA — STOA) in fracture temperature for specimens
with RC aggregate ranged from 2.1°C to 6.7°C with an average
of 4.7°C. For specimens with RH aggregate, the difference
ranged from 0.6°C to 5.1°C with an average difference of
3.4°C.

Fracture Strength

ASP + AGG is not a significant factor because the Type I1I
P, > F value is 0.1461 > 0.05. The Type I1I mean square for
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FIGURE 9 Comparison of fracture temperature for
short-term and long-term aged mixtures.
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ASP + AGE is not significant compared with others. The
ranking for the significant factors of the fracture strength on
the basis of Type III mean squares is VOID > AGG > AGG
* AGE > AGE > ASP. The Type III mean squares for VOID
and AGG are much greater than those for the other factors.
Thus, fracture strength is highly affected by air voids content
and aggregate type and is also affected by asphalt type, degree
of aging, and, to a much lesser extent, the interaction between
aggregate type and degree of aging.

LSMEAN of fracture strength for specimens with higher
and lower air voids content are compared for a specific asphalt
type in Figure 10. Fracture strengths are greater for specimens
with lower air voids content.

Ranking of Asphaits for Resistance to
Low-Temperature Cracking

The low-temperature cracking resistance performance rank-
ing asphalts was determined using LSMEAN of the fracture
temperature. The performance rankings of asphalts in the
Phase I experiment are AAK-2 (coldest) > AAK-1 > AAG-
2 > AAG-1 (warmest). The ranking of asphalts identified in
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the TSRST is in excellent agreement with the ranking on the
basis of the physical properties of asphalt cements.

In the Phase II experiment, a score ranging from 1 to 14
was assigned to each asphalt. A lower score is associated with
a colder fracture temperature. The ranking of asphalts on the
basis of the TSRST results is presented together with the
ranking defined under the A-002A contract in Table 3. The
ranking of asphalt concrete mixtures on the basis of fracture
temperature compares very favorably with the ranking on the
basis of fundamental properties of the asphalt cements given
by A-002A.

Relationship Between Fracture Temperature and
Fundamental Properties of Asphalts

Fracture temperature was compared with the A-002A low-
temperature index test results, specifically the limiting stiff-
ness temperature (S, = 200 MPa at 2 hr) and the ultimate
strain at failure. The relationship between fracture temper-
ature and limiting stiffness temperature is shown in Figure
11a. Fracture temperature exhibits a good correlation with
the limiting stiffness temperature. The relationship between
fracture temperature and ultimate strain at failure is shown
in Figure 11b. A good correlation was obtained between frac-
ture temperature and the ultimate strain at failure.

CONCLUSIONS

On the basis of results presented in this paper, the following
conclusions are appropriate.

® The repeatability of the TSRST on the basis of the coef-
ficient of variation can be considered as excellent for fracture
temperature and reasonable for fracture strength.

e TSRST results provide an excellent indication of low-
temperature cracking resistance of asphalt concrete mixtures;
a ranking of low-temperature cracking resistance of asphalts
on the basis of TSRST fracture temperature is in good agree-

TABLE 3 SHRP A-003A and A-002A Ranking of Asphalt Cements for Resistance to Low-

Temperature Cracking

Asphalt Type Fracture Temperature (°C) A-003A Rank A-002A Rank
AAA-1 -30.27 1 1
AAL-1 -28.34 2 2
AAD-1 -26.70 3 3
ABC-1 -26.70 4 4
AAB-1 -25.41 5 5
AAV-1 -25.24 6 9
AAC-1 -22.48 7 7
AAK-1 -22.07 8 5
AAM-1 -21.01 9 8
AAW-1 -19.95 10 9
AAX-1 -19.59 11 12
AAZ-1 -19.48 12 12
AAF-1 -16.86 13 11
AAG-1 -15.83 14 14
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FIGURE 11 Fracture temperature of short:term aged mixtures
versus A-002A low-temperature index test results: (a) limiting
stiffness temperature, (b) ultimate strain at failure.

ment with a ranking on the basis of fundamental properties
of the asphalt cements.

e Fracture temperature is most sensitive to asphalt type and
degree of aging; to a lesser extent fracture temperature is also
affected by aggregate type, specimen size, and stress relax-
ation.

® Fracture strength is most sensitive to air voids content
and aggregate type; to a lesser extent fracture strength is also
affected by asphalt type, degree of aging, specimen size, and
stress relaxation.

® Aggregate with a rough surface texture and angular shape
can provide better resistance to low-temperature cracking,
leading to fracture at a higher stress level and a colder tem-
perature.

® TSRST results were affected by specimen size; fracture
temperature was colder for larger specimens; and fracture
strength was greater for smaller specimens.
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® Stress relaxation tends to lower fracture temperature and
decrease fracture strength; fracture temperature of relaxed
specimens was colder than that of nonrelaxed specimens; the
decrease in fracture temperature caused by stress relaxation
was significant for stiffer asphalts and was not significant for
softer asphalts; and fracture strength was lower for relaxed
specimens.

® Fracture temperature was highly correlated with SHRP
low-temperature asphalt cement index test results, namely,
the limiting stiffness temperature and the ultimate strain at
failure.
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Effect of Aggregate Gradation on
Measured Asphalt Content

PritHvi S. KANDHAL AND STEPHEN A. CRrROSS

It is necessary to closely control the asphalt content in hot-mix
asphalt (HMA) mixes to obtain optimum serviceability and du-
rability. However, coarser mixes (binder and base courses) made
with larger maximum particle-sized aggregate tend to segregate.
The resulting variation in the aggregate gradation of the sampled
HMA mix can significantly affect the measured asphalt content.
A study was done to evaluate the effect of aggregate gradation
on the measured asphalt content. Actual mix composition (as-
phalt content and gradation) data from a major Interstate paving
project were obtained and analyzed. A total of 547 binder course
and 147 wearing course mix samples were obtained behind the
paver and subjected to extraction analysis. A substantial amount
of segregation was observed in the binder course mix, which
provided the opportunity to correlate the aggregate gradation
with the measured asphalt content. Some of the deviation in the
measured asphalt content of the binder course mixes from the
job mix formula (JMF) was determined to be the result of the
change in gradation of the mix from JMF. The percentages of
material passing the 4.75-mm (No. 4) and 2.36-mm (No. 8) sieves
are correlated with measured asphalt contents. For segregated
binder course mixes, equations were developed to adjust the
measured asphalt content to account for the change in gradation
from the JMF as measured on the 12.5-mm (%-in.) and either
4.75-mm (No. 4) or 2.36-mm (No. 8) sieves.

Asphalt content must be closely controlled in hot-mix asphalt
(HMA) mixes to obtain optimum serviceability and durabil-
ity. An HMA pavement can ravel or crack if it is deficient in
asphalt content by as little as %2 percent, whereas % percent
excessive asphalt content can cause flushing and rutting.
Quality control and quality assurance (QA) of HMA pave-
ments generally require the measurement of asphalt content
in HMA mixes during production using either a standard
extraction test or a nuclear asphalt content gauge. However,
the measured value can vary from test to test because of
material, sampling, and testing variability. In recent years,
the material variability has been reduced substantially by the
use of automated HMA facilities. Testing proficiency can be
improved through training. Obtaining a representative HMA
sample for testing still remains a problem because of either
segregation or ineffective sampling and splitting techniques.
When coarser mixes (binder and base courses) made with
larger maximum particle-sized aggregates are involved, the
sampling variation can overshadow the material and testing
variations. Coarse HMA mixes tend to segregate. The coarse
aggregate fraction in the HMA mix holds less asphalt cement
by weight compared with the fine aggregate fraction. Segre-

P. S. Kandhal, National Center for Asphalt Technology, 211 Ramsay
Hail, Auburn University, Auburn, Ala. 36849-5354. S. A. Cross,
Civil Engineering Department, University of Kansas, 2006 Learned
Hall, Lawrence, Kans. 66045.

gation causes the proportions of coarse and fine aggregate
particles (therefore, the gradation) to vary in HMA samples
and thus affect the measured asphalt contents. There is a need
to evaluate the effect of aggregate gradation on measured
asphalt content so that an adjusted asphalt content that is
closer to the asphalt content actually incorporated in the HMA
mix can be ascertained.

PROJECT DETAILS

The test data for this study were obtained from a major four-
lane Interstate paving project in Pennsylvania. This rehabil-
itation project involved 50.8 mm (2 in.) of Pennsylvania ID-
2 binder course (a dense-graded binder mix with a maximum
aggregate size of 38.1 mm or 1%2 in.) and 38.1 mm (1% in.)
of Pennsylvania ID-2 wearing course (a dense-graded wearing
mix with a maximum aggregate size of 12.5 mm or ¥ in.).
The job mix formulas (JMFs) for the binder and wearing
course mixtures are given in Tables 1 and 2, respectively.

Northbound (NB) and southbound (SB) lanes were paved
with separate pavers. Because the mix acceptance or QA
samples were obtained behind each paver separately, the test
data have been reported and analyzed separately for NB and
SB lanes. Pennsylvania Department of Transportation
(PennDOT) has a statistically based end result specification
for HMA pavements that requires obtaining loose mix sam-
ples behind the paver at random locations. The entire loose
mix is scraped out of a well-defined area (usually 229 x 229
mm or 9 X 9in.) at the selected random location to minimize
segregation as a result of sampling operation. Five loose mix
sublot samples are obtained for each lot consisting of about
500 Mg (550 tons). These samples are sent to PennDOT cen-
tral laboratory for extraction to determine the mix compo-
sition. Roadway cores are also obtained after compaction and
sent to the central laboratory for determination of the pave-
ment density. Price adjustments for each lot are calculated
by the central laboratory on the basis of three pay items:
asphalt content, the percentage of material passing a 75-pm
(No. 200) sieve, and the roadway density.

A total of 547 binder mix samples (271 in NB lanes and
276 in SB lanes) and 147 wearing mix samples (67 in NB lanes
and 80 in SB lanes) were obained behind the paver and tested
by the central laboratory.

A substantial amount of segregation was observed in the
compacted binder course mix of this project apparently be-
cause of mix handling and placing operations. Obviously, the
mix gradation of sublot samples obtained behind the paver
varied considerably and affected the extracted asphalt con-




TABLE 1 Summary Statistics for Binder Mixes
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NB Lanes SB Lanes All

Test n=271 n=276 n= 547
Parameter JMF Std. Std. Std.

Mean | Dev. | Mean Dev. Mean Dev.
Asphalt
Content (%) 4.8 4.70 { 0.423} 4.66 | 0.416 4.68 | 0.422
Density {pcf) N/A | 163.6 ] 1.69 | 153.5]| 1.96 153.6 | 1.83
1-1/2 Inch (%) ]| 100 99.9 | 0.77 | 100.0| 0.00 100.0 | 0.54
1 Inch (%) 92 92.2 | 6.74 | 91.9 5.16 92.0 5.99
1/2 Inch (%) 56 63.0 | 8.32 | 62.2 7.78 62.6 8.05
No. 4 {%) 39 40.4 | 519 | 42.7 5.81 41.5 5.63
No. 8 (%) 30 30.8 | 3.77 | 32.3 | 4.07 31.6 | 4.00
No. 16 (%) 19 22.1 2.70 | 22.2 2.81 22.2 2.7%
No. 30 (%) 12 16.3 2.27 15.7 2.16 16.0 2.23
No. 50 (%) 8 11.2 1.67 10.56 1.69 10.8 1.71
No.100 (%)} 6 7.59 10984 7.42 | 1.094 7.51 1.044
No. 200 (%) 4.8 5.34 | 0.693 | 5.37 | 0.807 536 | 0.752

tent. Because a large number of binder mix samples were
obtained at random locations behind the paver on this project
and were analyzed for mix composition (asphalt content and
gradation), a unique opportunity was available for evaluating
the effect of aggregate gradation on the measured asphalt
contents. Material production variability was considered to
be minimal on this project because an automated HMA fa-
cility was used, and the mix samples obtained at the facility
were reasonably uniform in composition. The testing variabil-
ity is also considered to be minimal because all extraction
testing was done in the PennDOT central laboratory by es-
sentially the same testing crew. ASTM D2172 (Method D)
was used for extracting the asphalt cement from HMA mix
samples.

It is possible to conduct a similar study in a laboratory. A
mix can be prepared with a known asphalt content, inten-
tionally segregated, and then extracted. This would eliminate
the inherent material variation. However, it is not possible
to simulate the segregation that occurs in the field. Also, it
is not practical to test a very large number of samples as was
done in this study.

TEST RESULTS

Because of space restrictions it is not possible to include in
this paper the mix composition test data for 547 binder mix
samples and 147 wearing mix samples. However, Tables 1

TABLE 2 Summary Statistics for Wearing Mixes

NB Lanes SB Lanes All

Test n=67 n=80 n= 147
Parameter JMF Std. Std. Std.

Mean Dev. Mean Dev. Mean Dev.
Asphalt
Content (%) 6.6 6.37 0.270 6.45 0.342 6.41 0.313
Density {pcf) N/A 143.6 2.38 1425 2.70 143.0 2.61
1/2 inch (%) 100 100.0 0.00 100.0 0.00 100.0 0.00
3/8 Inch (%) 96 96.6 1.43 96.8 1.48 96.7 1.46
No. 4 (%) 72 70.8 4.35 71.8 3.36 71.3 3.86
No. 8 (%) 48 49.4 3.82 49.8 2.35 49.6 3.10
No. 16 (%) 34 35.0 2.49 34.9 1.49 34.9 2.00
No. 30 (%]} 24 25.7 1.88 25.5 1.17 25.6 1.563
No. 50 (%) 16 16.4 1.83 16.6 1.36 16.5 1.59
No.100 (%) 10 9.28 1.253 9.54 0.913 9.42 1.085
No. 200 (%) 4.5 5.54 0.779 5.57 0.654 5.56 0.711
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and 2 give the summary statistics for binder mixes and wearing
mixes, respectively. Figures 1 through 4 give the control charts
of the test data for asphalt content, the percent passing the
12.5-mm (¥-in.), 4.75-mm (No. 4), and 2.36-mm (No. 8)
sieves for 271 binder mix samples obtained from the NB lanes
of the paving project. The control charts of the test data from
the SB lanes are similar to those from the NB lanes and,
therefore, are not included.

ANALYSIS OF TEST RESULTS

The purpose of this study was to determine the effect of a
change in gradation on the corresponding measured asphalt
content. If a strong correlation exists between gradation and
asphalt content, a part of the deviation from the JMF in the
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FIGURE 1 Control chart for asphalt content in binder mixes
(NB lanes).
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measured asphalt content could be explained by the measured
deviation in gradation.

As mentioned earlier, the summary statistics of mean and
standard deviation for the quality assurance data are shown
in Table 1 for the binder mixes and Table 2 for the wearing
mixes. For the binder mixes, the standard deviation is over
5 percent for percent passing the 25.4-mm (1-in.), 12.5-mm
(%-in.), and 4.75-mm (No. 4) sieves, and 0.42 percent for
asphalt content.

Table 2 shows lower standard deviations for the wearing
mixes for most sieve sizes; none of the sieve sizes had a stan-
dard deviation over 3.9 percent. The standard deviation for
asphalt content was 0.31 percent for the wearing mixes. How-
ever, a review of the control charts showed that the standard
deviation for asphalt content might be artificially high because
of an apparent change in the JMF asphalt content by the
contractor that did not appear in the test records.
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FIGURE 3 Control chart for passing No. 4 sieve in binder
mixes (NB lanes).
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FIGURE 4 Control chart for passing No. 8 sieve in binder
mixes (NB lanes).
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Control charts of the test data for asphalt content and the
percent passing the 12.5-mm (%-in.), 4.75-mm (No. 4), and
2.36-mm (No. 8) sieves for the binder mixes (NB lanes) are
shown in Figures 1 through 4. The permissible tolerance limits
for these four test parameters were =0.5, +8, =8, and =6
percent, respectively. Tables 3 and 4 show the frequency with
which the above test parameters were within and outside the
specification tolerance limits for the binder and wearing mixes,
respectively. For the binder mix, asphalt content was outside
the specification limits 23.4 percent of the time and the per-
cent passing the 12.5-mm (%-in.), 4.75-mm (No. 4), and 2.36-
mm (No. 8) sieves 28.9, 20.3, and 17.5 percent of the time,
respectively. From the control charts and the data in Table
3, it is obvious that the binder mix sampled from the roadway
was not uniform. Review of the test data and visual obser-
vations showed segregation of the mix to be a major problem
on both the NB and SB lanes.

Table 4 shows the frequency with which the wearing mix
test parameters of asphalt content and the percent passing the
4.75-mm (No. 4) and 2.36-mm (No. 8) sieves were within
specification tolerance limits. The permissible tolerance limits
for these three test parameters were +0.4, =8, and =6 per-
cent, respectively. Asphalt content was outside the specifi-
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cation limits 21.8 percent of the time, and the percent passing
the 4.75-mm (No. 4) and 2.36-mm (No. 8) sieves 2.1 and 5.5
percent of the time, respectively. Review of the control charts
and test data showed that the gradation of the mix was within
project limits 95 percent of the time. Some of the scatter in
asphalt content occurred when the contractor lowered the
asphalt content on the NB lanes from 6.6 percent to approx-
imately 6.2 percent after 35 tests. However, the available test

_data did not show a corresponding change in the JMF asphalt

content. If the JMF had been changed to 6.2 percent, as the
data indicate, and the applicable tolerance of 0.4 percent
applied, the percent of the asphalt content tests within spec-
ification limits would have changed from 76.1 to 97.0 percent
for the NB lanes and from 78.2 to 87.8 percent for all of
the data.

Correlation analysis was performed to determine whether
the mat density or the percentages passing various sieve sizes
correlate with asphalt content. Table 5 shows the results of

_ the correlation analysis for the binder mixes, by lane, and

with all of the data. The results show that all of the parameters
except unit weight (density of the core samples) and percent
passing the 38.1-mm (1%-in.) sieve have a high probability of
a true correlation ( = 0.0001) with asphalt content. The best

TABLE 3 Frequency Distribution of Test Data for Binder Mixes

NB Lanes SB Lanes All
In Spec. 74.2 79.0 76.6
Asphalt Out - Low 15.9 16.7 16.3
Content Out - High 9.9 4.3 7.1
Percent In Spec. 67.5 74.6 711
Passing - -
1/2 Inch Out - Low 9.2 9.8 9.5
Sieve Out - High 23.3 15.6 19.4
Percent In Spec. 84.9 74.6 79.7
Passi
el | out-Low 1.5 1.5 1.5
Sieve Out - High 13.6 23.9 18.8
Percent In Spec. 87.8 77.2 82.5
Passi
g [ out- Low 2.2 1.8 2.0
Sieve Out - High 10.0 21.0 15.5

TABLE 4 Frequency Distribution of Test Data for Wearing Mixes

NB Lanes SB Lanes All
In Spec. 76.1 80.0 78.2
Asphalt Out - Low 23.9 12.5 17.7
Content Out - High 0.00 7.5 4.1
Percent In.Spec. 95.5 100.0 97.9
Passin p
Nod | out - Low 3.0 0.0 1.4
Sieve Out - High 1.5 .0.0 0.7
Percent In Spec. 89.5 98.8 94.5
Passin
No g |Out-Low 15 0.0 0.7
Sieve Out - High 9.0 1.2 4.8
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TABLE 5 Summary of Correlation Coefficients (R) with Asphalt Content for

Binder Mixes

25

NB Lanes SB Lanes All
n=271 n=276 n= 547
Parameter R Alpha* R Alpha* R Alpha*
Density 0.121 | 0.0474 | -0.033 0.589 0.040 | 0.3546
1 1/2 Inch 0.056 | 0.3577 N/A N/A N/A N/A
1 Inch 0.413 | 0.0001 0.517 0.0001 0.455 | 0.0001
1/2 Inch 0.649 | 0.0001 0.790 0.0001 0.716 | 0.0001
No. 4 0.822 | 0.0001 0.842 0.0001 0.800 | 0.0001
No. 8 0.819 | 0.0001 0.825 0.0001 0.795 | 0.0001
No. 16 0.738 | 0.0001 0.682 0.0001 0.707 | 0.0001
No. 30 0.635 | 0.0001 0.556 0.0001 0.597 | 0.0001
No. 50 0.586 | 0.0001 0.457 0.0001 0.521 | 0.0001
No.100 0.640 | 0.0001 0.474 0.0001 0.554 | 0.0001
No. 200 0.611 | 0.0001 0.476 0.0001 0.535 | 0.0001
* 1-Alpha = Probability correlation coefficient (R) not equal to O.

correlations with asphalt content for the binder mixes were
with the percent passing the 4.75-mm (No. 4) and 2.36-mm
(No. 8) sieves.

The results of the correlation analysis for the wearing mixes
are shown in Table 6. The analysis shows the highest prob-
ability of a true correlation (a = 0.0001) with asphalt content
for the percent passing the 300-pm (No. 50), 150-pm (No.
100), and 75-pm (No. 200) sieves. However, the correlation
coefficients (R) are not only too low to be useful, but they
also indicate an unexpected trend—that is, the asphalt con-
tent decreases with an increase in the material passing these
sieves.

To further investigate the relationship between asphalt con-
tent and gradation, regression analysis was performed. The
purpose of this study is to determine whether asphalt content
could be predicted from measured gradation; therefore, as-

phalt content was selected as the dependent variable and gra-
dation as the independent variable. Table 7 is a summary of
the best coefficients of determination (R?) by lane and by mix
type for the binder and wearing mixes.

The data in Table 7 indicate that no correlation exists be-
tween asphalt content and the percent passing the 4.75-mm
(No. 4) and 2.36-mm (No. 8) sieves for the wearing mix. There
is very little spread in the gradation data, and no segregation
was observed in the field. Therefore, all the scatter appears
to be caused by the normal variation in the material, sampling,
and testing operations.

Figures 5 and 6 show the relationship. between asphalt con-
tent and the percent passing the 4.75-mm (No. 4) and 2.36-
mm (No. 8) sieves for the binder mix in both lanes, respec-
tively. The results show that there is a relationship between
change in gradation and measured asphalt content. The re-

TABLE 6 Summary of Correlation Coefficients (R) with Asphalt Content for

Wearing Mixes

NB Lanes SB Lanes ALL
n=67 n=80 n= 147

Parameter R Alpha* R Alpha* R Alpha*
Density -0.022 | 0.8577 | -0.003 [ 0.9807 | -0.038 | 0.6489
1/2 Inch N/A N/A N/A N/A N/A N/A

3/8 Inch 0.443 0.0002 | 0.114 | 0.3135 0.247 0.0025
No. 4 -0.106 | 0.3942 | 0.073 0.5174 | 0.009 0.9144
No. 8 -0.165 | 0.1824 | 0.124 0.2716 | -0.014 | 0.8653
No. 16 -0.113 | 0.3637 | 0.242 0.0307 0.050 0.5495
No. 30 -0.264 | 0.0308 | 0.078 0.4940 | -0.101 0.2229
No. 560 -0.418 | 0.0004 | -0.330 | 0.0028 | -0.345 | 0.0001
No.100 -0.326 | 0.0071 | -0.480 | 0.0001 -0.375 | 0.0001
No. 200 -0.257 | 0.0356 | -0.522 | 0.0001 -0.391 0.0001

1 - alpha = Probability correlation coefficient (R} not equal to 0.
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TABLE 7 Summary of Coefficients of Determination (R%) with Asphalt

Content for ID2 Mixes

NB Lanes SB Lanes All
Number of Observations n=271 n=276 n= 6547
R? R? R?
Independent Variable ID2 Binder Mixes
1/2 Inch Sieve 0.422 0.625 0.515
No. 4 Sieve ' 0.676 0.708 0.640
No. 8 Sieve 0.671 0.680 0.632
1/2 Inch & No. 4 Sieves 0.686 0.722 0.669
1/2 Inch & No. 8 Sieves 0.685 0.729 0.676
ID2 Wearing Mixes
No. 4 Sieve 0.011 0.005 0.000
No. 8 Sieve 0.027 0.016 0.000

lationships show that as the mix becomes finer for the given
sieve size, the asphalt content increases. The relationships
have the following form:

AC = 2.186 + 0.060(P4) R = 0.64 (1)
AC = 2.025 + 0.084(P8) R = 0.63 @)
where

AC = asphalt content,
P4 = percent passing the 4.75-mm (No. 4) sieve, and
P8 = percent passing the 2.36-mm (No. 8) sieve.

Equations 1 and 2 indicate that the measured asphalt con-
tents of the binder course mix in this study increase by 0.06
and 0.08 percent (on the basis of slopes of the regression lines)
with each 1 percent increase in the material passing 4.75-mm
(No. 4) and 2.36-mm (No. 8) sieves, respectively, from the
JMF. Conversely, there will be a similar decrease in the mea-
sured asphalt contents if the sampled mix is coarser than the
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FIGURE 5 Percentage passing No. 4 sieve versus
asphalt content (binder mixes from both lanes).

JMF. These so-called “correction factors” can be used to
correct the measured asphalt content for each 1 percent de-
viation from the JMF. Some researchers (I-3) have devel- .
oped the following ““correction factors™ for binder course mixes
(maximum aggregate size greater than 25.4 mm or 1 in.) on
the basis of the material passing the 2.36-mm (No. 8) sieve
after analyzing limited field data.

Researcher Correction Factor (%)

Customary in United Kingdom for 0.08
rolled-asphalt mix before 1970 (1)

Goodsall and Mathews (1) 0.14
Warden (2) 0.16
Brown et al. (3) 0.10
Kandhal and Cross (this paper) 0.08

The “correction factor” is expected to be generally de-
pendent on the fine aggregate gradation, the particle shape
and surface texture of the aggregates, and the actual asphalt
content of the binder course mix.

Further analysis was performed to determine whether a
multivariable model would give a statistically stronger model.
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FIGURE 6 Percentage passing No. 8 sieve versus
asphalt content (binder from both lanes).
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The best multivariable model was found by including the 12.5-
mm (Y2-in.) sieve with either the 4.75-mm (No. 4) or 2.36-
mm (No. 8) sieve. The relationship between the asphalt con-
tent and the percent passing the 12.5-mm (Y-in.) sieve is
shown in Figure 7. The relationship has an R? of 0.52. By
combining the 12.5-mm (%-in.) sieve with the 4.75-mm (No.
4) sieve the model has an R? of 0.67. The relationship has the
following form:

AC = 1.947 + 0.014(P%) + 0.045(P4)  R*>=0.67 3)

where
AC = asphalt content,
P/, = percent passing 12.5-mm (%-in.) sieve, and
P4 = percent passing 4.75-mm (No. 4) sieve.

A slightly stronger model was found by using th 12.5-mm
(V2-in.) an 2.36-mm (No. 8) sieves. The relationship is shown
in Figure 8 and has the following form:

AC =1.757 + 0.016(P%,) + 0.061(P8) R = 0.68 4)
where

AC = asphalt content,

P'/, = percent passing 12.5-mm (¥-in.) sieve, and

P8 = percent passing 2.36-mm (No. 8) sieve.

The data shown in Figures 6 through 8 show that the measured
asphalt content is affected by a change in gradation. A change
in gradation will cause a corresponding change in the mea-
sured asphalt content. By using any of the four models, the
measured asphalt content can be adjusted for the amount
caused by the change in gradation. The adjusted asphalt con-
tent can then be checked against the tolerance limits for the
JMF asphalt content to determine whether the variation in
asphalt content is caused by the change in gradation or seg-
regation or by a true change in the asphalt content.

To check the models developed, the measured asphalt con-
tents were adjusted for the measured change in gradation
using Equations 1, 2, and 4. The adjusted asphalt content
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FIGURE 7 Percentage passing Y2-in. sieve versus
asphalt content (binder mixes from both lanes).
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(AAQ) is determined by adding the difference between the
measured asphalt content (MAC) and the predicted asphalt
content (PAC) to the JMF. The AAC is then checked against
the upper and lower tolerance limits of the JMF asphalt
content.

