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A few years ago the term '"rheology' (flow) was familiar to
only a few scholars and researchers; the term embraces the whole science
of material mechanics -- elasticity, viscosity, creep, and relaxation. In a
simpler sense, however, paving asphalts (bitumens) are glues or cements
which hold aggregate particles together; if the glue were ideally elastic (Hookean),
it could be represented as being analogous to a simple spring; but, inasmuch as
bitumens are semi-solids and exhibit properties of both solids and liquids - -
that is, elasticity and viscosity --, tractive or cohesive resistance necessarily
becomes an extremely complex combination of mechanical moduli, temperature
and time. A rheological model is, therefore, conceptually, a complete
mechanistic analog of the behavior of a real material. Rheological coefficients
are ultimately applicable to the design of paving mixtures and pavement structures.
Although the ultimate objective has not yet been achieved, the true nature and
quality of bituminous cements is best described in tese terms -- for example,
there is considerable interest nationally in developing specifications in which
asphalt cements will be designated according to ranges of viscosity. The report
submitted herewith relates interim progress toward these objectives.

Mr. Mossbarger resigned from the Department June 30, 1966;
Dr. Deacon rejoined our research staff last August and has continued the study
to its present stage. The report, of course, reflects their joint authorship and
individual dedication. The investigative work continued while the report was in
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preparation. Additional measurements at low temperatures are either in
progress or are planned.

Special attention is invited to the rational treatment of viscosity
coefficients and to the evident necessity of discreet obedience to discrete de-
finitions and measurement techniques. The curve-fitting technique employed
in the viscoelastic analysis is thought to be somewhat original and may be use-
ful in analyses of other types of data. The time-temperature superpositioning
technique summarily partrays the viscoelastic character of a material through-
out a given range of temperature.

The report does not require any Departmental action at this
time; it is being issued as reference information and is somewhat pertinent to

matter of viscosity-grading of asphalt cements, as mentioned previously.

Respectiully submitjed,

Jas, H. Haveuns
Director of Research
Secretary, Research Committee

JHH:em

Attachment

cc: Member, Research Committee
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PREFACE

The Kentucky Department of Highways in cooperation with the
Bureau of Public Roads is conducting a continuing investigation
of the fundamental mechanical properties .of flexible pavement
materials. The ultimate objective of this investigation ‘is to
gain sufficient knowledge of the fundamental mechanical behavior
of these materials to support the establishment of a responsive
- flexible pavement design procedure.

A preliminary report (1), issued in 1964, contained the -
results of the preparatory phase of this investigation. This
report summarized from a theoretical point of view efforts that
had been made to quantify the mechanical response of viscoelastic
materials to known conditions of loading, In addition, it
described the development of a rotating coaxial cylinder viscom-
eter which was designed to measure the creep response in shear
of solid or semi-solid bituminous materials. The usefulness of
this viscometer was verified by testing a rubberized asphalt
cement at several temperature and torque levels, It was found
that rubber, when added to the asphalt cement in significant
quantities, tended to increase, at the higher temperatures; the
steady-state viscosity, the stiffness, the retardation time of
the viscoelastic response, and the complexity of flow,

The current report summarizes results of a second phase of
the continuing investigation in which the preparatory efforts

have been expanded to encompass the creep testing of 13 asphalt
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cements in a second rotating coaxial cylinder viscometer. ’The
13 asphalt cements were selectédgto represent a variety of crude
sources, penetration grades, and manufacturing processes. Design
and construction of the viscométer, which were accomplished .as a
portion of this pha§e, reflect the basic features of the earlier
viscometer modified on the Basis of the recommendations contained
in the first‘réport_(lg.

In analyzing the data reported herein, efforts were made
to apply existing theories for siﬁple ideal materials such as the
Newtdnian.liquid.ahd the Bingham piéstic whenever these theories
produced results. in reasonable accord with the actual data. “In
many instances, however, it was necessary to combine these simple
theories with somewhat more complex concepts of linear viéco-:
. elasticity in order to -adequately characterize the deformation

properties:of the materials.
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INTRODUCTION

In the past; flexible pavement design procedures have been
based largely upon empiricism; that is, empirical correlations
between observed pavement performance and.various traffic,
pavement, and other parameters thought to. be significant with
respect .to their effects. on paVement.performance.“,Recently, however,
emphasis has shifted to analyses of stresses, strains, and deflec-
tions in the pavement structure (2,3). Thé;basic-intent is to
limit the ‘magnitudes- of the critical stresses, strains, and deflec-
tions to levels below those thought to cause distress, Because of
this emphasis on the mechanical behavior of the pavement structure
‘and on the concept of critical levels of stresses and strains, this
more fundamental approach is not unlike that commonly employed in
conventional structural analyses.

There ‘are at least five major determinations to . be made befare
the theoretical approach can be translated into a design criterion,
These include:. (1) the development of a suitable technique for com-
puting .the mechanical response of ‘a pavement structure to highway
loads; (2) :the adoption of standard methods of test for meaSuring
the pertinent mechanical properties of ‘the component layers; (3)
“.the identification of. those critical stresses, strains; and deflec-
tions which.control the development of various forms of distress;
(4) the establishment-of tolerable levels of these critical
stresses, strains,. and deflections; and (5).a characterization of
- the loading and-environmental variables;"It‘is‘toatheffirst*two of

these determinations that -this - continuing study is being directed.
-1- ‘
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The most suitable technique currently available for computing
the -mechanical response of a pavement .structure.:to highway loads
appears to be that which -embodies the classical concepts of
elastic analyses.. Solutions are currently,available for the com-
putation of stresses, sFrains, and deflections in multi-layered
elastic-systems (4-6). These solutions have been found to approx-
imate .the behavior of pavements in service.particularly for small
stresses, short durations of loading, and. limited strains or defor-
mations (2, 7, and 8). However, the constituent materials which
comprise a flexible pavement system are known to exhibit time-de-
pendent mechanical behavior, the. time-dependent character of which
'is not directly compatible with the doctrines of elastic theory,

This apparent incompatibility between the time-dependent
mechanical behavior of the constituent materials in a‘'pavement
structure and the time-independent assumptions of elastic theory
has turned the attention.of several researchers: to theories of
mechanical ‘behavior which encompass the times=dependent domain,
Of ‘particular:significance. is the theory of linear viscoelasticity
which, despite being relatively new in its application to pavement
matefials,\offers some promise in this regard.. The major attention
has focused on-investigating convenient mathematical representations
of viscoelastic behavior - and :on. developing methods: to measure this
behavior., .Suitable.- techniques.for computing the mechanical response
of a viscoelastic- pavement structure to highway. loads. are. generally

unavailable though some preliminary work has been accomplished
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The ‘general mechanical response of linear viscoelastic
materials has been adequately.reviewed: (15-18). Ferry (1l9)has
discussed suitable techniques for measuring viscoelastic be-
havior and has. pointed out difficulties which  often-arise in
instrumentation,

In 1944, Traxler et-al, (20) investigated the flow character-
istics:of several asphalts from different sources and processed
by various methods. They used a- rotary viscometer and found that
some .asphalts do exhibit complex flow. characteristics, the com-
plexity being-evaluated by the . slope of a double logarithmic
plot of stress:against rate of strain. .Van Der Poel (21, A&)
studied. the mechanical behavior of bitumens under:both static
and dynamic test conditions and presented the . results in terms
of static: and dynamic stiffness moduli which were defined to be
the ratio of .stress to strain:and the ratio of the amplitude of
alternating stress:to that of strain, respectively. His results
indicated, as-.stated earlier by Saal (23),that the-classificatidn
of bitumens, ‘according to . their rheological .properties:at normal
temperatures; can.generally be divided into .three groups: (1) those
that behave ‘entirely or almost entirely as :Newtonian liquids, (2)
those which show elastic effects upon initial deformation and
Newtonian.flow: thereafter, and (3) those which show.almost complete
resilience after comparatively slight deformation: and for greater
deformations,cease-to;exhibit.proportionality.between”stress and
rate of strain. Brodnyan (24), Gaskins et-al¢-(25); and Brodnyan

“vet al, (26) investigated several different asphalts representing



b
a wide variety of industrial stocks and found that asphalt behavior
is very similar to that of concentrated solutions of high polymers,
that is;, typical visceoelastic hodies., Corresponding studies by
others. (27-30) have indicated similar results,

Application:of viscoelastic techniques  to the study of

"bituwuinous. mixes has also been attempted, Wood: and Goetz (g&}'

.studied a sandzasphalt mixture subjected to.static loading, They

‘found that- the:mixture exhibited instantaneous.elastic deformation,

retarded elastic deformdtion, and flow., Upon.removal of load,
instantaneous . elastic recovery.was.obtained, Pister and Monismith
(32)reviewed. the.limitations. imposed. by elastic -analyses of flex-

ible pavements, and presented experimental data .verifying the

‘viscoelastic nature of bituminous mixes, They  also itlustrated

the”usewof.mechaniﬁalqmod@lsfﬁo describe,viscpeiaSﬁic behavior
and:showed.:the_fﬁrmulation:iand;:scxlution'of.boundaa‘cy_vélue.problerﬁso
In a later publication, Secor and Monismith:(33) analyzed triaxial
test”data;obtained on - an asphait:concrete-mixture.and:guggest@d a

simplified mechanical model.vepresenting its visvoelastic respense,

‘The results-of Baker and-Papazian (34) indicated that elastic

theory is-satisfactory far.smali-duraﬁionSiof time;‘hwwgVers they

suggested that:a more systematic and less.empiricail approach'ﬁaf be
.

obtained by considering the. behavior of fiexibie:pavements'to cone-

sist . of both elastic and viscoelastic components, . Papazian (35)

presented .a general review of linear wviscoelastic theory and

.applied-it: to a:.study of asphalt concrete, He discussed the con-

‘cept.of complex wmaterial moduli, determined under. dynamic test

- conditions, and -illustrated methods for correlating dynamic with



static test results,

Recently, advances.have been: made in the .application of
viscoelastic concepts to.the:study ofsoils (36-41) which
indicate that some soils:exhibit*viscoelastic: properties.

As stated earlier,.it is necessary to fully understand the
"mechanical behavior.of the. constituent materials in order to
predict the.mechanical: response: of the pavement structure. For
this reason, attention has first:been directed toward a study of
the mechanical. behavior. of asphalt cements. This report summa-
rizes the work that-has been directed to this phase of the study.,
The foregoing literature review dictated, in large measure, the
épproachzthat-was‘takeno' The: total mechanical behavior had to
be analyzed: various-common measurements:of consistency such as
apparent viscosity and .penetration. would'not suffice since they
are point measurements and. greatly: dependent: upon the use of stan-
dardized test procedures: and:-conditions, The rotating coaxial
éylinder‘viscometer‘enabled the accumulation of data for a wide
range of temperatures and stress levels and loading times which
extended -into the equilibrium or steady-state flow regime. This
viscometer was also particularly suitable for an analysis of the
total flow behavior based 'on a model. of. the type illustrated in

Figure 1 or simplifications thereof,
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Figure 1. General Mechanical Model Applicable to
Rubberized Asphalt Cements (1).



THEORETICAL CONSIDERATIONS
The creep behavior of certain ideal materials in the rotating
coaxial cylinder viscometer can be readily determined. It is
convenient first, however, to investigate the states of stress
and strain in the viscometer when a constant torque is applied.
A cross section through a rotating coaxial cylinder viscometer
of the type employed in this study is depicted séhematically in

Figure 2, While testing, the cup is held stationary and a torque

Rotating Bob

Stationary Cup

Figure 2, Cross Section through Rotating
Coaxial Cylinder Viscometer,

is applied to the rotating bob. The resulting shear strain and
rate of shear strain within the test material are given by the
following equations (1, 42):

y(r,t) = -rae(r,t)/sr (1)



and

i(r,t)

where 1

t

Y(I‘,t)

o(r,t)

(r,t)

w(r,t)

~row(r,t)/or (2)

distance from axis of rotation to a point within
the test material

elapsed time from beginning of test

shear strain in test material at distance, T,
and time, t

angle of rotation of a point in the test material
at distance, r, and time, t, which is a function
of both the angle of rotation of the bob relative
to the cup and the response of the material to
shear stress

dy(r,t)/at rate of shear strain in test material
at distance, r, and time, t .

3s(r,t)/ot angular velocity within test material
at distance, r, and time, t.,

The shear stress resulting from the application of a constant

torque is described by the following equation:

S(r) = T/2nr2L (3)

where S(r)

T

L

STEADY-STATE

shear stress at distance, r
constant torque applied to the bob

the length or height of the annulus of test material,

LIQUIDS

The behavior of certain ideal liquids is such that a steady-

state flow condition is reached instantaneously after load appli-

cation and the rate of strain is dependent only on the shearing

stress., This behavior may be described in general by an equation



of the following form:

4= £(S} | (4)
where f{S} = some time-independent function of stress,
When these materials are tested in a rotating coaxial cylinder
viscometer, the rate of shear becomes:

¥(r) =-rdw(r)/dr, (5)
Combining Equations 4 and 5, the following equation is obtained:

£{S(r)} = - rdw(r)/dr. (6)
Assuming no slippage occurs at the surfaces of the bob and cup,
Equation 6 Yields upon integration the following expression

for angular velocity at a point:

i d
-/ £{S(1)} ?§ | | (7)

)

w(r)

where a, = radius of  the stationary cup.

For the rotating coaxial cylinder viscometer, Equation 7 becomes:

.
w(r) ==/ f[ — ] T ®
aZ 2nr°L °
Using the relationship, dr/r = - dS/2S, which was derived from

Equation 3, a change in the variable of integration of Equation

8 yields:
S - (9)
NEIRE SPAIEL -1
S S
2
where Sr = shear stress at radius r

S

shear stress at the inner wall of the cup.
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The angular velocity of the bob relative to the cup can be
obtained by selecting appropriate limits of integration in

Equation 9 as follows:

S
9=w(31)=;‘ é1.f_.{.§5;.1,. as (10)
)

where 2 = angular velocity of the bob relative to the cup

S1 = shear stress at surface of the bob,

Since the angular velocity, @, is constant for steady-
state liquids, the angle of rotation of the bob relative to the
cup is given by the following equation:

0 = Qt (11)

angle of rotation of bob relative to cup

where 0

t elapsed time,

Equations‘lo;and 11 yield the desired relationships for
describing the behavior of ideal, steady-state liquids when
subjected to a constant torque in a rotating coaxial cylinder
viscometer. The first of these ideal liquids to be examined

in detail is the Newtonian liquid.

Newtonian Liguid

.The basic flow equatibn for a Newtonién liquid is:

Y= £(S) = S/n (12)
whefetn = éoeffidient of viscosity,
Substituting Equation 12 into Equation - 10 one obtains upon

integration
Q@ = CT/n (13)

R = L 2 142
where C il (l/a1 - l/a2 ).
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The quantity, C, represents an instrument constant which is
dependent upon the dimensions of the annulus of liquid. The
angle. of rotation as a function of time can be found by com=-
“bining Equations 11 and 13 as follows:

® = CTt/n. (14)

The rate of shear is found by substituting Equations 3
and 13 into Equation 12 and is given by

20
1/1%, | (15)

y (1) =
; 2 _ 2
l/a1 l/a2

The average rate of shear becomes:

2a.a
o 2
y (av) = 21 | @ (16)
a,” - a,
where ¥ (av) = average rate of shear,

Figure 3 depicts the flow behavior of a Newtonian liquid
in terms of the measurable parameters of the rotating coaxial
cylinder viscometer. To evaluate the coefficient of viscosity
for‘a Newtonian'liqﬁid, sufficient tests should be performed to
enable the constructioﬁ of cﬁrves similar to those shown on
Figure 3., The coefficient of visﬁosity can be‘readily determined
from the slope of the straight line ¢f Figure 3b,

Bingham Plastic

The basic flow equation for a Bingham plastic is

g = 0  for s‘i'sy (17a)
and , - . ‘
s - s _ , . , fa
¥ 5 e _ for S » 8 | | (17b)
where. S, = yield stress

coefficient of plastic viscosity.
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Figure 3. Flow Behavior of Newtonian Liquid in Rotatinly
Coaxial Cylinder Viscometer,

Flow occurs in these materials only when the applied shearing

stress exceeds the yield stress. For this reason it is

necessary to consider three distinct conditions of loading when
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a Bingham plastic is sheared in a rotating coaxial cylinder.
viscometer,

The first condition occurs when the applied torque is so
small that the maximum shear stress (at the surface of the bob)
is less than the yield stress. For this condition no flow occurs

and

Q =0 for S, <'S or (18a)

1 4

T < 2na)’Ls,.

