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A Study of New High Temperature Grading
for Modified and Unmodified Asphalt Binders

3 3 & 7 Efr-dF 9 FJ
Huh, Jung Do - Cho, Gyu Tae - Nam, Young Kug

Abstract

On the basis of several experiments performed, Bahia et al. (1998) concluded that the current
Superpave PG-grading system failed to characterize grading specification of all modified binders.
This conclusion motivates us to investigate the correct grading system suited for modified asphalt
binders. The main concept of this development is originated from the relationship between rut
depth and binder properties at high temperatures. A new grading system for modified asphalt
binders suggested here somewhat resembles to the unmodified binder grading one developed by
Huh et al. (2000). Thus, this investigation will provide a unified single theoretical equation of high
temperature grading that can apply both to modified and unmodified binders, and will check its
effectiveness with the laboratory and the field rut data reported by independent studies. Successful

results observed may allow to construction of a correct grading system in the near future.
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1. INTRODUCTION

Polymer-modified asphalt binders are gradually
used more in the domestic pavements as well as
those of foreign countries. However, there are
main concerns whether the current Superpave
PG-grading system can be applied or not to
those modified binders. In this respect, Bahia et
al. (1998) who originally provided the theory
and the methodology of the PG-grading of
asphalt binders during Strategic Highway
Research Program (SHRP) in USA had recently
investigated the very question. They found two
types of binders that behaved differently in
property measurements: one was the simple
binder that satisfied the assumptions made in
the PG-grading that was
holding a wide linear range, non-thixotropy,
isotropic  homogeneity and independence of
sample geometry. The other was the complex
binder that violated of the
PG-grading assumptions just mentioned. Here,
the simple binder indicated the unmodified
while the binder
represented the modified asphalt that was used
for extreme cases (ie. high volume traffic in

system: a binder

one Or more

asphalt, complex usually

warm regions and grades being considered in
many cold regions).

By this (1998)
concluded that the current PG-grading failed to
characterize all modified binders, because it was

observation, Bahia et al

based on simplifying assumptions that could not
be reliably extended to the complex behaviors.
Stuart and Mogawer (1997) also claimed in
the Superpave study of asphalt
binders and that  the

validation

mixtures current

PG-grading system could not correctly evaluate
the order of rut-resistance for modified binders.

Even for the unmodified binder cases, Huh et
al. (2000) claimed that the high temperature PG
grading was not correctly constituted to produce
the right grading. That was, the upper PG-grade
number for unmodified binders could be deviate
from the true value.

All these evidences make one be suspicious
about wvalidity of the current Superpave PG
grading. Thus, the purpose of this investigation
lies in examining the current theory and
proposing a new unified one both for modified
and unmodified binders.

2. THEORY AND DEVELOPMENT

Pavement rutting is often described by the
well-known empirical equation, where rut depth
is expressed in the term of number of wheel
passes;

h=¢a-N* (N

where h and N are a rut depth and a number
passes, and B
parameters relating to material properties.

Recently, Huh & Nam (1999) and Kim et al.
(2000) reported the empirical relationship between
rut depth and binder properties obtained from
Eq. (1). It is written as:

of wheel and a are two

1 d B
a ¢ N
”OkB ( 2)

where 7, i1s a binder zero shear viscosity (or

absolute viscosity), k is a power-index parameter,
and d is a constant independent of binder

viscosity.



For comparison of rut performance among
different binders. Eq. (2) can be divided into
two special types: one is rut depth at a fixed
number of wheel passes, and the other is number
of wheel passes at a fixed rut depth. The former
case is used popularly over the latter, and is
chosen here for development of a grading theory.

Also, two special cases are evolved from Eq.
(2): one is the simplified version and the other
is the rigorous one. These two cases will be
discussed below.

2.1 Simplified High-Temperature Grading
Theories

The parameters, k and A in Eq. (2) are
assumed to be constant in the simplified version.
Then, Eq. (2) can be written as

Ln(hy)=Ln(d-NAH—-kg- Ln(y,) (3)

where hy is the rut depth at a fixed number of
wheel passes.

For most of rutting tests, note that & varies
with binder viscosity. Hence, Eq. (3) is usually
an approximation to Eq. (2). Huh et al. (2000)
have shown that all grading presently available
(penetration, viscosity, and performance grading)
are constructed on the basis of Eg. (3). Also,
this
reasonably well for unmodified asphalt binders,

simplified equation turns out to work
but shows substantial error for modified ones.
Thus, to find a new unified grading theory that
works both for the unmodified and the modified
asphalt binders, more rigorous analysis of Eg.
grading

(2) is necessary. Before a rigorous

equation is suggested, it is worth to explore how

the simplified equation (3) becomes a basis for
all grading presently available.