AAC = JMFAC + (MAC — PAC) (5)

where

AAC = asphalt content adjusted for gradation,
JMFAC = job mix formula asphalt content,
MAC = measured asphalt content, and
PAC = predicted asphalt content from Equation 1, 2,
3,or 4,

Figure 9 shows the control charts for the asphalt content
adjusted using Equation 5 for binder mix samples from NB
lanes. Table 8 shows the frequency with which AAC, adjusted

6.51 | Y =1.757 + 0.014(P1/2) + 0.045(F8)
R-SQUARE = 0.687

Predicted Asphalt Content (%)

3 35 4 45 5 55 6
Actual Asphalt Content (%)

FIGURE 8 Actual versus predicted asphalt content
(binder mixes from both lanes).

[+

Adjusted Asphalt Content (%)

3.5 — v T
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FIGURE 9 Control chart for asphalt content adjusted for
Ys-in. and No. 8 sieves (binder mixes from NB lanes).
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TABLE 8 Frequency Distribution of Adjusted Asphalt Content for Binder Mixes

Asphait Content NB Lanes SB Lanes All
in Spec. 93.7 96.7 95.2
Adjusted on No.
4 Sieve (eq. 1) Out - Low 0.4 0.8 0.5
Out - High 5.9 2.5 4.2
Adjusted on No. | In Spec. 94.1 86.0 95.1
8 Sieve
teq. 2) Out - Low 0.4 2.9 1.6
Out - High 5.5 1.1 3.3
Adijusted on 1/2" | in Spec. 94.8 96.4 95.6
& No. 8 Sieve
(eq. 4) Out - Low 1.5 0.7 1.1
Out - High 3.7 2.9 3.3

using Equations 1, 2, and 4, is within specification limits. The
results show 95 percent of the AACs within specification limits
regardless of the equations used. The AACs for the binder
mix show a compliance percentage very similar to that ob-
tained for the wearing mixes in which segregation was not a
problem.

CONCLUSIONS AND RECOMMENDATIONS

On the basis of the data obtained in this study the following
conclusions are warranted.

1. In segregated HMA pavements, some of the deviation
in asphalt content from the JMF is controlled by the change
in gradation of the mix from the JMF.

2. When segregated binder course mixes were sampled be-
hind the paver, the percent passing the 4.75-mm (No. 4) and
2.36-mm (No. 8) sieves correlated with MAC.

3. For segregated binder course mixes, the asphalt content
can be adjusted to account for the change in gradation from

“the JMF as measured on the 12.5-mm (%2-in.) and either the
4.75-mm (No. 4) or 2.36-mm (No. 8) sieves, as shown in
Equations 3 and 4. However, these equations are valid for

the aggregates and the JMF used in this study. Care should
be taken in applying these formulas to other mixes.

4. Because no significant segregation occurred during the
laydown of the wearing course mix, gradation could not be
related to the measured asphalt content. '
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Effects of Moisture on Properties of
Asphalt Mixes in a Wet Tropical Climate:

A Laboratory Study

TiEN F. Fwa AND TAN S. ANG

A moisture treatment designed to simulate the condition that
pavements are exposed to in the wet tropical climate of Singapore
is described. A weathering chamber was specially fabricated to
introduce simultaneous wetting-drying and thermal cycles. The
experimental program subjected four different asphalt mix-
tures—an open-graded, a gap-graded, and two dense-graded
mixes—to the moisture treatment. Results indicate that the treat-
ment was able to induce bleeding, stripping, and softening (loss
of strength) in test specimens. The extent and severity of the
resultant moisture damage varied with the mixture type and with
the length of the treatment cycle period and the number of treat-
ment cycles. On the basis of the test results, a procedure consisting
of 150 4-hr cycles of simultaneous wetting-drying and thermal
cycles was recommended. The treatment procedure shows sig-
nificant potential as a research and development tool for studying
the moisture damage resistance of new asphalt mixtures and the
effect of modified binders in a wet tropical climate.

Aggregates of crushed natural rock and bituminous binder
are the two principal constituents in asphalt paving mixtures.
Although the proportion of binder in the mixtures, usually
between 5 and 8 percent by weight, is very much less than
that of the aggregates, the property of the bituminous binder
has a marked influence on the performance of pavement mix-
tures. The common defects found on highway and airfield
pavements, including cracks, rutting, surface distortion, and
stripping, are closely related to binder behavior under weather
and traffic loading. '
Moisture-induced damage of asphalt mixtures is probably
one of the most important factors that affect the in-service
performance of asphalt pavements (I-3). Unfortunately, the
action of water in an asphalt mixture is highly complicated,
and no single theory or distress mechanism can fully explain
the various facets of moisture-induced damage. As a result,
a large number of laboratory simulation tests have been pro-
posed by researchers to study and evaluate the effects of
moisture on various asphalt mixtures under different climatic
conditions (I,4-6, ASTM D1664). This paper describes a
laboratory study in which test specimens were subjected to
repeated wetting and drying to simulate the conditions of the
wet tropical climate of Singapore. The study was conducted
with the aim of achieving a better understanding of the influ-

T. F. Fwa, Centre for Transportation Research and Department of
Civil Engineering, National University of Singapore, 10 Kent Ridge
Crescent, Singapore 0511, Republic of Singapore. T. S. Ang, LKS
Consultants Pte Ltd., 05-1976, B327, Ang Mo Kio Ave 3, Singapore
2056, Republic of Singapore.

ence of moisture on the performance of asphalt pavements
in Singapore.

SELECTION OF MOISTURE
TREATMENT METHOD

Common Laboratory Moisture Treatment Methods
In laboratory studies of moisture-induced damage, a number

of methods have been used to introduce moisture into the
asphalt-aggregate system. The most direct means is to soak

- loose asphalt mix in water, such as in the Nicholson test (6)

and ASTM D1664, to wash the loose mix as proposed by
Tyler (7) and Winterkorn (8), or to boil the mix for a specified
time as described by the Texas Boiling Test (9) and ASTM
D3625. Because these tests are performed on loose mix, one
of their main drawbacks is difficulty in relating the test results
to the performance of compacted asphalt mixtures.

Tests conducted on compacted specimens can be classified
into two broad categories: retained-strength tests and endur-
ance tests. A retained-strength test assesses the moisture-
damage resistance of compacted asphalt mixtures by deter-
mining the loss in selected measures of mechanical property
after a certain moisture treatment. An endurance test refers
to one in which specimens are subjected repeatedly to a cer-
tain moisture treatment, with or without simultaneous sim-
ulated traffic loading, until a failure state is reached.

Two basic procedures have been used by researchers to
generate moisture damage in retained-strength tests. These
are the water-immersion procedure (9-11; ASTM D1075) in
which specimens are soaked for an extended period and the
freeze-thaw cycle procedure (2, 12-14) in which specimens
are subjected to alternating freezing and thawing. In both
procedures, it is common to vacuum saturate test specimens
first before the water treatment program; this is carried out
to rapidly draw water into the test specimens.

Endurance tests are used less commonly by researchers than
the retained-strength tests. An example is the Texas freeze-
thaw pedestal test (9), which measures the number of freeze-
thaw cycles that an asphalt specimen can endure before crack-
ing. Another example is the British immersed-wheel tracking
test (15), in which immersed specimens are subjected to a
reciprocating motion of a wheel 8 in. in diameter and 2 in.
wide until the asphalt mixture disintegrates.
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Basis for Selecting Moisture Treatment Method

Because the main objective of the present study was to obtain
some understanding of the manner in which moisture affects
asphalt pavements under the prevailing local climatic condi-
tion in Singapore, preference was given to moisture treatment
methods that closely reflect this condition. The wet tropical
climate of Singapore is characterized by an abundance of
rainfall as well as bright sunshine and a relatively uniform
temperature accompanied by high humidity throughout the
year (16). There is no distinct wet or dry season because rain
falls during every month of the year, with an annual rainfall
of about 2,200 mm (86 in.). The region is also exposed to
sunshine extensively all year long. The annual average num-
ber of hours each day under bright sunshine is more than 5
hr. The direct result of this climatic condition is that road and
airfield pavements in Singapore are experiencing a relatively
large number of wetting and drying cycles.

It is apparent that none of the moisture treatment proce-
dures described in the preceding section could be used directly
for the purpose of the present study. Treatments involving
freeze-thaw cycles are not suitable; neither are those calling
for long duration of continuous soaking. The major charac-
teristics of the Singapore climate suggest that a fair under-
standing of the effect of moisture might be gained in labo-
ratory studies if the wetting-drying process together with the
daily temperature variation experienced by the pavements
could be simulated. On the basis of this reasoning, a treatment
that exposed asphalt specimens to alternate wetting and drying
as well as cyclic temperature changes was adopted in this
study.

Experimental Setup for Moisture Treatment

A “weathering chamber” was specially fabricated to provide
the desired moisture treatment that combined the wetting and
drying of test specimens with simultaneous heating and drying
thermal cycles. The weathering chamber was a concrete tank
with an enclosed space that measured 915 mm (36 in.) in
height and 940 x 1,420 mm (37 x 56 in.) in plane cross
section. Wetting of test specimens was achieved by spraying
tap water at about 28°C through eight well-positioned shower
heads that were fitted on the interior walls of the tank. The
number of shower heads was more than sufficient to keep
specimens wet throughout the wetting phase.

The thermal cycle of the treatment was kept in phase with
the wetting-drying cycle by means of a single timing device
that activated the heater control the moment spraying of water
was cut off. Heating was provided by four 500-W ceramic
heaters located at the underside of the ceiling of the tank.
The heaters were positioned such that a near uniform tem-
perature distribution was achieved at the specimen platform
level near the floor of the chamber.

Figure 1 shows the time histories of temperatures at the
top surface and middepth of a specimen 63 mm (2.5 in.) tall
and 102 mm (4 in.) in diameter in three different treatment
conditions, namely 2-hr (1-hr wetting and 1-hr drying), 4-hr
(2-hr wetting and 2-hr drying), and 6-hr (3-hr wetting and
3-hr drying) treatment cycles, respectively. Each specimen
was seated on a 102-mm (4-in.) concrete cube. As can be seen
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FIGURE 1 Specimen temperature variations during
moisture treatment.

from Figure 1, the temperature at the top face of a typical
specimen in the three treatments varied from about 34°C to
55°C, 35°C to 62°C, and 38°C to 65°C, respectively. These
thermal variations provided a reasonable approximation to
the daily temperature variation in Singapore. On a typical
day in Singapore, the surface temperature of bituminous pave-
ments usually ranges from around 25°C in the early morning
to more than 60°C on a hot afternoon.

EXPERIMENTAL PROGRAM
Asphalt Mixtures Studied

Four asphalt mixtures that have been used as a wearing course
for road pavements in Singapore were tested in the study.
The mix proportions and aggregate gradations for the four
mixtures, designated as W1, W3, W6, and WR, are shown in
Table 1. Asphalt cement of 60/70 penetration grade and gran-
ite aggregates, the only type of aggregate available in Singa-
pore, was used. The binder content of each mixture was the
optimum asphalt content by weight of total mix determined
by using the Marshall method of mix design (/7). W1 and
W3 were dense-graded mixes with a nominal top size of 19
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TABLE 1 Mix Proportions and Aggregate Gradations

Mix |Binder % Air % Aggregate size distribution (% passing)
Type|Content{ Void | VMA %3 ég %g ﬁms $m4 giz %mz 8&3 oﬁg75
Wl 6.1% 5.2% |19.0%| 100| 100| 100| 100| 95 | 74 | 47 | 27 | 6
W3 | 5.8% 3.9% {16.9%{ 100( 100 95 | 87 | 77 | S8 | 37 19 | 6
Wé 4.2% 10.9% [19.8%] 100 95 | 60 | 41 35 | 20 12 | 8 4
WR | 6.2% 2.4% (16.5%| 100| 100| 90 | 67 | 64 | S8 | 43 17 | 8

Note: VMA = voids in mineral aggregate

mm (0.75 in.) and 9.5 mm (0.375 in.), respectively, W6 was
an open-grade mix with a nominal top size of 25 mm (1 in.),
and WR was a gap-graded mix having a nominal top-size
aggregate of 19 mm (0.75 in.) with deficiencies in sizes be-
tween 9.5 and 3.2 mm (0.375 and 0.125 in.). These differences
are shown in Figure 2.

Moisture Treatment Program

There were two major experimental variables in the moisture
treatment program, namely the length of the cycle period and
the total number of cycles applied in the treatment. The test
program included the following three cycle periods: a 2-hr
cycle, a 4-hr cycle, and a 6-hr cycle. In each case, a cycle
consisted of a wetting phase followed by a drying phase of
equal duration, as explained earlier with respect to Figure 1.
For each of the cycle periods selected, specimens were tested
for two treatment lengths: 150 cycles and 300 cycles. There
were therefore six treatment types altogether.

In the selection of the number of treatment cycles, the
average number of rainy days in a year was used as a guide.
An examination of the meteorological data in the past 5 years
in Singapore (16) showed that there were, on the average,
approximately 150 days with rain each year. Although it may
be true that a pavement in the field would experience about
150 wetting and drying cycles in a year, it is unlikely that the
150 cycles in the field would be as severe as 150 cycles in the
weathering chamber. This difference is because not all rains
would fall during a hot afternoon after pavements had been
heated up by sunlight, and not all rains would be followed by
intense heating from hot afternoon sun. Compared with the

weathering chamber treatment cycles, most field cycles are
likely to have longer drying periods and a more gradual rate
of temperature change. The weathering chamber treatment
therefore accelerated (and likely also intensified) the moisture
damage process for the purpose of laboratory study.

Vacuum saturation was not included as part of the moisture
treatment program. This decision was based on two consid-
erations. First, it was thought that the rapid forced introduc-
tion of moisture into an asphalt mixture by means of vacuum
saturation may not be a good representation of the actual
process of moisture intrusion in the field. Second, because it
was not an aim of this study to develop a quick laboratory
procedure for routine testing, the time-saving speedy method
of introducing moisture was not necessary.

Specimen Preparation

All specimens were prepared in accordance with the Marshall
method described in ASTM D1559. A total of 75 compaction
blows were applied to the top and bottom faces of each spec-
imen. The final compacted specimens measured 102 mm (4
in.) in diameter and approximately 63 mm (2.5 in.) in height.
For each of the four mixture types, a total of 35 specimens
were prepared: 5 control specimens plus 6 sets of 5 specimens
for 6 treatment types.

Evaluation of Moisture Damage

Moisture damage was evaluated by determining the changes
in the condition of specimens after moisture treatment. Two

1 y 1 it
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FIGURE 2 Aggregate gradations of asphalt mixtures studied.
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forms of evaluation were performed: one on the basis of visual
assessment of changes in mixture appearance and another on
the basis of engineering tests of mechanical properties before
and after moisture treatment.

Visual assessment was carried out mainly to estimate the
extent of moisture damage with respect to stripping and dis-
placement of asphalt binder. The degree of stripping in a
moisture-treated specimen was estimated by inspecting a dia-
metrical cross section of the specimen and determining the
total area of aggregate affected. Figure 3 shows how this
measurement was used to calculate the percentage area of
stripping. Displacement of binder in a treated specimen was
described by the extent of asphalt bleeding or flushing on its
surface, as well as by movements of binder observed within
a diametrical cross-section area of the specimen.

Two tests of mechanical properties, namely the resilient
modulus determination and the indirect tensile strength test,
were adopted as the basis of assessing moisture damage in
moisture-treated specimens. The resilient modulus test was
conducted according to the procedure outlined in ASTM D4123
using a load of 1.6 kN (0.36 kip) applied at a frequency of 1
Hz with a loading duration equal to 400 msec. In the indirect
tensile strength test, the rate of loading adopted was 50.8
mm/min (2 in./min).

Employing the concept of retained strength, the degree of
moisture damage in a treated specimen was expressed as the
percentage of the original strength that was retained after the
moisture treatment. In the case of resilient modulus, the per-
centage retained [R(M)] was obtained by comparing the mod-
uli determined before and after moisture treatment, that is,

resilient modulus of specimen
after moisture treatment
RM) = — - x 100 ¢))
. resilient modulus of specimen
before moisture treatment

For each moisture treatment performed on a mixture type,
the average of five R(M) values calculated according to Equa-
tion 1 was reported as the percentage resilient modulus re-
tained. As for indirect tensile strength, the retaining per-
centage [R(T)] was computed from strength measurements

Projected Plan A f Aggregates Stripped
Percentage Area Stripped = rojected Plan Area of Aqgreqate i

Diametrical Cross Area {Hx 0)

FIGURE 3 Computation of percentage area stripped.
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of five control specimens and five treated specimens as fol-
lows:

average indirect tensile strength
of 5 treated specimens

average indirect tensile strength
of 5 control specimens

R(T) = x 100 2)

ANALYSIS OF TEST RESULTS
Visual Assessment of Treatment Effects -

Both bleeding and stripping were observed in all the speci-
mens tested, although their severity and extent varied among
the four mixture types and differed from treatment type to
treatment type. This is an important feature of the moisture
treatment devised in this study because it is able to produce
a distress form that has been observed in Singapore. This
form of moisture damage also has been found in Texas by
Kennedy (18), who made an excellent description of the dis-
tress mechanism:

Preliminary evidence of stripping of asphalt pavement mixtures
often occurs as localized instability and patch flushing or bleed-
ing, that is, localized shiny areas. Flushing occurs when a portion
of the stripped asphalt cement rises to the surface of the pave-
ment, producing localized shiny areas of asphalt. This bleeding
is not necessarily confined to the wheel paths but rather is often
distributed across the pavement surface. Deformations in the
form of shoving and rutting may also develop because of the loss
of structural strength and stiffness and because of instability caused
by the excessive amounts of asphalt near the surface.

Table 2 presents a summary of the results of visual inspec-
tion of moisture-treated specimens, and Figure 4 plots the
percentage area stripped against treatment type. In general,
more and more severe bleeding and stripping occurred as the
specimens were subjected to either a higher number of treat-
ment cycles or longer treatment cycle periods. For example,
Treatment A2 produced more severe conditions than did
Treatment Al regardless of the type of mixture tested. The
same was also true between Treatments B1 and B2, and be-
tween Treatments C1 and C2. As for the effects of treatment
cycle period, the trend of increasing moisture damage with
the use of longer cycle period was distinctly demonstrated by
the results in Table 2 and Figure 4.

On the basis of the results of visual assessment, specimens
of mixtures W1, W3, and W6 appeared to have about the
same degree of moisture damage. The specimens of rolled
asphalt mixtures (WR) had the most severe bleeding and
stripping. Cracks were found to appear on the surface of some
of the WR specimens, especially those exposed to Treatments
C1 and C2. Cracking was not seen in specimens of other
mixture types.

Assessment Based on Resilient Modulus

The computed results of percentage resilient modulus
retained, R(M), are presented in Figures 5 and 6. Each
data point represents the average of five test values, each
computed according to Equation 1. Figure 5 is plotted to
highlight the effects of the number of treatment cycles and
length of cycle periods. Figure 6 combines all test results in
a single plot where the six treatment types are arranged on
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TABLE 2 Visual Assessment of Moisture Damage

(a)

Moisture Treatment A1 — 150 cycles of 2-hr period

33

Mix Type Bleeding Assessment % Diametral Other
Area Stripped Observation
W1l mix No noticeable bleeding About 5 to 10% -
W3 mix No noticeable bleeding About 5% —
W6 mix A few beads of asphalt seen ut 5 to 10% _
between coarse aggregates
Shiny patches of asphalt on
WR mix specimen surface covering About 20%. —_—
about 20% surface area
(b) Moisture Treatment A2 — 300 cycles of 2-hr period
Mix Type Bleeding Assessment % Diametral Other
Area Stripped Observation
Wl mix A few beads of asphalt on surface About 10% -
W3 mix A few beads of asphalt on surface About 10% -
Wé mi* Scattered small beads of asphalt About 10% o
between coarse aggregates
Shiny patches of asphalt on
WR mix specimen surface covering About 407% -
about 50% surface area
(¢) Moisture Treatment Bl — 150 cycles of 4-hr period
Mix Type Bleeding Assessment % Diametral Other
Area Stripped Observation
W1l mix Scattered small beads of asphalt About 20% -
on specimen surface
W3 mix Scatter?d small beads of asphalt About 20% _
on specimen surface
W6 mix Scattered beads of asphalt About 15% _
between coarse aggregates
Shiny patches of asphalt on A few minor
WR mix specimen surface covering about About 60% cracks on
70% surface area surface
(d) Moisture Treatment B2 —— 300 cycles of 4-hr period
Mix Type Bleeding Assessment % Diametral Other
Area Stripped | Observation
W1l mix | Scattered asphalt of about 2 mm About 35% -
diameter on specimen surface
W3 mix S?attered asphal? of about 1 mm About 25% .
diameter on specimen surface
W6 mix Concentration of asphalt between About 20% .
coarse aggregates
Shiny patches of asphalt on : A few cracks
WR mix specimen surface covering about About 70% on specimen
80% surface area surface

the horizontal axis according to the severity of moisture
damage they produced.

The test results confirm the following two trends observed
in the visual assessment presented in the preceding section:
(a) moisture damage increased with the number of treatment
cycles regardless of the treatment cycle period and mixture
type, and (b) moisture damage increased when longer treat-
ment cycle periods were used. However, Figures 5 and 6 also
clearly indicate that the rate of increase of moisture damage
with either number of treatment cycles or length of cycle
period varied from treatment to treatment, as well as from
mixture type to mixture type.

Figure 6 offers a way to compare the relative resistance of
the four mixture types of moisture damage. Judging from the

(continued on next page)

percentage resilient modulus retained, the gap-graded mix-
ture WR was affected most by the moisture treatment. There
were few differences among the other three mixture types,
although the W3 mixture appeared to be marginally more
resistant to moisture damage.

Assessment Based on Indirect Tensile Strength

Figures 7 and 8 show the results of indirect tensile tests. Each
data point was calculated from five sets of tests using Equation
2. These two figures present the R(T’) data in a fashion similar
to those for R(M) in Figures 5 and 6. The general trends of
moisture damage displayed by the test results in Figure 5 can
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TABLE 2 (continued)

(e) Moisture Treatment C1 — 150 cycles of 6-hr period
Mix Type Bleeding Assessment : % Diametral Other
Area Stripped |Observation
W1l mix Scattered beads of asphalt on About 35% —

specimen surface
Scattered beads of asphalt on

W3 mix s About 25% —_—
specimen surface :

W6 mix Concentration of asphalt About 30% _
between coarse aggregates
A thick layer of asphalt on Diametral

WR mix specimen surface covering about About 80% crack on
90% surface area surface

(f) Moisture Treatment C2 — 300 cycles of 6-hr period

Mix Type Bleeding Assessment % Diametral Other
Area Stripped |Observation
W1l mix Scattered beads of asphalt on About 50% —_—

specimen surface
Scattered beads of asphalt on

W3 mix s About 40% —
specimen surface

W6 mix Concentration of asphalt About 40% _
between coarse aggregates
A thick layer of asphalt on Diametral

WR mix specimen surface covering about About 85% crack on
90% surface area surface

be seen in Figure 7. The same can also be said for Figures 6 100 100

and 8. The conclusions drawn in the preceding section on the
basis of Figures 5 and 6 would therefore also hold true for
Figures 7 and 8.
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Effect of Mixture Type 181
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The same source of aggregates and identical grade of asphalit 82
binder were used for all test specimens of the four mixture
types studied. The test results, however, indicated that the

degree of moisture damage differed among the four mixture
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stripped. FIGURE 5 Effect of treatment cycles on resilient modulus.
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FIGURE 6 Comparison of the effects of various
treatment types on the basis of resilient modulus
tests.

types. These differences could not be explained statistically
by the use of percent air void or percent voids in mineral
aggregate (VMA) of the mixes. Because the only other major
difference among the mixture types was in their aggregate
gradations, the test results suggest that in addition to the
common emphasis of improving aggregate-binder interfacial
properties, it is possible to increase the moisture damage
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strength.
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resistance of an asphalt mixture by changing its aggregate
gradation.

Effect of Moisture Treatment

Figures 6 and 8 provide a very useful basis for the choice of

- moisture treatment duration for future studies adopting the

same weathering chamber. Both figures indicate that Treat-
ments Al and A2 were not severe enough to create sufficiently
big differences among the various mixture types for evaluation
purposes. On the other hand, Treatments C1 and C2 were so
severe that all the specimens tested suffered heavy moisture
damage, resulting again in small differences in moisture dam-
age measures among the various mixtures. Treatments B1 and
B2 appeared to be the most suitable choices as far as the four
mixture types were concerned. Although it yielded 150 more
treatment cycles than Treatment B1, Treatment B2 gave no
additional information on moisture damage. It is therefore
logical to recommend Treatment B1 for use in future work.

Choice of Evaluation Test

The two measures of moisture damage, namely percentage
resilient modulus retained R(M) (3,10,13) and percentage in-
direct tensile strength retained R(T) (2,9,14), both have been
widely used for evaluating effects of moisture on asphalt mix-
tures. In this study, the test results allow one to compare the
relative ability of the two measures to distinguish among as-
phalt mixtures with different moisture damage resistance. A
visual comparison between Figures 5 and 7 or between Figures
6 and 8 suggests that there was not much difference between
the two measures.

A quantitative statistical analysis based on the coefficient
of correlation, r, also arrived at the same conclusion. This
analysis is summarized in Table 3. The bottom row of r values
shows that R(T) and R(M) were equally capable of differ-
entiating the effects of various moisture treatments on any
given mixture type. The values of r in the last column present
some interesting results. Each r value gives a measure of how
well R(T) and R(M) correlate in evaluating the moisture dam-
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TABLE 3 Comparison of R(M) and R(T) as Measures of Moisture Damage

W1 Mix W3 Mix W6 Mix WR MIx
Treatment r
R(M) R(T) R(M) R(T) R(M) R(T) R(M) R(T)
Al 85.6%] 90.8%| 90.3%| 84.7%| 88.4%) 68.0%4| 74.3%| 85.5%| -0.31
A2 66.1%| 80.3%| 75.7%4| 79.7%4} 76.9%| 69.8%( S0.3%| 47.6% 0.79
B1 46.2%| 61.5%| 70.6%| 70.7%4| 45.3%| 62.5%} 22.5%| 25.3%| 0.91
B2 31.5%} 45.1%| 45.5%4| 66.4%| 35.2%| 58.3%| 21.5%| 21.6% 0.96
C1 29.0%| 38.9%| 24.3%| 34.0%| 25.0%| 39.3%} 18.6%| 19.6% 0.92
cz2 20.5%| 37.7%4| 23.6%| 31.9%| 20.9%| 35.1%| 15.7%| 15.6% 0.79
r 0.99 0.96 0.87 0.99 —_—

age resistance of various asphalt mixtures. Very good cor-
relations were found for Treatments B1, B2, and C1, rela-
tively poorer correlations for Treatments C2 and A2, and
negative correlation for Treatment Al. These results provide
an indirect confirmation of the conclusion reached in the pre-
ceding section concerning the choice of mixture treatment
type. Thatis, Treatments Al and A2 were too mild to produce
significant differences in the responses from different mix-
tures, where Treatment C2 was so severe that it was not
suitable for comparing the moisture damage resistance of dif-
ferent mixtures.

CONCLUSIONS

This paper has demonstrated the application of a laboratory
moisture-treatment procedure designed to study the effect of
moisture on asphalt pavements under the climatic conditions
of Singapore. On the basis of the findings and results of the
analyses presented in this paper, the following conclusions
may be drawn:

® Without introducing vacuum saturation, a laboratory
treatment combining wetting-drying and thermal cycles was
able to produce three effects of moisture damage observed
in asphalt pavements in the field, namely stripping, bleeding,
and softening (or loss in strength).