The second condition occurs when the yield stress is bracket-
ed by a lower applied stress at the surface of the cup and a
higher applied stress at the surface‘of the bob? Flow occurs
only in- that 1ayéf of material located between the surface of
the bob and a critical radius, r. = (T/ZwLSy)l/Z. "The material
located between this critical radius and the surface of the cup

remains stationary. The angular velocity of the bob relative to

the cup is. then given by:

S
a= 711 féél ds (19)
Sy

which upon evaluation yields:

1 T T
= = S = S 1IN | e
R 2na. %L, YV \2rallLs (18b)
) hi) 1 nal y
for S1 > Sy > S, or
2 2LS < T < 2 2LS
"al y = 1Ta2 yo
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The third condition occurs when the applied stress at the
surface of the cup exceeds the yield stress and flow occurs

throughout the annulus of the material. The angular velocity

becomes
S a,
o= S . X (-2 for S, < S, or (18¢c)
n: n
P p A1

T > ZnaZZLS

o

Y

The angle of rotation of the bob relative to the cup is
simply the product of elapséd time and the apéropriate angular
velocity of Equation 18,

Figure 4 depicts the' flow behavior of a Bingham plastic in
terms of the measurable parameters of the rotating coaxial

P
sufficient tests should be performed to enable the construction

cylinder viscometer, To evaluate the constants, n_ ‘and Sy’

of curves similar to those shown on Figure 4. The coefficient

of piﬁstic viscosity can be readily defermined from the slope

of the inclined, straight-line portion of Figure 4b, The yield
stress is best determined from the intercept at point B of Figure
4b, It can also be estimated from the torques corresponding fo
points A and C. These torques are related by the following
equation:

TA/TC = (al/az)zo (20)

Other Steady-State Liquids

The preceding analysis demonstrates the procedures used for
predicting the behavior of certain steady-state liquids, namely,

the Newtonian liquid and the Bingham plastic, in a rotating
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coaxial cylinder viscometer, While other steady-state liquids
do not exhibit the same linear relationship between rate of shear
strain and shear stress as do these materials, the procedures for
deriving the equations which predict their behavior in this vis-
cometer remain essentially the same and, hence, are not included
herein, At the same time, it is useful to define the basic flow
equations for several of these materials and to present the
equations describing their behavior in the coaxial cylinder vis-
cometer,

Pseudoplastic liquids obeying the power-law relationship (43)

are described by the following basic flow equation:

Y = (/1010 (21)
where k = a material constant related to the consistency of the
liquid _ :

n = a material constant assuming values less than one,

The non-Newtonian properties of these liquids become more pro-
nounced as n diverges from a value of one, Their behavior in
the rotating coaxial cylinder viscometer is described by the
following equation:

1/n 1/n
o - n(2/k) (CT) . (1/a12)

'(1/312 i 1/azz)l/n

1/n

(1/aéz) . (22)

1/n ;

The.pseudoplqstic liquids have no yield stress and the ratio of
shear stress to rate of shear (the apparent viscosity) decreases
with increasing shear rates,

Another of the steady-state liquids is the dilatent liquid

which conforms to the same power-law flow equation as pseudoplastic
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liQUids (Equation 21) with the exception that n exceeds the value
of unity (43), Dilatent liquids exhibit no yield stress but, in |
contrast to pseudoplastics, their apparent viscosities increase
with increasing rates of shear,

The final steady-state liquid to be considered is one con-

forming to the following basic flow equation:

= (S/n;) [1+ (5/G,)] (23)
where n; ® visco<ity constant defined as the limiting value
of S/%
G; = constant with dimensions of stress (termed the

1 ”
internal shear modulus),

This equation has been employed by Ferry (42) to describe the
behavior of polymeric systems at low rates of shear, The angular
velocity for a creep test in the rotating coaxial cylinder vis-

cometer is given by the following equation:

a
1 CT 1

Q = (CT)
nj
The basic flow properties of the various steady-state liquids
are graphically compared on Figure 5. Figure 6 depicts the.type
of behavior experienced when testing these materials in the
rotating coaxial cylinder viscometer, It is recalled that,
because of the steady-state nature of these liquids, their angles
of rotation in the viscometer are linear functions of elaﬁsed

time,
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Pseudoplastic
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Shear Stress, S

Figure 5. Flow Curves for Various Steady-State Liquids,

Dilatent
i Newtonian

/// Pseudoplastic
JBlngnam

7 Ferry

/
/

Angular Velocity, Q

Torque, T

Figure 6. Flow Behavior of Various Steady-State Liquids
in Rotating Coaxial Cylinder Viscometer.,
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. VISCOELASTIC MATERIALS

When steady-state .liquids are subjected to a constant torque
in the rotating coaxial cylinder viscometer, a linear relation-
ship is observed between the angle of rotation and time; that is,
the angular velocity is indepehdent of time. In contrast, a
liquid for which the angﬁlar velocity is dependent on elapsed
time may be called a non-steady-state liquid. Such liquids may
exhibit either thixotropic or rheopectic behavior depending upon
whether the shear strains-cause a respective breakdown or for-
mation of internal structure. However, neither of these two
basic.types of liquids possess properties of instantaneous and
"retarded elasticity and, upon load removal, elastic recovery,

To- describe- this somewhat more complex behavior, it is
necessary to consider materials which simultaneously possess
both elastic and viscous properties, that i§,_viscoelastic
materials. Of particular interest is the special case where the
ratio of-stress to strain is a,fﬁnction'oﬁ1y 9f elapSed time‘aﬁd
not of the stress magnitude, Viscoelastic materiéls demonstrat-
ing this property are termed'lineaflahd are of primary importance
“since their mechanical behavior is mathematically tractable,

A linear viscoelastic mafe?iai'may be visualized in terms of
the generalized Voigt body of Figufe 7 (43). This mechanical
‘moaei islcomposédiofasefiés'of'élements, each of which consists
bf a spring.aﬁd é:&ashpot whiéh éréﬁconnected in para11e1°E The
relationshib_bétweeﬁéffaih‘and Stress fof a Eonstant streés or
ﬁreeﬁ test-is-éstblloWsﬁ o | |

_ o .

¥(t) = S, kzl Jk‘ [1 - exp(-t/7})] ' (25)
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Figure 7. Generalized Voigt Body.

shear strain at time, t
constant shear stress-
compliance (1/Gy)
viscosity coefficient
retardation time (nk/Gk)

elapsed time _
shear modulus (rigidity modulus)
number of elements.

The generalized Voigt body represents a linear viscoelastic

material with a discrete spectrum of retardation times. As the

number of elements in this model approaches infinity (that is,

n + «), the stress-strain relationship for a creep test may be

more conveniently specified in terms of the following:
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Y(t) = S,/ J(r) [ 1 - exp(-t/1)] dr (26)
. o . . . - o _

where J(t1)
T

compliance. distribution function
retardation time (continuous varlable)

This concept of.a distribution of retardation:times simpiifies
the mathematical approach since the.mechanicalhbehaviof Of'fhe
material can be:described-in' terms of the compliance distribution
function, J(1).

The relationship between angle of rotation and time for a
linear viscoelastic material subje&ted to.a constant torque .in
the .coaxial cylinder viscometer.can be derived using Equations 1,
3, and 25 and is given :by :the following expression:

n .

- o(t) = kz. CT.Jk [1 =~ exp(-t/Ti)]. 5 . - .(27)
_ 1 :

1.

The'cofresﬁonding angular velocity is

a(t) = %%iﬂ mkzi k [exp( 't/‘rk)], (28)

The creep function,¥(t), for a*linear viscoelastic material
is defined-as the. ratio of strain.to'stress when the material is
subjected to. constant: loading." Thué,rfrom Equation 25, the

'creep function is

n _ _ :
= = . b - - ) "
Y(t) Y(t)/S kil J, [1.- exp( t/7,)] (29)
.where- ¥(t) = creep function,
But, from Equation 27,
0(t)/CT = L. Jk[l w'exp(‘gt/Tk)],lﬁ (30)

k=1
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On the basis of Equations 29 and 30, the creep function for a
linear viscoelastic material may be evaluated usingthe coaxial
cylinder viscometer in the following way:

¥(t) = o(t)/CT. (31)

OTHER MATERIALS

There are other engineering materials whose mechanical
behavior may best be characterized'by a series combination of an
elastic element (spring), a viscous element (steady-state liquid),
and a viscoelastic body (generalized Voigt body). When these more
complex materials are subjected to a constant torque in the
rotating coaxial cylinder viscometer, a creep curve similar to
that illustrated in Figure 8 is observed. The total angle of

rotation of the bob relative to the cup is depicted by curve 4,

4

2]

Angle of Rotation,

Time, t

Figure 8, Creep Curve for a Material Exhibitting
Instantaneous Elastic Deformation,
Retarded Deformation, and Steady-
State Flow,
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Each ordinate. on this curve may be  considered to equal the sum
of the corresponding ordinates on' the remaining three curves.

The equation of curve 1, which represents an instantaneous
elastic deformation, 1is

0, = CT/Go . (32)

where G, = elastic.shear modulus.

Curve 2 represents.the steady-state flow behavior. of a steady-
state liquid. Its:'equation is

6, = .t (33)

2

where @, = the steady-state: angular velocity given by Equation
13, 18, 22, or 24,

From' Figure 8 and Equation 33, the steady-state portion of the
angle of rotation:is seen tot1inear1y'increase’with,time. Curve
3 represents the.retarded-elastinflow.of-the viscoelastic com-
ponents. Equation 27, therefore, specifies the shape of this
curve,

The total angle of rotation (curve 4) can be computed as

follows:
@ =07+ 0, + 03 (34)
or
n
e-=‘CT/GO + not + T CT Jk[l = exp(.@t/rk)]n: (35)
x=1

Equation: 35 represents a general flow equation describing the
response of a wide varietY‘of engineering materials to creep
loading in a rotating coaxial:cylinder viscometer., The param-
eters of Equation 35 may be evaluated:for-a specific material by
obtaining 6-t curves from a suitably designed creep test program,
The procedures recommended for this type of evaluation are dis-

cussed: in subsequent sections.






APPARATUS, MATERIALS, AND PROCEDURE
APPARATUS

The rotating coaxial cylinder viscometer is a modified
version of one used in the preliminary phases of the study (1).
Its function is to epply a creep stress in shear to an annular
specimen of solid or semi-solid bitumen over a wide range of
stresses and temperatures., Figure .9 shows the viscometer and
related equipment assembled for testing,

As depicted in Figure 10, the viscometer consists of an
inner cylinder (or bobj and an outer cylinder (or cup) which are
mountea concentrically to form an annulus. This annulus is
filled with the test material which is subjected to shear
stresses by applying a torque to the bob. The bob is rigidly
attached to an axle or spindle which is supported by a ball
bearing at the upper plate of the apparatus. The torque is gener-
ated by the suspension of weights from the drive pulley at the
upper end of the axle. Tn eliminate bending in the axle, equal
weights are suspended over diagonally opposite idle pulleys,

The angle through which the bob rotates is measured by a
rotary variable differential transfbrmer, type R3B2S, manufac-
tured by SchaevitzEngiheering. This device produces a voltage
having a magnitude which waries linearly with the angular position
of its shaft foi1 a range of *+ 40° from its null position. The
voltage is monitored with a Sanborn, Model 321, carrier-amplifier
recorder, An appropriate scale and vernier are also provided above

the drive pulley tor visual checking and calibration,

~25~
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Figure 10, Rotating Coaxial Cylinder Viscometer without Weights
(Large Cup and Bob).
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"In-order-tO'ﬁrovide“a wide .range of shear rates, two different
cup-and-bob assemblies are used. ' For testing the less viscous
asphalts, the large cup.and bob' shown-in Figure 10 may be used,
The small cup and bob: shown. in Figure 11 are used for testing more
viscous materials.. For equal weights of the suspended loads, a
lower shear rate is attained with the large cup=-and-bob assembly,

Figure 12 shows the components of the .large cup-and-bob
assembly. The stainless steel bob contains. a hardened stee1;760°
conical bearing point which-bears on a hardened steel cap screwed
into the steel base plate, The cap contains -a conical depression
which- receives the bearing point of the bob, This bearing
arrangement is essentially free:of friction and provides an
excellent means for centering the bob,

During assembly the amalgamated brass-ring is placed within
the groove of the base plate, The stainless steel cup also fits
within the groove and bears lightly against its outer edge. The
bob extends into the groove-of the base plate but bears only on
the hardened steel bearing cap. Sufficient clearance is provided
between' the bob and the brass ring and between the bob and the
base plate to -insure freedom of rotation. When assembly is com-
pleted, mercury is poured into the annulus until ‘its level 1is
slightly above :the lower..edge: of the bob. This prevents the test
‘material from flowing beneath the bob and provides a completely
"fluid, floating .bearing for the specimen which virtually
eliminates end effects due-to adhesion,

The pouring mold shown in Figure 13.is used to fill the

annulus of the' large cup-and-bob. assembly with heated asphalt,



Figure 11. Rotating Coaxial Cylinder Viscometer with Weights
(Small Cup and Bob),

Havdensd Sieel Reaving Foint

. Brass Ring

Figure 12, Large Cup-and-Bob Assembly.
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Figure 13. Pouring Mold Used with Large Cup-and-Bob Assembly,

‘Tardened Steel Bearinx foimc

Brass Buse pPlat

Figure 14, Small Cup-and-Bob Assembly. -
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This mold, which is constructed in two semi-circular sections,
is supported by and ‘temporarily mdunted_on-the.bob;' It§ narrow
discharge opéning (3/32 inch), which is centered over: the annulus,
permits: the annulus to: be progressively filled from the bottom to
the top. This eliminates the necessity,for‘héating the cqp-and-
bob-assembly:(which,would;be;hazardousxdueuto the presence of
merCer)'and-preventS'the;inclusion ofxvoids‘within'the'speci-
- mens., |
Components-.of .the small cup-and-bob-assembly are shown in

Figure 14, The cup'andabob-areumade“of-stainless steel and the
base-piate-of’brassi"The cup3 bob;'and:base.plate-are'assembled‘
in:much the same manner as for the larger assembly with the
exception that:nO'brass ring is used. ‘A pouring mold 1is
pnnecessary due ‘to. the increased thickness of the‘anm.ltlus°
| The two different cup-and-bob assemblies were constructed
in order to extend:the: range. of shear rates. ~Simi1ar1y, two
drive pulleys, which differ'in.diameter, were constructed in
order to provide two:different torques. by the suspension of a
“1oad;of*constant‘wéight.'“Theglargefpulley has'an effective
diameter of 7,87S-ihche5'and:the:sméll.pulley, 3.875 inches.
The idle pulleys may:be.properly aligned with either of the two
drive pulleys. Proper use.of these:pulleys: eliminates the
'-necessity for suspending either:excessively. large or excessively
small weights from the loading system.

"Cups and bobs for .both assemblies are provided with 1/64-
inch-deep vertical grooves  extending:.their full lengths. These

"grooves prevent the formation of slippage.surfaces.at-the inter-
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faces due to insufficient adhesion between the cup or bob and the
specimen. The effective dimensions of the cups, bobs, and

specimens are shown in Table 1.

TABLE 1

EFFECTIVE DIMENSIONS OF CUP, BOB, AND SPECIMEN

Item Small Assembly Large Assembly
Cup
Diameter (in.) 2,005 7,741
Height (in.) 2,023 1.115
Bob
Diameter (in.,) 1,235 7,365
Specimen
Thickness (in,) 0,385 0,188
Height (in.) Variable, Variable,
2,023 Max, 1,115 Max,
MATERIALS

The 13 asphalf éements used in this study were selected on
the basis of the following factors: (1) crude'source, (2)
penetration grade, and (S) manufacturing process. Table 2
classifies the asphalts on the basis of these three factors,
The asphalt numbers are identical to those u;ed by the Bureau of
Public Roads (44, 45) with the exception of asphalts Pﬁ=103 and
PR-132 which were not evaluated by the Bﬁreauo However, the
asphalt samples were obtained from current production runs for
which the refining processes and crude sources may have been
slightly altered, Therefore, direct comparison between the
-results of this study and those of the earlier studies (44, 45)

must be avoided.
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TABLE 2

CRUDE SOURCES, PENETRATION GRADES, AND
MANUFACTURING PROCESSES FOR ASPHALT CEMENTS

Asphalt Crude Penetration Method of 1
Number Source Grade Manufacture
3 Mexico 85-100 S
13 Venezuela 85-100 V,S
45 Arkansas 85-100 V,S
53 Midcontinent 85=100 V,0
67 Texas 85-100 \Y
71 Midcontinent 85-100 v,P,B
72 Oklahoma 85-100 v,P,0,F
91 California 85-100 v,S,B,0
116 Wyoming 85-100 \Y%
127 Venezuela 60-70 V,S
200 Venezuela 120-150 V,S
PR-103 Unknown 1412 -3
PR-132 Unknown 247 -3

V = vacuum distillation, S = steam distillation, 0 = blowing
(oxidation), B = blending (different grade asphalts), P = pro-
pane fractionation, and F = fluxing (heavy oils),

2Test values,

3Petroleum pitch residue derived from cracking petroleum
feed stocks for the production of ethylene,

Essentially six different crude sources based on geographical
location were studiedl° To investigate the variation in mechanical
properties as related to penetration grade, three different
grades (PAC-3, PAC-5, and PAC-7) from the Venezuelan crude were
studied, Attempts were made to obtain samples which represented
straight-run distillation, straight-run distillation with air

blowing, and cracking manufacturing processes., As seen in Table

lThese included Midcontinent, Gulf-Coastal, Rocky Mountain,
Californian, Mexican, and Venezuelan crudes.,
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2, the asphalts are representative of the first two of these
“three. processes. Asphalts manufactured by the cracking process
were not available for testing. However, asphalts PR-103 and
.PR-132 were included in the test program since their properties
.are similar in nature to those of crackea asphalts despite their
somewhat.greater temperature susceptibilities,

The results of standard laboratory tésts performed on the
asphalt cements are presented in Table 3. The 85+«100 penetration
grade asphalts exhibited essentially similar properties. with the
exception of the low Saybolt Furol viscosities of asphalts 91
and .116. The thin film oven loss was somewhat high for asphalt
13 in :comparison to the other 85~1OQ penetration asphalts but
was .properly ordered . with respect to asphalts 127 and 200 which

were obtained from the same crude source'and refining. process,

TEST PROCEDURE

"Each asphalt was tested at temperatures of 39,2, 77, and
- 104°F, At each temperature, a minimum of three intensities of
torque weré'appliedn - These intensities Were chosen so as to
‘provide significant ahgular displacements in a reasonable period
of time. "In order to avoid possible effects of strain history,
‘a.new: specimen waé used for each increment of torque. A single
specimen was tested for each combination of temperature and
torque.