2.1.1 A Viscosity Grading Eguation

The relationship between rut depth and binder
absolute viscosity shown in Eq. (3) simply
indicates the theory of the present viscosity
grading. In other words, if a binder absolute
viscosity is known. the rut depth can be defined
by the equation. Thus,
among binders by the rule of Eg. (3) implies

comparing viscosity

comparing of rut depth among mixtures made of
each binder under the condition of fixed
aggregate  effects  (aggregate  kind,  size,
distribution, shape, surface texture, etc.). This is
the current viscosity grading.

2.1.2 A Penetration Grading Eauation

In the literature (Welborn et al. (1966)), the
empirical relationship between penetration depth
and binder absolute viscosity is well established.
That is.

Ln(L)= Ln(¢)—m - Ln(z,) 4)

Combining Egs. (3) & (4) and eliminating
the absolute viscosity yleld to the relationship
between rut depth and penetration depth:

hy=a-L+b (5)

where a and b are constants changing with
passes, and L is the
penetration depth. Equation (5) represents a
of the
grading. That is. comparing the penetration
depth different binders
comparing tut depth among different mixtures

number of wheel

theoretical basis present penetration

among just means



made of each binder with the fixed éggregate
effects, as shown in Eq. (5). this
grading is essentially similar to viscosity grading,

However,

because penetration depth is related to binder
absolute viscosity by Egq. (4). Hence, either
grading can be applied for
binders,

penetration than the viscosity testing.

but measurement is simpler in the

2.1.3 A New Performance Grading

Equation in a Simplified Version

To develop a performance grading equation in
the simplified version, one has to find a material
parameter to be used in the relationship between
the rut depth and the parameter. Asphalt binders
are known to be a viscoelastic material. Thus,
the adequate parameter must be a viscoelastic
one instead of viscosity. The required parameter

found is G */sind. Logical background of using
this parameter is explained in the section 2.1.4.
Now a functional

between the rut depth and the viscoelastic

relationship is required
parameter G */sind to form a new performance
grading equation. For this purpose, Eq. (3) is
used by substituting the viscoelastic parameter

( G*/sinéd) in the place of the viscosity ( 7,):
that is,

*

Ln(hy) =Ln(d Nﬂ)—kBLn{ —SGEE} (6)

Equation (6) is a new grading equation.
which is different from the current Superpave
PG-grading, developed by Bahia and Anderson

(1995). Their equation is something like

straight asphalt -

B G*/sin8 (7)

or Ln(hN)ZLn(f)—Ln{ gr:&]

The major difference between Eq. (6) and (7)
is that the slope kA in Eq. (6) changes with
number of wheel passes, while that in Eq. (7) is
fixed to be one. Since kA is usually different
from one, serious error could be evolved if one
(7) to grade asphalt binders. For
example, in the Superpave PG-grade validation
study, Bonaquist and Mogawer (1997) have
shown that kA is not one, but 0.318.

In a simplified grading theory, Eqgs. (3), (5),
and (6) represent a viscosity, a penetration and

uses Haq.

a new performance grading. All equations are
based on Eq. (3) that is a special case of Eq.
(2). Either one of the three equations can be
used, but the new performance grading is the
best one. They can be used effectively to grade
the unmodified straight asphalt binders, but may
fail for due to
assumptions (fixed k and B) made in derivation

modified binders simplified

of Eq. (3). The more rigorous equation will be

discussed in the section 2.2.

2.1.4 A Viscoelastic Parameter and Iis
Effect

The storage ( G' ) and the loss modulus
{( G” ) in the dynamic shear test represent the
elastic and the viscous property of a given
material. Combination of these two moduli is the
(G*=G +iG"),

complex modulus and its

magnitude becomes
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|G*|=V G *+G" * (8)

| G G hereafter

without the absolute sign for convenience, and is
proved to be identical to shear stress (r ) in
shear flow by Cox and Mertz (1958). That is,

is usually written as

G'=p* w=p-y=r1 (9

where 7, w, 7 andy denote a complex

viscosity, a frequency, a shear viscosity and a
shear rate, respectively. The complex modulus
( G7) is usually measured at a fixed frequency
( w=10 rad/sec)
that it simply represents viscosity multiplied by
a constant.

and 60°C for rutting such

G'=10-72"=10-7=1 (10)

According to Eq. (10), change of the complex
modulus directly implies change of the shear
viscosity. This means that the complex modulus
alone displays the viscous property, not the
viscoelastic one. Hence, for representation of
viscoelasticity, it should be modified properly.