® Bleeding and stripping induced in the tests can be eval-
uated on the basis of visual assessment. Bleeding can be as-
sessed by measuring the surface area covered by flushed as-
phalt and displacement of asphalt in a diametrical cross-sectional
area. Stripping can be measured in terms of the percentage
area stripped in a diametrical cross-sectional area.

® The two measures of moisture-induced softening, per-
centage resilient modulus retained and percentage indirect
tensile strength retained, were found to be equally sensitive
to changes caused by moisture damage.

® The degree of moisture damage achieved in the labora-
tory moisture treatment was a function of the number of
treatment cycles applied and the length of the cycle period.
It varied positively with the two treatment parameters.

® The study was able to show that different levels of mois-
ture damage could be induced through appropriate combi-
nations of treatment cycle number and cycle period. For the
four mixture types examined in this study, a treatment that
consisted of 150 cycles of 4 hr was the most suitable for eval-
uating the relative moisture-damage resistance of the mixture
types. The validity of this recommendation has yet to be ver-
ified by field studies.

® Four mixture types prepared using the same source of
asphalt and aggregate were studied. A gap-graded mix was
found to have the least resistance to moisture damage. The
resistances of the other three, two dense-graded mixtures and
one open-graded mixture, were higher with slight differences
among them. This finding suggests that changing the aggre-
gate gradation could be used as a means to alter the moisture-
damage resistance of an asphalt mixture.

® A moisture treatment consisting of 150 cycles of 4 hr
would last 25 days. The procedure is therefore too long to be
practical for routine laboratory tests. However, it shows sig-
nificant potential as a research and development tool to study
and compare the moisture-damage resistance of new asphalt
mixtures and the effect of modified binders in a wet tropical
climate. -
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Effects of Laboratory Asphalt Concrete
Specimen Preparation Variables on
Fatigue and Permanent Deformation
Test Results Using Strategic Highway
Research Program A-003A Proposed

Testing Equipment
JouN HARVEY AND CARL L. MONISMITH

A study was carried out to determine the effects of laboratory
specimen preparation variables on permanent deformation, fa-
tigue, and flexural stiffness performance, as measured with test
equipment and methods by a Strategic Highway Research Pro-
gram contractor. The specimen preparation variables included in
the project were binder type, aggregate type, fines content, air-
void content, compaction method, mixing viscosity, and com-
paction viscosity. Asphalt rubber was included as one of the binders
in the experiment. The test methods used were the constant-
height repetitive shear test for permanent deformation and the
controlled-stress beam apparatus for flexural fatigue and stiffness.
The investigation indicates that the variables included in the study
affect the test results. Of particular interest were the results show-
ing that (a) compaction method (gyratory, rolling wheel, and
kneading compaction were included in the study) is a significant
factor in permanent deformation performance; (b) a reduction
in fines content of 3 percent significantly affects both permanent
deformation and fatigue performance; and (c) the temperatures
at which a mix is mixed and compacted also significantly affect
fatigue performance. In addition, the constant-height repetitive
shear test results showed asphalt-rubber mixes to be superior to
the conventional asphalt mixes at 60°C (140°F).

The purpose of laboratory testing of an asphalt-aggregate
mix is to estimate the performance of the mix as it will be
compacted in the field, both compared with other asphalt-
aggregate mixes and in terms of field conditions such as traffic
and environment. Toward this goal, Strategic Highway
Research Program Project A-003A (SHRP A-003A) at the
University of California at Berkeley (UCB) has developed
test methods and equipment for evaluating the permanent
deformation and fatigue properties of asphalt concrete, in-
cluding constant-height repetitive shear testing of cores 15.2
c¢m (6 in.) in diameter and repetitive flexural bending of beams,
respectively. The results presented in this paper are from
a project investigating the effects of specimen preparation
variables on test results using the SHRP A-003A mix analysis
equipment and laboratory-prepared specimens (7).

Institute of Transportation Studies, University of California at Berke-
ley, Berkeley, Calif. 94720.

It is important to avoid arbitrary decisions in laboratory
specimen preparation if correct decisions about field perform-
ance of a mix are to be made from laboratory mix testing
results. If a laboratory-compacted mix does not perform as it
would if it were compacted in the field, the sensitivity of a
test method and equipment is of little use in evaluating its
expected performance. For several years it has been under-
stood that the commonly used Marshall method of laboratory
compaction does not produce specimens that perform the
same as field-compacted specimens, primarily because of the
impactive nature of the compaction mechanism. Several al-
ternatives have been proposed, and some preliminary com-
parisons of specimens compacted using these methods have
been performed (2—4). However, these comparisons have not
provided definitive results.

In addition, other important variables in laboratory spec-
imen preparation affect specimen performance. The labora-
tory specimen preparation variables included in this study
were binder type, aggregate type, fines (passing a No. 200
sieve) content, air-void content, compaction method, mixing
viscosity, and compaction viscosity.

There is also considerable need to develop a mix design
procedure for asphalt-rubber concrete (RAC), which uses
scrap vehicle tires as part of the binder. Conventional labo-
ratory specimen preparation and test methods often have been
found to be unsuitable for modified asphalt mixes. The ap-
plicability of the specimen preparation and testing methods
used in this study was evaluated with regard to rubber-
modified asphalt, which was included as one of the binders.

VARIABLES AND FACTOR LEVELS

Specimen Preparation Variables
Binder Type
The following binders were included in the experiment:

e V| California Valley AR-4000 asphalt cement (SHRP code
AAG-1);
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® B, Boscan petroleum AC-30 asphalt cement (SHRP code
AAK-1); and

® R, asphalt-rubber cement, California. Coastal AR-4000
asphalt cement (SHRP code AAD-1) and finely ground ve-
hicle tire rubber (Atlos 1710).

Asphalt contents were determined for the conventional
binders using the standard Hveem procedure (California Test
366, with minimum stability of 35) and were 5.2 percent for
both asphalts for Pleasanton gravel, and 4.9 and 5.1 percent
for Watsonville granite for Valley and Boscan asphalts, re-
spectively, by weight of aggregate. The asphalt contents for
the rubber-modified binder were set following the recom-
mendations of the binder designer (5) that the maximum binder
content be used that resulted in a minimum 3.0 percent air-
void content using Marshall 50-blow compaction (ASTM 1559),
which was 7.0 percent for both aggregates, by weight of ag-
gregate. The rubber-modified binder contained 18 percent
rubber by weight of the total binder. The same aggregate
gradations used for the conventional mixes were also used for
the RAC, with no gap included for the rubber. The asphalt
used for the RAC was heated to 204°C (400°F) and the crumb
rubber to 79°C (175°F) before being stirred together. The
binder was then reacted for 1 hr at 177°C (350°F) before
mixing with the aggregate.

Both the conventional and the RAC mixes were placed in
an oven at 135°C (275°F) for 4 hr to simulate short-term aging.

Aggregate Type
The following aggregates were included in the experiment:

e P, Pleasanton gravel (SHRP code RH), which is partly
crushed, generally semispherical, with a somewhat smooth
surface texture; and

e W, Watsonville granite (SHRP code RB), which is com-
pletely crushed and angular, with a rough surface texture.

Fines Content

Two aggregate gradations were used in the experiment: low
fines content gradation (2.5 percent fines) and normal fines
content gradation (5.5 percent fines). The normal fines con-
tent gradation is dense graded with a top size of 1 in. The
low fines content gradation is essentially the same, except for
a 3 percent reduction in the fines content. Both gradations
are within ASTM D3515 specification limits.

Air-Void Content

Air-void contents of 4 and 8 percent * 1 percent were used
with air-void contents measured using parafilm (6).
Compaction Method

Three compaction methods were included in the experiment:
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® G, Texas gyratory,
e R, UCB rolling wheel, and
e K, California kneading.

All permanent deformation specimens were cored and cut
to a disk shape 15.2 cm (6 in.) in diameter and 5.1 cm (2 in.)
tall. All fatigue beams were cut to their final 3.8- x 3.8- X
38.1-cm (1.5- x 1.5- x 15-in.) shape.

The gyratory compaction method was adapted from Texas
Method Tex-126-E and requires the use of the large Texas
gyratory compaction machine, with an inclination angle of
approximately 6 degrees and a standard mold 17.8 cm (7 in.)
in diameter. Mass-volume calculations were used to calculate
the final height (and volume) necessary to achieve the desired
air-void contents. Gyratory compaction was not included in
the fatigue portion of the experiment because fatigue beams
cannot be produced by this method.

A standard ASTM kneading compactor, with modified mold
dimensions and different compaction feet, was used for mak-
ing all permanent deformation and fatigue kneading speci-
mens. Fatigue beams were compacted using equipment sim-
ilar to that described in ASTM D3202.

Permanent deformation specimens were compacted in a
cylinder 19.3 cm (7.6 in.) in diameter, using a foot propor-
tional to the standard ASTM kneading compaction (ASTM
D1561) foot, as shown in Figure 1. The pressures and numbers
of blows necessary to obtain the desired air-void content were
determined by trial and error for each specimen.

The UCB rolling wheel (7) compaction method was used
to prepare all rolling wheel permanent deformation and fa-
tigue specimens for this project. The UCB rolling wheel com-
pactor, shown in Figure 2, is a commercially available side-
walk compactor weighing between 365 and 545 kg (800 and
1,200 1b). The roller was used only in the static mode.

The compaction mold has a lift height of 7.6 cm (3 in.).
For this project a steel plate insert was used to divide the
mold into three cells. Each compacted specimen weighs ap-
proximately 20 kg (45 Ib) and provides three or four fatigue
beams and one permanent deformation specimen or three
permanent deformation specimens.

Calculations are used to determine the mass of material to
be compacted within a mold of known volume. The passes of
the compactor are varied so that the edge of the compactor
wheel passes over each of the cells in the mold.

Mixing Viscosity

Two mixing temperatures were used in the experiment for
each binder. For the conventional binders the temperatures
were those that provided viscosities of 6.0 (high viscosity) and
1.7 poise (optimal viscosity), shown below. The mixing and
compaction temperatures used for the asphalt-rubber mixes,
also shown below, were based on recommendations from the
binder designer (5).

Mixing Compaction

Temperature (°F) Temperature (°F)

Low Optimal Low Optimal
Valley 243 280 208 243
Boscan 273 320 230 273
Asphalt rubber 325 350 275 300




FIGURE 1 ASTM kneading compactor modified for a mold
7.5 in. in diameter.

Compaction Viscosity

For the conventional binders, compaction temperatures were
selected that resulted in viscosities of 6.0 (optimal viscosity) and
25 poise (high viscosity), shown above. The compaction tem-
peratures for the asphalt-rubber binder are the upper and lower
limits of the range recommended by the binder designer (5).

Test Variables
Constant-Height Permanent Deformation Test

The constant-height permanent deformation test was per-
formed using the Universal Testing Machine (UTM) (8). The
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FIGURE 2 UCSB rolling wheel compactor with ‘‘ingot’’ mold.

UTM uses closed-loop computer-driven control of vertically
and horizontally operating hydraulic pistons.

The specimen is maintained at a constant height and a
constant temperature of 60°C (140°F) throughout the test. The
shear load is applied to the specimen in the form of a half
sine wave with an amplitude of 820 N (184 1b), 0.1-sec du-
ration, and frequency of 1.429 Hz. The shear stress is 44.8
kPa (6.5 psi). Shear displacement is measured between two
brackets mounted on the specimen 3.8 cm (1.5 in.) apart.
Failure was set as occurring at a 2.0 percent permanent shear
strain. The measured variable is repetitions to failure. Testing
was continued until failure, or until 45,000 repetitions had
occurred, in which case the shear deformation was extrapo-
lated to failure.

Preliminary use of the constant-height repetitive simple shear
test at UCB has shown that it is very effective in distinguishing
the permanent deformation performance of various asphalt-
aggregate mixes (8). The actual values and sequence of stresses
felt by an element in the pavement subjected to a passing
wheel depend on the load, pavement location, temperature,
and the changing position of the element relative to the wheel.
The methods available to analyze these stresses are based on
assumptions that the material is linear elastic or linear vis-
coelastic, which it is not (9,10). For these reasons selection
of a ““field” state of stress at which to characterize the material
is difficult, and the constant-height simple shear mode was
selected.

During the repetitive shear loading that takes place in the
test, both the binder and the aggregate structure resist shear
deformation. The shear deformation mechanism has been
previously proposed as being the most important for per-
manent deformation of reasonably well-compacted mixes and
almost the only mechanism once the material has been com-
pacted by initial trafficking (/7). During the test the binder
provides the initial resistance. As permanent shear defor-
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mation increases, the aggregates are forced to try to move
past or over each other, resulting in increased aggregate-to-
aggregate contact, and confining and dilation stresses. The
specimen is not allowed to dilate because of the maintenance
of constant height, so it develops confining stresses in the
aggregate structure that also help resist shear deformation.
In specimens with good aggregate structures the dilation
and confinement occur at smaller shear strains. For specimens

that do not have or do not develop much aggregate-to--

aggregate contact (such as those that are not well compacted,
have smooth rounded aggregates, or were compacted using
the gyratory compactor), the binder has a more important
role in resisting shear deformation. In specimens that already
have good aggregate-to-aggregate contact (such as those that
are more compacted, have rough angular aggregate, or were
compacted using the kneading compactor), the aggregate may
be responsible for shear resistance from the beginning. The
presence of a higher fines content would result in less aggre-
gate-to-aggregate contact, which would reduce permanent de-
formation resistance. It would also provide more “glue” when
mixed with the binder, which would increase fatigue resis-
tance. Mixing and compaction viscosity would be expected to
affect the binder film and bonding of the binder to the ag-
gregate, as well as the ability of the aggregates to orient them-
selves during compaction.

Flexural Beam Fatigue Test

The equipment used for the flexural beam testing, performed
under constant stress conditions for this project, was originally
developed by Deacon (12) and later modified by Epps (13).
The system uses a third-point loading system, which applies
a uniaxial bending stress to the simply supported specimen
and creates a region of constant bending moment throughout
the central third of the specimen. A load of 655 kPa (95 psi)
is applied for a duration of 0.1 sec in a square wave form and
repeated 100 times per minute, resulting in a rest period be-
tween loads of 0.57 sec, with loading continuing until fracture.
All fatigue tests were performed at 20°C (68°F).

The fatigue response variables measured were initial stiff-
ness, measured at 50 repetitions; total repetitions to failure;
and total dissipated energy to failure.

Controlled-strain testing using a sine wave, larger beam
dimensions, and hydraulic controls has been proposed for
fatigue testing by SHRP A-003A. However, the test and ma-
chine used in this project are similar in all other respects.

EXPERIMENT DESIGN

All specimens were prepared and tested using a balanced one-
quarter fractional factorial statistical design with mixing and
compaction viscosity as the fractionalized variables.

The selected design had 72 permanent deformation cells
(3% = 25-2) and 48 fatigue cells (3 * 2°72). Repeats of each
cell were not included in the design. Instead, the use of a
balanced factorial design results in replication of each vari-
able; for example, the permanent deformation design had 24
replications each of gyratory, kneading, and rolling wheel
compaction. For the statistical analysis of all data, a 95 percent
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confidence level was used to determine whether a variable
had a significant effect on the properties of the mixture. This
means that there is a 5 percent or smaller probability of getting
an F-statistic larger than that observed, under the hypothesis
of the general linear model. The experiment was carried out
as designed, resulting in near orthogonality between the inde-
pendent variables. For this reason, the entry of a variable
into the model had almost no effect on the P-values (the
measure of statistical significance) of the other variables.

PERMANENT DEFORMATION RESULTS

The significant variables affecting permanent shear defor-
mation are summarized in Table 1. Submodels of the exper-
iment design were analyzed separately to evaluate differences
between the responses of the conventional and rubber-
modified binders. The significant main effects and interactions
for these two mix types are also shown in Table 1.

As can be seen in average values for the full experiment
and conventional and RAC submodels, shown in Tables 2
through 4, respectively, specimens with the stiffer Boscan and
rubber-modified binders, rougher and more angular aggre-
gate, low fines content, and low air voids performed best, as
expected.

The rubber-modified binder performed exceedingly well
compared with the conventional asphalts, which is similar to
field results but contrary to the usual results of Hveem sta-
bilometer or Marshall stability tests. The resistance of the
rubber-modified binder to permanent shear strain is an order
of magnitude greater than that of the conventional asphalts
at both high and low air-void contents.

Previous test results (4) using a repetitive direct simple
shear device had shown that the kneading compactor produces
specimens more resistant to shear deformation and with greater
dilation under shear load than do rolling wheel or gyratory
specimens, with rolling wheel specimens exhibiting properties
between those of kneading and gyratory specimens. These
results were decisively confirmed here using the SHRP A-
003A equipment for both conventional and rubber-modified
binders. As shown in Table 3, for conventional asphalts, roll-
ing wheel specimens have on average six times more shear
resistance than do gyratory specimens. Kneading specimens
have 100 times more shear resistance than do gyratory spec-
imens and 18 times more shear resistance than do rolling
wheel specimens. Both gyratory and rolling wheel compaction
have been proposed as alternative laboratory compaction
methods for the SHRP mix design method, and several states
also use the ASTM kneading compactor.

The effects of compaction are much more pronounced in
well-compacted specimens in which each compaction method
produces its own distinct aggregate structure. In poorly com-
pacted specimens, the lack of compaction results in a poor
aggregate structure regardless of the method used.

The analysis of variance for the submodel including only
the gyratory and rolling wheel specimens also showed the
compaction method to be statistically significant, indicating
that significantly different results can be expected when com-
paring specimens prepared with any two of the three com-
paction methods used in this study.




TABLE 1 Summary of Permanent Deformation Statistical Results

Log Repetitions to 2.0 % Strain

Conventional Rubberized
Full Experiment Asphalts Data Asphalt Data
RA2 = 0.851 R*2 =0.826 R*2 = 0.549
75 tests 49 tests 26 tests
Significant Significant Significant
Main Effects Variables Variables Variables
AC - Binder Type X X NA
Ag - Aggregate X X
FC - Fines Content X X
AV - Air-Void Content X X X
Co - Compaction Method X X X
Vm - Mixing Viscosity
Vc - Compaction Viscosity
Significant Significant Significant
Interactions Interactions interactions Interactions
Ag* AV X
Ag* Co X X
FC* AV X ]
FC*Co X
AV* Co X X

Significant at 95 percent confidence level

TABLE 2 Average Permanent Deformation Results: Full Experiment

Air-Void Content
(low 4 %) (high 8 %)
Air Voids Nf Nf Nf
(%) (reps) (reps) (reps)
Asphait Type
Valley AR-4000 5.9 803 1455 97
Boscan AC-30 6.1 6585 12895 276
Rubberized 5.8 108045 195300 6247
Aggregate Type
Pleasanton Gravel 5.9 8623 16397 849
Watsonville Granite 6.0 68637 118786 3739
% difference 155.4 151.5 126.0
Fines Content
hLow (2.5 %) 6.0 66476 120713 2667
Normal (5.5 %) 5.9 13886 24814 1744
% difference 130.9 131.8 41.8
Air-Void Content
Low 4.0 74560
{High 8.0 2207
% difference 188.5
Compaction Method
Gyratory 6.1 2321 3636 786
Rolling Wheel 5.7 3797 6508 861
Kneading 6.0 118000 231028 4973
Mix Viscosity
Low 6.0 20724 38494 1968
Normal 5.9 58434 108823 2445
% difference 95.3 95.5 21.6
Compaction Viscosity )
Low 5.9 21635 40848 2422
|Normal 5.9 56626 98958 1843
% difference 89.4 83.1 27.2
Percent difference = (difference/average) * 100 percent
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TABLE 3 Average Permanent Deformation Results: Conventional Asphalts

Air-Void Content
(low 4 %) (high 8 %)
Air Voids Nf Nt Nf
(%) (reps) (reps) (reps)
Asphalt Type
Valley AR-4000 5.8 951 1652 191
Boscan AC-30 6.2 6432 12663 200
% difference 148.5 153.8 4.6
Aggregate Type
Pleasanton Gravel 5.9 975 1778 173
Watsonville Granite 6.1 6189 11716 200
% difference 145.6 147.3 14.5
Fines Content
Low (2.5 %) 6.2 2502 4762 241
Normal (5.5 %) 5.8 4723 8961 132
% difference 61.5 61.2 58.4
Air-Void Content
Low 4.1 6946
High 8.0 187
% difference 189.5
Compaction Method
Gyratory 6.0 91 111 69
Rolling Wheel 5.9 572 951 193
Kneading 6.0 10464 20630 298
Mix Viscosity
Low 5.8 5594 10517 260
Normal 6.2 1595 2935 255
% difference 111.3 112.7 1.9
Compaction Viscosity
Low 6.0 5750 11382 118
Normal 6.0 1605 2851 255
% difference 112.7 119.9 73.5
Percent difference = (difference/average) * 100 percent

Each of the main effects were more pronounced in well-
compacted specimens,. as can be confirmed in the table of
average values. This indicates that a specimen must be well
compacted to receive the full benefit of the aggregate, binder,
and gradation, in addition to the compaction method. (Note:
in Table 3, the average low fines content values at low air-
void contents are better than the average high fines content
values when corrected for air-void content and transformation
to log values.)

The coefficients of the interactions of the compaction method
with aggregate and fines content showed that the compaction
methods that create a stronger aggregate structure (rolling
wheel and especially kneading compaction) increase the ben-
efits of aggregate type and low fines content.

Although not significant at the 95 percent confidence level,
the average results show that conventional asphalt specimens
performed better when mixed and compacted at higher vis-
cosities (lower temperatures), whereas the opposite was true
for rubber-modified specimens. This indicates that the rubber-
modified binder quickly becomes too viscous to mix and com-
pact well when the temperature is reduced, even within a
relatively narrow range.

FATIGUE RESULTS

Stiffness

The variables that significantly affected the log stiffness var-
iable are summarized in Table 5. On average, Valley asphalt
specimens were much stiffer than either Boscan or asphalt-
rubber specimens, as can be seen in Tables 6 through 8. This
reflects the lower penetration values for the Valley asphalt at
the test temperature. Low air-void contents and optimum
mixing viscosities, as well as the interaction of Valley asphalt
and Watsonville granite, also produced stiffer mixes.

In the conventional asphalts submodel, the aggregate type
and compaction viscosity interaction variable indicated that
stiffer mixes are found with gravel aggregate (more round and
smooth) and a high compaction viscosity and granite aggre-
gate (more angular and rougher surface texture) and the op-
timum compaction viscosity. This effect of the lower viscosity
(higher compaction temperature) achieving a stiffer structure
during compaction of the “harsher” granite mix makes sense
because it would allow the aggregates to become oriented into
alow air-void structure without crushing them together, which
removes or reduces the asphalt film between them.




TABLE 4 Average Permanent Deformation Results: Asphalt Rubber

Aggregate Type
Pleasanton Gravel
Watsonville Granite
% difference

Fines Content
Low (2.5 %)
Normal (5.5 %)
% difference

Air-Void Content
Low

High

% difference

Compaction Method
Gyratory

Rolling Wheel
Kneading

Mix Viscosity
Low

Normal

% difference

Compaction Viscosity
Low

Normal

% difference

Percent difference

Air Voids Nf
(%) (reps)
S.9 23918
5.8 180153
153.1
5.7 171591
6.0 33908
134.0
3.9 195300
8.1 6247
187.6
6.1 6533
5.4 9532
6.0 333072
5.8 52621
5.9 155550
98.9
5.9 53406 -
5.8 154878
97.4

= (difference/average)

Air-Void Content

(low 4 %)
Nf
(reps)

45635
307548
148.3

294639
62847
129.7

9981
154000
651822

* 100 percent

(high 8 %)
Nt
{reps)

2201
10293
1 129.5

7525
4968
40.9

2222
2197
14322

TABLE 5 Summary of Fatigue and Stiffness Statistical Results

Log Initial Stiffness Log Repetitions to Failure Log Total Dissipated Energy
Full Conventional| Rubberized Fuil Conventional | Rubberized Full Conventionai| Rubberized
Experiment| Asphaits Data| Asphalt Data] Experiment| Asphalts Data| Asphalt Data] Experiment| Asphalts Datal Asphalt Dat
R*2 = 0.718{ R*2=0.882 { R*2 = 0.760 |R*2 = 0,788 R"2 =0.808 | R*2 =0.854 |R*2 = 0.767| R"2=0.863 | R*2 = 0.654
55 tests 35 tests 20 tests 55 tests 35 tests 20 tests 55 tests 35 tests 20 tests
Significant| Significant | Significant | Significant| Significant | Significant | Significant| Significant | Significant
Main Effects Variables Variables Variables | Variables Variables Variables { Variables Variables Variables
AC - Binder X X NA X X NA X X
Ag - Aggregate
FC - Fines Cont X X X X
AV - Air-Void Cont X X X X X X' X X X
Co - Compaction
Vm - Mixing Visc X X X X X X
Vc - Compact Visc X X X X
Significant| Significant | Significant | Significant{ Significant } Significant | Significant| Significant | Significant
Interactions Interactions] Interactions | Interactions |Interactions{ Interactions | Interactions {Interactions| Interactions | Interactions
AC* Ag X
AC* AV X
AC*Vm X X
Ag * AV X X X X X
AG* Ve X X
FC* AV X X X X
FC* Co X
AV* Co X X X X X
Co*Vm X
Co* Ve X X