Table: 4. summarizes most of the testing reported as'a portion

.of .this study phase. Only' the small cup-and=bob assembly was

~employed for-these tests., The large drive pulley was used for




TABLE 3

RESULTS OF STANDARD TESTS ON ASPHALTS

Asphalt Penetration Ductility Softening Specific Saybolt Thin Film Oven Test
Number Point Gravity Furol
o \ (-] 3 3
100 gn 200 gm Pen, 5 cn/min 1 cm/min  CF) 77°F  Viscosity Pen. Res.
Grade 5 sec 60 sec ratio 77°F 39.2°F (sec) % Loss-F———7§—r
77°F 39,2°F 39,2/77 (¢m) (cm) en. Urig.
(.1 mm) (.1 mm) (%) , . (%)
3 85-100 87 43 49 ' 150+ 56 ’ 121 1.035 267 _ 0.27 63
13 85-100 88 31 35 150+ 84 125 1.032 253 0.73 37
45 85-100 = 92 29 32 150+ 30 114 1.020 189 +0,09 62
53 85-100 86 33 38 150+ 22 120 0,998 159 +0,28 67
67 85-100 90 41 46 150+ 14 122 1.031 215 0.06 59
71 85-100 90 22 25 96 48 112 1.005 146 +0.,02 64
72 85-100 95 37 39 150+ Z4 116 0.994 175 +0,54 58
91 85-100 96 25 26 150+ 150+ 111 1.013 84 0.09 69
116 85-100 88 28 32 150+ 8 113 1,023 76 0.03 53
127 60-70 60 29 49 150+ 16 - 119 1.033 348 0.65 50
200 120-150 122 40 33 150+ 110 113 1.032 250 1.26 40
PR-103 141 S0 35 - 110+ 106 1.167 22 10,98 5
PR-132 24 2 8 - . - 134. 1.163 43 7.54 0

_vg-



Asphalt Temperature
Number (°F)
All

Asphalts! 39,2

77
104

32 39,2

2002 39,2

PR-1322 39,2
77
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TABLE 4

TEST PROGRAM

Total
Load

(gms)

800
1,400
2,000

45
90
135
180

10
15
20
25

800
1,200
1,600
2,000

400
600
800

180
360
540
720

Approximate Shearing Stress

Maximum Averaﬁe Minimum
(d/cm2) (d/cm?) (d/cm?)
107,700 66,400 40,900
189,800 116,200 71,500
269,000 166,000 102,200
2,920 1,800 1,110
5,840 3,600 2,220
8,760 5,400 3,330
11,680 7,200 4,440
649 400 246
973 600 370
1,298 800 492
1,620 1,000 615
107,700 66,400 40,900
161,400 99,600 61,400
215,000 133,000 81,800
269,000 166,000 102,200
53,800 33,200 20,400
80,600 49,800 30,700
107,700 66,400 40,900
No Tests
11,680 7,200 4,440
23,300 14,400 8,900
35,000 21,600 13,300
46,700 28,800 17,800

1a11 asphalts were tested under these conditions with the

exceptions noted below,

2The tabulated data indicate

asphalts differed from the general testing program,

how the testing for specific
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tests at 39,2°F, and the small pulley was used at the remaining
two temperatures., The maximum and minimum shearing stresses noted
in Table 4 were located at the surfaces of the bob and cup,
respectively, and were computed using Equation 3. The average
shearing stress through the annulus of the specimens was' computed
as follows:

Sav = T/2na1a2L, (36)

The procedures for preparing the viscometer and specimens for
testing and for conducting the creep tests are described in
Appendix A. These procedures were prepared to guide laboratory
personnel by standardization.of the test methods.

After each set of tests was completed, arithmetic plots of
® vs, t and Qé vs. CT were constructed. These plots were
analyzed to ascertain the characteristics of observed flow

behavior. The detailed procedures of data analysis are more

fully described in subsequent sections.

1o is the steady-state angular velocity of the bob relative
to the cup. ‘



PRESENTATION OF RESULTS

Creep curves, which are plots of the angle of rotation of the
bob relative to the cup and elapsed tihe, are the basic form of
output from the viscometer. nThe graphs of such curves for
asphalt 72 are shown in Figure 15. These graphs are similar in
shape to those for all of the other asphalts and, therefore, may
be considered typical creep curves. One graph has been construct-
ed for each of the three test temperatures and an individual curve
has been drawn for each value of the CT producf -~ that is, each
level of shearing stress,. The scales for each of these three
graphs were chosen so as;to best represent the extent of testing
accomplished and, for this reasbn, are not identical., The curves
do, however, retain their same relativé shapes when identical
scales are used, i o

It is readily apparent that the compiéxity_of flow is
influenced by the test temperature. For the auration of each
test at temperatﬁres of 104°F and 77°F, a linear relationship
was observed betweentthe angle of rotation and time. In each
case, the experimental line may be assumed to pass through the
origin., This behavior ié indicative of steady-state flow., How-
ever, at 39°F a élight intercept with the angle-of-rotation axis
was observedl, a distinct curvature was noted fof small times,
and a linear condition was approached as the test progressed.

This behavior is similar to that depicted by Figure 8 which

1This is not readily apparent from Figure 15 because of the
scale that was used for this presentation.

=37 =
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represents a material exhibiting instantaneous elasticity,

viscoelasticity, and steady-state flow,

TESTS AT 104°F

Angle of rotation vs. time plots were constructed for the
tests at 104°F, The form of these plots revealed that all of
the asphalts exhibited steady-state flow behavior at this temper-
ature. The steady-state, angular velocity, @,, was then
determined from the slope of the linear 0-t plot for each test
condition., Figure 16 shows the relationship between thk steady-
state velocity and the CT product for each of the 13 asphalts,
The curves of this figure show distinct linear relatioﬁships
with extrapolated intercepts on the CT axis., Comparing this
observed behavior with that summarized in Figure 6 for various
ideal, steady-state liquids, it is concluded that each of the
asphalts behave essentially as Bingham plastics at 104°F., The
flow behavior of an ideal Bingham plastic ‘in.a rotating coaxial
cylinder viscometer is more clearly depicted in Figure 4.

After the manner suggested in Figure 4, the yield stress,

Sy’ and the coefficient of plastic viscosity, np were

’
evaluated for each of the asphalts. The results of this

evaluation are presented in Table 5. The yield stresses are

quite small and range in value from 108 dynes/cm2 to 216'dynes/cm2°
Since the minimum applied shearing stress of 246 dynes/cm2
(from.Table. 4) . exceeded ‘all yield stre§ses, flow occurred
~throughout. the annulus of the materiai:and'Equation 18c adequately

.descr#bes the flow behavior,
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TABLE 5
MATERIAL PARAMETERS EVALUATED AT 104°F

Coefficient of

Asphalt Yield Stress, S Plastic Viscosity,n
Number (102 dynes/cm?) (104 poises) P
3 1.98 7,03
13 1,73 5.35
45 1,97 3.54
53 1.82 3.56
67 1.33 6,13
71 1,73 3.40
72 2,09 3.66
91 2,00 2,31
116 2,05 2,22
127 2.09 10, 30
200 2,09 2,49
PR-103 1.08 1.02
PR-132 2,16 25,50

The coefficient of plastic viscosity exhibited considerably
more variability among the asphalts than did the yield stress.
The coefficient of plastic viscosity ranged from a minimum of
1.02 x 104 poises (asphalt PR-103) to a maximum of 25.50 x 104
poises (asphalt PR-132), No discernable relationship was found
to exist between the yield stress and the coefficient of plastic
viscosity, '

The plastic viscosity measurements may be used to classify
or group the asphalts on the basis of their consistency at 104°F,
Such-a classification is presented in Table 6., The viscosity
‘intervals were selected so that their ranges were approximately
identical on a logarithmic plot. It is interesting to note that

two of the PAC-5 asphalts (91 and 116) were slightly less viscous

‘at 104°F than the PAC-7 asphalt (200)., It may be recalled that
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TABLE 6

CLASSIFICATION OF ASPHALTS BY PLASTIC
VISCOSITY AT 104°F

Viscos%ty Interval Asphalt Numbers
(10" poises)
1.0-1.6 PR-103
. 1.,6-2.6 91,116,200
2.6-4,2 45,53,71,72
4,2-6,8 13,67
6.8-11.0 3,127
>11.0 PR=-132

these two PAC-5 asphalts had relatively low Saybolt Furol

viscosities and ring-and-ball softening points,

TESTS AT 77°F
The test results obtained at 77°F were analyzed in a manner

similar to those at 104°F, Once again all of the asphalts
exhibited steady-state flow throughout the test duration. Figure
17 shows the relationships between the steady-state, angular
-~ velocities and the CT product for all of the asphalts tested at
this temperature.1 As before, all of the asphalts (with the
exception of asphalt 127) exhibited properties indicative of a
Bingham plastic. Asphalt 127 had no discernable yield stress
and' was, thefefore, assumed to exhibit pure Newtonian flow.

- Table 7 summarizes the values of the material parameters

evaluated at 77°F, The yield stresses are.again quite low and

.lAsphalt PR-132, although tested at:-77°F, was omitted from
this figure because of its highly viscous properties when com-
pared with the other asphalts. However, it also exhibited prop-
erties characteristic of a Bingham plastic,
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TABLE 7

MATERIAL PARAMETERS EVALUATED AT 77°F

Coefficient of

Asphalt Yield Stress, S Plastic Viscosity,n

Number (102 dynes/cmz) (106 poises) P
3 1.04 1.47
13 3,66 1.34
45 4,63 0.94
53 ‘ 1.45 1.15
67 1.94 1,51
71 3.73 0,97
72 3,66 1,24
91 2,91 0,70
116 4,97 1,12
127 0 3,89
200 4,07 0,53
PR-103 8,56 0,34
PR-132 11.90 21.60

asphalts 3, 53, and 127 had smaller yield stresses at this
temperature than they had at 104°F, This apparent inconsistency
is attributed to a combination of experimental and graphical
errors magnified in effect due to the small yield stress levels,
Comparing the yield stresses of Table 7 with the minimum applied
shearing stresses of Table 4, it is apparent that flow occurred
throughout the annulus of each test specimen with the exception
of asphalt PR-132, Asphalt PR-132 had a yield stress of 1,190
dynes/cm2 which was slightly in excess of the minimum applied

2 for one of the tests, Again

shearing stress of 1,110 dynes/cm
'no discernable relationship was found to exist between the
yield stress and the coefficient of plastic viscosity.

The asphalts are grouped according to plastic viscosity at

77°F in Table 8, ' The asphalts maintained their same relative
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TABLE 8

. CLASSIFICATION OF ASPHALTS BY PLASTIC
VISCOSITY AT 77°F

Viscos%ty Interval Asphalt Numbers

(10Y poises)
0.3-0,5 PR-103
0.,5-0.8 91,200
0.8-1.4 13,45,53,71,
72,116

1.4-2,4 ‘ 3,67
2.4-4,0 127

> 4,0 PR-132

grouping as at 104°F (Table 6) with the exception of asphalts 3,
13, and 116. Asphalts 3 and 13 became relatively less viscous
due to their smaller temperature susceptibilities and asphalt
116 became relatively more viscous due to its greater temper--

ature susceptibility,

TESTS -AT -39, 2°F

All of the test results at 39.2°F showed instantaneous
elasticity and a combination of steady~state and viscoelastic
flow., The creep curves were similar to those depicted in Figure
8 and .Figure 15 (39,.2°F). Each curve was analyzéd by separating
it into the three basic components (as showp in Figure 8); 04
which represents  instantaneous elastic deformation, 6, which
represents steady-state flow, and' 03 which represents viscoelastic
flow,

The' instantaneous elastic deformation, ei, is described by

- Equation 32, This equation may be used to evaluate the elastic



-46-

;iear modulus, Go’ providing ©; and CT are known, The angle,

©1, was determined by rapidly loading and unloading each sample

a number of times and computing an average value for the instan-
taneous angle of rotation, This determination was made after
each creep test was completed since 0 is time-independent and
should not be influenced by previous stress history. The elastic
shear modulus, Go’ was determined from the slope of the linear
plot of CT against ©;. Its value for each of the 12 asphalts

tested at this temperature is summarized in Table 9,

TABLE 9

ELASTIC AND STEADY-STATE MATERIAL
PARAMETERS EVALUATED AT 39,2°F

Coefficient of

Asphalt Elastic Modulus,G, Yield Stress,S Plastic Viscosity,np
Number. (107 dynes/cm?2) (10 dynes/cm2¥ (108 poises)
3 2,67 1,12 3.32

13 3,20 1.46 5.51
45 3.04 0 8,66
53 2,70 0 9,85
67 2,26 2,75 5.11
71 1.89 1,86 9,52
72 2,08 1,10 9,63
91 1,95 0.37 - 4,61
116 2,04 2,05 19,40
127 1.83 0,90 14,80
200 1,56 0 2,47
PR-103 1.55 0 2,84
PR-132 Not Tested

The steady-state flow deformation, 0,, is described by
Equation 33. The steady-state, angular velocity of this equation
was determined by ‘computing the slope of the straight-line portion
of each creep curve. A plot of these steady-state, angular

velocities against CT product was made for each asphalt tested
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at 39,2°F, The resulting graphs are presented in Figure 18,

An analysis of these graphs indicates that the steady-state
portion of flow is similar in some cases to that of Bingham
plastics and in other cases to that of Newtonian materials. The
distinction appears to be relatively insignificant, however, due
to possible errors occasioned in extrapolation of the 2,-CT
curve to its intercept on the CT axis and the relatively small
intercepts that were observed.

The yield stress, Sy’ and the coefficient of plastic viscosity,
Np» were evaluated from the steady-state behavior of each asphalt
using the curves of Figure 18, The results of this evaluation
are also summarized in Table 9. The yield stresses are
relatively small and are exceeded in every case by the minimum
applied shearing stresses (compare with Table 4). Once again,
this indicates that steady-state flow occurred throughout the
annulus of the test material. The steady-state flow deformation,
©,, may then be computed using Equations 18c and 33,

The asphalts are grouped according to their plastic viscosity
at 39,2°F in Table 10. Again there were slight readjustments
from the groupings at 104°F (Table 6) and 77°F (Table 8) which
were caused by different temperature susceptibilities of the
various asphalts,

The viscoelastic flow deformation, 05, is described by
Equation 27, To evaluate the constants, Jp and rty, of
Equation 27, the following procedure was employed. First, oz
was computed as follows:
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TABLE 10
CLASSIFICATION OF ASPHALTS BY PLASTIC
VISCOSITY AT 39.2°F

Viscosity Interval Asphalt Numbers
(108 poises)

2.4-3,7 3,PR-103,200
3,7-5.6 13,67,91
5,6-8.5 -
8,5-13.1 © 45,53,71,72
13.1-20 116,127

where 0z = viscoelastic flow deformation

@ = total observed angle of rotation
G, = experimentally evaluated elastic shear modulus
y, = experimentally evaluated steady-state angular

velocity,

Equation 37 simply states that the viscoelastic flow deformation
equals the total deformation less its components of steady-state
flow and instantaneous elasticity. The quotient of 0+ and the
CT product is the creep function, ¥, for viscoelastic flow
behavior and is ideally independent of shearing stress (see
"Equations 29 and 31). Thus, |

¥(t) = (o - CT/G, = Q4t)/CT. (38)

The experimental creep function for each of the asphalts and
each level of applied shearing stress was computed using the
above procedures. Figure 16 ‘shows the results for asphalt 72,
The creep functions for the three different stress levels should
theoretically coincide if the viscoelastic behavior were linear
and there were no experimental errors. Figure 19 shows that the
experimental creep functions for asphalt 72 are obviously not

identical, The data for this asphalt are representative of those



24 -

Intermediate Streas

"
3

Creep Function, ¥ {107 rad/dyne/cm?)
I

¢ 0 1 1 1 1 ! !
0 20 40 .80 80 100 120 140

Time. t (min)

Figure 19. Experimental Creep Functions for Asphalt
72 at 39.2°F.

for the other asphalts. The results among the different asphalts
were not predictable, however, in that the largest creep function
generally occurred at the smallest stress level for six of the
asphalts, at the intermediate level for four of the asphalts, and
at the largest level for two of the asphalts.

Since there was apparentiy no consistent relationship between
creep function-and stress .level, it was felt that the discrepancies
among the creep functions could probably be attributed to
experimental and graphical errors rather than to material behavior.
This conclusion was substantiated by comparing the creep "functions

computed on the basis of the total angle of rotation, 0 , With

those computed on the basis of © The absolute value of the

3.
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differences among the total-angle creep functions for the three
stress levels averaged about 6 percent while for the 0 creep
functions this average difference was about 25 percent. Since
the discrepancies in the total-angle creep functions were
acceptably small (average of 6 percent) and well within the

limits of experimental error, the asphalts appear to behave
linearly under the conditions of test employed herein. Therefore,
the larger discrepancies observed in the 0z creep functions
(average of 25 percent) are most probably due to experimental

and graphical errors.

Despite these errors, it is felt that the creep functions
do furnish a reliable indication of the genefél viscoelastic
properties of the materials. Thus, an average creep function
was calculated for each asphalt and this average was used in
.the evaluation of the viscoelastic parameters, Gj and Tie
Figure 20 shows the average creep functions, computed on the
basis of 0z, which were used in this analysis.,

On the basis of Equation 29, the creep function for linear

viscoelastic behavior is as follows:

n
v(t) = k§1 [1 - exp( -t/7})]/Gy. (39)

A curve-fitting technique, which is described in detail in
Appendix B, was developed and used to evaluate the material
parameters of Equation 39, The material parameters were
selected so that a best fit by the least squares criterion was
achieved between the theoretical relationship of Equation 39
and the observed, average creep functions for the various

asphalts., "The number of Voigt elements, n, was varied beginning
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with one and increasing by increments of one until the computed
values of the creep function were in satisfactory agreement
.with the observed values. The technique was programmed for the
IBM 7040 computer: a discussion of this program is included

as Appendix C,

A print-out of the results for asphalt 72 is included for
illustration as Figure 21. The basic data for the analysis
are given in the columns aligned beneath the heading ''Data Sheet'.,
The values of the observed, total angle of rotation and the 04
creep function computed for each value of the CT product are
printed for selected values of elapsed time. The headings
“THETA 1" and '"CF 1" correspond to the observed, total angle
of rotation and the computed creep function respectively for the
smallest CT product noted in the heading; '"THETA 2" and '"CF 2"
correspond to the intermediate CT product; and, finally, "THETA
3" and "CF 3" correspond to the largest CT product. Only three
levels of the CT product are permitted. The average creep
function for these three levels is shown in the last column of
the '"Data Sheet",

Information concerning the equation of best fit is given in
fhe set of columns aligned beneath the heading, '"Equation of
Best Fit'', One such set of columns is shown for each value of
n, the number of Voigt elements in the model. For a two-element
model, for example, -"TAU1l", '"G1'", and '"VISC1" refer to the
retardation time, shear modulus, and coefficient of viscosity,
respectively, for the first element while '"TAU2", '"G2', and
"VISC2" refer to the same values for the second element. The

values shown for these parameters are those derived from the
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Figure 21.