Comparison of the elasticity among different
binders does not imply a direct comparison of

G’ . Rather, it is determined by the relative
compared to G” or G’
to G© or G
is usually expressed by tand(=G" /G ),
sind(= G” /G"), o cosd(=G /G,

where & is a phase shift angle. These are three

magnitude of G’

This relative amount of G’

parameters denoting viscoelasticity of a given
material. They are not independent, but rather

interrelated each other: that is, sind =

(1— cos %8) "2, and cosd=(1— sin 28) '/* and
tan 8= sin &/ cos d.

Now, to obtain a viscoelastic parameter from
the complex modulus, it is sufficient to combine
the complex modulus to one of the three
parameters just mentioned. Among
possible combinations, physically acceptable one

G */sind. This is the
viscoelastic parameter turned out to be identical
to the one obtained
(PG-grading).

The combined parameter can represent change

several
is turned out to be

in performance grading

of either viscosity or viscoelasticity depending on
the value of sind. When sind is equal to one
(negligible elastic modulus compared to loss

modulus in definition), G */sind becomes the
complex viscosity parameter ( #*) multiplied by
the fixed frequency of w=10 rad/sec:
G *
siné

=G*'=10-72" (11)

This is demonstrated in Fig. 1 by plotting the
data of

Hanson et al.

reported by
(1995) for unmodified binders.
Some scattering is observed in the figure, but
doubt for
relationship indicated by Eq. (11). Here, some
scattering and the slope of 0.5453 instead of 10
may be due to presence of some elastic effect in

G*/sind versus 7”,

there is no existence of the

certain binders, measuring inaccuracy and using
different frequencies other than 10 rad/sec.
Equation (11) that
G "/siné is nothing but change of #7*. In this
case, Ea. (6) becomes the form of Eqg. (3)
working for the unmodified asphalt binders at

indicates change of
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Fig. 1. Relationship between G*/sinéd vs. 7
for original asphalt binders

high temperatures, which are totally viscous.

When
clastic modulus present relative to loss modulus,
that is,

sind is less than one with significant

O C G”
sind= or e 10 ? <1 (12
then G*/sind  becomes greater  than

G (=7"w=107"). This Increased parameter
value essentially manifests viscoelastic effect in

material deformation:

0.98 - 4 AC-10
18 AC-20

sindat 1 Hz & 64° C
e
2

0 5 10 15 20 25
Powdered Rubber % Added into Asphaits

Fig. 2. sind with powder rubber content

added in asphalt binders

ooooooo

G _ 10275602057 (13)

sind = sind

Daly and Negulescu (1997) have shown that
viscoelasticity of a given binder can be increased
with either addition of arn elastic material
(crumb rubber. rubber powder, SBS, SBR, etc.)
or reduction of material temperature. The former
case Is demonstrated in Fig. 2, which shows how

sind decreases with addition of the powdered

rubber content. The initial sind value of one

at 64C meaning the binder to be a viscous
material gradually decreases with addition of
rubber content implying increase of visco-
elasticity.

A single binder can become either viscous or
viscoelastic ~ with

Temperature response of binders is demonstrated

variation of temperature.

in Fig. 3. In the figure, when temperature

decreases starting from 64°C, sind of a binder

initially at the value of one decreases gradually
indicating increase of viscoelasticity. Note that
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Temperature, °C
Fig. 3. sind of the rubber-modified binders changing

with temperaturs
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Tank 5AC-10
rubber

(the original binder without any
content) is in viscoclastic at low
temperatures and becomes viscous above 5(0TC.
Raising temperature makes the viscoelastic
behaviour be the viscous one. This is true even
for some of the modified binders with added
rubber content. This viscous binder at high
temperature may correspond to the one with the
simple behaviour in the classification of Bahia et
al. (1998).