LSigniﬁcanl at 95 percent confidence level




TABLE 6 Average Fatigue and Stiffness Results: Full Experiment

— Low Air Voids (4 %) High Air Voids (6%)
Air Voids  Stiffness Nt Ef Stiffness Nt Ef Stiffness Nf Et
(%) (psi) (reps)  (psi) (psi)  (reps)  (psi) (psi)  (reps)  (psi)
Asphalt Type
Valley AR-4000 6.1 630761 407794 9145 804897 704010 15797 576626 111578 2494
Boscan AC-30 6.4 397642 700692 342189 421016 1334806 63921 376866 137036 7818
Rubberized 6.0 402110 449130 13677 492751 835471 23199 311469 62788 4156
Aggregate Type
Pleasanton Gravel 6.0 509684 629222 23413 568584 1113213 39334 450785 145232 7491
Watsonville Granite 6.2 480173 393201 13494 563424 700559 24014 390518 62200 2165
% difference 6.0 46.2 53.7 0.9 45.5 48.4 14.3 80.1 110.3
Fines Content
Low (2.5 %) 6.3 469967 198560 7807 548241 3069500 11711 391693 90220 3903
Normal (5.5 %) 5.9 521361 839814 29678 583766 1506872 51637 454155 121443 6029
% difference 10.4 123.5 116.7 6.3 132.3 126.1 14.8 29.5 42.8
Air-Void Content
Low 4.3 566004 906886 31674
High 8.1 421768 105253 4927
% difference 29.2 158.4 146.2
Compaction Method
WRolling Wheel 6.0 485861 668818 22502 571060 1187753 39066 387555 70046 3389
Kneading 6.3 504878 352139 14439 560169 582808 23144 453536 137946 6355
% difference 3.8 62.0 43.7 1.9 68.3 51.2 15.7 65.3 60.9
IMix Viscosity
High 6.3 463867 322324 10626 530814 541317 16530 391770 86486 4267
Optimal 6.0 525408 697568 26178 601194 1272455 46817 449623 122681 5539
% difference 12.4 73.6 84.5 12.4 80.6 85.6 13.8 34.6 25.9
Compaction Viscosity
High 6.3 480740 227174 9109 544704 364663 12986 416775 89685 5232
Optimal 6.0 508158 769935 27002 584463 1376812 47870 426407 119710 " 4644
% ditterence 5.5 108.9 99.1 7.0 116.2 114.6 2.3 28.7 11.9
TABLE 7 Average Fatigue and Stiffness Results: Conventional Asphalts
~Low Air Voids (4 %) High Air Voids (8%)
Air Voids  Stiffness Nf Et Stiffness Nf Ef Stiffness Nf Ef
(%) (psi) (reps) (psi) (psi) (reps) (psi) (psi) (reps) (psi)
Asphalt Type
Valley AR-4000 6.1 690761 407794 9145 804897 704010 15797 576626 111578 2494
Boscan AC-30 6.4 397642 700692 34219 421016 1334806 63921 376866 137036 7818
% difference 53.9 52.8 115.6 62.6 61.9 120.7 41.9 20.5 103.3
Aggregate Type
Pleasanton Gravel 6.1 533647 554221 23510 574480 985687 41407 496898 165903 7403
Watsonville Granite 6.3 565895 545116 18728 680234 1017919 35110 451556 72313 2347
% difference - 5.9 1.7 22.6 16.9 3.2 16.5 9.6 78.6 103.7
Fines Content
Low (2.5 %) 6.4 523104 227383 9206 610634 340982 13376 435575 113783 5035
Normal (5.5 %) 6.0 575161 891716 34155 639561 1743212 66643 517917 134831 5277
% difference . 9.5 118.7 115.1 4.6 134.6 133.1 17.3 16.9 4.7
Air-Void Content
Low 4.4 624247 1000855 38443
High 7.9 476746 124307 5156
% difference 26.8 155.8 152.7
Compaction Method
Rolling Wheel 5.9 541831 685755 25440 611531 1203545 43789 463419 103242 4797
Kneading 6.5 554583 421901 17437 638552 772828 32429 487408 141160 5443
% difference 2.3 47.6 37.3 4.3 43.6 29.8 5.0 31.0 12.6
Mix Viscosity
High 6.4 518342 445410 14568 591442 777949 23786 445242 112870 5351
Optimal 6.0 580204 660864 28477 661153 1251624 54933 508250 135744 4961
% ditference 11.3 39.0 64.6 11.1 46.7 79.1 13.2 18.4 7.6
Compaction Viscosity
High 6.2 541897 302112 11661 621592 520466 18933 462201 83758 4388
Optimal 6.2 553857 758856 29462 626607 1427867 55785 488382 156747 5770
% difference 2.2 86.1 86.6 0.8 93.1 98.6 5.5 60.7 27.2.
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TABLE 8 Average Fatigue and Stiffness Results: Asphalt Rubber
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Tow Alr Voids (3 %) "High Alr Volds (8%)

Air Voids  Stiffness Nf Et Stiffness Nf Ef Stiffness Nt Ef

(%) (psi) (reps) (psi) (psi)  (reps)  (psi) (psi)  (reps)  (psi)
Aggregate Type
Pleasanton Gravel 5.8 459096 787558 23207 557969 1342761 35604 335503 93554 7711
Watsonville Granite 6.1 355486 172234 5881 407677 277412 9219 292857 46020 1875
% difference 25.4 128.2 119.1 31.1 131.5 117.7 13.6 68.1 121.8
Fines Content .
Low (2.5 %) 6.2 374320 146679 5289 435935 245553 8713 312706 47806 1866
Normal (5.5 %) 5.7 429900 751580 22066 509373 1191752 31628 310692 91322 7722
% difference 13.8 134.7 122.7 15.5 131.7 113.6 0.6 62.6 122.2
Air-Void Content
Low 4.0 475992 761661 21212
High 8.3 311811 67146 4469
% difference 41.7 167.6 130.4
Compaction Method
IRolling Wheel 6.2 399362 642641 17961 510354 1164065 31982 266173 16933 1136
Kneading 5.7 405469 212616 8442 434757 278777 8288 368859 129913 8634
% difference 1.5 100.6 72.1 16.0 122.7 117.7 32.3 153.9 153.5
Mix Viscosity
High 6.0 354917 76153 2741
Optimal 6.0 440723 754292 22625
% difference 21.6 163.3 156.8
Compaction Viscosity
High 6.4 382889 107273 5026
Optimal 5.5 421332 790986 22329
% difference 9.6 152.2 126.5

The compaction method interaction variables indicated that
rolling wheel compaction produced higher stiffness mixes in
combination with lower fines contents and the optimum com-
paction viscosity. Kneading compaction produced higher stiff-
ness mixes with normal fines contents and with the higher
compaction viscosity. The role of the two different fines con-
tents in producing stiffer mixes with the two compaction meth-
ods is not readily apparent but may be caused by the less
concentrated shear force of the rolling wheel, compared with
the kneading compactor, being better able to orient aggre-
gates in the low fines content mixes without breaking them
or stripping off the asphalt film. For the same reason, rolling
wheel compaction is probably better able to orient the ag-
gregates when the mix has a lower viscosity, whereas the
kneading compactor is able to move or crush together the
aggregates despite the higher viscosity and probably achieves
more orientation after a few tamps than does a rolling wheel
specimen compacted to the same high air-void content.

In the asphalt-rubber submodel, mixing viscosity played a
significant role in determining stiffness, with specimens mixed
at the optimum viscosity being stiffer. The conventional binder
pattern of rolling wheel specimens performing better at low
air-void contents and kneading specimens at high air-void
contents was also true for asphalt-rubber specimens.

Repetitions to Failure

The variables found to significantly affect the log repetitions
to failure are shown in Table 6. Well-compacted specimens

with Boscan asphalt and the normal fines content and mixed
and compacted at the optimum viscosities had longer fatigue
lives, as can be seen in Tables 6 through 8. The interactions
of Boscan asphalt and asphalt-rubber and mixing at the op-
timum viscosity improved fatigue life. Low air-void contents
improved the performance of Watsonville granite, high fines
content, and rolling wheel specimens. Asphalt-rubber speci-
mens had particularly poor performance when not compacted
to low air-void contents.

The poor performance of kneading specimens, especially
at lower air-void contents, is probably the result of some
cracking of the aggregates and the forcing of aggregate-to-
aggregate contact caused by the highly concentrated shear
force imparted by the compaction foot. All specimens with

" large cracked aggregates in the failure face were thrown out

of the study; however, the presence of smaller cracked ag-
gregates caused by kneading compaction probably contrib-
uted to poorer performance compared with rolling wheel
specimens.

Lower compaction viscosities probably aid in the devel-
opment of a more laminar aggregate structure by allowing the
large aggregates to become oriented during compaction. Lower
mixing and compaction viscosities would also be more likely
to result in a more uniform binder film thickness and less
chance of larger aggregates being pushed into contact with
each other without a uniform asphalt film between them.

For the conventional asphalts, lower mixing and compac-
tion viscosities improve fatigue life but result in less resistance
to permanent deformation under repetitive shear. On the
contrary, rubber-modified binder specimens have both better
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fatigue performance and greater resistance to shear perma-
nent deformation when mixed and compacted at lower vis-
cosities (higher temperatures).

The fines content and air-void content interaction variable
indicated that the extra compactive effort required to obtain
the required air-void content for low fines specimens is not
as beneficial as it is for high fines specimens, again probably
related to the crushing together of aggregates, possibly re-
sulting in little or no binder film between them. Similarly, the
aggregate type and air-void content variable indicates that
compacting the more rounded, smooth, and harder Pleas-
anton gravel specimens to a low air-void content is not as
beneficial as it is for the rougher and more angular Watson-
ville granite specimens. The Pleasanton gravel may achieve
a somewhat laminated structure under even light compaction
because of its aggregate shape and texture.

In the rubber-modified binder submodel, contrary to ex-
pectations, the interaction of optimum compaction viscosity
and Pleasanton gravel produced better specimens than it did
with the rougher, more angular Watsonville granite.

Total Dissipated Energy

Previous research has shown that fatigue life and total dissi-
pated energy are related variables (/4), and both are similarly
sensitive to conventional asphalt type, aggregate type, asphalt
content, and air-void content (15,76). This was confirmed in
this project, as can be seen in Table 5. As can be seen by the
average values for each factor level shown in Tables 6 through
8, the results are approximately parallel for the two dependent
variables.

In the conventional asphalts submodel the higher-penetration
(at the test temperature) Boscan asphalt improved perfor-
mance at low air-void contents, and rolling wheel compaction
specimens performed better when mixed at the optimum
viscosity.

CONCLUSIONS

The following conclusions can be drawn from the results pre-
sented in this paper.

® The SHRP A-003A type tests for permanent deformation
and fatigue are sensitive to the specimen preparation varia-
bles, and the results follow trends in agreement with engi-
neering expectations. The performance of asphalt-rubber, as
measured by these tests, follows the behavior generally ob-
served in the field.

® In particular, the resistance of asphalt-rubber concrete to
permanent deformation under repetitive shear loads shows it
to be greatly superior to the conventional asphalt binder mixes
at 60°C (140°F). In contrast, the Hveem stability test often
ranks rubber-modified material well below conventional mixes.

e Other than the risk of exposure to fumes caused by heat-
ing of the binder, none of the compaction methods or pro-
cedures used in this study presented any special problems for
use in the laboratory evaluation of asphalt-rubber mixes.

® The permanent deformation results were most sensitive
to binder type, aggregate type, fines content, air-void content,
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and compaction method. Fatigue and dissipated energy test
results were sensitive to binder type, fines content, air-void
content, and mixing and compaction viscosities. Flexural stiff-
ness results were sensitive to binder type, air-void content,
and mixing viscosity. Fatigue and stiffness were also sensitive
to interactions with compaction method. Asphalt-rubber test
results are sensitive to a narrow range of mixing and com-
paction temperatures. These results indicate that arbitrary
decisions cannot be made regarding these variables in any
laboratory mix design evaluation procedure.

® The significant effect on both permanent shear defor-
mation resistance and fatigue life of a reduction in fines con-
tent of only 3.0 percent from the prescribed gradation is sur-
prising. On the other hand, it is logical when one considers
that this essentially cuts in half the volume of fines in the
mixture, reducing the amount of cementing material in the
mix and changing the asphalt film thickness at the points of
aggregate contact. This indicates that variations of fines con-
tent, even within typical gradation specifications, can have
serious effects on mix performance.

® Gyratory, rolling wheel, and kneading compaction pro-
duce specimens that are significantly different with respect to
resistance to repetitive shear permanent deformation test re-
sults, with average results differing by more than an order of
magnitude between each method for conventional asphalts.
The results presented show that gyratory specimens have the
least permanent shear deformation resistance, kneading spec-
imens have the most resistance, and rolling wheel specimens
have intermediate resistance. These results indicate that se-
lection of laboratory compaction method will have at least as
much effect on mix performance as aggregate type, binder
type, fines content, or air-void content. The results also in-
dicate that the use of various compaction methods can sig-
nificantly determine the ability of a mix to pass specifications
and can significantly alter the output from mix performance
prediction models that use test results as input. For this reason
the compaction methods cannot be used interchangeably.
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Development of Criteria To Evaluate
Uniaxial Creep Data and Asphalt Concrete
Permanent Deformation Potential

Darras N. LitTLE, JoE W. BurTON, AND HISHAM YOUSSEF

The uniaxial creep test is effective in identifying the sensitivity
of asphalt concrete mixtures to permanent deformation or rutting.
The creep test should be performed at a realistic testing temper-
ature and at a stress level approximating field stress conditions.
The creep test is shown to be sensitive to mixture variables in-
cluding asphalt grade, binder content, aggregate type, air void
content, temperature of testing, and testing stress state. Three
parameters from the creep test are identified as effective indi-
cators of mixture permanent deformation sensitivity: total strain
at 1 hr of loading, ¢,; the slope of the steady state portion of the
plot of total strain versus time of loading, m; and the creep stiff-
ness, S.. In addition to the creep test parameters g, and m, the
sum of the total resilient strain from the dynamic compressive
modulus test, ASTM D 3495, and e, should be less than one-half
of the strain at failure recorded in the unconfined compression
test performed in accordance with the instructions in NCHRP
Report 338, which explains the Asphalt Aggregate Mixture Anal-
ysis System.

The process of creep in soils and other particulate media has,
on occasion, been explained as a rate process. The basis of
the rate process theory is that atoms, molecules, and particles
participating in a time-dependent flow process are constrained
from movement relative to adjacent equilibrium positions.
The displacement of flow units to new positions requires the
introduction of activation energy of sufficient magnitude to
surmount the barrier. Mitchell (1) explains that the rate of
shear in a particulate medium, such as soil, is influenced by
a number of factors as explained by the following equation:

o KT o AFY (N
e = 2X h exp( RT) Smh<2kT> §))]

where

AF = activation energy,

= absolute temperature (°K),

= Boltzman constant,

Planck’s constant,

force,

distance between successive equilibrium positions,
proportion of successful barrier crossings, and

= universal gas constant.

I

P e X N
I

Equation 1 represents the direct effect of temperature on
the rate of strain: as temperature increases, the rate process
increases. If, in Equation 1, (f\2kT) < 1, the rate is directly
proportional to the force, f. This is the case for an ordinary
Newtonian fluid. Equation 1 is a reasonable first approxi-

Texas Transportation Institute, Texas A&M University, TTI/CE
Building, College Station, Tex. 77843-3135.

mation of the rate process that explains the creep of asphalt
concrete mixtures. One expects this deformation process to
be a rate process.

A schematic representation of the influence of creep stress
intensity on creep rate at some selected time after stress ap-
plication is presented in Figure 1. At low stresses, creep rates
are small and of little practical importance. The curve shape
in this region is compatible with the hyperbolic sine function
predicted by the rate process Equation 1. In the midrange of
stresses, a nearly linear relationship is found between the log
of stress rate and stress. This is also predicted by Equation 1
when the argument of the hyperbolic sine is greater than 1.
At stresses approaching the strength of the material, the strain
rates become very large and represent the onset of failure.
From Figure 1 and Equation 1, it is apparent that the creep
response of any particulate material, such as asphalt concrete,
is not necessarily linear. If the stress state in the field (creep
stress intensity) is one that pushes the log strain rate into the
region near failure (beyond the steady state region), assump-
tions of linearity are not appropriate. This point is important,
because in the past linear viscoelastic response of asphalt
mixtures under field loading conditions has been assumed.
This has partly been because such an assumption is conven-
ient, and creep data from laboratory tests at relatively low
stress levels are simply shifted to higher stress states in the
field by using principles of linear viscoelastic superposition.
Such an approach is clearly incorrect in the highly nonlinear
region of Figure 1. The importance of selecting a realistic
stress state for laboratory testing is then essential.

Another popular generalized form used to illustrate the
various stages of creep is shown in Figure 2. In this figure,
creep strain for a given stress level is plotted versus time and
the creep strain is divided into three stages. In the first or
primary stage the rate of deformation increases rapidly. In
the second or ‘“‘steady state” region, the deformation rate is
constant, as are the angle of slope and rate of deformation.
The third region is the failure stage, in which the deformation
again increases rapidly.

The relationship between creep strain and logarithm of time
may actually be linear, concave upward, or concave down-
ward. A linear relationship is often assumed in engineering
applications because of its simplicity in analysis. However,
there is no fundamental law of behavior to dictate one form
or another.

Use of the uniaxial creep test to define the stability and rut
susceptibility of asphalt concrete mixtures has long been pop-
ular because of its relative simplicity and because of the logical
ties between the creep test and permanent deformation in
asphalt concrete pavements. The major difficulty in devel-
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Failure

+ min After Start of Creep

Log Strain Rate, ¢

Creep Stress Intensity, )

FIGURE 1 Influence of creep stress intensity on creep rate (I).

oping criteria associated with the creep test by which to eval-
uate the rutting potential of asphalt concrete mixtures is in
relating these criteria to field performance. This is true for
all types of laboratory testing that must be correlated with
field results. However, even without the benefit of correla-
tions between laboratory creep tests and field results, it is
evident that a stable and rut-resistant mixture should not dem-
onstrate tertiary creep if tested under stresses and at tem-
peratures in the laboratory that simulate field conditions.

The total strain at failure after a period of loading, such as
3,600 sec, has often been used to define an acceptable mixture
response in the creep test. This strain is divided into the
constant stress applied to the specimen to calculate the creep
modulus. This approach is used in Asphalt Aggregate Mixture
Analysis System (AAMAS) to define a minimum creep mod-
ulus after 3,600 sec of loading.

It appears more proper to use only the irrecoverable strain
(viscoplastic strain) in the computation of the creep modulus
used to evaluate the suitability of a mix. This is because only
the irrecoverable portion of the strain is important when one
considers rutting potential. In actuality, the total creep mod-
ulus at the long loading time of 3,600 sec is dominated by the
viscous response (irrecoverable) of the binder. The elastic
portion of binder stiffness at this long loading time and the
relatively high test temperatures at which the creep test is
typically performed is practically nonexistent, and the viscous
portion of the stiffness dominates over the delayed elastic
portion. Thus, when one considers the binder only, the creep
modulus calculated on the basis of total strain is essentially
as appropriate as using the creep modulus based on irrecov-
erable modulus only.

Failure

. ] Tertiar
Transient or | Steady State or Y

Primary l Secondary

Strain

Time

FIGURE 2 Stages of creep (I).
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This is not necessarily the case, however, when the effects
of the aggregate are considered. The resilience offered by the
aggregate matrix should be considered if practicable to eval-
uate the effect of the aggregate matrix on the permanent
deformation potential of the mixture. Probably the most di-
rect and simple way to account for the effects of the aggregate
matrix on the resilience or “recoverability” of the mixture is
to perform a recovery test immediately following the creep
test. This allows one to judge the effects of the resilience or
recoverability of the aggregate matrix on the performance of
the entire mixture.

In addition to the ultimate level of strain or the ultimate
creep modulus following a given time of loading and the
knowledge of what percentage of the creep is recoverable at
the end of the test period, it is important to define the rate
of creep. Creep tests of soils and asphalt mixtures have dem-
onstrated that the rate of creep and the shape of the creep
curve are difficult to predict. However, the following general
trend is usually observed: both total strain and irrecoverable
strain are functions of time of loading, temperature, stress
state, mix type, and other parameters, such as the manner of
loading and reloading conditions. With increasing consoli-
dation, more asphalt cement binder is squeezed into the voids,
and stress is gradually transferred to the mineral particle con-
tacts. The strain rate decreases as this occurs. Therefore, a
constant positive strain rate indicates an unstable state be-
tween the external force and the internal resistance of the
material. This type of response will result in failure. During
failure, the strain rate rapidly increases and the curve becomes
concave upward.

DEVELOPMENT OF THE AAMAS RUTTING
CHARTS

Mahboub and Little (2) developed a method for evaluation
of creep data. This method uses the simple relationship that
viscoplastic strain, e,,, occurs as a strain-hardening process
according to the power law €,, = ar®, where a and b are
regression constants and ¢ is time. The coefficient a is de-
pendent on stress state and mixture stiffness, whereas the
exponent b represents the rate of deformation as a function
of time. This value appears to fall within a tight band for
good-quality asphalt mixtures when tested at a stress state
that is within the linear viscoelastic region. Kinder (3), Perl
et al (4), Lai and Anderson (5), and Mahboub and Little (2)
have shown that b typically ranges between 0.17 and 0.25.
This approach was selected for use in AAMAS [Von Quintus
et al. (6)].

COMPARISON OF AAMAS RUTTING CHART
CRITERIA WITH CREEP MODULUS CRITERIA
DEVELOPED BY OTHER AGENCIES

It is interesting to compare the creep modulus criteria of the
AAMAS creep modulus charts with criteria developed by
other agencies. The creep test in AAMAS is performed for
3,600 sec and includes a 3,600-sec recovery period. The 1-hr
creep test period is popular, perhaps because it is long enough
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to be applicable to the loading conditions during which rutting
occurs in the pavement yet short enough to be practicable.

The minimum required creep modulus values at 3,600 sec
of loading from the creep modulus charts developed by
Mahboub and Little (2) are as follows:

Minimum Creep Modulus (MPa)

Asphalt concrete over rigid 69 (low rut potential)
base 34.5 (moderate rut potential)
Full depth asphalt concrete 55.2 (low rut potential)
(intermediate layers) 20.7 (moderate rut potential)
Full depth asphalt concrete 27.6 (low rut potential)
(lower layers) 17.2 (moderate rut potential)
Surface asphalt concrete 55.2 (low rut potential)
layers 27.6 (moderate rut potential)

Pavement Category

Of course, all these criteria are for testing for 3,600 sec or 60
min at a test temperature of 40°C and at a stress level that
approximates a realistic average vertical compressive stress
within the pavement layer.

Other researchers have developed similar criteria from the
creep test. Viljoen and Meadows (7) indicate that the mini-
mum creep modulus to prevent rutting is 82.7 MPa after 100
min of loading at 40°C at a stress level of 207 KPa. Khedr (8)
indicates that the minimum creep modulus after 60 min of
testing at a stress level of 207 KPa at 40°C should be at least
137.9 MPa. Kronfuss et al. (9) suggest the following set of
criteria at a stress level of 103 KPa, a test temperature of
40°C and a time of testing of 60 min:

Acceptable Creep Modulus

Traffic Intensity Level Value of Range (MPa)

Low 20.7 or above
Moderate 20.7 to 31.0
High 31.01t045.3

Kronfuss et al. (9) also established an upper limit of stiffness
at 46.5 MPa at a temperature of 40°C. They believed that
stiffnesses above this level were too high and subject to crack-
ing due to load-induced fatigue or thermal effects. However,
this upper limit was established for cooler European climates,
.where low-temperature fracture effects must be considered
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to have a different significance than in many southern parts
of the United States.

One of the most comprehensive studies of the effects of
mixture variables on the compressive creep characteristics of
asphalt concrete mixtures is documented by Sousa et al. (10).
The primary goal of this study was to evaluate the influence
of different types of laboratory compaction equipment on
selected asphalt concrete mixture properties. However, the
extensive compressive creep testing performed makes this study
an excellent source of creep testing information, especially
for considering the influence of asphalt cement type, asphalt
content, aggregate type, air void content, compaction tem-
perature, and stress level on the results of compressive creep
testing.

A careful review of these data indicates that the compres-
sive creep test is sensitive to all mixture variables and appears
to be a reasonable, reliable, and expedient routine test to
evaluate the potential of various mixtures to perform satis-
factorily in a pavement system.

The study by Sousa et.al. compared several compaction
devices. However, only the results for specimens prepared
using the gyratory compactor are discussed here. On the basis
of areview of the Sousa et al. data, several parameters derived
from the creep versus temperature plot when presented on a
log-log scale are acceptable and reasonable parameters by
which to evaluate deformation potential. These parameters
include the value of the creep modulus or strain (permanent)
following a specific period of loading, time to reach a critical
level of strain (time of rupture), and slope of the creep curve
in a designated region, such as the steady state region.

Table 1 summarizes the sensitivity of these creep test pa-
rameters from the Sousa et al. data to mixture variables. The
levels of sensitivity are indicative of the applicability of the com-
pressive creep test for prioritization of asphalt concrete mixtures.
The data summarized in Table 1 indicate the following:

1. Both the slope of the steady state creep portion of the
creep versus time of loading plot and the strain at a specified

TABLE 1 Comparison of Extreme Values of Slope of Steady State Creep Versus
Time of Loading Plot and Permanent Strain at 1-hr Loading for Gyratory Prepared
Samples {Analysis of Data from Sousa et al. (10)]

Slope of Steady Permanent Strain at
Variable State Creep Curve One-Hour Loading, %
Considered [Maximum |[Minimum jAbsolute |Maximum [Minimum Absolute
AC Grade 0.41 0.32 0.09 0.43 0.20 0.23
*(48.3) [|*(103.4)
AC Content 0.35 0.30 0.05 0.30 0.20 0.10
*(62.7)  [*(103.4)
Aggregate 0.45 0.25 0.20 1.20 0.20 1.00
Type *(17.2) [*(103.4)
Air Void 0.50 0.30 0.20 3.00 0.30 2.70
Content : *(6.9) *(69.0)
Temperature | 0.40 0.30 0. 0.50 0.15 0.35
*(6.9)  |*(138.0)
Stress 0.40 0.30 0.10 0.50 0.09 0.41
Level (41.4) *(227.5)

* Values in parentheses are creep modulus in units of MPa at one-hour
loading for 207 KPa constant stress level at a test temperature of

40°C.
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time of loading are sensitive to changes in mixture variables,
and thus a relationship between slope of the steady state creep
curve and strain at a specified time of loading (or the asso-
ciated creep modulus) must exist.

2. The most influential mixture variables in terms of their
effect on the slope of the steady state creep curve and on the
permanent strain at 1-hr loading are as follows, in order of
influence (most influential to least influential): air void con-
tent of the mixture, aggregate type, stress level, temperature,
asphalt cement grade, and asphalt cement content.

3. Values of creep modulus were calculated for the per-
manent strains measured at 1 hr of loading under the constant
stress level of 207 KPa used in testing. A substantial difference
in creep modulus exists when one compares the levels of each
variable. The creep modulus for the maximum level of each
variable (most deleterious level) ranges from 62.7 MPa t0 6.9
MPa, whereas the range for the minimum level of each var-
iable (least deleterious) is from 227.5 MPa psi to 69 MPa.

Analysis of these data suggests that a creep modulus greater
than 69 MPa after a specified period of loading, representative
of field conditions, is indicative of very low sensitivity to rut-
ting. On the other hand, critical creep moduli, representing
moderate to high levels of sensitivity to rutting, are in the
range of 41.4 to 6.9 MPa. It is more difficult to assign a critical
value of rate of creep that differentiates mixtures on the basis
of rutting susceptibility.

DEVELOPMENT OF TEXAS TRANSPORTATION
INSTITUTE RUTTING EVALUATION
PROCEDURE

Establishment of Critical Values of Slope of Creep
Strain Versus Time of Loading Curve and Strain at
1-hr Loading

An extended evaluation of more than 100 mixtures was con-
ducted to ascertain the critical values of slope of the steady
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state portion of the creep versus time of loading curve and
the permanent strain after a 1-hr loading period. The variables
addressed in the parametric study included the following: as-
phalt content, asphalt type and grade, aggregate type and
gradation, temperature, air voids, polymer modification, and
stress level.

These studies consisted of a partial factorial experiment
with the following factors and levels of factors:

® Aggregate type—100 percent crushed limestone (CLS),
90 percent CLS + 10 percent natural sand (field sand), 80
percent CLS + 20 percent natural sand, and 60 percent
CLS + 40 percent natural sand;

e Asphalt—AC-20, AC-10, and AC-20 + polymer modi-
fication at three levels (4.3, 5.0, and 6.0 polyolefin); and

® Asphalt content—optimum, optimum — 0.8 percent, op-
timum + 0.4 percent, and optimum + 0.8 percent.

Creep curves from a number of misceilaneous mixtures (not
a part of the factorial study) will be used to supplement find-
ings from the factorial study.

Tables 2, 3, and 4 present selected, representative data from
the parametric study. Table 3 is a summary of uniaxial
compression data from a parametric study in which aggregate
in a 100 percent crushed limestone mixture was replaced in
10 percent increments with natural field sand of a rounded to
subrounded nature. From this information the following con-
clusions are drawn:

1. A relationship between slope of the steady state creep
versus time of loading curve and time to tertiary creep exists.
The relationship is capricious and often poorly defined. How-
ever, it is apparent that guidelines can be developed by which
to prioritize the potential of mixtures to deform permanently
or to broadly categorize rutting potential in a mixture design/
analysis system.