Viscoelastic Analysis for Asphalt 72 at 39,2°F (Cont'd.).




least squares criterion and, hence, represent the best values for
the two-element model. The first three pairs of columns compare
the observed total angles of rotation for the three stress
levels with those calculated on the basis of the generalized
model (Equation 35). The last two columns show a comparison
between the observed average creep function and the creep
function computed from Equation 39 using the tabulated values

of Gk and 1. The standard deviations between the observed

and calculated values are printed at the bottom of each pair of
"observed" and ''calculated" columns. As a matter of record, the
output for all of the ;sphalts tested at 39,2°F is included as
Appendix D,

The best correlation between the observed and computed creep
functions was obtained for asphalt 72. Figure 22 depicts the
data for this asphalt, The agreement between the observed creep
function and that-computed for the three-element model is con-
sidered quite acceptable and no significant improvement can be
realized by increasing the number of elements. The worst
correlation was obtained for asphalt 3, the data for which are
“shown in Figure 23, The two-~element model is considered optimal
in this instance since further increases in the number of
elements do not significantly improve the correlation,

The viscoelastic material parameters for all of the asphalts
are summarized in Table 11. The optimal number of Voigt elements
"was selected as that number beyond which significant increases
‘in the degree of correlation between the observed and computed

creep functions could not be achieved., This selection was made by
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TABLE 1I
VISCOELASTIC MATERIAL PARAMETERS EVALUATED AT 39,2°F

. Viscoelastic Parameters
Optimal

. . : Standard
Aspgalt Nug?er First Element Second. Element . Third Element Deviation
Number Voigt Gy , n1 6 G, ) 9 ny 6 Gz 2 9 3 -8 2
Elements (106 d/cm) (109 poises) (10° d/cm®) (10° poises) (10° d/cm®) (10° poises) (10 rad/d/cm®)
PR-103 1 3,17 1,38 o ' - . 2.60
3 o2 0.41 R 2.27 0.15 4.35
13 2 . 0,48 1.02 : 2.34 : 0,26 : 2.34
53 2 0.68 1.09 4,18 0.46 1.50
71 - 2 0.64 . 1,26 5.82 0,62 : . 0.94
91 2 1.09 5.67 - 9.54 0,27 . 3.30
116 2 0.86 1.47 7.76 0,63 . ) . 3.41
45 3 0.70 1.54 2.92 1.0S 7.92 . 0.21 0.64
67. 3 0.49 0.95 2.38 - 0.46 7.64 0.10 1.49
72 3 0.67 1.52 3.06 1.09 7.69 0.21 _ 0,61
127 3 0.81 1.68 3.82 0,92 12.10 0.21 0.90
200 3 3,71 0.11 0,53 1.07 ’ 0.87 0.33 2.92
1

1.70 x 1038 poises

—gs-
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ascertaining the minimum number of elements for which the
decrease in standard deviation due to an increase of one in the
number of elements was less than 20 percent.

No particular physical significance should be attached to
the optimal numbers of elements given in Table 11 since the
analysis was based on empirical correlations and curve-fitting
techniques, What is of importance, however, is the fact that
the viscoelastic portion of the total flow behavior can be
..closely approximated by the generalized Voigt body consisting

of a maximum of three elements,







ANALYSIS OF RESULTS

APPARENT VISCOSITY

The method for evaluating material parameters which has
been used in preceding sections is based on an analysis of the
complexity of flow exhibited by each asphalt under each set of
test conditions., At the same time, the rotating coaxial cylinder
viscometer can also be used to obtain a shear-dependent, apparent
viscosity1 which does not require an evaluation of the complexity

of flow, The apparent viscosity is computed as follows:

CT
n, = = (40)
a Q

where n, = apparent viscosity

9)

angular velocity of bob relative to cup,
The corresponding rate of shear and average rate of shear are
given by Equations 15 and 16, respectively, which are repeated

here for convenience,

o 2 1
t(r) = —| 2 (15)
' [Ual2 - 1/a22] [rz}

1The apparent viscosity (46) is the ratio of shearing stress
to rate of shear and, for non-=Newtonian liquids, is dependent
.upon rate of shear and, in some instances, upon shearing stress.

=61~
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Zala2
Y(av) = —— @ o e)
az " A1 |
The angular velocity in these equations may'be defined
simply as the quotient of the angle of rotation and elapsed time,

Figure 24 shows a hypothetical creep curve that may be used to
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Figure 24, Evaluation of Angular Velocity by Secant Method.
illustrate this method of defining angular velocity by the secant

method. For a creep curve having this characteristic shape, the

angular velocity at point 1 exceeds that at point 2. According
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to Equations 15, 16,.and 40, the apparent viscosity is,. therefore
larger at point 2 while the shear rate is larger at point 1,_Thus,
for this type of creep testing and non-Newtonian materig1§,ﬁthey
apparent viscosity is obviously a function of shear rate.

When the shearing stress is changed, an entirely new rela-
tionship is obtained. This is illustrated in Figure 25 which
shows viscosities obtained for asphalt 3 at 39.2°F., At this_

temperature, asphalt 3 has a creep curve similar in shape to. . .

4 ‘ Apparent Viscosity (Steady-State Flow
| / ' Method) *
_—— ——

w Viscosity

Apparent Viscosity {Secant Method)

Viscosity, , {poises)

Say=66, 400 df cm®

2
Sav=99, 600 d/cm
1x108

S, =133, 000 d/cm?

0.7 I l I ]
' 0.2 0.4 0.7 L 0x1073.

Average Rate of Shear, ;(av) ( sec'l)

Figure 25. Comparison of Viscosities of Asphalt 3 at 39,2°F,
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that shown in Figure 24, Examine now only those curves of
Figure 25 for which the apparent viscosities have been computed
using the previously explained secant method of defining angular
velocity. The secant, apparent viscosity is obviously a
function of both shearing stress and shearing rate.

Because of this dependence of the secant, apparent viscosity
on both shearing stress and shearing rate, it is usual to
redefine the angular velocity of Equation 40 as that velocity
correéponding to steady-state flow (47). Figure 26 shows
hypothetical creep curves which extend into the region of steady-

state flow -- that is, the region in which there is a linear
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Figure 26, Evaluation of Angular Velocity in Region of Steady-State
Flow,
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relationship between angle of rotation and time. The steady-
state, angular velocity then equals the slope of the creep curve
in this region, Both the angular velocity and the shear rate in
the steady-state region increase as the stress level is increased.
Since the secant, angular velocities for a given shearing stress
exceed the steady-state, angular velocities, the steady-state,
apparent viscosities generally exceed the secant viscosities
(Equation 40), This is also depicted in the actual data of
Figure 25. From this figure, the apparent viscosities evaluated
by the steady-state flow method are seen to be dependent only
upon shearing rate, By specifying a standard shear rate, a
viscosity measurement can be obtained which is useful in classi-
fying or grading asphalts on the basis of consistency (46,47).

There are two other viscosity measurements of interest
because of their independence of both shearing rate and shearing
stress, The first of these is the limiting or initial viscosity
which occurs at low rates of shear and low shearing stresses --
that is, when the material is behaving in a Newtonian fashion --
and which is generally considered to exceed the apparent viscas-
ities evaluated in the shear-dependent region (48),

The second of these shear-independent viscosity measurements
is that of plastic viscosity. Before evaluating the plastic
viscosity, it is necessary to first establish that the behavior
of asphalt cements in the steady-state flow regime may be
represented by that of a Bingham plastic., Figures 16,17, and
18 indicate that the 13 asphalt cements of this study generally

behave as Bingham plastics in the steady-state region (at least
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for temperatures between 39.2°F and 104°F and for moderate

shearing stresses). Figure 27 shows the theoretical relationship

A
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Figure 27, Theoretical Comparison of Steady-State, Apparent
Viscosity, n,, and Plastic Viscosity, Npe

between the steady-state, apparent viscosities and the plastic

viscosity, n It is obvious from this figure that the steady-

p’ ,
state, apparent viscosities should generally exceed the plastic
viscosity and should approach its value only at high shearing
stresses or high rates of shearl. This is supported by the actual

“data of Figure 25,

1po word of caution is warranted at this point. This obser-
vation is based on the premise that the steady-state flow behavior
may be represented as a Bingham plastic. While this premise is
supported by the data of this study, it may be in error if a
wider range in shearing rates or temperatures is considered.
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It is of interest to compare the apparent viscosity
measurements obtained with the rotating coaxial cylinder viscom-
eter with those obtained on identical asphalts but with a
different type of viscometer. To enable such a comparison, the
Bureau of Public Roads furnished three samples of their viscos-
ity-graded asphalts., These samples were all of the AC-10 grade
‘and were designated C-10, E-10, and 0-10. A complete descrip-
tion of these asphalts and a summary of the viscosity measure-
ments obtained by the Bureau may be found in Reference 48,

"The Bureau used a sliding plate viscometer which was
operated at controlled rates of shear. Computations of apparent
viscosity were based on the maximum load attained at each rate
of shear. The test equipment and procedures are fully described
in Reference 46,

Figure 28 shows a comparison between the viscosities
obtained with the coaxial cylinder viscometer and those obtained
with the Sliding plate viscometer for asphalt C-10 at 4§°F.
These results are generally indicative of those obtained for
each of the three asphalts at all test temperatures. It was
‘impossible to obtain a limiting visgosity for the tests with
the coaxial cylinder viscometer since a rather limited range in
shearing rates was employed. The apparent viscosities obtained
with the coaxial cylinder viscometer were larger than those

obtained with the sliding plate viscometer. Ideally, of course,
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Apparent Viscosity
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Cylinder Plastic Viscosity
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Figure 28, Comparison Between Viscosities Obtained with

Rotating Coaxial Cylinder Viscometer and

Sliding Plate Viscometer (Asphalt C-10 at

45°F) .
they should have been equal. The plastic viscosity was also
larger than the limiting viscosity. The preceding rationale
would indicate that ideally the limiting viscosity should exceed
the plastic viscosity.

The data of Table 12 may also be used to compare the two

viscometers. The apparent viscosities at a specified shear
rate of 0.001 sec™! are tabulated for each of the three asphalts.,

Again the coaxial cylinder viscometer generally yielded viscos-

ities in excess of those obtained with the sliding plate



TABLE 12

COMPARISON BETWEEN VISCOSITIES OBTAINED
WITH ROTATING COAXIAL CYLINDER VISCOMETER AND
SLIDING PLATE VISCOMETER

Apparent Visgosity
(Shear Rate of 0,001 sec-1)

Asphalt Temperature Percentage Limiting Plastic
Number (°F) Sliding Platel Coaxial Cylinder Difference Viscosity1 _ Viscosity
(megapoises) (megapoises) (%) (megapoises) (megapoises)
'C-10 45 73 107 +47 77 - 97,7
C-10 60 11.0 11.0 - : 0 11.3 7.1
E-10 39.2 5770 v L & - - 36,000 , 45,400
E-10 45 3850 -2 - 12,000 : 22,900
E-10 60 625 625 ‘ 0 860 1,030
0-10 39,2 /950 1200 +26 950 _ 1,150
0-10 45 314 400 +27 315 - 396
0-10 60 21.5 26,5 . 23 22.0 23.0

lobtained from Reference 48.
sztrapolation impossible,

- 69~
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viscometer. The differences between the two types of viscosity
measurements, expressed as a percentage of the viscosities obtained
with the sliding plate viscometer, are also shown on Table 12,

The average percentage difference between the apparent viscos-
ities is 21 percent, Figure 29 compares the plastic viscosities
(coaxial cylinder data) with the 1limiting viscosities (sliding
plate data). Again the plastic viscosities are generally in

excess of the limiting viscosities,

The data that have been presented definitely indicate a
difference in viscosity measurements obtained using the two
viscometers., The magnitude of the difference is not excessive,
however, and may have been anticipated due to certain fundamental
differences between the two viscometers and their operation by
different laboratories., Several of these differences are listed
in Table 13. The possible effects of these differences are
generally unknown at this time.

It is concluded that the rotating coaxial cylinder viscometer
can be effectively employed to evaluate apparent viscosities of
asphalt cements at relatively low temperatures. Data obtained
with this viscometer compare favorably with similar data obatined

with the sliding plate viscometer,

TEMPERATURE. SUSCEPTIBILITY

Data reported herein are sufficient to compare the suscepti-
bilities of the consistency of the various asphalts to changes
in temperature. Three of the techniques for defining the
temperature susceptibility of asphalt cements are used in this

comparison including the penetration ratio, the penetration index,
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—— —— —— Ptlastic Viscosity, , Obtained
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Figure 29. Comparison Between Limiting Viscosity and Plastic

Viscosity.,
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TABLE 13

FUNDAMENTAL DIFFERENCES BETWEEN
VISCOMETERS AND TEST PROCEDURES

Variable Sliding Plate Coaxial Cylinder
Viscometer Viscometer
Film Thickness(in.) 0,01-0.02 0.385
Stress or Strain History Controlled rate Creep
of shear

Approximate Range in

Shear Rates (sec- 1) 1073- 1071 10°6. 1072
Specimen Preparation
Approximate Melting :
Temperature (°F) 260-280 290
Time of Conditioning
at Room Temperature
(min) 60-90 30
Time to Reach Temperature
Equilibrium (min) 25-30 60
Specimen Reuse Permitted for Not permitted
several shear
rates
Basis for Computations Maximum load Steady-state
flow

and the slope of the viscosity-temperature relationship.

The penetration-ratio technique is based on determining the
consistency of an asphalt cement at 39,2°F and 77°F by means of
the standard penetration test. The penetration ratio is computed

as follows:

Pen, @ 39,2°F
Pen. Ratio = ~ - x 100, 41
en. RAtI0 = en. € 77°F (41)

A large temperature susceptibility connotes a low penetration
ratio.

The penetration-index technique is based on two different
consistency tests: the penetration test is used at the lower
temperature (77°F) and the ring-and-ball softening point test is

used at the higher temperature. The penetration index is computed
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as follows:

P = ZO - 500A (42)
S50A + 1

where PI = penetration index

A _ 1.8 1og(800/Pen)

AT

log = common logarithm

Pen = penetration at 77°F

AT = temperature difference (°F) between the ring-and-ball

temperature and 77°F,
The penetration index normally varies between -2.5 and +8 (49).
A large temperature suscepfibility yields a low penetration
index,

The slope.of the viscosity-temperature relationship may also
be used as a measure of temperature susceptibility., This slope
is normally determined from a plot of log log viscosity versus
log absolute temperature. The following equation has been used
in this determination:

log log o1y C log 1log nn(z)

VIS = : (43)
log T, = log T1

where VTS viscosity-temperature slope

Np (1) plastic viscosity in poises at T1
np(2) T plastic viscosity in poises at T,
Ty = largest temperature in °R(104°F)
T, = smallest temperature in °R(39.2°F),

Naturally a larger slope is associated with an asphalt of higher

temperature susceptibility, This technique for evaluating

temperaturefsusceptibility is normally employed for a higher



-74-

temperature range, for example, 140°F to 275°F. However, it may
still furnish a useful measure of temperature susceptibility
within a lower temperature range such as that employed here
(39.2°F to 104°F). This is particularly valid since the plastic
viscosities are independent of shear rate at all temperatures,
The results of this analysis are shown in Table 14, With

the possible exception of asphalt PR=1321, there is not a great

TABLE 14

TEMPERATURE SUSCEPTIBILITY

Asphalt . Penetration Penetration Viscosity-=
Number Ratio Index Temperature
Slope
3 49 +0,1 4,5
13 35 +0,8 5,0
45 32 -0,8 5.4
53 : 38 -=0,1 5,5
67 o 46 0.0 4,8
71 ‘ 25 =1,2 565
72 39 -0,7 5.4
91 26 -1.3 5.5
116 32 -1,1 6.1
127 49 =1,2 4,8
200 : 33 -0.1 5.2
PR-103 35 -1,0 6.0
PR-132 8 =1,2 -

deal of difference among the temperature susceptibilities of the
various asphalts. All of the asphalts would be classified by
Pfeiffer as normal types on the'basis of their penetration

indices (-2.0 < PI < 2,0) (49). Asphalts 71 and 91 exhibited

lAsphalt PR-132 was not tested at 39,2°F and, hence, the
viscosity-temperature slope could not be evaluated., However, it
~does have a low penetration ratio which would indicate a high
temperature susceptibility,
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perhaps the largest temperature susceptibilities anda asphalt 3,
the smallest. The viscosity-temperature relationships for
asphalts 3 and 91 are compared on the Walther plot of Figure

30.

Plastic Viscosity,n, (poises)

Asphalt 91

1o

104 1 1 1 —
25 50 5 100 125

Temperature (°F)

Figure 30, Largest and Smallest Temperature
Susceptibilities.,

The data of Table 14 are not sufficiently extensive to
enable a thorough evaluation of the possible effects of crude
source and manufacturing process on temperature susceptibility,
The Venezuelan asphalts (asphalts 13, 127, and 200), which differ

only in penetration grade, exhibited essentially identical
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temperature susceptibilities., Asphalts in which air blowing was

used (asphalts 53, 72, and 91) were not particularly resistant to
changes in temperature, The Californian crude (asphalt 91) and-a
Midcontinent crude (asphalt 71) exhibited the highest temperature
susceptibilities and the Mexican crude (asphalt 3), the lowest,
llowever, since the differences were not large and since only a
single asphalt from each crude source was evaluated, a definitive
conclusion relative to crude source cannot be drawn on the basis
of these data.
VISCOSITY~-PENETRATION RELATIONSHIP

Figures 31 and 32 show the relationship between plastic
viscosity and penetration at temperatures of 77°F and 39.2°F,
respectively. Both figures indicate a clearly defined trend with
increasing penetrations corresponding to decreasing viscosities.
As expected, the variability is greater with the 39,2°F measure-
ments than with the 77°F measurements. At 39.,2°F, the penetra-
tions are relatively small and within the length of the truncated
cone portion of the penetration needle,

The viscosity measurements are considerably more sensitive

than the penetration measurements both in evaluating the differ-

ences among asphalts at a single temperature and in evaluating

the effect of temperature for a single asphalt., The vari_abiil,it}f1

among asphalts at a given temperature averaged about 84 percent
for the penetration measurements - and about 250 percent for the
viscosity measurements, In going from 77°[F to 39,2°F, the mean

penetration decreased about 64 percent. while the mean viscosity.

increased about 63,000 percent.