However, other modified binders like 5AC-10
+15% Crumb Rubber never become viscous and,
instead, viscoelastic throughout all temperature
ranges studied. This demonstrates that
modified binders can show different deformation
behaviors at high temperatures (50°C

independently from unmodified binders. It is

some

above),

believed that this viscoelasticity is responsible for
the complex behaviour of a modified binder in
the classification of Bahia et al. (1998). In this
case, the viscous grading theory based on binder
viscosity (Eq. (3)) or penetration depth (Eq.
(5)) may not work. More rigorous grading
theory should be applied.

So far, justification of using G */sind as a

viscoelastic parameter has been explained in

detail. Also, it has been shown that the
parameter could vary with elasticity and
temperature of binders. This concludes that

G */sin§ represents a viscous parameter as well
as a viscoelastic one depending on the value of
sinéd, while an absolute viscosity ( 7,) or a
penetration depth (L) manifests only a viscous
Thus,
general material parameter to be used in a high

parameter. G*/sind becomes a more

temperature binder grading.

2.2 A New High-Temperature Grading
Equation

In the simplified form of Eq. (2), k and B
are assumed to be constant, but here, in the
rigorous form, k and B are treated not to be
constant. However, for fixed aggregate effects, k
is also fixed such that £

binder viscosity. Then, Eq. (2) turns into the

only varies with

following form:
hy
LH{W}=Ln(d)—-k- Ln(z,% (14

The rut depth expression in Eq. (14) is still
based on the viscosity parameter ( 7,), even
though it is a more rigorous equation than Eq.
(3). As mentioned earlier, behaviors of modified
cannot be described by
parameter alone, but rather they are governed

G */sind. The

more proper equation is formed by replacing the

binders viscosity

by the viscoelastic parameter,

viscosity parameter ( 7,) in Eq. (14) with the

viscoelastic one ( G */sind). That is,

Ln{—l}%}ZLn(d)—k- Ln{ s(i}n*ﬁ}ﬂ (15)

Equation (15) is the most rigorous equation
used for grading rut-resistance of the modified as
well as the unmodified asphalt binders. Note
that # is a variable changing with binder
viscosity. Remember that the number of wheel
passes (N) is fixed in Eq. (15).



3. ANALYSIS AND DISCUSSION
3.1 Simplified Equations

King et al. (1992) qualitatively studied the effect
of asphalt grade and polymer concentration on high
temperature performance of pavement rutting by
using the French LCPC wheel tracking device.
Material preparation, test conditions, and measured
rut data may be referred to their paper. Aggregate
type, shape, load,
frequency, and test temperature are all fixed in
their
penetration

size, gradation, air wvoid,
only effect of

(7)), and

experiments to consider
depth (L),

viscoelastic stress ( G */sind) of given asphalt

viscosity

binders on rut depth. These data are listed in
Table 1 together with two parameters of Eq.
(1), @ and B, estimated from regression of the
rut data provided.

Table 1. Properties of Neat Asphalts and French
LCPC Rut Depth Data.

Penetration Grade | 40/50 | 60/70 | 80/100 | 180/200
Binder Viscosity -
at 60C & 1/s, Poise 850 | 3830 | 2245 | 700
G */siné 801,000 | 646,000 8100
at 30T & 1 Hz. Pa 0

Number of Cycles French LCPC Rut Depth, mm

300 25 30 35 50
1000 33 39 54 9.3
3000 38 49 10 -
10000 48 86 14 --=
. Regression of Rut Data
Estimated Parameter by h = aN*
@ 0993 | 0501 | 0410 | 029
8 0167 | 0301 | 0.3% 05
r 099 | 0990 | 099 10

oooooooooooooooooooooooooooooooooo

N = 10,000
Ln(h,)=8.753 - 0.7953 Ln(n)

(r*=0.9960)

N = 3000
Lnihy)=7.513 - 0.692 Ln(n,)

(r*=0.8606)

Ln(Rut Depth at 66 C, mm)
~

1 N = 1000 7
Ln(h,)=5.002 - 0.4288 Ln(n,) N = 300
(r*=0.9720) Ln(h,)= %.426 - 0.2796 Ln(n,)
(r’=0.9948)
0 T . )
6 7 ] 9 10

Ln(n, at 60° C & 1/s, poise)