2. The slopes of the creep curves in Table 2 progress in a
logical manner. Slope increases with the increase in natural,

TABLE 2 Comparisons of Steady State Slopes Before Tertiary Creep in
Unconfined Mixtures (Testing Performed at 40°C)

Mixture Slope of Steady | Time to Tertiary | Strain at
Identification State Creep Creep, Sec 3,600
Prior to seconds,
Tertiary Creep percent
100% Crushed Stone, 0.23 7,000 0.55
0g5=0 KPa, o, = 414
KPa, 3.2% Air Voids
100% Crushed Stone, 0.42 1,700 >3.0
0,=0 KPa, o, = 414
KPa, 6.3% Air Voids
10% Natural Sand, 0.32 3,200 0.9
0,=0 KPa, o, = 414
KPa, 3.6% Air Voids
10% Natural Sand 0,=0 0.54 800 Failed
KPa, o, = 414 KPa,
5.9% Air Voids
20% Natural Sand, 0.42 2,800 2.0
0,=0 KPa g, = 414
KPa, 3.3% Air Voids
20% Natural Sand, 0.34 400 Failed
03 = 0 KPa,
0, = 414 KPa,
5.2% Air Voids
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TABLE 3 Comparison of Steady State Creep Slopes and Permanent Strain at 1-hr
Time of Creep Loading (Testing Performed at 40°C)

Slope of Permanent Strain
Mixture g3, Air Voids, | Steady State at One-Hour
Identification KPa percent Creep Curve | Loading, percent
100% Crushed 103 4.0 0.17 0.36 '
Stone
207 4.2 0.15 0.28
10% Natural 103 4.5 0.22 0.56
Sand
207 3.9 0.10 0.40
20% Natural 103 4.0 0.25 0.68
Sand
207 3.6 0.18 0.48

rounded sand content of the mixture. This can also be said
of the time to tertiary creep (defined as a rapid upward slope
change) as the time to rupture is progressively smaller with
an increase in the percentage of natural field sand.

3. On the basis of these data, it is apparent that a log-log
slope of the creep versus time of loading curve of less than
0.25 is indicative of a mixture that will not become unstable
(reach tertiary creep) within the testing period of 3,600 sec.

4. The trends demonstrated in Table 3 substantiate the find-
ings of other researchers, such as Sousa et al. (10).

Table 3 summarizes the data for the same crushed limestone
mixtures with replacement of varying percentages of the ag-
gregate portion with natural field sand but with confining
pressures of either 103 or 207 KPa. These data demonstrate
that the application of confinement substantially and pre-

TABLE 4 Comparison of Uniaxial Creep (o, = 414 kPa) Data from 10 Selected
Mixtures (Each Value Is Average of Data Points) (Testing Performed at 40°C)

Stope of Time to
Steady Tertiary
Air Voids, | State Creep Creep,
Aggregate Binder percent Curve seconds
100% Crushed AC-10 3.2 0.23 7,000
AC-10+
4.3% 3.7 0.17 > 10,000
LDPE*
3.4 0.15 > 10,000
AC-10+
6.0% LDPE
90% Crushed AC-10 3.8 0.32 3,200
10% Natural
Sand AC-10+ 4.2 0.25 6,000
5% LDPE
80% Crushed AC-10 3.3 0.42 2,800
20% Natural .
Sand AC-10+ 3.4 0.22 5,500
5% LDPE
100% Rounded AC-20 4.2 0.40 2,000
River Gravel (RG)
80% RG+ AC-20 4.4 0.30 3,000
20% Crushed
80% RG AC-20 3.9 0.24 5,900
20% Crushed +5% LDPE
100% Crushed AC-20 5.1 0.30 4,000
Granite
AC-20 5.0 0.17 20,000
+5% LDPE
Stone Mastic AC-30 3.0 0.35 2,000
Mixture (SMA)
0.3% Fiber
(Georgia Granite) AC-30 3.0 0.20 > 3,600
+5% LDPE
SMA with Crushed AC-10 2.8 0.29 3,600
Gravel (Colorado)
0.3% Fiber AC-10+ 3.0 0.20 > 3,600
LDPE

* Polyolefin - Low Density Polyethylene (LDPE).
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dictably reduces the slope of the steady state portion of the
creep curve and reduces the magnitude of permanent strain
at the 1-hr loading time. Note in Table 3 that as the confining
pressure is increased from 103 to 207 KPa, in each case, the
slope is reduced and the strain at 1-hr loading is significantly
reduced. This points out the influence of state of stress on
the results of the creep test and the importance of trying to
mimic the state of stress induced in the actual pavement as
closely as possible during laboratory creep testing for mixture
design/analysis.

Data in Tables 2 and 3 demonstrate the presence of the
tertiary creep region at a strain of approximately 0.8 to 1.0
percent for all unconfined mixtures. The time at which this
tertiary creep region begins is obviously dependent on mixture
variables. The tertiary creep region is reached in uniaxial
creep testing for all mixtures except the low air void, 100
percent crushed mixture. However, upon the application of
confinement, the tertiary creep region is not reached within
the 1-hr loading period.

Table 4 presents a summary of extended mixture creep data
for mixtures with other aggregate types and with different
binders, including polymer-modified binders. These data fur-
ther substantiate the information presented in Table 3 for a
wide variety of mixtures.

Results summarized in Tables 2 through 4 and results from
previous research were used to establish criteria for evaluation
of creep test data as a diagnostic test. Test criteria will be
discussed at the end of this section.

Determination of Appropriate Testing Temperature

A testing temperature of 40°C was selected for creep testing
because of the history of use of this temperature for creep
testing, because of the selection of this test temperature by
AAMAS, and because the use of this testing temperature
makes sense when one considers temperature profiles in pave-
ments under climatic conditions in the southern United States.

In Texas, for most traffic profiles, the 40°C test temperature
as an approximation of a nominal high pavement temperature
is acceptable. A complete evaluation of the justification of
this test temperature is given elsewhere (11).

Determination of Appropriate Level of Axial Stress in
Unconfined Compression Creep Test

The literature is filled with creep test data where low stress
states are applied in the laboratory creep test. For example,
in the VESYS procedure (12) a uniaxial stress of 138 KPa or
less is recommended. If the strain during a preconditioning
‘period exceeds 0.0635 mm of strain (0.25 percent), the stress
level is to be reduced until the strain falls below the 0.0635-
mm level. This often results in a uniaxial stress of as low as
34.5 KPa. The major reason for maintaining a stress level
within these bounds is to stay within the linear viscoelastic
region so that the pavement can be analyzed using linear
viscoelastic theory. However, stress levels between 34.5 and
138 KPa are usually much too low to simulate field stress
conditions. This is not a problem for linear viscoelastic theory
because the difference between the stress induced in the pave-
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ment and the test in the laboratory can be easily handled by
linear viscoelastic superposition. However, the asphalt con-
crete does not respond in a linear viscoelastic manner up to
the point of failure. The response is often highly nonlinear
and, therefore, a laboratory mixture evaluation test must ac-
count for this nonlinearity by testing at the appropriate stress
level.

Mahboub and Little (2) developed Z factors similar to those
developed by Shell researchers that demonstrate that vertical
compressive stress within the asphalt concrete pavements layer
generally range between 65 and 86 percent of the average
contact stress between the tire and the pavement surface.
Since today’s truck tires are often inflated to as high as 1034

KPa, this can mean average vertical compressive stresses of

as much as 5 times those prescribed by methods such as
VESYS (13).

Von Quintus et al. (6) used linear elastic theory to calculate
the distribution of vertical compressive stresses within the
asphalt concrete layer. In-an example showing how to use the
AAMAS method, they suggested using 448.2 KPa in the uni-
axial static creep test (40°C) to simulate the stress in an asphalt
concrete surface layer (full depth) subjected to a tire pressure
of 896.4 KPa, which varied from 792.9 KPa at the top of the
layer to 138 KPa at the bottom. The 448.2 KPa compressive
stress was used because it is the point at which the horizontal
stresses are approximately zero. This would represent a crit-
ical stress condition for the uniaxial test.

Roberts et al. (14) demonstrated that the conditions of
stress under actual loading may be much more severe than is
demonstrated by layered elastic approximation, because lay-
ered elastic approximation does not account for the nonuni-
formity of loading across the tire carcass or the horizontal
shearing stresses induced by braking or cornering.

To more realistically evaluate the stress level to which the
uniaxial creep sample should be subjected, various pave-
ments’ structural sections were modeled with the modified
ILLI-PAVE structural computer program. Realistic tire con-
tact pressures, stress distributions, and shearing stresses were
introduced for each specific condition. From the calculated .
stress conditions, octahedral normal and shear stresses were
calculated and contours of equal normal stress and shear stresses
were plotted using a computer graphic program.

The Mohr-Coulomb failure theory is a realistic simple ap-
proximation of the failure stress level in an asphalt mixture
at high pavement temperatures:

=c t U(OCI)normal tan ¢ (2)

T(oct)failure

where c is the cohesive strength and o,.,, tan ¢ is the strength
mobilized through frictional interaction among the aggregate
particles. On the basis of the Mohr-Coulomb failure law, it
is apparent that the critical stress state within the asphait
concrete pavement layer should exist where the stress state
is such that the frictional component of shear strength has the
least potential to develop and where the induced shear stress
is greatest. This would occur where the ratio of octahedral
normal stress to octahedral shear stress (NTSR) is a minimum,
based on this hypothesis. Contours of NTSR for six important
pavement structural and environmental conditions were
developed.
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The triaxial loading conditions are found from the NTSR
relationship using the following simple relationships derived
from Mohr-Coulomb failure theory:

: V2
0-1 (aXIal stress) = 0-oct critical + 7 Toc( critical (3)

. V2
03 (Confmmg StreSS) = o-ocl critical —é— Tocr critical (4)

where o, is the normal octahedral stress on the critical plane
and 7., is the octahedral shear stress induced by the load in
the field on the critical plane. o, and o5 are determined from
the critical NTSR and the value of the normal stress at the
point of critical NTSR for a specific pavement category. It is
then a simple matter to approximate o, where o, = 0 based
on typical values of ¢ and ¢ and the Mohr-Coulomb equation.
The o, value for uniaxial loading is an averaged value for
approximate ¢ and ¢ values for typical asphalt concrete
mixtures.

In most overlay cases, the uniaxial stress should be between
275.8 and 551.7 KPa. For most designs a uniaxial stress of
between 344.8 and 413.7 KPa is appropriate.

Criteria for the Evaluation of Uniaxial Compressive
Creep Test Data

Tables 5 and 6 present the summary of criteria suggested for
use in the evaluation of compressive creep test data. Table 5
presents the characteristics or parameter values of the com-
pressive creep curve required to provide rut-resistant mix-
tures. These values were developed from a review and study
of the data presented in Tables 2 through 4 and of the data
from other researchers.

The basis for the development of these criteria is the under-
standing of the nature of the creep response as explained
earlier in this section. Most important, instability in the creep
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curve occurs at strains above approximately 0.203 mm/mm.
Thus the general approach was to ensure that for a loading
condition representing field conditions as closely as possible,
the strain at a time of loading representing the traffic intensity
and accumulation in the field does not exceed 0.203 mm/mm.
The traffic intensity in these tables is defined by the number
of standard axle equivalents to which the pavement will be
subjected. This calculation was based on the assumption that
a wheel with 690 KPa contact pressure moving at 96.5 km/hr
applies a haversine-type stress function to an element of pave-
ment over a period of approximately 0.01 séc. Thus, a 3,600-
sec creep period is representative of approximately 360,000
applications of a standard axle equivalent (ESAL). For traffic
intensities greater than 360,000, the total strain at 3,600 sec
was calculated that would result in a total strain at the end
of the appropriate period that does not exceed approximately
0.203 mm/mm. This calculation was made taking into account
the slope of the steady state creep curve of various mixtures.

The approximation of performance of mixtures that are to
perform in high traffic areas (greater than about 360,000 ESALs)
is difficult because of the often erratic changes in the nature
and slope of the creep curve between strains of about 0.5 and
1 percent. Hence, a better way is to test the specimen in creep
for the appropriate period of creep loading.

Footnote 2 in Table 5 identifies an additional criterion that
must be met. This criterion is based on the AAMAS proce-
dure [Von Quintus et al. (6)], which suggests that the per-
manent strain at the end of a 1-hr period of creep loading
should be compared with the trace of the stress versus strain
results of the unconfined compression test. Accordingly, the
sum of the permanent strain, ¢,, at the end of the 3,600-sec
loading period of the creep test and the total resilient strain,
€., Measured during the uniaxial resilient modulus test, should
not exceed approximately 50 percent of the strain determined
during the unconfined compression test, ¢,,, ASTM T 167.
The total strain recovered, ¢, is measured at a loading fre-
quency of 1 cps (0.1-sec load duration and 0.9-sec rest period).
In equation form this reads as follows:

g, + &, < 0.5¢gg, s)

TABLE 5 Strain at 1-hr Creep Loading and Slope of Steady State Creep Curve
Required To Reduce Rutting Potential to Very Low Level

Total Strain

Slope of Steady State Creep Curve

at One-Hour

of Loading, % | < 0.17 < 0.20 < 0.25 < 0.30 < 0.35 < 0.40
< 0.25 1v2 1v? 1v? 1v? V2 111
< 0.40 v? V2 1v? 111 1112 111°
< 0.50 1v? V2 1112 1112 1112 11
< 0.80 1112 1112 11 11 11 11
< 1.0 1 I )
< 1.2 I I’ I’

Notes:

1 - Low traffic intensity: < 10% ESALs

I1 - Moderate traffic intensity:
111 - Heavy traffic intensity:

Between 10° and 5 x 10° ESALs
Between 5 x 10° and 10° ESALs

IV - Very heavy traffic intensity: >10% ESALs

1. Must also have ¢, < 0.8% at 1,800 seconds of creep loading

2. Should also meet the following criterion: ¢

+ €, < 0.5 €,

n




56

TRANSPORTATION RESEARCH RECORD 1417

TABLE 6 Creep Stiffness Criteria at 1-hr Creep Loading

Required Minimum Creep Stiffness, MPa,

Level Traffic for Test Constant Stress Level of:

f Rut Int it

Reaistarce et 207 KPa 345 KPa 483 KPa
Highly IV 103.4 120.7 155.1
Rut I11 48.3 69.0 96.5
Resistant 11 34.5 44.8 60.3
I 20.7 27.6 41.4

Moderately 1V 51.7 69.0 96.5
Rut 111 34.5 50.0 69.0
Resistant 11 24.1 41.4 51.7
1 17.2 20.7 27.6

This relationship attempts to ensure that the permanent
strain developed in the creep test is limited so that strain
softening does not develop in the mixture. Strain softening
was generally thought to occur at approximately one-half the
value of the strain at peak load during the unconfined com-
pressive test. Extensive testing by Little and Youssef (/1)
shows the consistency of strain softening (nonlinearity) be-
ginning at approximately 0.5¢,,.

It is suggested at this point that the sum of the total resilient
strain, €, and the permanent strain from the creep test, g,
be limited to 0.5¢,,. This specification should be a part of the
criteria for creep evaluation. This evaluation is then a practical
substitute for the resilient recovery factor until more complete
and specific testing is performed.

Three parameters are used to evaluate the creep data: slope
of the steady state creep curve, strain at 1-hr of loading, and
the sum of the total resilient strain and total strain at the end
of 1 hr of creep loading at 40°C under realistic loading
conditions.

Table 6 summarizes the concomitant creep stiffness values
calculated from data in Table 5. These values are presented
because they are popularly used guidelines for rut sensitivity.

GUIDELINES FOR EVALUATION OF RUTTING
POTENTIAL BASED ON CREEP DATES

The rutting potential of asphalt concrete mixture in this pro-
cedure is based on the 1-hr creep test at a test temperature
of 40°C. The following steps are required for evaluation of
rutting potential:

1. Determine the traffic intensity of the roadway where the
mixture is to be used. Traffic intensity is defined as the number
of ESALs predicted during the 180 hottest days of the year.
This is a conservative approach. Determine the pavement
structure where the mixture is to be used.

2. Enter the appropriate table for the pavement structure
in question [see Little and Youssef (17)] and determine the
uniaxial stress level to be applied during the 1-hr creep test
at 40°C.

3. Perform the creep test and record creep data in accord-
ance with Figure 14 of NCHRP Report 338.

4. Obtain a continuous readout over the 3,600-sec test pe-
riod (at least one data point every 100 sec) and plot the creep
data on an arithmetic scale. The purpose is to identify tertiary
creep if it exists during the 1-hr creep loading period.

5. Calculate the steady state portion of the creep curve
between approximately 1,000 and 3,600 sec.

6. Enter Table 5 with the slope, m, and the strain at 1-hr
loading, &,, and determine for which levels of traffic the mix-
ture is acceptable. If the mixture is not acceptable for the
traffic level intended, alter the mixture through changes in
the aggregate gradation, mineral aggregate selection, binder
selection, or binder modification.

7. From results of the resilient modulus test performed be-
fore the 1-hr creep test (ASTM D 3497 and Paragraph 2.9 of
NCHRP Report 338 (6) and from the uniaxial compressive
creep test (AASHTO T 167 and NCHRP Report 338, Para-
graph 2.9), ensure that the requirement of Equation 5 is met.

8. As a verification of the rutting potential, the amount of
rutting can be approximated by the procedure discussed in
Paragraph 4.5.2 of NCHRP Report 338.

CONCLUSIONS

Uniaxial creep test data can be used to evaluate the permanent
deformation potential of asphalt concrete mixtures when the
laboratory creep testing is performed in such a manner as to
simulate realistic field stress states.

The creep test parameters that have been shown to ration-
ally relate to permanent deformation potential are strain at
1-hr loading and concomitant creep stiffness at 1 hr and the
log-log slope of the steady state portion of the creep strain
versus time of loading plot. In addition, the total resilient
strain, ¢,, from ASTM D 3497, strain at failure from com-
pressive strength testing (AASHTO T 167), ¢,,, and creep
strain at 1-hr loading ¢, should be used to ensure that

g, < 0.5gq, + g,

It is realized that cyclic testing is more realistic and better
predicts permanent deformation damage potential. However,
if cyclic testing equipment, procedures, or expertise are not
available, uniaxial creep testing can be effectively used to
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prioritize permanent deformation potential among various
mixtures subjected to specific climatic, pavement structural,
and loading conditions. Although ASTM D 3497 is used if
equipment is available to compute ¢, this determination re-
quires relatively few loading cycles, whereas 10,000 cycles are
more normally required in permanent deformation testing.
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Evaluation of Indirect Tensile Test for
Determining Structural Properties of

Asphalt Mix

Louay N. MosaMMAD AND HArROLD R. PauL

The indirect tensile test can be used to establish the structural
properties of asphalt mixtures. Existing indirect tension test de-
vices have several problems that can affect the accuracy and re-
peatability of test results. Because of these problems, a new in-
direct tension test device, developed by Michigan State University
and further modified by Louisiana Transportation Research Cen-
ter (LTRC), was fabricated locally and used to reduce the test
variability. The variation between several structural properties
was investigated for specimens tested in two different indirect
tension test devices—the current LTRC test device and the Lou-
isiana modified device—within the parameters of mixture type,
asphalt cement source, and compaction effort. Mechanical tests
conducted were the indirect tensile strength test, the diametral
resilient modulus test, and the indirect tensile creep test. The
results of the test program indicated that the mechanical prop-
erties measured with the modified test device were significantly
different from those measured with the existing test device; the
modified test device can capture the temperature effect on the
resilient modulus better than the existing test device; and resilient
modulus and Poisson’s ratio were significantly different between
mixture types.

The indirect tensile test can be used to establish several struc-
tural properties of asphalt mixtures. Existing indirect tension
test devices have several problems that can affect the accuracy
and repeatability of test results. Measured horizontal and ver-
tical deformations often are inconsistent because of the ar-
bitrary placement of specimen in the test device and a slight
rocking motion of the loading head. Because of these prob-
lems, a new indirect tension test device, developed by Mich-
igan State University (-3) and further modified by Louisiana
Transportation Research Center (LTRC) (4,5), was fabri-
cated locally and used to reduce the test variability.

Mohammad and Paul (4) recently have conducted a re-
search study on the effects of the indirect tension test device,
the deformation measurement system, and operator error on
the mechanical properties of a specific asphaltic concrete mix-
ture. This study is extended in this paper to investigate the
variation between several structural properties for specimens
tested in two different indirect tension test devices—the cur-
rent LTRC test device and the Louisiana modified (LM) de-
vice—within the parameters of mixture type, asphalt cement
source, and compaction effort.

Louisiana Transportation Research Center, 4101 Gourrier Lane, Ba-
ton Rouge, La. 70808.

TEST SETUP

A detailed description of the test setup can be found in pre-
viously published works (4,5). Only the main components of
the test setup are discussed in this paper.

Test Devices

Two test devices were used in the testing program, the current
LTRC and the LM test devices (Figures 1 and 2, respectively).

Measurement System

@ Horizontal Deformation Measurement. Two linear var-
iable differential transformers (LVDTs) were used to measure
the horizontal deformation with the outputs from each LVDT
monitored independently and then summed for analysis.

® Vertical Deformation Measurement. The vertical defor-

‘mations were measured with two LVDTs mounted 180 de-

grees apart on the piston-guided plate. The output from each
LVDT was monitored independently and simultaneously
compared with the output of the other LVDT to monitor
whether rocking motion of the loading head was occurring.
If the difference between the peak values was not within 10
percent, further adjustment in seating the loading device was
made.

Loading System and Data Acquisition

The loading system used was a 22,000-Ib MTS model 810
servohydraulic test system equipped with an environmental
chamber. Fully automated test software, developed at LTRC,
was used for data acquisition and analysis.

Specimen Preparation

Materials for this research were secured from existing Loui-
siana Department of Transportation and Development (LA-
DOTD) construction projects. The actual production JMFs
obtained from the plant were used during sample preparation
(i.e., optimum asphalt cement content and aggregate pro-
portioning process). Three sources of AC-30 asphalt cement
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FIGURE 1 LTRC test device.

(Source A, Source B, and Source C), two LADOTD mixture
types (Type 1 and Type 8, low and high stability, respectively),
and three void levels were used for each test device. The
initial intent of the two levels of mix type was to incorporate
low and high stability; however, once the materials were se-
cured from two different construction sites, the gradations
were very similar. Thus, the two levels of mix type can be
considered as different aggregate sources. To produce three
consistent void levels, samples were compacted using the U.S.
Army Corps of Engineers Gyratory Test Machine at 1.0-degree

FIGURE 2 LM test device.
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gyration angle and 100 psi vertical pressure rather than varying
the Marshall compaction effort. The three void levels for Type
1 were 5.0, 6.3, and 8.3 (+0.50) and for Type 8 were 4.0,
5.0, and 7.0 (£0.50). These levels were achieved by com-
pacting mixtures using 80, 40, and 15 gyrations, respectively.
The total number of samples fabricated for this research was
432. Each specimen was 4 in. in diameter by 2.5 (+0.125)
in. high. For each target air-void level 24 samples were com-
pacted and statistically grouped in triplicate sets such that
each cell in the test factorial would have air voids with similar
means and standard deviations.

EXPERIMENTAL DESIGN

Indirect tensile strength test at two temperatures [40°F (5°C)
and 77°F (25°C)], diametral resilient modulus at three tem-
peratures [40°F (5°C), 77°F (25°C), and 104°F (60°C)], and
indirect tensile creep tests at 77°F (25°C) were evaluated for
each test device.

The factorial for each device incorporated two levels of mix
type (low and high stability), three levels of asphalt cement
source, and three levels of compaction effort (Figure 3). To
examine the effect of these factors for a particular type of
test required 108 specimens including replication. The test
results from both the LTRC and the LM test devices were
statistically analyzed using an analysis of variance (ANOVA)
procedure. A multiple-comparison procedure with a risk level
of 5 percent was performed on the means. The independent
variables (i.e., test device, mixture type, asphalt cement source,
compaction effort) had populations with normal distributions.

DISCUSSION OF RESULTS

This research effort has generated many data for the test
factorial described above. The actual data used in the analyses
can be found elsewhere (5). Only the statistical analyses are
presented herein.

Indirect Tensile Strength

Table 1 shows the influence of the test device, asphalt cement
source, mix type, compaction effort, and temperature on the
test results. It is summarized as follows:

e Effect on indirect tensile strength (ITS): The mean ITS
was not significantly different between the two devices. How-
ever, samples containing Source B asphalt cement had a sig-
nificantly higher mean ITS than those containing Source A
asphalt cement, which in turn were higher than those made
with Source C asphalt cement. Furthermore, the ITS was not
sensitive to the mix type. As expected, the denser mixes com-
pacted by 80 gyrations had a higher strength than the 15
gyration mixes. Also, as anticipated, samples tested at 40°F
(5°C) were stiffer than those tested at 77°F (25°C).

e Effect on vertical and horizontal deformations: Speci-
mens tested with the LM device had a significantly higher
vertical deformation than those tested with the LTRC device,
whereas there were no significant differences in the horizontal
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FIGURE 3 Test factorial.

deformation for samples tested in the two devices. The influ-
ence of the asphalt cement source shows that samples made
with Source A and Source B asphalt cement presented sig-
nificantly lower vertical deformation than those made with
Source C asphalt cement, whereas no significant difference
in the horizontal deformations was observed among the three
asphalt cement sources. The horizontal deformations were
more sensitive to the mix type than the vertical deformations.
As for compaction effort, no significant differences were ob-
served for the vertical deformations. However, denser mixes
had lower horizontal deformations than mixes made with
15 gyrations. Both deformations captured the temperature
influence.

Table 2 displays the effect of the test device on each of the
independent treatments, that is, asphalt cement source, mix
type, compaction effort, and temperature, on the basis of the
combined data for all variables except the indicated one. Sig-
nificant differences between the two devices were observed
only for the following: vertical and horizontal deformations
with Source A asphalt cement and vertical deformations with
Source C asphalt cement, vertical deformations for Type 8
mixes, vertical deformation for samples compacted by 40 and
80 gyrations, and vertical deformations for specimens tested
at 40°F (5°C) and 77°F (25°C). Thus, the magnitude of the
vertical deformations was large enough to capture the vari-
ation between the two devices.