11n this case, the variability is expressed as the range of
the measurements divided by their average values,



' Plastic Viscosity, '\-,(poises)

10

10° -

o0

)
108 - og

1051 I i l ] 1 1
20 20 39 80 100 120 140 16C

Penetration (0.1 mm)

Figure 31, Relationship Between Plastic
Viscosity and Penetration (100 g.,-
S sec.). at 77°F,

1010 -

—

o
0
T

Plastic Viscosity, np(poises)

10

| | 1

20

Figure 32,

30 40 50
Penetration (0. I mm)

Relationship Between Plastic
Viscosity ‘and Penetration
(200 g., 60 sec.) at 39.2°F,

=Ll-



«78-

TIME-TEMPERATURE SUPERPOSITION

. Asphalt 53 was tested at 0°F in addition to the three tem-
peratures which were employed for all of the asphalts. Three
levels of shearing stress were applied ét this temperature, The
duration of each of the three tests was approximately two weeks,
The characteristic relationship between angle of rotation and time
was observed; that is, elastic, steady-state flow, and viscoelastic¢
processes were all in evidence. The steady-state flow condition
was reached after a period of approximately three to nine days
depending upon the stres: level. The material parameters
evaluated at this temperature are summarized on Table 15. The
tworelement viscoelastic model was found to satisfactorily describe

the viscoelastic portion of flow,

TABLE 15

MATERIAL PARAMETERS EVALUATED AT
0°F (ASPHALT 53)

Parameter Value
Blastic Modulus, Gq 3.46 x 107 dynes/cm?
Yield Stress, S ")
Coefficient of ¥1astic Viscosity,n 1.65 x 10 3poises
Viscoelastic Parameters P 7 2
Gq 1,71 x 10’ dynes/cm
N1 5.05 x 1012poises
G, 3,39 x 107 d'ynes/cm2
na 0,58 x 1012poises

The tests using asphalt 53 covered a sufficiently wide range
of temperatures and durations of loading to enable investigation
of the possible applicability of the time-temperature superposi-
tion principle in the low-temperature region. As a basis for this

investigation, the average creep function at each of the four
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temperatures was plotted as shown on Figure 33. The total-
angle creep functions, averaged for the three stress levels, are
shown on this figure. The averaging process is thought to be
valid since no evidence was found that the material is non-linear
under the particular test conditions evaluated herein. The average
creep function was reduced after the manner discussedby Ferry (50)
by multiplying it by the ratio of the absolute value of the test
temperature to the absolute value of a suitable reference temper-
ature (in this case 50°F),

The reduced average creep functions of Figure 33 were then
shifted horizontally until their overlapping portions were made
to coincide. The magnitude of translation is defined as log arg
where or is the shift factor, The shift factor was then adjusted
to the reference temperature of 50°F; that is, log ar was adjusted
to zero at a temperature of 50°F. The relationship between the
shift factor, thus obtained, and the test temperature is shown
on Figure 34,

The shift factor may also be computed from the following

relationship (50):

ap = (nTy p )/ (ng T p) (44)
where ap = shift factor
n = steady-flow viscosity at temperature, T
n, = steady-flow viscosity at temperature, T,

T = any temperature .in absolute units
T, = reference temperature in absolute units
p = density at temperature, T

p. = density at temperature, T,
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Figure 33, Average Creep Functions .for ‘Asphalt 53,
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Figure 34, Relationship Between Shift Factor and
Temperature,

This expression is theoretically valid for uncross=-linked polymers
of low molecular weight and, in certain instances, for those of
high molecular weight (50), The shift factor was evaluatéd using
Equation 44 which was slightly mddified by omitting thé density
terms because of their minor importance. The coefficients of
plastic viscosity were used to represent the viscosity measure-
ments. A comparison between the computed and measured shift
factors is given in Table 16. The agreement is relatively sur-
prising eﬁen though the range in test temperatures is somewhat

limited. The comparison demonstrates that the measured shift
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TABLE 16

SHIFT FACTORS

Computed Measured
Temperature Shift Factor, arg Shift Factor, at
(°F) (Equation 44)
0 1.63 x 10° 2.14 x 10°
39,2 8,99 2 8,70 -
77 0,98 x 10 1.26 x 10
104 2,88 x 10°4 5,00 x 10-4

factors are of the proper order of magnitude and are properly
related to temperature within the low-temperature range of these
tests.

Figure 35 shows the master creep function for asphalt 53 at
a reference temperature- of 50°F when the experimentally determined
shift factors are applied to the data of Figure 33. The master
creep function satisfactorily fits the data points obtained at
the four different test temperatures,

Ferry (50) lists the following three criteria for determining
the applicability of the time-temperature superposition principle
(method of reduced variables) to a given set of test data: (1)
exact matching of the shapes of adjacent curves obtained at
different test temperatures, (2) superposition of the values of
the shift factor for different viscoelastic functions, and
(3) a reasonable form of the temperature dependence of the shift
factor consistent with experience. A study of Figure 35 leads
to the conclusion that the first criterion is satisfied for
these data., The second criterion cannot be evaluated since
only one viscoelastic function is available for comparison, that

is, the creep function. The third criterion seems to have been
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satisfied by the comparison of Table 16, It is concluded,
therefore, that the time-temperature superposition principle is
valid for asphalt 53 when tested in the low-temperature range.

A cursory evaluation of other of the asphalt cements tends to
support the extension of this conclusion to all of the ma%erials

of this study.



CONCLUSIONS

The following conclusions are substantiated by the data
obtained in this phase of the study:

1, The rotating coaxial cylinder viscometer is a useful
research tool for examining the flow behavior of asphalt cements
at relatively low temperatures, It may also be effectively
employed to evaluate apparent viscosities of these materials.,

2, The curve-fitting technique for evaluating the parameters
of viscoelastic behavior has proven to be extremely useful and
reliable, The principles underlying this technique may be
readily extended to other types of equations in which a best fit
by the least squares criterion is required.

3, A1l of the asphalt cements exhibited steady-state flow
behavior at 77°F and 104°F, At these temperatures, their flow
behavior under creep loading could satisfactorily be character-
ized by that of a Bingham plastic, At 39.2°F, however, all
asphalts exhibited instantaneous and retarded elasticity, steady-
state flow, and elastic recovery following load removal., This
behavior could satisfactorily be characterized by a generalized
model consisting of a series combination of an elastic element
(spring), a Bingham element (steady-state liquid), and a
viscoelastic body (generalized Voigt body)., It follows, then,
that the complexity of flow behavior increases as the temperature
is reduced.

4, The steady-state flow behavior of each of the asphalt

cements .in the' low-temperature range was found to be similar to
-85-
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that of a Bingham plastic. The coefficient of plastic viscosity
is an appropriate means for defining a shear-independent measure
of consistency for classification purposes.

5, Coefficients of plastic viscosity in the range of 104 to
1013 poises were measured with the rotating coaxial cylinder
viscometer, In no case was a discernable relationship observed
between the yield stress and the coefficient of plastic viscosity,

6. For the one set of tests conducted at 0°F, steady-state
flow was reached after a period of approximately three to nine
days. For tests at 39,2°F, approximately one to five hours were
necessary to achieve the steady-state condition, This emphasizes
the necessity for a long-duration test when evaluating the steady-
state flow behavior of asphalt cements at relatively low temper-
atures,

7. All of the asphalts appeared to behave linearly under the
conditions of test employed herein, The tentative nature of this
conclusion is emphasized, however, pending the outcome of a more
exhaustive set of tests directed specifically to this determination,

8. The time-temperature supérposition principle (method of |
reduced”variables) appears to be applicable to the behavior of
normal asphalf cements at least in the low-temperature range
(0°F to 104°F),

9. A relationship exists between plastic viscosity evaluated
with the rotating coaxial cylinder viscometer and the results of
standard penetration. tests when both types of tests are conducted
at identical temperatures, The correlation at 77°F is superior
to that at 39,2°F because of the varying nature of the shear

strains and- shear rates when the penetrations are small as they
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were at 39,2%F, The viscosity measuvrements are considerably
more sensitive both to changes in temperature. and. to chaﬁges in
material properties than are the penetration measurements,

10, The effect of penetraticn grade was evaluated using the
three asphalts obtained by vacuum and steam distillation from
the Venezuelan crude, As anticipated, the viscosities of these
asphalts were properly arranged in the order indicated by the
‘penetration grade at all tempervatures, The temperature suscepti-
bilities of these asphalts were approximately the same: this
indicates that asphalts produced from the same crude source by
similar vre&fining precesses will have similavr temperature suscepti-
bilities,

11, The effect of manufacturing process on the viscosities
of materials of the same penetration grade was somewhat indeter-
minant, Those asphalts in which air blowing was used, namely,
asphalts 53, 72, and 81, did not have particularly low tempera-
ture susceptibilities, Asphalt 91 had a consistently low
viscosity at all temperatures but zsphalts 53 and 72 were not
significantly different from the other 85-100 penetration mat-
eriais in this respect,

12, The effect of crude source for materials of the same
penetratien grade is also difficult to evaluate, The Californian

-

asphalt exhibited a lower viscosity than most of the other asphalts
at all temperatures and thes highest temperalure susceptibility

of the grouv, The Mexican asphalt exhibited relatively high

pto
i

viscosities at the two higher tempsratures and the lowest tempera-

‘tuve susceptibility of the group, However, since the differences
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among asphalts was not large and since only a single asphalt
from each of these two crude sources was evaluated, definitive
conclusions as to the‘potential importance of crude source must
be withheld,

13, Two of the 85-100 penetration asphalts, namely, asphalts
91 and 116, had significantly lower Saybolt Furol viscosities
- than the others. This lower consistency at the higher tempera-
tures is reflected in the fact that the plastic viscosities of
“these asphalts at 104°F were the lowest of the 85-100 penetration
grade asphalts. Due to Fhe different temperature susceptibilities
of the .various asphalts, however, they did not maintain this
relatively low ranking at the lower temperatures. Asphalts 91
~and 116 were also less viscous at 104°F than the one 120-150
penetration asphalt that was tested. This emphasizes the
necessity for specifying the consistency of asphalt cements at

more than one temperature level.
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APPENDIX A
TEST PROCEDURE

The following specification describes the procedures for
testing with the rotating coaxial cylinder viscometer,

1. Wate; Bath

Temperature control shall be proVided by immersing the speci-
men and portions of the viscometer in a suitable water bath. The
bath shall be sufficiently large to contain the viscometér and to
permit the specimen to be submerged to a depth of at least 1 inch
below the’ water surface, The temperature of the bath shall be
allowedkfo vary not more than 0.5°F from the specified test
temperature,

2, Preparation of Viscometer

The appropriate cup-and-bob assembly and drive pulley shall
be selected. The pulley, scale, and rotary differential trans-
former shall then be attached to the axle., The upper surfaces of
the grooved brass base plate (used with the small cup-and-bob
assembly) or the brass ring (used with the large assembly) shall
"be thoroughly amalgamated with mercury and properly positioned in
the viscometer, A sufficient quantity of mercury shall be‘poured
into the annulus of the base plate so that, when the bob and cup
are assembled, the level of mercury will be slightly above the
lower edge of the bob, The cup shall be rigidly affixed to the
base of the viscometer. In a like manner, the bob shall be
affixed to the axle of the load system and properly positioned
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in its bearing receptacle.,

3, Special Precautions for Handling Mercury

Due to the possible danger to health if mercury is handled
carelessly, the following precautions shall be observed at all
times:

a. Mercury shall be stored in a closed jug or other
suitable, unbreakable container in a cool place,

b, Extreme care shall be exercised to avoid spilling any
mercury,

c. Mercury vapors shall be removed by working under a
suitable hood with adequate ventilation,

d. The amalgamated brass plates and other components of
the viscometer shall be maintained at normal room
temperature except when testing,

4, Weight Attachment

After the cup and bob have been properly assembled on the
viscometer, the drive pulley shall be firmly anchored by placing
the trip release in the locked pqsitionn The idle pulleys shall
be aligned with the drive pulley., The weights necessary to pro-
duce the desired torque shall then be attached to the drive
.pulley and suspended .over the idle pulleys, The weights shall be
attached symmetrically so as to produce a couple and thus eliminate
the possibility of introducing bending in the axle, Caution J
should be exercised at all times to prevent shearing the test
material prior to the beginning of a test.

5. Preparation of Test Specimen

A suitable container holding the bituminous material to be

tested shall be placed in an oil bath maintained at a temperature
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L

&f=290°FLE(p1uS or minus 5°F), During heating, the sample

shall be stirred intermittently to maintain, as well as possible,
a uniform temperature distribution within the sample. When the
sample has been completely melted, it shall be thoroughly stirred
to insure that it is homogenous and free from air bubbles. The

assembled viscometer, with weights attached, shall be placed on

a perfectly level surface, In filling the annulus formed by the

cup and bob, the material shall be poured in a thin stream from
two separate containers at points approximately 180° apart,
During filling, each container shall be moved back and forth over
a 180° segment of the annulus until the annulus is slightly more
than level full., ‘The viscometer and test material shall be
cQoled at room temperature for a period of 30 minutes. They
shall then be placed in the water bath maintained at the
specified temperature of test for an additional period of 30
rlninute's° The excess bitumen shall then be struck off with a
heated, straight-edged spatula or knife,
.6, Establishment of Temperature Equilibrium

After trimming the specimen. and prior to testing, the visco-
meter shall be returned to the water bath and maintained at the
specified tést temperature for a period of 30 minutes,

7. Testing

The recording equipment shall be started and the test shall

1In no case shall the sample be heated to a temperature
greater than 200°F above . its softening point, determined in
accordance with the Method of Test for Softening Point of
Bituminous Materials (Ring=-=and-Ball Method, ASTM Designation:
D36),



-98-

begin' by actuating the trip release, At subsequent intervals of
time, the angle of rotation shall be read directly from the
recording equipment., Checks shall be made by noting. the angle of
rotation from the scale attached to the viscometer. The test shall
be allowed to continue until a steady-state or near steady-state
condition is reached, that is, until a linear relationship between
the angle of rotation and time is observed. After the steady-
state condition has been reached, the load shall be instantaneously
removed and the rebound, if present, shall be recorded as a
function of time, After rebound has been completed, the load
shall be quickly applied and removed a number of times to assist
in determining the instantaneous angle of rotation.

8. Procedures after Testing

The viscometer' shall be disassembled and the height of the
specimen 'determined., The apparatus shall then be cleaned in

‘preparation for subsequent testing.



APPENDIX B
CURVE-FITTING TECHNIQUE
The following discussion describes a method for determining

values of the constants, ay and bk’ in an equation of the form

£
]
no™ms

) a, [1 - exp(-byt)] (B-1)

1
to yield the equation of a curve which gives the best fit by
least squares criterion for a set of experimental data known to
conform to a general equation of this type.

Initial values for the constants, ay and bk' say a% and bl,
are assumed, It is preferable that a% and bi be close to the
best values of a and bk° Equation B-1 is expanded in a Taylor's

series about the values a% and bi to yield:

n n
Yg = £(¥y) + = %%; bak + 3 %%E ) Agk (B=2)
k=1 a]%’bli k=1 ak,bk

T 1

where f(¥;) = I aj [1 - exp(mbkt)} (B-3)
k=1
1

rAay = ap = ap (B=4)
dby = by - bj. (B-5)

Equation B-2 actually represents an approximation to the Taylor's
series expansion because terms containing second and higher order

quantities have been neglected,
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Performing the operations indicated in Equation B-2 on

Equation B-1 yields:

%%_ = [1 - exp(-bft)] k=1,2,3...n (B-6)
k | .1 pl
k? Pk
and
3 = ajt[exp(-bgt)]. k=1,2,3...n (B-7)
k ai,bi

Substituting the results of Equations B-3, B-6, and B-7 back

into Equation B-2 it is seen that

n 1 1 n 1
Yy = I ay [1 - exp(-bkt)] + t [1 - eXp(-bkt)]Aak
k=1 k=1
n 1 1
+ kzl apt [exp(-byt)] &by. (B-8)

Here the subscript "a'" is placed on ¥ to denote an approximation
to the true value,
If the set of data points. contains r observations, then

Equation B-8 may be written:

n 1 1 1
‘Pa(i) = kE [ak [1 - exp("’bkti)] + [1 - exp(-bkti)] Aay

+ a% ti [exp(-b%ti)] Abk J (B-9)

where i = 1,2,3,.,7,
Thus from Equation B-9, one has r linear equations in Aay and

Abk°
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The deviation, 63, which represents the difference between
the ¥'s calculated by Equation B-9 and the actual or observed

¥'s may be determined from the relationship:

n .
1
+ ai ti[exp(=biti)] Aka “¥i. (B-10)

The sum of the squares of the deviations, defined by the

relationship
T2
S= T 87, (B-11)
i=1
becomes
T n 1 1 1
S = <t z [ak[l - exp(-=bgt;)] + [1 - exp(wbkti)] bay
i=1] k=1
2
+ a% ti[exp(mb%ti)] Abk] = ¥y o (B-12)

Using the least-squares criterion, in order for Equation
B-8 to yield a curve which fits the data, it is necessary that
the parameters Aa; and Aby be chosen so as to make the sum of
the squares of the deviations a minimum., Thus it is necessary

that the relationships

39S 39S
§T33}) = 0 and 3TKB;) = 0 (B-13)

be satisfied.
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From Equation B-11, it is seen that

90

T Ot B
3(8ajy) i=1 *t B(Aaj) o (B-14)

Returning to Equation B-10,

86i

1
——— = [1 - exp(=-b:t:)]. (B=15)
3 (daj) )t
J
Substitution of this result along with the result from Equation
B-10 into Equation B-=14 after simplification yields:

r n

1 1
z Z [1 = exp(-bjt;)] [1 - exp(-b:t.)] sa
i=1 k=1 ko I k
v 11 oal bl 1 blt)] ab
R aptylexp(-byt;)] [1 - exp(-byt;)] aby
i=1 k=1
r 1
= _E Wi[l - exp(abjti)]
i=1 _
r.-n 1 1 1
- I I ayll - exp(-byt;)] [1 - exp(-bjt;)],
i=1 k=1

j=1,2,300un (B“lé)
Similarly, by taking the partial derivative of S with respect

to Ab;, it is found that

J’
r n 1 1 1
oI [1 - exp(-bjt;)] [ajti exp(mbjti)] bay
i=1 k=1
s 1 alt (-bit.) [alt (-bt:)] ab
apt: exp(- ; ait. exp(-bst:
is1 kel k*i k*i i jri k
= ; v, [alt- exp(wblt-)]
jo1 & jri jri
T n
_ 1 1 1 1
z z ak[l - exp(-bit;)] [ajti exp(=bjti)]@

i=1 k=1
| j= 1,2,3...n (B-17)
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Simultaneous solution of Equations B-16 and B-17 will yield the
Aap's and Aby's from which the a;'s and by 's may be calculated
using the relationships given by Equations B-4 and B-5. Once
a, and bk are determined, .they are substituted back into
Equation B-1 and the sum of the squares of the deviations are
calculated using the relationship:

T
S, = 1
1 i=1[

2
ak[l - exp(wbkti)] = Wi} (B-18)

a

n
z

If S, is too large, the values of aj and by as calculated above

1
are used as new approximations, say ai and bi, and new values of
Aajy and Abk are determined using Equations B-16 and B-17, A new
is

value for the sum of the squares of the deviations, Sy

calculated which will be less than Sl° Again, if S, is too large,

the newly determined values of aj and b, are used as new
approximations, ai and b3, and new values of Aay and Abk are
determined., This process is repeated until the difference
between the sum of the squares of the deviations calculated for

two successive approximations is less than or equal to an

allowable difference., In equation form, this may be written:

where Sb-l and Sb = sum of the squares of the deviations for
two successive approximations

ASa - allowable difference,

The accuracy with which Equation B-1 fits a set of experimental
data also depends on the value of n, that is, the number of terms

used in the summation, Of course, the smaller the number of terms,
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the simpler the equation; therefore, the first logical value for
n would be one. If, after determining the final value for ajp and
by (for n=1), it is found that the sum of the squares of the
deviations (Sp) is greater than some predetermined allowable

value, say S then it will be necessary to assume a new value

a?
for n in Equation B-1 and determine the corresponding values for
the ak's and bk'so Since it is desirable that n be as small as

possible-and still satisfy the condition that

<S (B-20)
it is logical that successive determinations be made for
n=2,n= 3, and so forth until Equation B-20 is satisfied.