Fig. 4. Rut depth vs. binder absolute viscosity
for unmodified asphalts

Figure 4 demonstrates a plot of binder
viscosity versus rut depth in the logarithmic
scale for unmodified original binders. The data
are taken from Table 1. As shown in the figure,
the slope and the intercept change with number
of wheel passes, but, at the fixed wheel passes,
successful prediction of the data by Eq. (3) is
well observed. Remember that Eq. (3) works at
a fixed number of wheel passes, and this fixed
number can be arbitrary assigned in the slope
and the intercept parameter. This indicates that
the rut depth at a fixed number of wheel passes
in the term of viscosity, Eq. (3), works well for
unmodified binders at a high temperature, 60°C.
Same trend as the viscosity case is observed
both for the penetration depth (L) represented
by Eq. (5 and the performance parameter
( G*/sind) described by Eq. (6). The data in
Table 1 are used to prove validity of those two
Egs. (5) and (6). The successful
curve-fittings are shown in Figs. 5 and 6. These
cases indicate that the relationship of rut depth
in the term of either a penetration depth or a
performance parameter works well for unmodified

equations,
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Fig. 5. Rut depth versus penetration depth
for unmodified asphalts

N = 10,000
= Ln(h,)=30.56 - 2.129 Ln(G*/sin &)
E 2
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Fig. 6. Rut depth vs. binder G*/sind unmodified asphalts

binder cases.

The above evidences verify that either one of
the three equations, Eqs. (3), (5), and (6), can
be applied to the high temperature grading of
unmodified binders that are totally governed by
behavior, not
However, the penetration grading is the most

the  viscous viscoelasticity.

simple one to be used because of simplicity of
The unified form of the three
grading equations seems to rely on the following

measurement.

linear equation:

Y=aX+b (16)

where a and b are the slope and the intercept,
and meanings of X and Y are shown below
according to different grading methods defined.

Grading Y X
Penetration hy L
Viscosity Ln(h ) Ln(7n,)
New Performance En(hy) Ln(G */siné)

Another rutting data used for validatation of
grading equations developed here were obtained
from Bonaquist & Mogawer (1997), and the
corresponding binder properties were from Stuart
& Tzzo (1995). The rut data were generated by
performing accelerated pavement tests at FHWA
Pavement Testing Facility located on the ground
of the Turner-Fairbank Highway Research
Center. This work is designed to be Superpave
validation study for polymer-modified asphalt
binders showing a viscoelastic property as well
as unmodified binders showing a
property. Two accelerated loading facility (ALF)

viscous

equipments were used to simulate the effects of
heavy test
pavements. Pavement rutting data obtained from

vehicle loading on  full-scale

such tests and their binder properties are listed
in Table 2 with
parameters of Eq. (1), a and b, for reference.
Now, the rut data in Table 2 are used to test
validity of Egs. (3), (5), and (6).
Figures 7, 8, and 9 represent the corresponding

together two  regression

regression results, and clearly demonstrate that
the simplified equations (Eqs. (3), (5), and (6))
fail to express the rut behavior of mixtures
made of modified binders.
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Table 2. Total Pavement Rut Depth Measured by
Accelerated Loading Facility (ALF)

Lane |Lane 5| Lane 7 | Lane 8 | Lane 9 | Lane 10

Site| Site | Site| Site | Site| Site | Site| Site
1y 2112 (11212

PG-Grade | 58-28 | 82-22 76-22 58-34 64-22
Gradation |SM-3B| SM-3B | SM-3B | SM-3B | SM-3B
G*/siné

(Pa) 108 | 1139 | 839 | 0m | 210
at 60C, | ' ‘ : -

Test Site | Site 2

w=225 1/s
Absolute
Viscosity | 1,19 | 88774 | 12714 665 2,644
60C, dPa.S
Penetration . y
%50, dmm 113 47 5 172 73
Wheel Accelerated Loading Facility (ALF) Rut Test
Passes Data at 60C, mm
N =1000 | 188 [122| 82} 10| 96]26.0)30.3| 166|162
N=5000 | — [179(110(125(11.0 - ---| 264 280
N = 10000 -—— [20.11181|139]152| -—-| -——|32.8] 369
Parameters Regression of Rut Data by h= aN*
1.003 | 277 1.58C| 161&| 1627 0.80€| 1,397} 2.271| 1.567
B 0.424 10215 0.252) 0.2431 0.237) 0.50€| 0.442) 0.28¢| 0.34

3.2 A Rigorous Equation

By using Eq. (14), regression is performed for
the rut data in Table 2 to check whether the
rigorous equation works better or not compared
to the simplified equations, and the result is
shown in Fig. 10. Any visible improvement is
not made in the figure compared to Fig. 7 of a
simplified case. This is believed due to usage of
the viscosity parameter instead of viscoelastic
one for the modified binders included. Note that
the regression equation in the rigorous form does
not change with number of wheel passes such