TABLE 1 Effect of Test Device, Asphalt Cement Source, Mix Type, Compaction Effort, and Temperature on Indirect Tension Test
Properties

* Rows with similar letters indicate no significant difference in the mean for each treatment

Rev : Revolutions

ITS : Indirect Tensile Strength

Ver. Def. : Vertical Deformation
Hor. Def. : Horizontal Deformation

TABLE 2 Effect of Test Device on Indirect Tension Test Properties Caused by Variation of Asphalt Cement Source, Mix Type,

Compaction Effort, and Temperature
et Aspball Camont Sou

* Rows with similar letters indicate no significant difference in the mean for cach treatment
Rev: Revolutions

ITS : Indirect Tensile Strength

Ver. Def. : Vertical Deformation

Hor. Def. : Horizontal Deformation
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Diametral Resilient Modulus Test were not significantly different. The compaction effort effect
indicated that the total moduli are not sensitive to the void
Table 3 shows the effect of the test device on the resilient level; furthermore, the instantaneous resilient moduli and in-
modulus and Poisson’s ratio as a result of the variation of mix stantaneous and total Poisson ratios were not significantly
type, asphalt cement source, and compaction effort. Results different between samples compacted by 40 and 80 gyrations,
of the specimen tested with the LTRC test device were sig- whereas those properties were significantly different from
nificantly different from those tested with the LM test device samples compacted by 15 gyrations. This insensitivity to the
for each level of mix type, asphalt cement source, and com- compaction effort can possibly be attributed to the overlap
paction effort. Thus, in the diametral resilient modulus test, of the void contents at the three compaction levels.
the results were significantly different for samples tested using The influence of temperature on the mechanical properties
the LTRC and the LM test devices. shows, as expected, that the test results were significantly
Table 4 examines the influence of the test device, asphalt different for the three temperature levels.
cement source, mix type, and compaction effort on the re- Figure 4 presents a typical relationship between the instan-
silient modulus and Poisson’s ratio on the basis of combined taneous and total resilient modulus and temperature for each
data for all variables except the indicated treatment. As pre- level of mixture type and asphalt cement source (graph shown
sented earlier, results were significantly different for the two for Type 8, Source A mixtures). Two distinct groupings of
test devices. In addition, the comparison of means for asphalt lines were shown in these graphs: one was for the LTRC
cement source shows that the instantaneous and total resilient device, and the other was for the LM device. These lines show
modulus of samples made with Source C were significantly a steeper slope for the LM test device; therefore, more sen-
different from those made with Source A and Source B, the sitivity to temperature.

instantaneous Poisson’s ratio was significantly different for
each source, and the total Poisson’s ratio of Source A and

Source C were significantly different from samples made with Indirect Tension Creep Test

Source B. Resilient modulus and Poisson’s ratio were signif-

icantly different for samples of Type 1 mix from those con- The creep modulus for calculated and assumed Poisson’s ra-
taining a Type 8 mix except for the total moduli, where results tion at intervals of 5, 10, 100, 200, and 500 sec was used in

TABLE 3 Effect of Test Device on Diametral Resilient Modulus Properties Caused by Mix Type, Asphalt Cement Source, and
Compaction Effort

Source’A:

Test Device Test Device Test Device Test Device
LTRC LM_ || LTRC LM LTRC LM JLTRC | LM LTRC | LM |LTRC LM JLTRC| LM JLTRC LM

MRIL | A B A B A B A B A B A B A B A B
MRT A B A B A B A B A B A B A B A B
MUIL A B A B A B A B A B A B A B A B
MUT A B A B A B A B A B A B A B . A B

* Rows with similar letters indicate no significant difference in the mean for each treatment
MRI : Instantaneous Resilient Modulus

MRT : Total Resilient Modulus

MUI : Instantaneous Poisson’s Ratio

MUT : Total Poisson’s Ratio

TABLE 4 Effect of Test Device, Asphalt Cement Source, Mix Type, Compaction Effort, and Temperature on Diametral Resilient
Modulus Properties

MRI At B A A B A B A B | B A B C
MRT A B A A B A A A A A A B c
MUI A B A B c A B A B A A B c
MUT A B A B A A B A B B A B C

* Rows with similar letters indicate no significant difference in the mean for each treatment
MRI : Instantaneous Resilient Modulus

MRT : Total Resilient Modulus

MUI : Instantaneous Poisson’s Ratio

MUT : Total Poisson’s Ratio

Rev : Revolutions
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FIGURE 4 Total resilient modulus: temperature dependency.

the analyses of the test data. Several samples having a com-
paction of 80 and 40 revolutions failed between 200 and 500
sec, whereas most samples compacted at 15 revolutions failed
between 200 and 500 sec. Therefore, discussion of the statis-
tical analyses will be focused on test durations of up to 100
sec and is based on combined data for all variables except for
the indicated one.

-Table 5 shows the influence of the test device on the mean
creep modulus for computed and assumed Poisson’s ratio.
Creep modulus values were more sensitive to the horizontal
deformation during the first 100 sec than the vertical defor-
mation for the two test devices. As expected, there were no

TABLE 5 Effect of Test Device on Mean Creep Modulus by Time

Test
Device

significant differences between the two test devices for the
moduli with calculated Poisson’s ratio except for the initial 5
sec of loading. This can be attributed to factors related to
seating of the samples. Meanwhile, results were significantly
different between the two test devices for the first 100 sec of
the creep modulus with assumed Poisson’s ratio.

Table 6 presents the influence of the mix type on the creep
modulus. No significant differences were observed between
the mix types except for the first 10 sec of the modulus with
computed Poisson’s ratio. This could be the result of the
inherent variations of the test at small deformation coupled
with the effect of the other treatments.

LTRC

LM B A A A

* : Columns with similar letters indicate no significant difference in the mean.

TABLE 6 Effect of Mix Type on Mean Creep Modulus by Time

* : Columns with similar letters indicate no significant difference in the mean.
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TABLE 7 Effect of Asphalt Cement Source on Mean Creep Modulus by Time
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Asphalt

Cement

Source

Source A A* A A A A A A A A
Source B B B B B A/B B B B B A/B
Source C B B B B C C B B B

* : Columns with similar letters indicate no significant difference in the mean.

TABLE 8 Effect of Compaction Effort on Mean Creep Modulus by Time

Compaction
Effort

80 Revolutions

40 Revolutions

15 Revolutions

The effect of the various asphalt sources on the creep mod-
ulus is shown in Table 7. Samples made with Source B had
significantly higher moduli for the test duration than those
made with Sources A and C. Once again, it is shown that the
creep modulus was more sensitive to the horizontal defor-
mation than the vertical deformation during the first 10 sec
of the test. Physical properties of the binders indicated no
apparent reason for any significant differences.

Table 8 shows the influence of the various levels of com-
paction effort on the creep modulus. It shows that denser
mixtures yielded a higher creep modulus for test durations of
up to 100 sec.

CONCLUSIONS

The following conclusions can be drawn from analysis of the
data:

® The LM test device can better capture the temperature
effect on resilient moduli than can the LTRC test device.

® Static test results (ITS and creep modulus) were not sig-
nificantly different for the two test devices when the effects
of other variables are significant (such as void levels mixture
type, etc.), whereas dynamic test results (resilient modulus)
were significantly different for each asphalt cement source,
mixture type, and compaction effort.

® The ITS was sensitive to asphalt cement source and com-
paction effort. Also, the ITS was not sensitive to the mixture
type.

® The resilient modulus was significantly different for the
asphalt cement sources and the void levels.

® The creep stiffness provided significantly different results
as demonstrated in asphalt cement sources and compaction
effort.

: Columns with similar letters indicate no signiﬁcémt difference in the mean.
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Performance of Binder-Modifiers in
Recycled Asphalt Pavement: Field Trial,

1987 to 1992

Mike FARRAR, Rick HArRvVEY, KHALED KSAIBATI, AND BHASKAR RAMANASUNDARAM

A field trial of six binder-modifiers was performed in 1987. The
binder-modifiers consisted of two types of SBS blocked copoly-
mer, carbon black, SBR latex, polypropylene fiber, and ethylene
vinylacetate copolymer resin. A summary of field and laboratory
tests, conducted over a S-year period, was made and the overall
field performance of the binder-modifiers was compared with that
of several control sections. The binder-modifiers did not appear
to significantly improve field performance when compared with
the control sections.

During the past decade, the Materials Branch of the Wyoming
Transportation Department (WTD) has attempted to evalu-
ate the effectiveness of various methods to prevent or reduce
rutting in asphalt pavements. In 1987, the WTD, in association
with Heritage Group West, Inc., undertook a major study to
evaluate the effectiveness of asphalt binder-modifiers in re-
cycled pavements. As a part of that study, nine test sections
[each approximately 0.8 km (0.5 mi) long] were constructed
on the east-bound lane of Interstate 80 beginning at Milepost
(MP) 124.76 and ending at MP 130.59. A total of six binder-
modifiers were evaluated in this experiment. Construction of
the test sections consisted of cold milling a trench 4.3 m (14
ft) wide by-10.1 cm (4 in.) in the driving lane of the existing
pavement and replacement with modified material in two 5.1-
cm (2-in.) lifts. All test sections were placed about the same
time in August 1987. Laboratory tests were conducted on
asphalt binders and mixes before and after construction. Lab-
oratory tests were conducted on core samples obtained in
1991. In addition, WTD has conducted field performance tests
on all test sections over the past 4 years. This paper sum-
marizes the results and findings of all field and laboratory
tests.

BACKGROUND

The experimental section of Interstate 80 is approximately 20
mi east of Rock Springs, Wyoming. The average elevation of
the project is 1981 m (6,500 ft) above sea level. The climatic
region is characterized as dry, hard freeze, and spring thaw.
In 1991, the yearly precipitation was 22.4 cm (8.8 in.). The
average high temperature during the summer was 26°C (79°F).

M. Farrar and R. Harvey, Wyoming Transportation Department,
P.O. Box 1708, Cheyenne, Wyo. 82003. K. Ksaibati and B. Raman-
asundaram, Department of Civil and Architectural Engineering, Uni-
versity of Wyoming, Laramie, Wyo. 82071-3295.

The average low temperature was 10°C (50°F). The maximum
temperature in the summer was 35°C (95°F). By way of com-
parison, the lowest temperature in January 1991 was —38°C
(—37°F).

This section of I-80 (MP 120 to MP 130) was originally
opened to traffic in 1964 with second-stage surfacing com-
pleted in 1972. The cross section consisted of 1.9-cm (¥4-in.)
friction course, 8.9-cm (3% in.) plant mix pavement, and 15.2-
cm (6-in.) cement-treated base. In 1982, a 5.1-cm (2-in.) plant
mix pavement overlay was applied to level rutted areas. The
plant mix thickness after the overlay (including original wear-
ing course) varied from 15.9 cm (6% in.) to 18.4 cm (7% in.).
In 1987, continued rutting and minor cracking required the
development of a rehabilitation project. The intent of the
project was to mill a 10.1-cm (4-in.) trench in the driving lane
and replace it with recycled plant mix material. The typical
cross section is shown in Figure 1. Because of the repeated
rutting problem on the section, it was decided to add asphalt
binder-modifiers to the mix to evaluate rutting resistance. In
total, nine test sections were included in this experiment. Six
of these sections contained binder-modifiers in combination
with 60 percent virgin materials and 40 percent recycled as-
phalt pavement (60/40). The remaining three test sections
consisted of a 60/40 mix, a 50/50 mix, and a 100 percent virgin
mix without asphalt modifier. These three sections were used
as control sections. Before the construction of test sections
in 1987, the roadway had sustained a total of 7,000,000 18-
kip equivalent single-axle loads (ESALSs). The estimated 18-
kip ESALs applied to the test sections since construction is
2,650,000.

MATERIALS CHARACTERISTICS

The six binder-modifiers used in this experiment are com-
mercially available. Table 1 gives their commercial names,
manufacturers, and concentrations used. The Microfil 8 mod-
ifier (commonly referred to as carbon black) is a form of
carbon, formed in the vapor phase from the decomposition
of vaporized hydrocarbons (e.g., the soot from smoking can-
dles or kerosene lamps). It is an intensely black, fine powdery
substance manufactured in large volume and is a basic raw
material for rubber, printing ink, and other industries. Carbon
black is commercially available in pellet form (using a maltene
binder) (I). The Kraton and Styrelf modifiers are commonly
known as SBS blocked copolymers. The Kraton polymer,
used here, is a thermoplastic block copolymer consisting of
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polystyrene end blocks and butadiene midblock. The Styrelf
polymer is a vulcanized SB di-block copolymer modifier. The
Dupont Elvax (150W) modifier (commonly referred to as
EVA) is an ethylene vinylacetate copolymer resin. The Polysar
Latex (PL 275) modifier (commonly referred to as SBR) is a
styrene-butadiene latex. The Fiberpave modifier (commonly
referred to as simply fibers) consists of a fine-denier short-
length (1-cm) polypropylene fiber.

The asphalt used in this experiment was obtained from the
Little America Refinery at Sinclair, Wyoming. AC-20 was
used in the production of the three control sections, and the
fibers, Styrelf, SBR, and EVA test sections. AC-10 was used
with the Kraton and carbon black test sections. Table 2 gives
the standard properties of virgin and modified asphalts. All
asphalt tests were performed approximately 3.5 years after
the samples were collected. The samples were stored in sealed
metal containers in an unheated storage area before testing.

The force ductility test was also performed on all modified
and virgin asphalts in a manner similar to AASHTO T51.

N\

This ductility test is normally used to measure the tensile
strength of bituminous materials. Tests were performed at a
temperature of 4°C (39.2°F) and a pulling rate of 5 cm (1.95
in.) per minute. Tensile load and deformation were recorded
electronically at 1-sec intervals. Figure 2 displays the results
from a typical force ductility test on a virgin asphalt (AC-20)
and defines some of the features of the plot. Table 3 gives
the defined features for all of the binder-modified asphalts.

Before construction of the test sections in 1987, penetration
and viscosity tests were conducted on the recycled asphalt
recovered using the Abson procedure (AASHTO T170). The
following results were determined:

® Penetration at 25°C (77°F) (AASHTO T49), 56 dmm;

® Viscosity at 60°C (140°F) (AASHTO T202), 2028 poises;
and

® Viscosity at 135°C (275°F) (AASHTO 201), 281 cSt.

Aggregate gradations for all mixes were determined after
extraction with methylene chloride from samples collected

TABLE 1 Characteristics of Aéphalt Materials Used in the Experiment

% Additive In

Section Addilive Type 7% Recycled Asphalt % Additive In Source 0f
Number Materials Type Virgin Moterial Total Binder Additive
! SBS “Styrelf* 40 AC20 6 32 ELF ASPHALT
3 SBS "Kralon" 40 AC10 12 (o) 6.24 {o) SHELL
5 50/50 50 AC20 N/A N/A N/A
7 (d) SBR Lower Lift 40 AC20 2.3 12 POLYSAR
LATEX
7 {d) SBR Surface Lift 40 AC20 45 2.39 POLYSAR
LATEX
9 Carbon Block 40 AC10 20 {b) 104 (b) CABOT CORP
“Microfil 8"
" EVA "ELVAX" 40 AC20 6 3.12 £.). DUPONT
12 “Fiberpave"” 40 AC20 3% By Wt of 3% By Wt of HERCULES
(Potypropylene fibers) Total Mix (c) Total Mix {c) Inc.
13 100v N/A AC20 N/A N/A N/A
14 60/40 40 AC20 N/A N/A N/A

(0) Kraton was actually composed of 50% Kraton (D1101), 20% SF 371, and 30% DUT 728. The D1101 designation
represented the SBS polymer conslituent. The SF and DUT components were light aromatics used os a
carrier for the D1101. Combined, the three constituents made up 12% by weight of the binder.

(b) 92% Carbon Black Microfiller ond 8% Maltane Oil.

{c) 27.2 kg (60 Ib) of fiber per 908 kg (2000 Ib) recycled mixture.

(d) The reason for the different % odditive in the top and bottom layers

wos that on error wos made in preparing the binder-modifier asphalt
and it wosn't discovered until after construction of the boltom lift.
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ASHTO Virgin AC20 AC10

Spec. AC20 SBR EVA Styrelf Kraton Carbon Black
Visc. 60" C 1202 (o) 2005 11844 2536 41084 13916 1609
Visc. 1357 C 1201 386 4259 926 1457 980 677
Pen. 25 C T49 37 50 80 65 75 140
Pen. 4 C T49 20 6 24 25 33 52
Softening Point 153 127 147 19 159° 168 126°
Loss on Heot 147 0.29 0.4 o 0.10 0.37 2.50
Pen. 4° C after LOH. T49 16 19 7 22 21 16

a The viscosity tests at 60°C for the modified osphalts were performed using the Asphalt Institute Vacuum Viscometer.
The viscosity tests ot 60°C for the virgin asphalt were performed using the Connon—Manning Viscometer.
The viscosily tests at 135°C were performed using a Zeitfuch crossorm viscometer.

Newtons
0

100 ¥~ Ppeak Load

80 Toughness Area

60
Tenacity Area
40

20

FIGURE 2 Force ductility test.

during construction. Figure 3 shows these gradations. The 60/
40 gradation represents the average gradation for all the binder-
modifier test sections. Minor differences existed between the
60/40, 50/50, and virgin gradations. The virgin aggregate that
was combined with the recycled asphalt pavement (RAP) was
obtained from a gravel pit. The gravel was scalped on a 3.17-
cm (Y-in.) screen. The +3.17-cm (Y-in.) material was crushed
and screened, whereas the —3.17-cm (— %-in.) material was
discarded. Figure 3 shows how all three gradations were close
to the .45 power curve that resulted in dense graded mixes.

MARSHALL TESTING

Standard preconstruction Marshall (AASHTO T245) tests were
performed to determine the optimum asphalt content for each

TABLE 3 Binder-Modifier Force Ductility Test Results

test section. The optimum asphalt for the nine test sections
ranged from 5.0 to 5.5 percent asphalt. It was deemed essen-
tial that the same asphalt content be used throughout the
project to eliminate asphalt content as a confounding variable
that would have made it difficult to evaluate the performance
of the binder-modifiers. Initially, it was decided to use an
asphalt content of 5.25 percent in all mixes. This percentage
was later reduced during construction to 5.0 percent because
Marshall field test results indicated a problem with low air
voids. Table 4 gives the Marshall test results performed in
the mobile field laboratory during construction. Test samples
were collected from behind the paver and were immediately
transported to the mobile laboratory for testing. During trans-
port the test samples cooled and had to be reheated to proper
test temperature for the Marshall test. The results are based
on only one sample per test section, except for the Styrelf
and Kraton test sections, in which two tests were performed.
The relatively low voids in mineral aggregate (VMA) for all
the test sections when combined with the low asphalt content
contributed to the significant amount of raveling that was
observed on most of the test sections.

PAVEMENT PERFORMANCE

Several tests were conducted to measure the field perform-
ance of all experimental mixtures. These tests included de-
flection, roughness, condition survey, and rut depth mea-
surements. In addition, several core samples were collected
to conduct resilient modulus and accelerated wheel track test-
ings. The results from all of these tests are summarized in
this section.

Test Test Peak Load Peak Load Force Ratio Peak Areo Tenacity Areg Tota! Area Elosticity
Section Section (N) @ (cm) (Nscm) (Necm) (Necm)

Styrelf 1 524 0.70 0.59 209 1690 1899 0.890
Kraton 2 474 0.75 0.44 258 1170 1428 1.000
SBR 7 854 0.90 0.14 334 774 1108 0.630
Carbon 9 133 0.92 0.02 49 36 84 0.150
EVA 1 96.5 0.80 0.44 507 1486 1993 0.550
Virgin AC 5 12,13, & 14 1258 0.75 0.007 480 205 689 0.001

Note - See Figure 2 for o definition of Peck Load, Force Ralio, etc.
lcm=0.39in; 1 N = .225 lbs
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Rut Measurements

When the test sections were built, several rut measuring sta-
tions were established on each section. Rut measurements
were subsequently made with a Rainhart transverse profilo-
graph. The profilograph provides a continuous measurement
of the rut across the length of the profilograph [approximately
3.9 m (13 ft)]. The term “‘rut depth” as used here refers to
the difference in elevation from the high point between the
wheelpaths to the low point in the wheelpath. After con-

struction of the test sections in 1987, transverse profilograh
data were collected periodically. Examination of the trans-
verse profiles, taken over a period of 4 years, indicated that
no significant rutting was occurring in any of the test sections
except for the carbon black test section. Figure 4 shows typical
transverse profiles for unrutted sections and the carbon black
test section. The carbon black test section had an average rut
depth of 1.3 cm (0.5 in.) in the left wheelpath and 1.0 cm
(0.4 in.) in the right wheelpath. All test sections display a
characteristic “hump”’ that was not noticed until several months

TABLE 4 Mobile Laboratory Marshall Results

Section Test ' % Air % Bulk Den.

Number  Section % AC Voids VMA (kg/cu. m) Stability Flow
1 Styrelf 49 3.0 13.0 2359 4159 "
3 Kraton 5.0 23 13.1 2356 3448 12
5 50/50 5.0 31 131 2356 2947 14
7 SBR 48 43 13.0 2348 3887 13
9 Carbon 5.3 2.1 124 2382 3311 14
" EVA 44 4.6 13.2 2334 2911 13
12 Fibers 5.3 35 138 2339 3391 13
13 Virgin 4.6 4.0 13.4 2339 323 13
14 60/40 47 36 12.6 2361 3075 14

Note: Tests based on somples collected from behind the paver during construcion. Fifty compaction blows

on each end of the specimen.

+ The asphalt content shown is essentially representative of the asphalt content
for the test sections except in the case of the Corbon Black and EVA test sections.

The average AC contents for these seclions were: Carbon Black = 4.8 % ond EVA = 5.0 %.
These values ore based on all the extraction and nucleor asphall content gage tests performed.

1 kg/ cu. m = 062 pef
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Typical X-Section in areas with no rutting. =— = = Typical X-Sectibn Carbon Black (10/91).
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FIGURE 4 Typical cross sections in areas with and without rutting.

after construction. It is believed that this hump was a result
of the rolling pattern that consisted of several passes along
the edges of the trench before the center of the trench was
compacted.

Because only one of the nine test sections showed significant
rutting after several years in service, it was decided to use an
accelerated laboratory rutting test. After reviewing several
different types of wheel tracking devices, the “Hamburg de-
vice” was used. This device is manufactured by Helmut Wind,
Inc., of Hamburg, Germany, to simulate tire pressure, loading
conditions, and temperatures. Briefly, the test procedure in-
volves placing the specimen in a 50°C water bath and applying
a 64-kg (144-1b) load to the specimen through a wheel 20 cm
(7.87 in.) in diameter by 4.7 cm (1.85 in.) wide. Loads are
applied at 1 Hz until a total of 20,000 cycles. Deformation of
the wheel into the specimen is recorded electronically (see
Figure 5). According to information received from EIf As-
phalt, Inc. (unpublished data), the following specifications
are currently used in Hamburg:

Good Very Good
Maximum deformation 4.0 mm (0.16 in.) 2.5 mm (0.10 in.)
No. of passes 20,000 20,000

Test temperature 50°C (122°F) 50°C (122°F)

In addition to the total deformation after 20,000 passes, four
other indexes can be measured from the graph of deformation
versus the number of passes:

Index

Postcompaction consolidation
Inverse creep slope

Stripping inflection point
Inverse stripping slope

Interpretation

Not yet known

Rutting resistance
Moisture susceptibility
Moisture damage severity

Figure 5 shows the relationship of the four indexes; they are
defined by Elf Asphalt, Inc., as follows:

® Postcompaction consolidation is the amount of defor-
mation that rapidly occurs during the first few minutes of the
test. The steel wheel has some compaction effects on the
mixes. A point of inflection occurs after this initial consoli-
dation is completed.

e Inverse creep slope is reported in passes per millimeter.
A reported value of 3,000 passes per millimeter would indicate
that 3,000 passes of the wheel are required to make a 1-mm
deformation. Therefore, the higher this vatue is the more
resistant the mix is to permanent deformation.

@ Stripping inflection point is the number of passes at which
moisture damage begins to adversely affect the mixture. The
curve of deformation versus the number of passes abruptly
turns downward. The stripping inflection point is related to
the amount of mechanical energy required to produce strip-
ping under the test conditions. A higher stripping inflection
point means that a pavement is less likely to strip.

e Inverse stripping slope is similar to inverse creep slope
in calculation. However, the slope is calculated after the strip-
ping inflection point. The lower the inverse stripping slope,
the more severe the moisture damage.

Testing is normally conducted on either laboratory-
compacted specimens or 25.4-cm (10-in.) field cores. In 1991,
WTD obtained two 25.4-cm (10-in.) cores from each of the
nine test sections. All cores were sent to the Elf Aquitaine
Asphalt Laboratory in Terre Haute, Indiana, where the wheel
track testing was conducted. This was a blind study; the lab-
oratory was not told the identities of the cores until after all
testing had been completed and findings submitted. Table 5
shows the overall ranking of all nine test sections on the basis
of the wheel track testing and includes the values for the
above-defined indexes (the ranking was performed before Elf
was told the identity of the cores). The Styrelf section was
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FIGURE 5 Data analysis: German rut device,

ranked first, the carbon black section was ranked last, and
the 60/40 control section was ranked third. Results from the
wheel tracking device correlated well with field measure-
ments. The carbon black test section showed poor perform-
ance in the field and the laboratory testing, primarily with
respect to rutting.

Pavement Serviceability Index

The WTD road profiler, built to the same specifications as
the South Dakota road profiler, was used to measure the
roughness of all test sections. Pavement serviceability indexes
were then calculated on the basis of a relationship developed

by the South Dakota Department' of Transportation. There
were no significant variations among the different sections.

Condition Survey

Pavement Condition Index (PCI) measures pavement surface
conditions on the basis of visual observation of pavement
distress type, severity, and extent (2). The surface conditions
of all test sections were determined in 1991 by Shell Chemical
Company (unpublished data). Three sample units were sur-
veyed for distress in each test section, and the average PCI
values were then calculated from these three sample units.
These values ranged from 42 for the carbon black section to

TABLE 5 Hamburg Rut Test Results (Source: EIf Aquitane Asphalt Laboratory, Terre Haute, Indiana)

Section Test Overall  Total Deformation Post Comp Creep SL Strip Infl. Strip SL
Number ~ Section  Ronking @ 20,000 cycles (mm) {mm) Cycles/{mm) Cycles Cycles/mm
Test No. Test No. Test No. Test No. Test No.
1 2 1 2 1 2 1 2 1 2

1 Styrelf 1 i1 1.1 05 0.3 24300 22100 N/A N/A N/A N/A
3 Kraton 2 18 17 0.4 0.6 13800 19600 N/A N/A N/A N/A
5 50/50 6 (a) 1.6 >20 0.4 0.5 16330 2680 N/A 10500 N/A 438
7 SBR 5 (a) 15 >20 05 0.5 19350 2680 N/A 10500 N/A 440
9 Carbon 9 >20 >20 13 15 1100 600 5000 2500 380 160
H EVA 7 5.0 120 08 08 3500 11500 12000 16000 1000 1428
12 Fibers 4 19 26 08 0.7 17680 9820 N/A N/A N/A N/A
13 Virgin 8 >20 >20 0.9 1.0 2272 4580 6250 9500 909 504
14 60/40 3 2.0 11 05 0.1 12000 17400 N/A N/A N/A N/A

{0) Poor reproducibility between cores.
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76 for the 50/50 section. All sections were rated as good to
excellent except the carbon black section, which was rated as
fair. The following four distress types were found in the test
sections: alligator cracking, longitudinal and transverse crack-
ing, weathering and raveling, and rutting. All test sections
showed a significant amount of low-severity raveling, which
covered 100 percent of some of the sections. On the other

hand, only the carbon black section experienced medium- to

high-severity rutting. Table 6 lists the PCI score for each test
section. Figure 6 shows the PCI scores.

An evaluation of transverse cracking was conducted by WID;
the results are shown in Figure 7. The figure compares the
preconstruction cracking to postconstruction cracking in 1992.
The carbon black section, which was the only section that
showed significant rutting, had the least transverse cracking
return after 5 years.