As stated earlier, in order for this technique to work it is
necessary that the assumed values for the ap's and by 's be
reasonably claose to their true values. If this condition is not
met, the procedure yields diverging instead of converging values
for the parameters. This a paradox which could limit the utility
of the technique, particularly if there is no prior knowledge of
reasonable values to assume, In order to eliminate this problem,
a ratio test is performed which consists of examining the two
ratios Aak/ak and Abk/bk after each iteration, It has been
found from experience that the assumed values are close enough
to the true values to yield convergence if these ratios are
between-the limits:

-1.0 <Aak/ak < 5,0 (B-21)

~1,0 <Aby/by < 5.0 (B-22)
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If a ratio falls outside these limits, the new or adjusted value
of the parameter for the next iteration is evaluated from one of
the following relationships:

o o

ag = a, * .40 ay (B-23)
by = by * .40 by (B-24)
where a; and b; = previously assumed values of ay and bko

If the ratio is positive the plus sign is used; if it is negative
the minus sign is used., The factor of .40 was found by trial-
and.-error to be the most satisfactory adjusting factor to use,

Of course, if the ratios fall within the limits given by Equations
B-21 and ‘B=22, the new or adjusted values for the next iteration
are evaluated from Equations B-4 and B-5.

Using this ratio-test technique, results have been obtained
using initially assumed parameter values which differed from the
true values by as much as one million times, This permits an
extremely wide range of '"'guesses'" for the initial values thus

increasing the usefulness of the method.






APPENDIX C

COMPUTER PROGRAM FOR
VISCOELASTIC ANALYSIS

I. Purpose

The viscoelastic material parameters for asphalts tested in
the rotating coaxial viscometer may be evaluated using a computer
program. This program.was written in FORTRAN IV for processing
with :the IBM 7040 computer system. The purpose of this program
is essentially threefold., First, it computes that portion of the
total angle of rotation which may be properly attributed to
viscoelastic flow. Equation 37 is used for this computation,
Second, ‘it evaluates the constants in Equation B-1 which yield
an equation which best fits the viscoelastic portion of flow by
the least squares criterion, The techniques which are used in
thiSFevaluafion are described in Appendix B, The viscoelastic
parameters -are ‘computed from-these constants by means of the

following relationships:

Gk = l/ak (C-1)

Ty = 60/bk (C=2)
and

N = Gk(rk)o (C=3)

Third, it assesses the degree to which the equation of best fit
approximates the experimental data., This is accomplished by
calculating the square root of the average squared deviations
between the experimental data and the equation of best f£it., Such
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standard deviations are computed with respect to the viscoelastic
creep function and the total angles of rotation for each of three
stress levels.
IT., Limitations
It is necessary to provide, as input, data from the results
of three tests, each of which is normally conducted at a
different stress level. The number of data points (that is, pairs
of observations between time and total angle of rotation) may be
any integer not exceeding 120. The same number of points, however,
must be provided for each of the three tests. The number of
Voigt elements in the viscoelastic model is limited to a maximum
of 10. Any number less than 10 may be evaluated,
ITI. Job Submission
To submit a job to the University of Kentucky IBM 7040
computer - system, the following items must be submitted in the
order indicated.
A, $JOB Card
B, $IBJOB NOSOURCE Card
C., Viscoelastic Object Deck
D, Matinv Object Deck
E., $ENTRY Card
F, Data Cards for First Asphalt
1, Asphalt Header Card
2, Steady-State Angular Velocities Card
3. Load Header Card (First Load)
4, Data Cards (First Load)

5, Load Header Card (Second Load)
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6. Data Cards (Second Load)
7. Load Header Card (Third Load)
8, Data Cards (Third Load)
9. N-Card
10, Voigt Model Cards
G, Data Cards for Other Asphaltsas Desired
IV, Input Data Cards

A, Asphalt Header Card

1. Format
Columns Symbol Subject Units Format
1-3 N@ Asphalt number -- I3
4-7 L1 Smallest load gms - I4
8=13 L2 Intermediate load | gms 16
14-19 L3 Largest load gms I6
20-24 TEMP Test teﬁperature °F F 5.1
25-32 CT1 Smallest CT product d/cm®  F 8,0
33-40 CT2 Intermediate CT product  d/cm? F 8,0
41-48 CT3 Largest CT product d/em®  F 8,0
49-62 GO Instantaneous elastic 2
shear modulus d/cm E14.7
2, Use

This card serves to identify the test results under
consideration and to transmit the instantaneous elastic shear
modulus -for internal computations,

3., Remarks

The loads which are indicated are the total loads

suspended. on both sides of the pulley. The instantaneous=e1astic

shear modulus is the load-independent modulus which has been
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independently evaluated (see '"Presentation of Results").

B, Steady-State Angular Velocities Card

l. Format
Columns Symbol Subject Units Format
1-14 W@l Steady-state angular

velocity under smallest

load rad/sec E 14.7
15-28 wp2 Steady-state angular

velocity under inter-

mediate load rad/sec E 14,7
29-42 Was Steady-state angular

‘ velocity under largest
load rad/sec E 14.7

2. Remarks
The steady-state angular velocities under the three
test conditions must be evaluated independently prior to the
computer run, The techniques for this evaluation are presented
in the section entitled '"Presentation of Results',

C. Load Header Card

1. Format
Columns Symbol Subject Units Format
~1-15 W Steady-state angular
velocity for given load rad/sec F 15.0
16-30 CT CT product for given load d/cm2 F 15.0
31-40 T1 Corresponding- time to
achieve steady-state flow min F 10.0
41-50 THETF Corresponding angle of
: rotation at T1 degrees F 10,0
51-54 M Number of data points - I 4
2, Use

This card furnishes the necessary information to enable

the computation of the viscoelastic creep function for the given
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load level. It also specifies the number of data points which
follow on the data cards, |
3. Remarks
One load header card is necessary for each of the
three test conditions,
D, Data Card

1. Format

Columns Symbol Subject Units Format
1-6 T(I) Time corresponding to Ith
data point min F 6.2

7-12 THETA(I,J) Angle of rotation correspond-
ing to Ith data point and
Jth load level degrees F 6.2
Times and angles of rotation are alternately punched
to and including column 72, Six data points will thus be
included on each card except perhaps the last,
2, Use
The basic data for the analysis are transmitted by
means of these data cards,
3. Remarks
The data are punched in the order of increasing times,
The number of cards necessary will be precisely M/6 if this
quotient is an integer or M/6 (expressed as the nearest larger

integer) if the quotient is not an integer, The cards must be

ordered by increasing times.



-112-

E. N-Card
1, Format
Columns - Symbol Subject Units Format
1-3 N Minimum number of Voigt - = I3
elements to consider
2, Use

This card establishes the minimum number of Voigt
elements in the viscoelastic model. After evaluating the con-
stants for the N-element model, the program proceeds to evaluate
an (N + 1)-element model, and so forth until one of the
following conditions occurs: (1) the product of one of the
assumed B parameters and the time value corresponding to the
second data point exceeds 30,(2) 100 iterations are tried for a
specific. number of elements without convergence, (3) a specified
maximum time is exceeded, or (4) the number of Voigt elements
exceeds 10. The first condition is provided in order to
eliminate .the inclusion of numerical quantities greater than
those permitted by the computer, The second condition is
provided as a means for discontinuing execution if divergence is
occurring.,

F. Voigt Model Card

1. Format

Colunmns Symbol Subject Units Format
1-14 A(K) Best prior estimate of l/Gk

(the reciprocal of the
shear modulus of the kth 2
element) cm” /d E 14,7

15-28 B (K) Best prior estimate of 1/ty
(the reciprocal of the
retardation time of the kth
element) min E 14,7
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2, Use
The N, Voigt model cards which are necessary are
ordered by increasing element numbers., The estimates of A(K) and
E(K) serve as the initial point for the ‘iteration process.
3. Remarks
The estimates of A(K) and B(K) may differ from the
true -values by a factor as large as 100, The program uses an
iteration process which evaluates a power series at successive
values of A(K) and B(K) until the series converges. Howevér, if
the estimates of A(K) and B(K) are greatly in error, the iteration
process will not be executed and the program will terminate.

If a value of N

1 is specified by the N-Card, only
one.value . of A(K) and -B(K) must be estimated,'that is, A(1) and
B(1). For the tests reported herein (asphalt cements at 39.2°F),
good estimates of A(1l) and B(1l) are 0.2 x 10 =5 and 0,5 x 10”1,
respectively. The program then computes values. of A(1) and B(1)
Byrthe iteration process which yield the best fit by the least
squares criterion, From these values, Gl‘and rl_are computed,
The program then evaluates a two-element model. It first
estimates A(1), B(1), A(2), and B(2) and then, by the iteration
process, finds.the best values for these four variableso Gy
Gy, rlguand,xz are then computed. This process is repeated

automatically until one of the four conditions of Section IV,

"E,2 is encountered.,

V, Output
A1l output from this program is in the form of tabular

printouts., The section entitled '"Presentation of Results'" describes
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the content and format of these printouts. Output data for all

of the asphalts tested at 39,2°F are included as Appendix D,

VI. . Source Program

A listing of the source program for the viscoelastic analysis
is included as Figure C-1. A listing of the source program for
the Matinv subprogram is included as Figure C-2., This subprogram,
which was obtained from the University of Kentucky Computing
Center, is used in the solution of the simultaneous equations

(Equations B-16 and B-17).
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DIMENSIGN T{120},THETt120,31,CF{120,3):ARIFF{120}
30 READ{S5+5) NOobL1sh2al3sTEMPLCTL3CTR246GT3.60
1 FORMAT(I3,14,216yF5.1,3F8.0,E14.7)
READ(S, 91 W01, W02, W03 g
9 FORMAT{3El4.7)
IEINOY 10,20,10
10 WRITE(6,8) NOyL1,L2)0L3,TEMP,CT1,CT2,CT3
8 FORMAT {1Hi.19X¢40H SUMMARY SHEFET FOR VISCOEI ASTIC AMAIYSIS.//.9X,
112H ASPHALT NO-,13,15X,7H LOADS—414,216+3H GMy/4y9Xs11H TEST TEMP—,
2FY.192H Fel12Xs6H £T5- ,3FB.0,84 DY/SQCM.//s 884 TIME HETA 1

3 CF 1 THETA 2 CF 2 THETA 3 CF 3 AVE
4 LFa/f, B9H MIN RAD RA/D/SACH BAD RA/D/SQCH_
5 RAD RA/D/SQCM RA/D/SUCM,/7/)

40 DO 50 4=1,3
REAO(Sy2)WO04CT,yT1y THETF M
2 FORMAT (2F15.0,2F10.0,14)
WO = WO » 60.0
DO 6 1=1,M,56
6 READ(S5¢43) T{I)yTHET{IsJ)yTUI+1) s THET(I#14J),T(I+2)THET(I142,J),T¢(
-+
3 FORMAT (12F6.2)
DO 50 I= 1.4
THET {I,4) = THEY (I,J) # 0174533
CE{T 2 bb=((THET{[+ J]-WO*TI[I}SCLTI-THET{E, J)/C0T
50 CONTINUE
DO 60 T = 1,M
ADIFF{I)={(CF(I,1)+CF (I, 2)+CF(113))/3.
60 WRITELlG %) T{T),THEF(I,1},CPil,1) THET(]W2) W CFIT.23,THETIT,3).CF(1
143)+ADIFF{I)
4 FORMAT(FB,1,6E12.5+E14%07)
DIMENSION DIFF(120,10),AA1(10411,120), BAL{1lO0,120), AA(100,21),

20(10) yEDIFF(120}45(120),THET1(120),THET2(120),THET3(120),51(120),
35201201,5%3(120)
READ (5,12) N
12 FORMAT ([3}
00 70 K=1,N
TO READLS,13) A(KI-BRIKI)
13 FORMAT{E14.74E14.7)
109 II Q.
26 N1 N+1
Il I1+1
M2=M+1
L1=24N
L2=2=N+1l
TEST=0,0
TEST2 = 0.0
DO .16 J=1,L11
DO 16 I=1,L2
i Aan{),TY =0.0
DO 200 J=1,N
DO 200 K=1,N1
DO 200 I=1,M2
200 AAL1J,K,13=0,0
00 202 J=1,N
0N 202 K=1,N
DO 203 lI=1.M
JE (B{K)*T{2).GE.30.0) 6O TO 30
IF (ABS(BI{(K}=T(E)}.GE.30.,0) GO TO 204
XK=l /EXP{BIKI#TL]))

non (i

Figure C-1. Source Program for Viscoelastic Analysis.
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GO 1O 205

204 X=0.0

20% [F(B(JIeT(2),.658.30.0) &0 1) 30

’ TEOLABS (B 2T .6E.30,0). 6070 208
Y=l /ZEXP(R{J)=Ti1))
GO TO .209....

208 Y=0,0

209 AALLI el s )l KD e {la-Y)

203 AAL(d KoM+l )=AALld,Kyl) + AALC,KyM+1)

202 AALI K =AAL (K Me) .
Uit 300 J=14x
DO 300 K=1,N)
D0 300 [=1,%?

300 AAX(Jakal}=0aQ ...
DO 302 J=1,N
U0 302 K=1,N
Ll 303 [=ty M
IF (ARS8 (K)«T(1)1,06Ea30,0) GU TO 304 ..
X=Le FEAPLR(KRIRY (1))

e GULTO 305

304 X=0.0

305 IF {ABS(S1J)#TLI) a0E.30,0) 60 TO 308
Y=l /EXP{R(J)eT(]))
GO TO 309

308 ¥=0.0

309 AN1LS, K1) =A(K el {I)el Xiul]l, Y]

303 AAL(J K M+ 1) =AALId Ky 1) ¢ AAL(S, K, Mel)

©oL=NER s e

302 AALJL)=8AL(JykyM+L)
DI} 400 J=1s74 —
00 400 K=1,Ml

R 10 I X0 1) IS E-2 WY 7]

400 AAL(JWK,[)=0.0
DO 401 J=1,'¢
DU 401 I=1,M2

401 BAL(Jy11=0.,0 ___
DU 408 J=i,N
VO 607 K=1,8
DO 406 1=1+4
TFUIBIKI#T{L) ) 0ka30.0) 60 TU 402
X=1a /7EXP(RIK)aT ([))

60 Y0 403,

402 X=0.0

403 JELLBCII«T(II1),065,30,0) 50 TU 404
Y=1./EXP(2 (=TI

_.. GD TQ_ 409% —

404 Y=0.0

405 BAL{J,1)=8DIFF{I)2{1.-Y)
AALCJaKy BV =A{KIw{Lle=X)n{1a=Y)
BALU)M4+1)=0AL (J e [J+0ALC S M4]1)

406  AAL{J, Ko M+L)=AAL (I Ky D) +AAL(J Ky Me])

407 AAL(IaN# L MeL)=AAL(Js KoM+ ) +AALLd N+ 4P+ ])

R=M
408 AA(S L2 =180] (g,Mm+ i) fRI-AAL{J N+l M1
DO 500 J=1,N
20500 K=1,81
L0 500 I=1,M2
500 AA1{J5K,1)=0.0
U0 502 J=1,4
DO 502 K=1,N

?igure C-1. Source Program for Viscoelastic Analysis

(Cont'd,).
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00 503 I=1,M
IF [ABSIRUK #T(]}).GE.30,0) GO TN 504
X=1a/EXP{RBIK)®I{]))

504 X=0.0
505 IF._{ABS(w{J)eT([)).GE.30.0} GU TU 508

Y=l /EXP(RB(J)2T(L1))