© 0 0000000600000 000OCDO5OGOD0O0DO GCO0O0O0GCO00O0GCOO0O0O0GCO0O000 6000 0060 0o
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Ln{h,500)=4.902 - 0.1953 Ln(m,)
r? = 0.4508

Ln(hgg0)=4.828 - 0.2147 Ln(1)
1 = 0.4854

~

Ln(Rut Depth (h ) at 60° C, mm)
{ ]
° T
<
\
[ o}
// /

L(h55)=4.678 - 0.2313 Ln{n,)

= 0.8145

100

1 T T T T T
] 7 8 9 10 n 12

Ln(n, at 60° C, dPa.S)

Fig. 7. Rut depth vs binder absolute viscosity
for modified asphalts.

40
36 N=10000 Cycles v
hy= -17.65+0.6941 L, N=3000 Cycles
32 1 r* = 0.7346 hy = -14.44+0.5526 L,
1t = 0.7255
£ 28 o)
£ L
<
£ 241
3
S 2 v
& e *
= 16 ] r* = 0.9244
.‘<_5 v N=1000 Cycles
12 o) Fiy = 3.537 + 0.1438 L,
8 3
4

0 20 40 60 80 100 120 140 160 180
Penetration Depth at 25° C, dmm

Fig. 8. Rut depth versus penetration depth
for modified aspralts.

Ln(h4g00)=3.835 - 0.4398 Ln(G*/sin 5)
%= 0.7712

Ln({hyg00)=3.610 - 0.4575 Ln(G*/sin &)
= 0.7443

\5\?\
LN{h, 000)=3.064 - 0.3414 Ln(G*l:m.\

¥ = 0.9238

Ln{Rut Depth (h,) at 60° C, mm)
L ]
[ )

S}
w

y o X
Ln(G*/sin & at 60° C, Pa)
Fig. 9. Rut depth vs. binder G*/siné for modified asphalts



Ln(h,/NF=2.559 - 0.8022 Ln(n,”)
r? = 0.5671

Ln(h /NP at 60° C, mm)

Ln(n,” at 60° C, (dPa.S)P

Fig. 10, The plot of Ln( h n/N®) vs. Ln( 2,%)
for modified asphalt binders

that all rut data in different wheel passes can
be expressed into a single equation.

Finally, Eq. (15) is tested for the same rut
data in Tables 1 (rut data for unmodified
binders) and 2 (rut data for modified and
unmodified binders) to examine any difference
those obtained by
equations in the previous

simplified
These
regression results are exhibited in Figs. 11 and
12. Satisfactory outcome in those figures relative
to Figs. 4, 5, 6. 7. 8, 9, and 10 prove good
validity of Eq. (15) for high temperature grading
of both modified and unmodified binders. This
means that a
viscoelastic parameter, Eq. (15), is the proper
grading equation., which agrees with theories

from results

section.

rigorous equation with a

derived.

4. CONCLUSIONS

It has been shown that current grading
methods (penetration. viscosity, and performance
grading) fail

to provide proper grades for
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Ln(h,/NP=0.788 - 0.3482 Ln[(G*/sin8)")
= 0.9872

La(h /NP at 60° C, mm)
N

1 2 3 4 5 6
Ln((G*/sin®)P at 30° C & 1 Hz, (Pa)P)

Fig. 11. Relationship between Ln ( h/N¥) and
Ln { G*/sin8)? for neat asphalts

Ln(h,/N%=0.6624 - 0.2150 Ln[(G*/sin §f]
* = 0.9631

Ln(h /NP at 60 ° C, mm)

5 4 -3 -2 -1 0 1 2
Ln((G*Isin §at 60° C, (Pa)®)

Fig. 12. Plot of Eq. (17) for full-scale field rut depth
for modified binders.

modified binders. To resolve the problem, first, a
viscoelastic parameter has been defined to cover
both viscous and viscoelastic properties. Using
this parameter in place of viscosity in the rut
depth expression, a new grading theory both for
modified and unmedified asphalt binders has
been suggested. The laboratory wheel ‘tracking
data and the full-scale accelerated field test data
are utilized to

prove effectiveness of the



equation. Successful prediction of those data by
the equation promises construction of a new
unified  high grading both for
modified and unmodified binders in the near

temperature

future.
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