TRANSPORTATION RESEARCH RECORD 1417

Resilient Modulus

The resilient modulus test (ASTM D4123) is one of the more
common methods of measuring the elastic stiffness of asphalt
mixtures. In this research, the resilient modulus test was con-
ducted on asphalt mix material obtained during construction
and on 15.2-cm (6-in.) cores obtained from the roadway 3
years later. Table 7 compares the construction and postcon-
struction resilient modulus test results at 25°C (77°F). There
appears to be a significant decrease in resilient modulus over
the 3-year period. On average the decrease was 185 percent.
The smallest decrease was in the Kraton section (—65 per-
cent) and the largest decrease was in the fiber section (— 326
percent). Certainly, some of the decrease may be attributable
to the fact that the construction tests were performed on
specimens compacted in the laboratory and that the postcon-

TABLE 6 Measured Distress Densities for All Test Sections (Source: Shell Chemical Company, Oak Brook, Illinois)

Asphall

Sec. PCl Rating Density Alligotor Density Long. & Density Weathering Density Rut
No. Type Cracking Tron. Cracking And Ravelling
Low Med.  High Low Med.  High Low Med.  High Loy Med.  High
1 STYRELF 65 600D 232 005 0 005 722 0 66.30  1.28 0 0 0 0
3 KRATON 2 V.600D 0 0 0 207 313 0 99.36  0.64 0 0 0 0
5 50/50 76 V.600D 0 0- 0 4.40 1.25 0 99.20 080 0 0 0 0
7 LATEX SBR 62 GO0 1.26 0 082 730 011 1000 0 0 0 0 0
9 CARBON 42 FAIR 2.67 1.78 178 047 172 0 78.45  0.18 0 0 517 517
1 EvA 67 GOOD 0.18 0 0 057 12 0 100.0 0 0 0 0 0
12 FIBERS 7 V.GOOD 11 0.1 0 1.06 1.34 0 992 080 0 0 0 0
13 100V 75 VGooD- 117 0 0 023 213 0 66.93 0 0 0 0 0
14 60/40 72 V.6000 0.51 0 0 063 408 0 66.39 074 0 0 0 0
|
100
90
80
70
60
g 504
10
30+
201
10+
o_
STYRELF KRATON 50/50 LATEX CARBON EVA FIBERS 100V 60/40
SBR BLACK
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FIGURE 6 Comparison of PCI scores.
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FIGURE 7 Transverse cracking after S years as percent of preconstruction transverse cracking.

struction tests were conducted on cores obtained from the
roadway, but most of the decrease is probably attributable to
the degradation of the material from repeated loading and
environmental factors.

The computer program EVERCALC was used to back-
calculate resilient modulus from falling weight deflectometer
deflection basic measurements. The program was written by
the University of Washington for the Washington Department
of Transportation. The program uses an iterative approach
in changing the moduli in a layered elastic solution to match
the theoretical and measured deflection. Table 8 shows the
backcalculated resilient modulus values. When comparing
resilient modulus values from the laboratory and the back-
calculation program, it was found that these values were
close for the Styrelf, EVA, fibers, virgin, and 60/40 test sec-
tions. Backcalculated M, values were significantly different
from the laboratory M for the rest of the sections. It is not
clear why some of the values were close and others varied
significantly.

PERFORMANCE MODEL

Selected field and laboratory data were compiled in a com-
puterized data base by the University of Wyoming. Several
computer models were then generated to correlate field per-
formance with the results from laboratory testing. The fol-
lowing model was found to be the most reliable:

PCI'= - 80.4 + 0.0838 * Mg + 0.13 * Pen
+ 7.84 * VMA — 0.00501 * Vis (1)
where
PCI = pavement condition index,

Mg = laboratory resilient modulus at 25°C (77°F),
Pen = penetration at 25°C (77°F),
VMA = voids in mineral aggregate, and

Vis = viscosity at 135°C (275°F).

TABLE 7 Resilient Modulus Immediately After Construction and 3 Years Later

Sec. Asphalt Type Resifient Modulus @ Resifient Modulus @ %
No. 25°C (+1000) 25°F  (+1000) Difference
Immediotely after Construction (a) After 3 yrs. In Service (b)
1 STYRELF 1129 527 -114
3 KRATON 904 549 -65
5 50/50 1757 621 -183
7 LATEX SBR 1540 674 -129
9 CARBON BLACK 1133 289 -292
" EVA 1404 519 -1
12 FIBERS 1808 425 -326
13 toov 1208 533 =127
14 60/40 1458 409 =257

(a) Resilient Modulus tests were performed on loose paving mix collected behind the paver and compacted in the lob.

(b) Resilient Modulus tests were performed on 6" diameter cores taken from the pavement.
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TABLE 8 Comparison Between Resilient Modulus Values from Laboratory Testing and

Backcalculation

Section Asphalt Type MR From Cores Backealculated MR % Difference

Number @ 25°C (x1000 KPa) (Evercalc) (+1000 KPa)
1 STYRELF 3634 4137 12
3 KRATON 3785 2055 -84
5 50/50 4282 2544 -68
7 LATEX SBR 4647 6998 34
9 CARBON BLACK 1993 5006 61
1 EVA 3579 4220 15
12 FIBERS 2930 3254 10
13 100V 3675 3213 -14
14 60/40 2820 2827 0

R? for the above model is 91.6, which indicates a good
correlation. However, the regression analysis is based on a
relatively small sample, and so any extrapolation of this model
to other pavements should be done with caution. The model
indicates that PCI is positively correlated with resilient mod-
ulus, penetration, and VMA, and negatively correlated with
viscosity at 135°C (275°F).

CONSTRUCTION PROBLEMS

The asphalt plant used in the production of asphalt mixes was
a conventional dryer drum plant (split feed). The RAP en-
tered the drum through a rotary center inlet via a separate
cold feed bin and conveyor system. Virgin aggregate (two
feed bins) and lime entered the drum at the burner end. The
lime was added to the aggregate before entering the drum.
The virgin aggregate was prewetted before the addition of the
lime. A pug mill was used to mix the lime and virgin aggregate.
There were few, if any, significant production problems, ex-
cept for the fiber and carbon black mixtures.

The fibers were added to the RAP conveyor on top of the
RAP. Almost immediately after starting production of the
fiber mix, it appeared that the fibers were not mixing properly
in the drum, causing a buildup of fibers at the outlet. The
rate at which fibers were being added to the mix was checked,
and the contractor performed some maintenance on the inside
of the drum, which included adjusting the flights. The plant
was then restarted and the problem appeared to be resolved.
Also, it was noted that because they were being placed on
top of the RAP, the fibers were very susceptible to being
blown off by slight to moderate wind. Production of the fiber
mix was performed on a calm day to overcome this problem.
No additional problems were observed with the fiber mix
production or laydown.

The main problem with the production of the carbon black
mix was with the pumpability of the binder-modified asphalt.
The amount of carbon black in the virgin AC-10 was ap-
proximately 20 percent by weight. This high concentration of
carbon black in the virgin asphalt was required so that the
overall concentration in the virgin asphalt and recycled asphalt
would be around 10 percent. The viscosity of the virgin AC-
10 with 20 percent carbon black was a moderate 600 poise at
135°C (275°F), but it appeared that the viscous shear resist-
ance between the particles of carbon black made it difficult
to pump the material. The first method used to alleviate the

pumping problem was to heat the asphalt to a temperature
of about 218°C (425°F). This method was unsuccessful. The
second method, which was successful, consisted of placing the
metering pump on the plant and a pump on a Bearcat asphalt
distribution truck in tandem. The carbon black— AC-10 mix-
ture was then pumped into the dryer drum without any further
problems at a normal temperature. There was speculation that
the initial pumping problems and high temperature reheating
may have caused the carbon black to segregate from the as-
phalt before its introduction into the dryer drum. Subsequent
reflux extraction tests performed by WTD, with methylene
chloride and 25-pm rapid-flow filter paper, indicated that the
carbon black had not segregated from the AC-10.

The distance for hauling from the plant to the construction
site was a few miles, and temperature loss in the mix was
negligible. Typical temperatures of the mix before entering
the paver ranged from 118°C to 143°C (245°F to 290°F) with
an average temperature of 132°C (270°F). Three vibratory
steel wheel rollers were used to compact the plant mix ma-
terial. Ten cores were taken from each test section: the av-
erage density of the top lift of the test sections was 94.6 percent
of the maximum theoretical density, as determined by
AASHTO test procedure T209, with a standard deviation of
1.1 percent. No problems with compaction were reported by
the roller operators on any of the test sections. One percent
lime, by weight of mixture, was included in all mixtures as
an antistripping agent. Emulsified asphalt SS-1 was placed on
the bottom of the trench and between lifts at a rate of ap-
proximately 0.13 kg/m? (0.25 1b/yd?).

CONCLUSIONS

On the basis of the field and laboratory testing performed in
this study, the following conclusions were drawn.

® The field performance of the 60/40 control mix was as
good as the performance of the modified mixes. Also, in a
laboratory-accelerated load test the 60/40 control mix was
ranked third (better than some of the modified mixes).

® The carbon black test section did not perform as well as
expected and was the only section with significant rutting.
(There was some minor rutting in the 50/50 test section in the
left wheelpath, but not in the right wheelpath. Because it was
confined to the left wheelpath, the rutting was attributed to
a construction problem and not to the mix design itself.)
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e No major problems with mixing, handling, or placing
were experienced during construction. Double loading the
content of the binder-modifier did not cause any construction
problems except in the case of the carbon black. The fibers
did not melt in the dryer drum as some had predicted.

e The dense gradation of the aggregate resulted in relatively
low VMA. The performance model indicated that lower VMA
resulted in lower PCI.

® The performance model indicated that PCI is positively
correlated with the laboratory resilient modulus at 25°C (77°F),
penetration at 25°C (77°F), and VMA and is negatively cor-
related with viscosity at 135°C (275°F).

® Results obtained from the German wheel track device
correlated, to some extent, with the field performance of the
mixes.

Several, if not all, of the binder-modifiers used in this re-
search have been modified by their respective manufacturers
since construction of the test sections. It is probable that the
adjustments made will improve their overall performance.
The results from this research should not be viewed alone but
rather as simply one field trial among the many field trials
recently completed or under way throughout the United States
on binder-modifiers. Although in this study the asphalt ad-
ditives did not result in any significant improvements, WTD
is committed to using and monitoring the long-term perform-
ance of asphalt additives.
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Asphalt Mixtures Containing Chemically

Modified Binders

KevIN D. STUART

The properties of a mixture containing an AC-20 control asphalt
binder were compared with those of mixtures in which the binder
was modified with either 1.5 percent chromium trioxide (CrO;),
6.0 percent maleic anhydride (MAH), or 0.75 percent furfural.
Penetration and viscosity data of binders recovered from the mix-
tures indicated that the three chemically modified binders should
be stiffer at high pavement temperatures and softer at low pave-
ment temperatures than the AC-20 control asphalt. The per-
manent strains from a creep test were used to evaluate the sus-
ceptibilities of the mixtures to rutting. The three chemically
modified binders decreased these strains by an average of 25
percent. However, this difference was not statistically significant
because of the high variability of the test data. The three chem-
ically modified binders provided improved low-temperature prop-
erties down to approximately —16°C (3.2°F) on the basis of dia-
metral tests. All four mixtures showed equivalent data below this
temperature. The MAH-modified mixture passed both engi-
neering tests used to evaluate moisture susceptibility. The CrO;,
furfural, and AC-20 control mixtures each failed at least one of
the tests. The AC-20 control mixture had a high amount of visual
stripping, whereas all three modified mixtures showed no visual
stripping. It was concluded that the poor engineering test results
shown by the CrO;- and furfural-modified mixtures were related
to a loss of cohesion rather than a loss of adhesion. Except for
the moisture susceptibility results, the three modified mixtures
performed similarly.

A research study was recently performed by FHWA in which
paving grade asphalts were modified through chemical reac-
tions to determine whether binders with increased resistances
to rutting, low temperature cracking, and moisture suscep-
tibility could be produced (7). Various chemicals and proc-
esses were used to make asphalts more polar or more poly-
meric, or both. It was hypothesized that this would decrease
the temperature susceptibilities of the asphalts and increase
their adhesion to aggregates. The three reagents that provided
the greatest improvements in binder properties were chro-
mium trioxide (CrO;), maleic anhydride (MAH), and fur-
fural. The procedures for reacting these reagents with the
asphalts and the quantities of each reagent used have been
documented elsewhere. (1)

OBJECTIVE

The primary objective of the study documented in this paper
was to show whether the improved binder properties provided
by the three reagents were of sufficient magnitude to improve

Turner-Fairbank Highway Research Center, FHWA, 6300 George-
town Pike, McLean, Va. 22101-2296.

the engineering properties of mixtures. It was intended that
this mixture study be limited and exploratory.

A secondary objective was to evaluate parts of the National
Cooperative Highway Research Program (NCHRP) Asphalt-
Aggregate Mixture Analysis System (AAMAS) (2). The
AAMAS procedures for curing, gyratory testing, creep test-
ing, and moisture susceptibility testing were evaluated. [The
development of this system was continued by the Strategic
Highway Research Program (SHRP), but the SHRP system
was finalized after this study was completed. Only parts of
the AAMAS were evaluated because it was believed that
other parts would not be used by SHRP. The quantity of each
chemically modified binder required to perform the entire
AAMAS procedure would also be very time-consuming to
make.]

MATERIALS
Binders

Four binders were evaluated in this study: (a) AC-20 control
asphalt, (b) AC-5 asphalt modified with 1.5 percent CrO,,
(c) AC-5 asphalt modified with 6.0 percent MAH, and (d)
AC-5 asphalt modified with 0.75 percent furfural. The AC-
20 and AC-5 asphalts were from the same crude slate. Both
were obtained from the Marathon Petroleum Company re-
finery, Detroit, Michigan.

The percentage of each reagent used was determined by
modifying the AC-5 asphalt so that its absolute viscosity at
60°C (140°F) was as close as reasonably possible to that of
the AC-20 control asphalt. However, duplicating the viscosity
of the AC-20 control asphalt was difficult and could not be
done in each case. The CrO;-modified binder was an AC-20,
the MAH-modified binder was an AC-30, and the furfural-
modified binder was an AC-40. Standard physical properties
of the binders are shown in Table 1.

Aggregates

A single blend of aggregates was used in the mixtures. It
consisted of 45 percent 11.2-mm (7ie-in.) traprock coarse ag-
gregate, 35 percent No. 10 traprock screenings, and 20 percent
natural, angular quartz sand. The combined aggregate gra-
dation in terms of percent passing was 12.5 mm, 100.0; 9.5
mm, 95.7; No. 4, 66.0; No. 8, 48.7; No. 16, 37.2; No. 30,
26.9; No. 50, 16.0; No. 100, 9.7; and No. 200, 6.5.
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TABLE 1 Physical Properties of the Binders

75

Marathon Petroleum Company AC-20 asphalt Virgin TFOT
Thin Film Oven Test, percent loss 0.14
Penetration, 25 °C (100 g, 5 s), 0.1 mm 78 47
Absolute Viscosity, 60 °C, dPa-s 1,923 5,171
Kinematic Viscosity, 135 °C, um?/s 401 598
Specific Gravity, 25/25 °C 1.027

Marathon Petroleum Company AC-5 asphalt Virgin FOT
Thin Film Oven Test, percent Joss 0.27
Penetration, 25 °C (100 g, 5 s), 0.1 mm 212 121
Absolute Viscosity, 60 °C, dPa-s 411 990
Kinematic Viscosity, 135 °C, um®/s 195 285
Specific Gravity, 25/25 °C 1.017

AC-5 asphalt with 1.5 percent Cr0, Virgin TFOT
Thin Film Oven Test, percent loss 0.57
Penetration, 25 °C (100 g, 5 s), 0.1 mm 91 56
Absolute Viscosity, 60 °C, dPa-s 1,717 5,437
Kinematic Viscosity, 135 °C, um?/s 383 608
Specific Gravity, 25/25 °C 1.030

AC-5 asphalt with 6.0 percent MAH Virgin JFOT
Thin Film Oven Test, percent loss 0.42
Penetration, 25 °C (100 g, 5 s), 0.1 mm 91 63
Absolute Viscosity, 60 °C, dPa-s 2,759 9,307
Kinematic Viscosity, 135 °C, um?/s 533 860
Specific Gravity, 25/25 °C 1.029

AC-5 asphalt with 0.75 percent furfural Virgin JFOT
Thin Film Oven Test, percent loss 0.51
Penetration, 25 °C (100 g, 5 s), 0.1 mm 73 71
Absolute Viscosity, 60 °C, dPa-s 3,973 4,401
Kinematic Viscosity, 135 °C, um%/s 455 514
Specific Gravity, 25/25 °C 1.016

(1.8)°C + 32 = °F dPa-s = P um?/s = cSt mm/25.4 = in

This aggregate blend was used in the surface courses of the
FHWA accelerated loading facility (ALF) pavements located
at the Turner-Fairbank Highway Research Center. The ALF
mixture is a high-quality mixture that is highly resistant to
rutting. It is used in pavements subjected to high traffic vol-
umes and high load levels, and it did not rut when tested by
the ALF loading machine. By using the ALF aggregate blend,
any effects that the modified binders would have on rutting
would be conservative. However, it is expected that chemi-
cally modified binders would be used in premium mixtures
because of the added expense associated with them.

MIXTURE TESTING PROGRAM

The mixtures were designed by the Marshall method. Spec-
imens at the optimum binder content were then tested to
determine their resistances to rutting, low temperature crack-
ing, and moisture damage. The binders were extracted and
recovered to determine the effects of heating during mixing,
curing, and compaction on the properties of the binders. The
tests performed were as follows:

® Marshall mixture design at 60°C (140°F) using 75 blows
per side: optimum binder content, Marshall stability, Marshall

flow, air voids (total), voids in the mineral aggregate (VMA),
voids filled with asphalt (VFA), and density;

® Resistance to rutting: gyratory testing machine (GTM)
at 60°C (140°F) [refusal, or ultimate, air void levels and gy-
ratory stability index (GSI)], uniaxial compressive dynamic
modulus at 40°C (104°F), and uniaxial compressive creep test
at 40°C (104°F) (creep modulus and permanent strain);

® Resistance to low-temperature cracking: diametral Mod-
ulus (M,) versus temperature and indirect tensile test at —8°C
(18°F) (tensile strength, tensile strain at failure, and work to
cause tensile failure);

® Resistance to moisture damage: tensile strength ratio
(TSR), diametral modulus ratio (M,R), percent visual strip-
ping, and percent swell; and

® Extraction and recovery: penetration at 25°C (77°F), ab-
solute viscosity at 60°C (140°F), and kinematic viscosity at
135°C (275°F).

MIXTURE DESIGN

A 75-blow Marshall mixture design was performed on each
mixture to determine the optimum binder contents. The target
mixing temperature was 152°C (306°F), and the target curing
and compaction temperature was 143°C (290°F). The equi-
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viscous principle of the Marshall method indicated that these Asphalt contents of 4.5, 5.0, 5.5, 6.0, and 6.5 percent by
temperatures could be used for all four mixtures. mixture weight were used in designing the AC-20 control
The AAMAS study reported that kneading and gyratory mixture. After determining that the optimum asphalt content
compaction procedures produced specimens with engineering was 5.7 percent on the basis of a target air-void level of 3 to
properties more similar to those of a compacted pavement S5 percent, trial binder contents for designing the three mod-
than did Marshall hammer compaction (2). However, it was ified mixtures were set at 5.2, 5.7, and 6.2 percent by mixture
found through trial tests that the kneading compactor could weight. One additional design using the five asphalt contents
not compact the mixtures to the 6 to 8 percent air-void level was performed on the AC-20 control mixture without curing
required by the test for moisture susceptibility, even with low to evaluate the effects of curing.
tamps and pressures, unless a compaction temperature below The Marshall design results are given in Table 2. An op-
110°C (230°F) was used. The surface mixture used in the ALF timum binder content of 5.7 percent was chosen for all mix-
pavements was also designed by the 75-blow Marshall method. tures so that the amount of binder would not confound the
For these two reasons, Marshall hammer compaction was used analysis of the test data. The air-void levels for the four mix-
throughout most of this study. A GTM later became available tures were similar: 3.8, 3.2, 4.0, and 3.2 percent for the AC-
and was used in the rutting study. 20 control, CrO,, MAH, and furfural mixtures, respectively.
The AAMAS procedure specifies that after the binder and The Marshall stabilities, VMA, and VFA of the four mixtures
aggregates are mixed, the loose mixture is to be cured in a were statistically equal. The differences in Marshall flows were
loosely covered pan in a forced draft oven at the compaction small and not significant in terms of expected differences in
temperature (2). An oven-curing period of 4 hr was used in pavement performance. According to the mixture design data,
this study. AAMAS initially recommended this period but the mixtures had equivalent properties. One benefit of having
later changed it to 3 hr. AAMAS allows other curing periods equivalent design properties and equivalent mixing and com-
if they are more simulative of the hot-mix plant production paction temperatures is that these indicate that hot-mix plant
and placement time, and SHRP was recommending a curing temperatures, and probably most other construction prac-
period of 4 hr at 135°C (275°F) when this study was performed. tices, may not have to be modified.
This curing process is intended only to simulate the hardening " During the designs, the binder modified with furfural bub-
that occurs during mixture production and placement and not bled when heated in its metal container. The binder was tested
long-term aging. for water content but contained none. Free furfural was not
In most designs, mixtures are not cured, and they are com- found in the binder by either thin-layer chromatography or
pacted immediately after mixing. The current practice of using reverse-phase, high-performance liquid chromatography.
the equiviscous principle for choosing a compaction temper- Therefore, the furfural was completely reacted and not the
ature may not be applicable when lengthy curing periods such cause of the bubbling. Stored binder corroded the inside sur-
as 4 hr are used. Lengthy curing periods significantly alter faces of the container lids within 6 months. It was hypothe-
the viscosities of binders, and various binders will harden to sized that both effects were caused by the hydrochloric acid
various degrees. Without curing, the degree of aging that that was used as a catalyst in the furfural reaction. Additional
occurs during the short mixing time is considered to be ap- studies in this area were initiated.
proximately the same for all binders. Any small differences Table 2 shows that curing increased the binder content by
in the degrees of aging from binder to binder are assumed approximately 0.4 percent by mixture weight. This increase
to have negligible effects on the choice of a compaction was mainly the result of a 3 percent increase in binder ab-
temperature. sorption. Curing also increased the Marshall stabilities by

TABLE 2 Mixture Design Properties at the Optimum Binder Content

AC-20 AC-20
(Cured) CrO, MAH  Furfural (No Curing)

Binder Content, % by mix weight 5.7 5.7 5.7 5.7 5.3
Maximum Specific Gravity 2.593 2.588 2.587 2.587 2.590
Density, Kg/m® 2,491 2,501 2,482 2,502 ' 2,486
Density, 1bm/ft? 155.6 156.2 155.0 156.3 155.3
Marshall Stability, N 19,750 18,745 17,828 18,505 14,902
Marshall Stability, 1bf 4,440 4,214 4,008 4,160 3,350
Marshall Flow, mm 3.25 3.25 2.75 3.00 2.50
Marshall Flow, 0.01 in 13.3 12.5 11.2 11.8 10.3
Air Voids, percent 3.8 3.2 4.0 3.2 3.8
VMA, percent 15.3 14,9 15.6 14.9 15.1
VFA, percent 74.5 78.2 74.5 78.7 74.0

Marshall Design Blows = 75

Mixing Temperature = 154 °C (310 °F)

Compaction Temperature = 143 °C (290 °F)
Effective Specific Gravity of Aggregate = 2.856
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more than 4448 N (1,000 1bf). Marshall flows increased around
0.75 mm (0.03 in.). Adding lengthy curing periods such as 4
hr to the Marshall design means that new specifications would
have to be developed.

RESISTANCE TO RUTTING

The NCHRP AAMAS procedure was used to measure the
resistance to rutting. In this procedure, specimens are first
compacted and tested by the U.S. Army Corps of Engineers
GTM. This gyratory procedure is a variation of ASTM D3387.
The uniaxial compressive dynamic modulus and creep com-
pliance tests were then performed on the compacted speci-
mens. The diameter of each specimen was 10.2 cm (4.0 in.),
and the heights after compaction and testing by the GTM
were approximately 12.7 cm (5.0 in.). Two to three specimens
per mixture were fabricated, depending on the amount of
available binder and the variability of the test data.

GTM

To measure the resistance to rutting caused by shear suscep-
tibility, the mixtures were evaluated by measuring the GSI
using the GTM. The GSI s the ratio of the maximum gyratory
angle to the minimum gyratory angle and is a measure of
shear susceptibility at the refusal, or ultimate, density of the
mixture. After the refusal density is reached, there is no re-
duction in air voids with additional revolutions. The gyratory
angle, which is a measure of the magnitude of shear strain,
does not increase significantly for stable mixtures, and thus
the minimum and maximum angles will be virtually equal.
The angle will increase when testing unstable mixtures. The
GSI at 300 revolutions will be close to 1.0 for a stable mixture
and will be significantly above 1.1 for an unstable mixture (3)
(A more definitive failing GSI has not been established).

A vertical pressure of 0.827 MPa (120 Ibf/in.?), a 2-degree
gyratory angle, and the oil-filled roller were used to compact
the specimens. AAMAS states that the vertical pressure is
the maximum anticipated tire contact pressure, and the angle
is related to the maximum anticipated pavement deflection
(2). The initial compaction temperature was 143°C (290°F).
AAMAS initially compacts mixtures to a 5 to 8 percent air-
void level, which is representative of in-place pavement air
voids after construction. Specimens were compacted to ap-
proximately a 6 percent air-void level in this study.

After initial compaction, the specimens in their molds were
placed in an oven at 60°C (140°F) for 3 hr. They were then
compacted by the GTM at 60°C (140°F) using 300 revolutions.
The average height of each specimen was measured at 0, 25,
50, 75, 100, 200, 250, and 300 revolutions. Heights, which are
proportional to air-void levels, are used to verify that the
refusal density has been reached. The relationship between
air-void level and the number of revolutions can be calculated
from these heights, and the bulk specific gravity of the speci-
men can be measured after GTM testing. This gives the com-
paction history of a mixture. A trace of the gyratory angle
versus revolutions is also obtained to determine the maximum
and minimum angles. .

The test results are shown in Table 3. The refusal air-void
levels and the GSIs for the four mixtures were equal. The
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GSIs were close to 1.0, indicating very little susceptibility to
permanent deformation caused by shear.

The refusal air-void levels of 1.9 percent were significantly
lower than the Marshall design air-void levels. It appears that
the AAMAS GTM compactive effort is excessive for this
mixture. Also, ALF pavement air-void levels for this partic-
ular aggregate blend have remained above 4.0 percent after
they have been trafficked by the ALF loading machine.

The GTM is sensitive to increased shear susceptibility caused
by an excess volume of binder in a mixture. The GTM may
not be sensitive enough to measure small differences in shear
susceptibilities caused by other factors, including the type of
binder. Therefore, the AAMAS repeated load and creep tests
were used to further evaluate the resistances of mixtures to
rutting.

Compressive Dynamic Modulus and Creep Properties

Repeated load and creep tests were performed in compression
on each specimen compacted by the GTM to determine the
dynamic modulus, creep modulus, and the permanent defor-
mation after the creep load was released (2). Testing was
performed at 40°C (104°F) using a closed-loop servohydraulic
MTS materials testing system.

Vertical compressive deformations were measured by
averaging the outputs of two linear variable differential trans-
ducers (LVDTs), each having a gauge length of 7.620 cm
(3.000 in.). Permanent strains were calculated from these de-
formations by dividing them by the LVDT gauge length.

A repeated load consisting of a 0.1-sec sinusoidal wave
followed by a 0.9-sec rest period was applied to each specimen
to determine the dynamic modulus at the 200th cycle. This
modulus is used in many mechanistic pavement designs to
represent the stress-strain characteristic of a mixture over the
majority of its life.

The load or stress used in the repeated load test should
provide linear viscoelastic properties. Trial tests showed that
the chosen stress of 0.55 MPa (79.6 1bf/in.?) did provide data
in the linear range. This stress was approximately 15 percent
of the compressive strength of the AC-20 control mixture,
which was determined by performing strength tests on addi-
tional specimens. AAMAS specifies the stress to be 5 to 25
percent of the unconfined compressive strength of the mixture
determined in accordance with ASTM D1074, with the ex-
ceptions that the test temperature is 40°C (104°F) and the
loading rate is 3.81 mm/min per millimeter of specimen height
(0.15 in./min per inch of specimen height) (2, ASTM D3387).

The creep test was then performed. The load was applied
to each specimen for 60 min +15 sec and then released, and
the deformation was allowed to recover for 60 min +15 sec
(2). The creep moduli of the mixtures at 60 min of loading
and the permanent strains at the end of the 60-min rest period
were evaluated. Permanent deformations or strains are the
primary inputs used by mechanistic pavement designs to pre-
dict rutting resistance.