GOT0. 509
508 Y=0.8
509 AAL( ) ,Kel) ={1.— X)®ACJI=T([) (Y]}
503 AAL(J,KyM+L)=AAL{J K T) + AAL{J K, M+1)
e 22Nl -
502 AA(J2,K)I=AAL(JyK,M+1)

DO &00 =148

DO 600 K=1,N1
e B0 600 [=1sM2 —
600 AAL(J,K,1}=0.0

LD0 602 J=1.N
DO 602 K=1,N
0. 603 1=1,M

IF (ABS(B{K)#T(I)).GE.30.0) G} TD 604
e XS /EXPIBIK)#T{[)} -
GO TO 605
£04. X=0,0 —
605 .IF (ABS{R(J)#T(I}).GE.3ID.N) CO TO KOG
Y=l SEXP(R{ 1T 2T(TS)

., GO TO 609
608 Y=0.0
609 AAL({J.K,T) =A{RIaTILhel X)sA(S) 2T (1) e(Y)
603 AAL{J KyMrLI=AALtI K1) + AMLCS KoMl
L=N+K
JZ2=8+,

602 AALJZ,L)=AAL(J,K, M+1)
.. DO 700 J=laN
00 700 K=1,N1
L0 700 I=1.M2
700 AAL(JyKy1)=0.0
DO 701 J=1.N
80 701 [=1,M2
701 BAL(4213=0.0
D0 708 J=1,N
DO _701 _K=1,H
DD 706 I=14M
TE{LAIKY#T{T) Y GF.30.0) G0 10 702
A=l /EXPLBIK)YwTII))
e GO T8 703
702 X=0.0
703 LF((R{J)xTLI)}.GE.30.0) GO TO 704
Y=L./EXP(B(J)«T(1))
0 TH 708
704 Y=0.0
705 BAL(JL[I=ADIFF(I)*A(JI*T(I)=(Y)
AAL{J K 1) =A(KY #(Le=X)2A(JI*T (1) 2(Y)
e BALL) M) =BAL(J, TV +BALL M)
706 AAL{J KyM+L)=AALL{S Ky 1) +AAL{J KyM+1)
07 AALIGN+T Ml )=AGT LK oMLY+ AAL (] N+T Me]])
J2=N+J
R=n
708 AACJ2,12)=(BAL{J, 1) /R)-AAL{J N+ LMt}
O BN EI TN

Source Program for Viscoelastic Analysis

(Cont'd, ),
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43 DelTA(S)=AA0dyL2) :

o CALL MATINV. IAASLY e DEL T A s BETY s s s e 2 -
LD 100 I=1,N
L=+l e e . e IS
RATIO. 1) = OtLTA(CT)/ALL)

100 RATIONL) = QELTACLY/B0L) o . e
G 106 1=1+0

o h=Nel 0 e e e
IF (RATIQ (1).GT.5.0) Giy TO 101
IF (RATIO) (1) LlTaf=1.0)) 6O TR 102 .
GO T 103

101 ALLY=ACIY+e6QnAlLl) .
TEST? = 2.0

- Lo_T0 103 ——e

102 ACD)=A{[)=.40xA(])
TEST2 = 2.0 e

103 IF (RATIC (L).GT.5.0) 6O TO 10¢
IF (RATIOIL) LT f~1a00). GO IO 10%. 0 e R
GOTQ 106

104 BII)=03(1}Y4+.4005 ([ i . S e
TEST2 = 2.G
GATO 106 . . S

105 BE)=B(1)=-440eB{1)
TEST2 = 2,0 U

106 CUNTIMUE

e IE (TESTR2aEla2e D ANCL I 0T 1) L0 TO.8
IF (TEST2.EQ.24) 60 TO 5

L=iN+K
T AARSUDELTALKA).GE . GOl eALRIIGY T0O. 27 .
1F (ABS{DELTA{L)).GEW.O0LeR(K)IGO TN 27
GO_TU 28
27 YEGT=1.
28 ALK)=DELTA(K) +A(K)
29 BIK)I=OULLTA(L)+B(K)
[F (TESTeGTa0eNaiIRTEST2.6T,0.0) 60 T 6
G0 10 7
5 [F{Il.1EL100) G 10 26
WRITE (6,311
31 FORMAT (1HL1Y . .
DO ICH K=1,N
900 WRITE (6,32 EJUELTAIRI K ACKYWKyRATIO(KY
32 FORMATI( 4X 61 DELTA,I1,2H =,514.794X,2H Apl1,2H =ELl4.T14X 6H R
e LATTa 11,2 = fjé.7)
LQ 901 K=1,N
o kENER
901 WRITE (6,42) L,yDELTA{L) yKy({K) yL RATIN(L)
42 FORMAT(4Xs6H DELTA2T142H =,E1447,4X42H B,11,2H =,E14.7,4X,6H RATIO
Ly1192H =,€E14.7)
Gl TO 30
7 80 107 I=14N
Gll) = 1./Aa(1) —
TAULT) = 60./811)
107 .vISC(I)=G{1)=TAU(])
WRITE(64910)
. t1H1d .
WRITE(64108) (Ky(TAUIK)) pKp (GIKI) 4Ky (VISCIK))yK=1+N)
108 FORMAT. (1HU,10X,4H TAU, 01,20 =,1%,F1la,7s4H SEC,6%,2H G,11,2H =,1x%,
1EL14.T7,12H NDYNES/SQ CMy6X)5H VISCyl142H =4 IXyEL4aTy7H POISES)
DO, 807 I=1,M

Figure C-1, Source Program for Viscoelastic Analysis (Cont'd.).
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CO 407 J=i,l0
807 DIFF(T4.0=0,0
DO 808 1=1,M
DO 809 J=1.N
IF{{T(I)2B(J)).GE.30.0) GO TO 812
Z=1./EXP{T{{]*B(J))
GOTO 813
BlZ2 Z=0.0
813 DIFF(I,J)=t 1. /GLJI)N)I#{1.=2)
809 DIFF{[ N41}=DIFF(],N+1)+DIFF{T,JJ} ..
EDIFFUI)=DIFF(E,N+1)
THETA (D) ={CT1/60)+{WO1eTi ) n60 1+ (CTI#FDIFF{]))
THET2 (D) ={CY2/GO)+{W02aT({1}=60. 0+ (CT24EDIFFL{ [
808 THETI([1={CT3/GNI+(WO3eTl{eb0 )+ {CTIRFPIFELT
WRITE(6,810)
810 FORMAT{]lH=sLl09H Y[ME OBSERVED CALCULATED OBSERVED CALCU

LLATED OBSERVED CALCULATED OBSERVED CALCULATED ,/,110H
L2UMIND THETA 1 THETA 4 THETA 2 THETA 2 THETA
33 YHETA 3 CP FUNCTION CP FUNCTIONy/,110H (RAD)
4 [RAD} [RAD [RADY {RAD] (BAD)

5 (RA/D/SQCM) (RA/D/SQCM), /)

DO B0 T=1,M
850 WRITELG648L1IT (1) 4 THETET 1)y THETLUE) yTHETIT142) g THET24 1) THET( 143}, T
VHET3¢ I}« ADIFF{ ) EDIFF{T)
811 FORMAT{(FB.1,48E13,5)
bN A22 T=1.3120
S1{I}=0,.0
$211}1=0.0
53{I)=0.0
822 S(11=0.0
DO 820 I=isM
S1{I)={IHET LT 11-THET]1 (1)) %%
S2{I)={THETII,2)-THET2{I)]==2
SI{I)=(THET(1,3)-THET3(T})ux2
S{It=(ADIFF(I)~EDIFF(I))nwu2
S1(M+1=SE(M+1)+51 ()
S2{M¥1)=S2(M+1)1+5211)
S3{M#13=S3{M+]11+53CT)
820 S{M+1)=S(M+1)+S(I)
H=M
SD1={({S1(M+1}/H)==.,5
§D2={S2{Ms]1)/H)ue.5
SD3=(S3(M+1)/H)e».5
CAs(SiIN41 Y Al e &
WRITE(6,821)S01,502,5D3,SD
B2).F — T =,3 5114 53 14XyE12.5414%X,E12.5)
AIN+L} = A{Nl=.l
BINEL) = B{N)})=*1Q.
N=N+1
60 ¥0..109
20 CALL EXIT
EMD

Q
1}

Figure C-1. Source Program for Viscoelastic Analysis (Cont'd.).
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L PROGRAM NG 13~7040-F4
c TITLE - MATINV SUBROUTINE
c SPECIAL MACH REQ - NONE
c SUBROUTINES REQUIRED - NONE
c KEY WORKS — SIMULTANEQUS EQUATIOGNS,DETERMINANT , INVERSE,MATRIX
c
$IBETC. CHY) EULEST,REE
SUBROUTINE MATINV{A,N;B;M;DETERM]
C _ SUBROUTINE MAVINV
C THIS SUBROUTINE COMPUTES THE INVERSE AND DETERMINANT OF MATRIX A,
C OF ORDER N.BY THE GAUSS—JORDAN METHOD, A-ENVERSE REPLACES A ,AND
o THE DETERMINANT OF A IS PLACED IN DETERM, IF M=1 THE VECTOR B
C CONTAINS THE CONSTANE VECTUR WHEN MATINY TS CALLFN.AND THIS IS
c REPLACED WITH THE SOLUTION VECTOR IF M=0sNO SIMULTANEOUS
£ RQUATION SOLUTION 15 CALLED FOR, AND B IS NOT PERTINENT. N IS NOT.
C TO EXCEED 100.
C AMsB M, AND DETERMIN THE ARGUMENT LTSY ARE DUMMY VARIABLES, i
DIMENSIONIPIVOT{100}5A(100,100),B{100,100}s INDEX{100,2},PIVOT(100)
C INETTAL IZATION

10 DETERM=L.0
15 D0 20J=1.N

20 1ePIvOoT {J)=0
30 RO550 I=i.N

c SEARCH FOR PIVOT ELEMENT
4n_AMAY =0, 0

45 DO 105J=14N

_ 20 IE{IPIVOTEN).EQ.L) GO TO 105
60 D0 100 K=1¢N
IO IF(IPIVOT(KY.GT-1) 60 TN 740

IF{IPIVDT(K).EQ.1) GO TO 100
80 IF{ARSIAMAX) . GFE. ARSLALILKIY) GO TO 100

85 IROW=J
90 ICOLUM=K - ——

95 AMAX=A(JK)
100 CONTINUE

105 CONTINUE
110 (PEVOTCICOLUMI=TP IO ICOLUMI+]

[ INTERCHANGE ROWS TO PUT PIVOT ELEMENT QNﬁDlAGDNAL

130 TE{IROW.EQ.ECOLUMY GO TO 260 .
140 DETERM=-DETERM &
150 00200 LzlsN

160 SWAP=ALIROW,L)
JI0 ALIROW, L) =A{ TCOLUM.1Y

200 ATICOLUM,L)=SHAP
205 IF(M-LE.C) GO TO 260

210 DO250Q L=L.4
220 SWAP=B{IROW.L}

230 B{IROW,L)=BlECOLUM,L)
250 BIICQLUM.L)=SHAP

260 INDEX{I,1)=1R0O%
270 INBEX(] 4 2)=1COLUM

310 PIVOTHI}=A{ICOLUM, ICOLUNK)
320 DETERM=0ETERM=PIVOTLI)

c DIVIDE PIVOT ROW @Y RIVOT ELEMENT
230 ALICON UM TCOLIMI=1..0

340 D0350 L=1,4N
350 A(ECOLUM.E)=ALTCOL UML) /PIVOTLT)

355 IF(M.LE.O) GO TO380
360 DO370L=1.M

Figure C-2, Source Program for Matinv Subprogram.
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370 B(ICOLUM,L)=B{ICOLUM,L)}/PIVOT(I}
c REDUCE NOM-PIVRT ROWS
380 D0550 L1=1,N
390 IF(L1.EQ.ICELUM)_GO _TQ 550
400 T=A(L1,ICOLUM)
420 AtL1,1COLUMI=0,0
430 D0450 L=1,N
2 — b
455 IF(M.LE.O0) GO TO 550
460 DOSQ0_L=14M
500 B{LLsL)=B{LL+L)=BI{ICOLUM,L)»T
550 CONTINUE
c INTERCHANGE COLUMNS
400 DOT7IG T=1,N
610 L=N+1-I
620 TF{INDEX{L,]1}.EQ, INDEX{L,2)) GO TO 710
630 JROW=INDEX(t,1)
640 JCOLUM=INDEX (L +2)
650 DO 705 K=1,N
£60 SHAP=A (K, JROW)
670 A(KyJROWI=A(K,JCOLUM)
700 A(KJCOLUM)=SHAP
705 CONTINUE
7
740 RETURN
FNN

Figure C-2. Source Program for Matinv Subprogram (Cont'd.).







APPENDIX D

VISCOELASTIC ANALYSIS OF DATA

All of the test data takén at 39,.2°F were analyzed using the
computer program to evaluate the viscoelastic material parameters,
All output from this analysis are summarized herein in tabular
form. The format of these figures is described in the section

entitled '""Presentation of Results',
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DATA SHEET EQUATION OF BEST FIT, n=t £QUATION OF BEST FIT, n=2
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Figure D-1. Viscoelastic Analysis for Asphalt 3 at 39.2°F.
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Figure D-1. Viscoelastic Analysis for Asphalt 3 at 39.2°F {(Cont'd.)
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Figure D-2Z. Viscoelastic Analysis for Asphalt 13 at 39.2°F.
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Figure D-2. Viscoeliastic Analysis for Asphalt 13 at 39.2°F (Cont'd.}

-L2T-



DATA SHEET EQUATION OF BEST FIT, n=1 ZQUATION OF BEST FIT, n=2

EURRARY SATET FOR VISCOCLASTIC ANALTSIS — TADL r 0-1BiG703€ 6% g€C “€0 =+ 0.uTZT20LC 06 DYWESISG LA VISCT » D.1TOI41ZE 3% POLSES
b ASPALLY W a5 TOibE- 990 1400 2000 LK. TR = G-1U54257% Tn SR T DIaGETAIvE 06 DTNE/TA £ VISCT & “HLETiReTHE G0 FOTSES, TANZ = O.1QABISSE O3 5Lt &2+ T 3395247E OF BYHELTER N TiStE T B33e24T8E 05IGTEES
E51 TENR- 34.2 F CI5s_ 3230E.  5770%._ B1971. OU/SO0DM o

[0 IHETA § 18] THEI4 2 St _amef | elewe  cucmali  gasewsy cucbotes . G CALCULATES Bseny ALEULATED av LULAIED  dsseaEo_ GACULASS sty SULALED, 85
S ISR el — e R e e U mEERETR s, S
PN T 18453 WAaRL thany | (mams 1RA/D/0EN]_ IRASD/SEER) Lhatl), sRaps o 185D) _(RaD1  CRASOFSQUHL _ (RAJBISSCM)
e - 3 TR .gpnaonaE- o N 02 0, E&Iauzwug 9209216208 =0-TnguoE-dn -0.000005-3 0. TATIEDZ D-I0BUEAZ D TeSac0R g MSMESE DeZeln0lnid +269215-02 -0, 00000£=30 =0 000008135

1-6.000005-38 8.4 1e332-00=0.00008 30 10, gon0Eh320. 00000100 gongennt | ATAS3E-07  0,108EA FENIY) speor o 109
i S R L SR S T R R e e R s

-ATaTEGs 0, Eesk o U-Biaoar eiaaiacos foauasens 0.0

i
N LT Tiineremts 0. 38131F-p2 O TRGTAE=DI 0. 'd?enE-u?