The following equation was used to compute the dynamic
and creep moduli (2):
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TABLE 3 Resistance to Rutting
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Test Temperature =

60 °C (140 °F) AC-20 Cr0, MAH Furfural
Marshall Design Air Voids,

Percent 3.8 3.2 4.0 3.2

GTM Initial Air Voids,

Percent 6.2 6.2 5.9 5.9

GTM Refusal Air Voids,

Percent 1.9 1.9 (NS) 1.9 (NS) 1.9 (NS)
GSI (maximum angle/
minimum angle) 1.05 1.05 (NS) 1.05 (NS) 1.05 (NS)
Test Temperafure =

40 °C (104 °F) AC-20 Cro, MAH Furfural
Average Dynamic Modulus,

MPa, at 200 cycles 666 1,056 (I) 939 (I) 981 (I)
Average Creep Modulus,

MPa, at a loading

time of 60 min 258 219 (NS) 218 (NS) 320 (NS)

Average Permanent Strain,
cm/cm at a rest time

of 60 min 0.00140

0.00108 (NS) 0.00108 (NS) 0.00099 (NS)

NS = No significant difference between control and modified binder.
= Modification increased the test result.

MPa({145.04) = 1bf/in?

where
E = creep or dynamic modulus (Pa),
P = load (N),
A = loaded area (0.008107 m?),
V = vertical deformation (cm), and
L = gauge length (7.620 c¢m).

The test data are shown in Table 3. The AC-20 control
mixture had a significantly lower dynamic modulus at 40°C
(104°F) compared with the three modified mixtures. There
were no significant differences among the data for the three
modified mixtures when compared with each other. (The re-
sults of statistical analyses that compare modified mixtures
are not included in the tables.) The 33 percent average in-
crease in dynamic modulus caused by the modifications was
significant enough that it would be expected that the three
modified mixtures should be more resistant to rutting. How-
ever, this expectation was not verified conclusively by the
creep test. The permanent strains for the modified mixtures
were, on an average, 25 percent lower than the strain for the
AC-20 control mixture, but the variability of the test data was
so high that the differences were not statistically significant.
The creep moduli of the four mixtures were statistically equal.
The usefulness of these moduli has not been established.

RESISTANCE TO LOW-TEMPERATURE
CRACKING

The majority of low-temperature cracking studies use stiffness
to compare the performances of binders or mixtures. High

(1.8)°C + 32 = °F

cm/2.54 = in

stiffnesses, or moduli, at cold temperatures are equated with
low flexibility and an increased susceptibility to cracking. In
this study, both the diametral modulus test and the indirect
tensile strength test were used to evaluate low-temperature
cracking.

Diametral Modulus Test

The log diametral modulus (M,) versus temperature relation-
ship of each mixture was determined by performing the dia-
metral test at —32°C, —24°C, —16°C, —8°C, 0°C, 5°C, 16°C,
25°C, 32°C, and 40°C (—26°F, ~ 11°F, 3.2°F, 18°F, 32°F, 41°F,
61°F, 77°F, 90°F, and 104°F), using three specimens per mix-
ture compacted to the design air-void level (4). The M, values
of the mixtures were then compared at each temperature.
Data above 16°C (16°F) are not needed to perform a low-
temperature analysis. Higher temperatures were included be-
cause the test is easy and quick to perform. Both low- and
high-temperature regions were then evaluated.

M, values were measured using an apparatus manufactured
by the Retsina Company of Oakland, California. This ap-
paratus produces a total diametral modulus at a loading time
of 0.1 sec by applying a vertical load on a diameter of a
specimen and measuring the total horizontal deformation.
This apparatus is marketed for measuring the resilient mod-
ulus of a specimen, but it actually measures a total modulus
that includes elastic, viscoelastic, and permanent deforma-
tions (5). Deformations are measured in the horizontal, ten-
sile direction, but the diametral theory assumes that the mod-
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ulus in tension and the modulus in compression are equal.

The M, values reported in this study shouid not be considered
absolute data because an assumed Poisson’s ratio was used
when calculating them. The following equation is used to
calculate M, (2,5):

_ 10,000(P)(u_+ 0.2734)
‘ ()(H)

M, = diametral modulus (Pa),
P = load (N),
u = Poisson’s ratio (assumed as 0.35),
t = specimen thickness (cm), and

H, = total horizontal deformation (cm).

The horizontal deformations were maintained within a range
of 76 E-05 to 200 E-05 mm (30 E-06 to 80 E-06 in.) by varying
the load. The test is virtually nondestructive in this range,
and the same specimens can be tested at all temperatures (5).
Specimens were tested at the lowest temperature first. The
temperature was then raised to the next higher temperature.
The specimens were cooled for 24 hr at the lowest temperature
and for at least 4 hr for other temperatures.

The M, values are shown in Table 4. There were no sig-
nificant differences among the four mixtures at the lowest and
highest temperatures. All three modified mixtures provided
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lower moduli at various intermediate temperatures, with an
average decrease of approximately 30 percent in the temper-
ature range of 0°C to 25°C (32°F to 77°F). The data indicate
that the modified mixtures were more flexible at intermediate
temperatures, but the effects on low-temperature cracking or
high-temperature rutting are unclear. With respect to low-
temperature performance, the data favor the modified mix-
tures down to approximately —16°C (3.2°F).

The diametral test cannot be performed above 40°C (104°F)
because the diametral theory becomes invalid above this tem-
perature. Specimens begin to fail in compression, whereas the
theory requires that they fail in tension. Therefore, whether
the modified mixtures would eventually become stiffer at tem-
peratures above 40°C (104°F) could not be determined using
this test.

The data for the three modified mixtures significantly dif-
fered from each other in only 3 of 30 r-test comparisons. This
indicated that the modified mixtures had virtually equivalent
M, values at all temperatures.

Indirect Tensile Test

Indirect tensile tests were performed at a loading rate of 2.54
mm/min (0.10 in./min) (4). The specimens were tested at the
design air-void level and at a reference temperature of —8°C
(18°F). This temperature provides Jata in the brittle-ductile
transition zone of asphalt mixtures. Additional research is

TABLE 4 Resistance to Low-Temperature Cracking

Average Diametral Modulus (M,), MPa

Temperature .
°C (°F) AC-20 CrQ, MAH Furfural
-32 (-25.6) 47,100 45,900 (NS) 43,000 (NS) 43,300 (NS)
-24 (-11.2) 39,300 39,500 (NS) 39,000 (NS) 37,800 (NS)
-16  (3.2) 36,700 33,000 (NS) 34,300 (NS) 31,100 (D)
-8 (17.6) 25,800 21,900 (D) 21,600 (D) 19,500 (D)
0 (32.0) 21,000 15,900 (D) 15,500 (D) 14,700 (D)
5 (41.0) 16,700 11,800 (D) 11,700 (D) 11,100 {D)
16 (60.8) 7,090 4,740 (D) 5,010 (D) 4,870 (D)
25 (77.0) 3,530 2,180 (D) 2,400 (D) 2,370 (D)
32 (89.8) 1,680 1,230 (D) 1,350 (D) 1,540 (NS)
40 (104.0) 730 660 (NS) 760 {NS) 870 (NS)
Average Indirect Tensile Test Data
Temperature =
-8 °C (17.6 °F) AC-20 Cro, MAH Furfural
Tensile
Strength, MPa 2.91 2.37 (D) 2.19 (D) 2.30 (D)
Strain at
Failure, cm/cm 0.00140 0.00240 (I) 0.00254 (I) 0.00228 (I)
Work or . ’
Area, Pa 2,970 4,550 (I) 4,500 (I) 4,170 (NS)
NS = No significant difference between control and modified binder.

D
I

monon

Modification decreased the test result.
Modification increased the test result.

MPa(145.04) = 1bf/in?
cm/2.

Pa/6895 = 1bf/in?
54 = in

(1.8)°C + 32 = °F
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needed to further develop this methodology because the re-
sults of the analysis can depend on what reference tempera-
ture is chosen.

Indirect tensile strength, tensile strain at failure, and the
amount of work needed to cause tensile failure were evalu-
ated. The work is the area under the stress-strain curve from
the beginning of the test until failure. Higher strains at failure
and higher amounts of work are associated with increased
resistance to low-temperature cracking. These increases are
usually accompanied by lower tensile strengths. Both the strains
at failure and the amounts of work reported in this study
should not be considered absolute data because an assumed
Poisson’s ratio was used when calculating strains.

The following equation is used to compute the indirect

tensile strength of a specimen 10.2 cm (4.0 in.) in diameter (2):

_ 614.2(P)

S,
t

where

S = indirect tensile strength (Pa),
P = load (N), and
t = thickness (cm).

The following equation is used to compute the strain at
failure, assuming a Poisson’s ratio of 0.35 (2):

e, = (0.205)(H,)

where e, is indirect tensile strain at failure and H, is total
horizontal deformation (cm).

The test data are shown in Table 4. T-tests indicated that
the modified binders provided lower tensile strengths, higher
tensile strains at failure, and higher amounts of work. The
only discrepancy found was when the work data for the AC-
20 control mixture and the furfural-modified mixture were
compared. These data were not significantly different at the
95 percent level because of the high variability of the data for
the furfural-modified mixture. The data were significantly dif-
ferent at the 93 percent level. Engineering judgment indicates
that the furfural-modified mixture also required a higher amount
of work to obtain failure. (There was not enough furfural-
modified binder to fabricate additional specimens.) No sig-
nificant differences were found when the three modified mix-
tures were compared.

Overall, the tensile test results indicated that the modified
mixtures were more resistant to cracking at —8°C (18°F) than
the AC-20 control mixture, but no modified mixture was bet-
ter than another. The modified binders decreased the tensile
strength by an average of 21 percent, increased the tensile
strain at failure by an average of 72 percent, and increased
the amount of work needed to cause tensile failure by an
average of 49 percent. The modified binders decreased the
M, at —8°C (18°F) by an average of 19 percent.

RESISTANCE TO MOISTURE DAMAGE
- The ALF aggregate blend used in this study is moderately

susceptible to moisture damage and will visually strip in pave-
ments if not treated with an antistripping additive. ALF mix-
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tures that have not been cured and have not been treated
generally have TSR and MR values of approximately 65 per-
cent when tested by ASTM D4867, which was used to deter-
mine moisture susceptibility, and a percent visual stripping
from 20 to 40 percent. Preliminary tests showed that the
4-hr curing period significantly increased the resistance of the
AC-20 control mixture to moisture damage. The mixture passed
the test. Therefore, it was decided to use uncured mixtures
in this evaluation. If mixtures have to be cured to obtain
engineering properties more similar to in-place pavement mix-
tures, the severity of the moisture-conditioning process must
be increased. The ASTM test was not developed using mix-
tures cured for 4 hr.

Specimens compacted to approximately 7 percent air voids
by the Marshall hammer were tested. Three unconditioned
(dry) and three conditioned (wet) specimens were tested per
mixture. Wet specimens were vacuum saturated with distilled
water so that 55 to 80 percent of the air voids were filled with
water, soaked in a 60°C (140°F) water bath for 24 hr, and
tested at 25°C (77°F) along with the dry specimens. The op-
tional freeze-thaw cycle of the ASTM method was not used.
Past studies have shown that this step does not increase the
level of damage when testing the ALF aggregates.

The diametral modulus test and the indirect tensile strength
test were performed on each dry and wet specimen. Tensile
tests were performed at a loading rate of 50.8 mm/min (2.0
in./min}. The M R and TSR were computed for each mixture
in terms of percents. A retained ratio is the average wet value
divided by the average dry value. ‘

The average percent visual stripping was also estimated for
each mixture. Visual stripping is the percentage of area that
is stripped on the basis of the total area of the split surface
of the specimen.

The test data are shown in Table 5. A TSR below 80 per-
cent, an M, R below 70 percent, and visual stripping above
10 percent are suggested criteria for considering a mixture
susceptible to moisture damage (6). The AC-20 control and
CrO;-modified mixtures had equal TSRs. Both were below
80 percent. The MAH- and furfural-modified mixtures had
equivalent TSRs. Both were above 80 percent. The AC-20
control mixture and the CrO;- and furfural-modified mixtures
had MR values below 70 percent, and the MR of 39.6 percent
for the CrO,-modified mixture is very low. Only the MAH-
modified mixture had an M, R above 70 percent. Of all four
mixtures, the MAH-modified mixture showed the most resis-
tance to moisture damage.

The percent swell for each mixture, which is the average
change in the volumes of the specimens caused by moisture
conditioning, is also shown in Table 5. The swell of 1.3 percent
for the CrO,-modified mixture indicates that some internal
damage probably has occurred. The swells for the other three
mixtures are relatively low and have no practical significance.

The AC-20 control mixture failed both the TSR and M R
tests as expected and had a high amount of visual stripping
at 40 percent. The CrO;-modified mixture also failed both
tests. The furfural-modified mixture narrowly failed the M, R
test. However, none of the modified mixtures showed any
visual stripping. It was concluded that the poor mechanical
test results for these two modified mixtures were related to
a loss of cohesion rather than a loss of adhesion. The binders
were weakened by the moisture-conditioning process. The
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TABLE 5§ Resistance to Moisture Damage .
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AC-20 Cr0, MAH Furfural
Tensile Strength, 25 °C (77 °F)
Average Dry, MPa 0.492 0.471 0.427
Average Wet, MPa 0.441 0.361 0.419 0.363
Retained Ratio (TSR), percent 73.5 88.9 85.1
Diametral Modulus, 25 °C (77 °F)
Average Ory, MPa 807 809 592
Average Wet, MPa 319 603 394
Retained Ratio (MjR), percent 39.6 74.6 66.7
Average Visual Stripping, percent 40. 0 (D) 0 (D) 0 (D)
Average Swell, percent by volume 1.3 (I) 0.3 (D) 0.3 (D)
Average Air Voids, percent 6.8 6.5 6.0

—
won

Modification decreased the test result.
Modification increased the test result.

MPa(145.04) = 1bf/in?

diametral modulus test was more sensitive to the damage in
the binder compared with the tensile strength test, and it
provided lower ratios. Reasons for these phenomena need to
be investigated.

EXTRACTION AND RECOVERY

The binders were extracted and recovered to determine the
effects of heating during mixing, curing, and compaction on
the properties of the binders. Differences in degrees of hard-
ening could affect mixture properties. :
Mixtures were extracted by the centrifuge method and re-
covered by the Abson method. Trichloroethylene was used
as the solvent. It was assumed that this solvent would not
adversely affect the properties of the binders. Each mixture
was allowed to digest in the trichloroethylene for 55 to 60 min
at room temperature before it was centrifuged. A supercen-
trifuge was used to remove all dust from the solution.

TABLE 6 Recovery Results

Only one problem was encountered during recovery. The
extracted solution containing the MAH-modified binder boiled
out of the flask several times during the primary distillation
process of the Abson method even though boiling chips were
used. This phenomenon could not be controlied and a reason
for it was unknown. If it is consistently found with asphalts
modified with MAH, a different recovery process may be
needed. It was assumed that the properties of the recovered
binder were not adversely affected by this boiling action.-

The data are given in Table 6. All three modified binders
were significantly harder than the AC-20 control asphalt ac-
cording to both viscosities. The penetrations at 25°C (77°F)
for the AC-20 control asphalt and the binder modified with
CrO; were equivalent. The penetrations for the other two
modified binders were higher. On the basis of these data, all
three modified binders should be stiffer at high pavement
temperatures and softer at low pavement temperatures than
the AC-20 control asphalt. This means that the modifications
provided modified binders with desirable physical binder

AC-20 Cro, MAH Furfural
Penetration, 25 °C
(100 g, 5s), 0.1 mm 35 37 46 42
Kinematic Viscosity, )
135 °C, um?%/s 973 1,370 1,714 1,362
Absolute Viscosity,
60 °C, dPa-s 17,041 56,055 61,971 53,774
(1.8)°C + 32 = °F dPa-s = P um’/s = cSt mm/25.4 = in
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properties, even though the mixture curing process hardened
the modified binders more than the AC-20 control asphalt
according to both viscosities.

All four binders were significantly harder than was expected
on the basis of properties for asphalt binders after production
and placement in a pavement. The absolute viscosity of the
recovered AD-20 control asphalt at 60°C (140°F) was almost
9 times the absolute viscosity of the original, unaged asphalt.
A factor above 4 is excessive. There should also be some
agreement between the thin film oven test properties in Table
1 and the recovered properties in Table 6. The data do not
agree. The higher-than-expected degree of hardening indi-
cates that the curing period should be reduced in any future
study that uses these mixtures.

Excessive hardening could be expected on the basis of the
work performed under the NCHRP AAMAS study. Although
3 hr of curing was finally specified by AAMAS, the required
laboratory curing period based on the field data ranged from
0 to 13.5 hr and depended on the pavement project. Also,
the curing period needed to match the laboratory and field
viscosities did not always provide penetrations that were close
to each other. A different curing period was often needed
to match the penetrations. These findings indicate that the
AAMAS laboratory curing procedure is very generalized, and
it may be difficult to develop a standardized curing procedure
on the basis of the field data.

CONCLUSIONS
Chemically Modified Binders

® The penetration and viscosity data of the binders re-
covered from the four mixtures indicated that the three chem-
ically modified binders should be stiffer at high pavement
temperatures and softer at low pavement temperatures than
the AC-20 control asphalt.

® Tests performed to determine the effects of the modifi-
cations on the susceptibility to rutting were inconclusive. The
primary measurements for evaluating this property were the
permanent strains from the creep test. The three chemically
modified binders decreased these strains by an average of 25
percent. However, the test data were so variable that this
difference was not statistically significant.

¢ All three chemically modified mixtures had improved low-
temperature properties down to approximately —16°C (3.2°F).
The four mixtures had equivalent test results below this tem-
perature. Some low-temperature cracking may be inhibited
by the modifications.

® The MAH-modified mixture had the most resistance to
moisture damage and passed both the diametral modulus and
indirect tensile strength tests. The other three mixtures failed
at least one of these tests. The AC-20 control mixture had a
high amount of visual stripping, whereas all three modified
mixtures showed no visual stripping. Therefore, any poor
result shown by the modified mixtures was caused by a loss
of cohesion rather than a loss of adhesion.

® When the mixture design and engineering test data for
three modified mixtures were compared, very few differences
were found. No modified binder was better overall than an-
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other. Differences in the retained ratios from the moisture
susceptibility tests were the only exceptions to this finding.

NCHRP AAMAS Procedures

® The 4-hr mixture curing period excessively hardened the
four binders.

® Adding lengthy curing periods to the Marshall design
process would require the development of new specifications
for stability and possibly for flow.

® Curing increased the resistance of the AC-20 control
mixture to moisture damage to a level that did not match
historic pavement performance. If a curing period is to be
required by a design procedure, the severity of the moisture-
conditioning process must be increased.

® Based on both Marshall compaction and the ultimate field
densities of the ALF pavements, the AAMAS GTM com-
pactive effort was slightly high.

® The 6 to 8 percent air-void levels required by the ASTM
D4867 test for moisture susceptibility could not be obtained
using a kneading compactor, even with low tamps and
pressures.

RECOMMENDATIONS
Chemically Modified Binders

® The compositions of the fumes from the chemically mod-
ified binders and whether any harmful substances can leach
from them need to be studied. All three binders had different
odors, which were different from those of unmodified asphalt
binders.

® The cost of manufacturing each chemically modified binder
needs to be determined.

® How moisture conditioning affects the cohesive proper-
ties of chemically modified mixtures needs to be investigated.

NCHRP AAMAS Procedures

® Additional research is needed to develop curing proce-
dures on the basis of field data. A uniform, standardized
curing procedure is needed for use in research studies so that
data from various studies and organizations can be compared.
On the basis of data published in the AAMAS report, a
standardized curing procedure may be difficult to develop.

® The current Marshall design practice of determining the
compaction temperature from the viscosities of the unaged
binder is probably not applicable when mixtures are cured.
A standardized method of obtaining a curing and compaction
temperature is needed when mixtures are cured.
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Assessing Effects of Commercial
Modifiers on Montana Asphalts by
Conventional Testing Methods

MURARI MAN PRADHAN AND JOSgPH-D. ARMIJO

A laboratory investigation was undertaken into the effects of
commercial modifiers on the physical properties of Montana as-
phalts. The purpose of the study was to select modifiers to combat
the severe rutting problems of the highways of Montana. There
are four different sources of asphalt in Montana: Cenex, Conoco,
Exxon, and Montana Refining. These refineries use different
crude sources and different refining processes. The 120/150 pen-
etration grade of asphalt from each of the four refineries was
treated with six different commercial modifiers. The modifiers
were polyethylene (PE), two types of thermoplastic block co-
polymer (SBS), carbon black (CB), ethylene vinyl acetate (EVA),
and styrene-butadiene rubber latex. Some modifiers were more
compatible with a particular source of asphalt than others. The
tests were limited to the conventional physical tests. The results
showed that the modifiers reduced temperature susceptibility of
all four Montana asphalts, but to varying degrees. A subjective
weighting system, based on a composite performance model, was
used to evaluate the effect of the modifiers on the physical prop-
erties of the asphalts. The effect of the modifier on the asphalt
depended on the source of asphalt. SBS, CB, EVA, and PE
weighted well with different asphalts in the weighting system,
indicating changes in the physical properties that are thought to
be related to rutting. SBS and EVA were selected for further
laboratory testing and an experimental overlay project on a Mon-
tana Interstate highway.

Rutting and cracking of asphaltic concrete pavements are
problems facing the highway industry. Simply stated, some
pavements are too hard and brittle in the cold winter months,
and cracking results. If softer asphalts are used, cracking may
be reduced, but hot summer temperatures bring rutting. The
soft asphalt provides flexibility at the lower temperatures, and
the additive increases the viscosity at higher temperatures to
reduce the potential for permanent deformation (). Al-
though the rutting is a function of aggregate texture, grada-
tion, and mix properties, such as air void content, modified
binder can improve resistance to rutting.

Commercially available modifiers have entered the market
with claims that their addition to asphalt mixtures will de-
crease temperature susceptibility. Past studies and manufac-
turing literature contain valuable information on selection and
use of modifiers. However, because of the diversity of asphalt
from one geographical region to another, such information
can only give general guidance to the new user of modifiers.
To provide a point of departure in the use of asphalt modifiers,
the Montana Department of Transportation (MDT) con-

Civil and Agricultural Engineering Department, Montana State Uni-
versity, Bozeman, Mont. 59717.

tracted with Montana State University to perform some basic
investigations into modifiers with Montana asphalts.

On the basis of the literature review (Armijo and Pradhan,
unpublished data), six modifiers were selected for modifica-
tion of four Montana asphalts. Conventional physical tests

were carried out on modified and unmodified asphalts. The

Marshall stability and flow tests were used to evaluate the
strength of molded specimens. A weighting scheme, based on
the composite performance model, was then applied in an
attempt to rate the modifiers. Although performance-based
Strategic Highway Research Program (SHRP) tests may prove
to be better indicators of the effect of modifiers on asphalts,
the conventional physical test methods are still important be-
cause they provide a first line of testing in the selection of the
modifiers. The information should provide valuable insight
into the effect of modifiers with Montana asphalts from var-
ious sources.

MATERIALS
Asphalt

Four refineries in Montana produce asphalt from different
crude oils. They are Cenex (Laurel), Conoco (Billings), Exxon
(Billings), and Montana Refining (Great Falls). The sources
of crude oil are Canadian crude, Wyoming’s Elk Basin, and
Montana sources. These crude oils yield 8 to 30 percent as-
phalt. The asphalt composition is a function of crude sources
and may vary from refinery to refinery. The processes of
asphalt production and storage in the four refineries are dif-
ferent. Some refineries use a propane deasphalting process,
whereas others are limited to vacuum distillation (2). The
asphalts differ broadly in their molecular size distribution,
even when those asphalts are representative of the same pen-
etration or viscosity grade (3).

Asphalt samples of penetration grades 85/100 and 120/150,
obtained from each of the four Montana refineries, were sent
to the manufacturers of modifiers for modification. Montana
asphalts presented some unique compatibility problems, and
selecting the match polymer required more than the usual
effort.

Modifiers

The literature review (Armijo and Pradhan, unpublished data)
resulted in the selection of six modifiers:
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1. Polyethylene finely dispersed in asphalt (PE)—Novo-
phalt;

2. Thermoplastic block copolymer rubber (SBS1)—XKraton
D4463X;

3. Thermoplastic block copolymer rubber (SBS2)—Kraton
D4141G;

4. Pelletized carbon black (CB)—Microfil 8;

5. Copolymers of ethylene vinylacetate (EVA)—Polybilt
2,7; and .

6. Styrene-butadiene rubber, latex (SBR)—Ultrapave 70.

The amount of modifier for each Montana asphalt was se-
lected on the basis of the manufacturer’s recommendation
and the compatibility of the modifier with the asphalt source.

Novophalt

Matrecon, Inc., California, prepared modified asphalt sam-
ples using 5 percent PE from Novophalt America, Inc., and
95 percent 120/150 grade asphalt. Preparation of Novophalt
involves a high-shear blending process, which breaks down
the PE into very fine particles that are blended into the asphalt
at temperatures near 171°C.

Kraton

Kraton rubber-asphalt mixtures were prepared by Shell De-
velopment Company using 6 percent by weight neat Kraton
D4141G and D4463X. Kraton thermoplastic rubber polymers
are a unique class of rubbers designed for use without vul-
canization. D4141G andD4463X are both block SBS (styrene-
butadiene-styrene) copolymers. D4141G contains about 29
percent oil, and D4463X contains about 53 percent by weight
of oil. D4463X is especially designed for very rapid dispersion
in asphalt under low shear mixing conditions.

Microfil 8

Matrecon, Inc., California, prepared modified asphalt sam- »

ples using 15 percent pelletized carbon black, Microfil 8, and
85 percent 120/150 grade asphalts. Microfil 8 is produced spe-
cifically for asphalt modification by Cabot Corporation. Mi-
crofil 8 is 92 percent carbon and 8 percent maltene oil (similar
to the maltenes portion of asphalt) (4).

Polybilt

Polybilt is an ethylene vinylacetate resin and encompasses a
large family of petrochemical polymers and polymer concen-
trates designed for asphalt modification by Exxon Chemical
Company. Two polymers were used— Polymer 2 and Polymer
7; both are EV As but differ in molecular weight. Four percent
Polymer 2 was used for the 120/150 grade asphalts from Ce-
nex, Exxon, and Montana Refining, and 3.5 percent Polymer
7 was used for Conoco. Conoco was more compatible with
Polymer 7. '
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Ultrapave

Ultrapave 70 is an anionic styrene-butadiene latex that con-
tains about 70 percent rubber solids and 30 percent water.
The supplier, Textile Rubber and Chemical Company, pre-
pared the modifier-asphalt mixtures using 3 percent Ultrapave
70. The rubber particles are extremely small and uniform in
latex form; a very high surface area is thus exposed to the
bitumen during mixing, resulting in a rapid physical dispersion
of rubber.

Aggregate

Because many of the rutting problems in Montana are in the
eastern areas and involve Yellowstone River (YR) gravel, a
representative of YR gravel was chosen. The aggregate con-
forms to an MDT specification for plant mix Grade B and is
basically a well-graded %-in. minus aggregate, as shown in
Figure 1. The plant mix Grade B aggregate gradation is ob-
tained by mixing 45 percent coarse crushed aggregate, 40
percent crushed fine aggregate, and 15 percent natural fine
(sand). For the laboratory specimen, a small batch of this mix
was made and fabricated into mold specimen sizes. Each batch
was tested for conformity of the specification (5). The aggre-

.gate gradation is shown in Table 1.
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