2]
- agE—02 73 26921E-07 e oz_uo%
—S i o hn e R T e e st iR L S R el S T
La75a0E: 2., 835460z OLLL i gos 389l 0.83917E-n3 9, 1 15E-08 0,
ERN S atet-na - 1Teoean SN €507 n.li?ﬂns-ul RN ST D-i)ﬂiiE“W_U_L—(.u-nbnz TEce 3111345801 GoaTERIE=D2 o.n?:nsz— L 1ZRSE ﬂb L2 Z)sE o
aaEogt o7 liiaboy| yosatist-e 0ol7asaspl Dolisif-oe, D hzgsbsesge gimssuiE. g gisgiaoE-0l O.2T453CopI, 0. EU3B5E- G ANAE-01_C -
uu!E:u's . :jeaiz-m q,mzss LR mafiz—ﬂ: 0-tesisE=0eT. Ik (~nn 0-313876-02 a.u; 5; 3 ls!&![-u:, n.lual:—u u.zun'nw: HaiesaE-a €233 .. 1z-ans 037 g 196 3E-01  O.1TiFAE- RS
=08 0017 = Exte boafanen: diiisitsel oilded 03 .
0L 0. 18GR9E-06 - 42 6.9 3t 17702 [Ty
o 23 N 9 cotTa . Ny -~ L1353060_0.MuiSSEcHT  O-loege-0i DIes3SE-0l p. Seiibi 0.1sts1fab| 0ljseasi-ol 0.7ihar-o
i R I e S e .zeuuem E T e s e e R i Seaieoai
ol o u.z!ulsﬁ S o avazie-bi 5208l 0 S3i0niTaEns pullohsea sidmioenn o.:vwlzﬁ 01 DU179ASE-0l ©33053c-D4 0. 1DEZRYE=DE_ G 11343Em BEDL 0:778 285!
Tes1aE-04 0.70744E°D a-.wss-na n‘a-zans-ln G.2399RE D6 D.23s5anlE=dé G.12217E~01 ECTCE FE: J'N'l;e U1 0.1571936=01 0.23d57z-0& O.1II1BE~0E Q. uznsm D.11384ES01 T, zu-aus— 1 Q-2GDAZESUL T GaZILTIEGE
Nei-n: Usscre. 0L BiZenEone £ dasetoEnie_012302 —n;J.s;nsq(—uz_c Zuehku\in.li\zdne-n . . 3HE =01 Dl 255 729, 22538201 g o E85F-01_ oo 3pse
8 o 3 : e 0] 5050 = THERTL DL £327EE LZHESES0L g 2Z2ToETUL 0.332a5ESDL
108,842 ) 06 - nfr-uz u.z;v;lt- :._zmug-ns 0l72eilE-O1, B.2oK2bE-0n DLi3n " o 3ARE-D1_ 5.1403aE=D1
17 A YESd L 0. 05459E-05 0. X4 Faalt 3 27 0.1 L 0.982104 AEH 1 50T =3 lt;sns—nh < 127E-01 B T Q. 3e50TE0L
SSS0E-g) §.25TzAr-Qd O.26DOSE Henit nw__ eEhe_ b ieABE-0 boaBIge gl oidetiafial SiiTibal 5.3 DIZS37TE-L_ D-2073E-0n  DU15i31E-0A D) leenst-mi e N b 3s52E-0L
SPONE=L: 5. 2REALE-20 . 26529E= U-3§39TE-01 O Juaubi Go 0.391552 =06 g7 iE E 8L 0. ]a&z Pal . zb:z‘?bm o wsu’—m a-SBN?E-m n TEEOLE 01 n.zaﬂie 0% .. laumé—ua olisroaEa - s =
samesi c,alMﬁE 145 A 39A55E06 003023800806 __tiex 11961650, 27, THZTE-CA 0302 1 M [T .21 283
41601 019242600 0L 10051396 <06 :.zuz"{ T e s e e vl et S L OUEBISED T
mmm fiteis . Liyioeatial 0:a3medtge o ALL3isE08 0l = 823028 9-31633E-05 i reraey i7013z_al  clpenzgr-ol d.; 84 1R08E=0T DoizeglE-
Ty s i7 - 2 e B ot S drea 0 0 QL 1%L TaERon CTTEEEETAT 0.2o0aSE-01 0, 392876701 B.A)8)3E-DL D.eizouic
TASEabi b IMINE-Gh Dissasie0l 4 3a10c-ns 9.)30aTostucs G lresic-oi :-}ﬂm?ifm SaSBut-0i guaeldngl Sjnaripe (olassseoe 1inasleeni - p.30nazE- 4508E s 13
R e a.mucs iy s g G resve ot iezn 1601 £ 33nu0c i atrisioes 0T SES1E
ot TrEte b -~ p3En:_ £ | 0l6TirE Dy 6.35099E-01  T.34n5 9 S Qaa2AaE Q.4TIZeE-DL_ 0.4TI1YE-
S e e e m-sm—u. T i e Ediasietes e T R
5 e 260E-E; EaablseETD F142E-a1 a.3upue—al = _W.a.sman G5 3munaion
05 5E b D, 38R 55500 GL 45T L : S TETHI 2L 16179606 On :!a"'——“‘“‘s;s o
5152350803 0. Jnavt-os Gnz37ize bh_g.ZTatleor 1 oQn | 0.39esEain
ERTTH o PR TIE ER T ITIETT gesirer e e e N TR
SlgSszzE=0l ¢ n P DLBATSIaz0e 0 pISEN0 _Eo5RAE~G1_ -51a20E=31 -
DoHaYoeE 53R i iy GEY Lii33210-0 Serifeids
3 a. .snmse D 0516604 _ ohesbebnt 0InTTIME AL D18ER1IE- IhaETSE b6 0opldadE-Dd

B.68323E~01
0. 13395601

D_59zTEX—01
ToABSTEE—DI
oo rszEsiagl
T EQTIaE-O1

1701

+3071 0! 5
oo Eaer E i S IBEER £ 19364E 61 0. §DIETETER o OV I4E 00 0, 7ERu0E
A AIRE-DY C.51365E-Cp £l ubll1E-21 E2TeITLE-D6 po11east
.45:—5‘“5 51 E-1TaT4E: a"minuuﬁn; D 1T EE . 12633 L0 E.d ]
EaRsIE=00 T )

JEeon

Foaassae
n.t;:v\i—ﬁ:
E-4 FaEN

U556
TR
571

= U.S?nmﬁnn-rzus‘ﬂhﬂ
ssne-0s ol4i3Sihoou,
TLEeeeaeuat O

HoT01iTE BT LladiEnty
-tz 0 Dee

G- LOT34E 08
al)iease oo 55E-
b. 131236 e

53,
sﬁsnEn: B

A8 ) 26

0o 0L iTeaTE"
oo ai13S1if
T5 T.13547€
oo B 1elTdE
0 DL 1HARIE

32C3E:
.!z;eni—n) T e R et
Fot SN
c.eznc SRR
4403 aizE 2. 0n 1zsEgn ¢
Zliik H B

T P s 9
sLHUIERDS 5 52RE B0 BaAzaoErn B awmss . £

TS e o9 e o
o

it
AA1ETE-08
L SLEOE D8

1t

b . €

59l o n.nsnuz S Biiaar ng bojneles-is 0l17017€ (0 0, Looae 0s fodL6souEnil, Salanat
Lane3aE-a1 L 'ics!t-né u.:zuqk“l To102325-0% u.nunu B 0o LOAUEE-07 O, PEAUSURET e b.na-ﬁiﬂ
Angoii= 3525-05 AL 74E-03 . 973743RE-D4 .
AS!JD!& o n (TR ms‘s(

R
o-iTsas

e

N ©LT3T08E-a1 25 ALITITRE—DE
PR e S R P e R B G2 ynse3EDs o E:
1057 I Tineatn0] bIIBAABEGL. bisISE DO 0 13sS3% 0B Gisatesf @0 D.19396f 51 o.ass?e_vs_ . ibizre o
R Tt o TIETERL DLEsien EIITRYGE DT 0. (a03E o0 O.JTAURE 00" 0,018t Gn . tosduE-ud g Ineines

n-p1emn-eil 0 £ 821817 0. 0E-D5 o

ig
]
o
5
o
5
uo

a'g 2

LR liairSE-US "o qub SIETTE B, rissﬂ—tﬁ
755 5.0 3700%E-05 1 i F pa I
7\)’\ n.g?isz[ 2 t13aTE-TE o ?Rmm CES Ilble Uﬁ [N unw\z( a5 pL 1.51&0; 0. L S E_nc n.l&zill nn G EiTgRE R
2\ n Rl 5 RN MiieiE-os a1i3l3sE 25 37 L1S3E0s SoBUTE 08 G-1uTane0y olonnsitags olsmnitel oo SioreEi clisims oe Sliime o8 S.31RITE w0 0iricest 00 fodiSien
533 'HGF-Ot « Q[E“Oﬁ TTIE-05 G.228L3F U8 ULF1BH0E-05 . [10L) IaE~05 B-ATTTEE=G ~ToFIGLE €3 O.1369:8 OO T i

i nrzne-m a5 JEEREHE S 223mE 00 naszisaence Sa11303ezE05 oo SIZME Eoterear D€ o Siseast o6 o 3tson h s nwz.we
3 FHLESDS ] il 750 g5 SE 40 L. 2%0U%E O

Py ihs!E-c‘
o

Ea 962€

?a QLaEHSTEST L T) 0.22515€ 00 .29 o

annsm -3EEAIENL 0-1a737E np 0. dedde 2. pa3is0ne oa u.zzsms B0 Q113036705 Bllige-0s
- 0-167758 i0g gL T 0%

©
L £ LacBA3E-Co BiiT3TVE (D 4117089E=05
5 SRESHT L e Tganeate € ITOAME DO 0L LHC91E- 05 6 g Tps T i
27a0 ﬂ 97“52 01 L.5E43RE-00 o AEiIIDI: GO 0, L245CE-05 2nEnDE 40 5.178936-05 n.)?nhZﬁ]E“ﬂi §497TIGE—O1  C.ACRAIE £C c LE5COE €O C.13153E o0
924% DO boA3pR0E o b.2nsaE B0 Blidmeiens chanzsieds o mzaz Do glcsere 06 1Mt to mmestt 8
os

171005 09

=
n.usnE oo = .~;zsnzs a1 mmwm CIUT2TYE 0B GI146B2E ng
0 TpIZE I LaoTe 190J1E O n.lh&'i?. u: - 1TL99E 0
ilinz oo olzoaieos N isnaseods | o £ 05 7
n.mm fo puzsieas siamcoos
T 1604 123
'n.zajsz a0 e R e
13094F 05 D.13TTIE-0H
5

e R
728 00 g lismeod bliane-0s
re o,

AT

oz ' & SE-0%  O-LIS3Eu05_
LaEE el oo ou T i e
S130F Qo 0l32BA4E-05, 4.130157.05
-3086F 0T 0-133a8e 03 UTTIGar-as
D4SE o0 0:EASLEE-0Y 0113073605
C333T8E ] STt

- 1020TE L
i ren o5 n_xauzmzs-us “CLLokRTE au FRTETE

D2 24310 zieieos 0 o1zl
iy 05 0 i e
Lii9lie-05 BUii3ic fh o iilseste witaaeE oo
B l‘r’—ﬂ"_L\u R R
1] U £ 1e_d. ! LLIFR

aEVHLE
9.tz305¢
@ b2905E
;134338

0 po3229%€ 5o 0l T33554E G0 D-LIIGE0E 0.142505-03
MT'T_—Ln @ nrueﬁ—‘rsu ERS ‘7,'§yrr

[ ;‘x‘ze-
£

205 <ATEn 0o 134493 < a%e-05 a
L0 Doi318E 09 e.aoz:as ET P !55..9E nn e A:JAL-DE o IEDH?OS B 26053E 00 G.zesdsE 00 O !AZJAE PO Du QL L&XIE=DT D ll-i a5
sele g0 Saznesroar. 3370005, I 3359306 b6 boaraZSE b0 0.3 o 0oislga-ns Dllilasigs .
B i

TOUE 90 £)2RRGE D3 02

O-ETRG: 6L Jended g p.3wieeE b0 o TR nuﬁuua b 1e3g3E- 0%
219E 00 4. 133EVE-09 E. b0, $DU55E D)

. 0:787 17E - 0%
o
0%

29T1E OF
92305288 80

313m1E Ge13 g0 B-439%

SIPME Nn ooises 0. gnwf_o_u___n.«uang ao
[
]

BERE

TTaSa 0 ColE [ 32
9TIE &0 81501364 Enos, ?aE_D_u_u» » oufma \an)g AR 0, R
OEEO 0. 141 1265 YL n msuus n‘n Bt e - R e et a3 ST A o :59—“ 050 1aiTe
5a74E 0 9 50

GaheTs e 0o D Loshens
bl160i (502 . 1s2%ave ot DY G iSi0SEfR_ G.jebifE 3 G.33007C 60 Woa7Sar o0 DoAsearl un Olliissicgs oriezi o

6020 BL19D2eE o . 143336 x ] _o.sir
i R 3 lqsqus Ba n.znuuz R R R R ] 0135 U OUibIet €0 Cisara oo aoa St
o 500y 3595, e 72

370 p.1PS4RE TO L. I4MFiE=
)

PRI

E. 90,

BErCEE ] i uqans o1 0. nzssauns o ln!sszv%

En‘aa

1 l‘iﬂ_
555058 o0
| SZ10AE o 9.31s%s 80 SATMSE 6L gbiic g0 0

€. o 35,

R e.zzuas D6_b-35s3bE o0 c.avovsy Gp beaysrs biaals 5

> 0.3u0055 00 0. Lb&vsi-ﬂ—'u.melssﬁﬁ-- 3 o.rz
3

D.51ZI%E 65 b 5 H
S R N ni Oi2ip006 By 0.3itvar £a ooaaaesE Do o.aseane
ToTape—ts o 0218426 00 0221 20E 607G 3As2as po o-ardant
£33E.

B

800k o0 olicadse-0d 0niatef 0o 221,

uo ﬁ_uo:ai 08 0-35T8YE 0 c.)i'rs?ﬁu c san 5& uu siqu 13 Q.lmnﬁ o TELIEEOS 0.32835F DO
4612 05

5

baTs
1305 00390956 04 04 Sa736-ab b50530E 00 0:lsavar
3332636 00 0, TBeL3E-6

07 SrleTotareo

EXd

it oo oiine
0-S3TIHE 0 U5 eane G0
50T

0~57453E_0_0.185835-0
o

ZRR2TER
|
m\n

G

a

-} ! 5507 "!;“ - 232 L 2. O g5, IE_ 00 25

GI23T34E GO 0, F5TeTE s gz gl e ne 2idee 3 SiancTuo "Sisnue oo oitown

9. 24005 02 ) 2505, _0i28380% G0 0,255, » AR . 268605
2.0 A 3ATREE 00 U-l&bs!% 00 €. 19018605 u QDSSUE ﬂD ﬂ.la?E]‘E-ﬂS G I‘RV&}UE- 0.Z8TEAT a0 ﬂ ZAF35E GO O-#3232F UG AL T 4 &DKSHE ﬂﬂ .bﬂsl?i Dﬂ o, 35 n_zﬂ'uﬁi of 0.25 (B GHAEGE Dﬂ 04‘[“55: oo ﬂ RTZIBE-—D5 [ A7307E=05
4oL 1255075 00 0. 182456-95 (1144000 £0 0. 1EYS1E-DS §.41765E OD d:16TAIE-05 G117339R1E HER e @ a. zsu.c €0 CoesooE gn SreiTieE on a-bluse 85 5241783T 00 0i1iaaceent _Oniarize—as 7530TE_Q0 {.{EQRE ScsLyose 0 043275 an T3a06o08 0. 1TAT2EnGs
TR zu;\g QU Q. Lav0E~05 0.AAE55E G0 n.muvs-ns D.63006E 00 G.1LEHLE-DS §.L7ha02eE-C) 7863t OO 0.2509Z€ G4 Ca «lsse B u.-.ssz‘ EE0 0.L500aE 0D O.b62¢38E 00 M‘ﬁ?‘ TR HoE “EEE oo

B o

£AE=0s asTIoE o0 6

25 _hozesrer 05 ¢
£ o0 ¢ 2eous

9693 0.16812E-05
ER
. o 5,

D-lraber o THeTIEEDY T B.SSESIE O U-Deiule
o, 0.

ar 016A220E op o 103500 05y \TsOReTEROS ¢
B 1E: USE~US 0. 26
T4E~08 O zwsn:

3EE G saeciay 00, an.uzas 00
i a.\suse "an* 0%

enzzui Vs‘v_yvs—us

] ¥
§0-6345DE B4 U.ESEATE DoVTTALE 08 6. 1T5438
Si6a512E 01 0i87EOSE 00 5:)T54aE-D3 D.173936w0%
e S  a ML=

S0 NEY e BamAMLIE-RR a.18005E-&2 072275687 0.039736-07 370 OBY «  n.Al6aZE-02 0.55372€-02. B.43544F-02 a.14mLTE-07

Bio= ik

s

HERS 25 7. 732 N 3% 05 Goessw3t bo_0iiin
e R L A R S B e e B S S R R R R R S e

Figure D-3. viscoelastic Analysis for Asphalt 45 at 39.2°F
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Figure D-3. Viscoelastic Analysis for Asphalt 45 at 39.2°F (Cont'd.)
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Viscoelastic Analysis for Asphalt 53 at 39.2°F.
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Figure D-~4. Viscoelastic Analysis for Asphalt 53 at 39.2°F (Cont'd.)
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Figure D-5. Viscoelastic Analysis for Asphalt 67 at 39.2°F.




{("P,3u0D) d4.z"6£ 3®©

stm3ney52-0

a-3Tewive To~azeEsz-a 70-3824157D

-3naEEE 3Z6E11+0 10 S€mori-o 0O 30.pti-0 o0

4084 "0

zo-31zlee

L9 3Teydsy 103 STSATRUY OT3ISBTS0DSTIA

L0-38%64T0 To=3ceaz 0

A0=3eLidst0

*g—-d 2INBTI

20=30¢21270

D0 TIZERL-D_ 0D 3ET0ECTD

CIEETT 1D
Jraini=nio

AT
aenz01-p

ESae ]
Fe5995%0

FOLE0TD On
3141010 on

ITEEe
Jrigmeny

FeuEre O
€260

3LLETET
36166870

ELGZT
06 3ocrie=n 0o 3TE99RD

00 SOYRER-0 00 JCEHGH 0 B0 J0251570
00 33AiEt0 D0 3%iE€Evg D ITEYEE0

0 3goacn-o oo Meeai-o 0o 39ize-n go doan
T TR d

UL THETTE 8 00 AW0ECT

05_3C6S0£'0 0% Fhowifrg
I IEULT 00 SEEEVET
00 7205EE70 0B 3SCLoftn i

g TR ng;q

003241250 ‘005 Jeaclsiu_08 Spaserrd
DO TTE54-C 00 AO0TG15-0 0 Jsafia 0 08 3veies-0 O JEE6IET g

Thiw

3LivEeT0 Qo TeolEs-

TTEETHSINEETT SO IRISSETN G0 Sohg SFCITTT0 00 TE02h
SO_IZLTEL0  S0-36627270 00 FERETS 3400770 QD 359004+
T AEa e G SO-1584TZ N Na 3GDYT
403099130 £0-1ESTIZT 00 dynEedvq 0p FI9e96 D DD ILTSRE
I U O=IS0TIZ 0 6l S01EL B

OD_LLISTER 06 dzwere-pred

T6 SRR
10 3¢arireo

1o SEETT T
39 gfawei-o

TF SEEELD
o8 Sm3ztL-n

B8 JEFOGIE
0o Sigeste

=@
o0
0
o

TeEERT
56004t D
3ETR6Ea
Fegeuitn
SERETT
fuszeea

$0-2rteszea
T LT
5

oD Alaslero
R T L LT

R R B TR I
“ielazre 00 FTlib 95 31Ifero bu snIvien

00 360vBetd 00 IBrESHO

=S T EEEL U U0 SWIVTLT0 00 SWhony
~5868€2°0_ 0D DS0564°0 00 I0COZE~g 0D 3000RN:

o ]

8949570 0D Fiawsawn 08 IEEButD D 3eevERtn oo 3651sece
N A R I R R

OO FROVEL D 00 JLLENL 6 TGN HevIv]
m

T Srai o0 st
s:-32ew2e00 so-deriezeg

o0 aTesvg oo mz_:} q

0u Sezilesn o 306STgD DO 3.£97Z°6 SO-¥eiledh  Soedek

JEZTETTT O JTOLELT0 00 JOUTOVYE— DI JESedi T U0 Bl8IE'0 so-dszu
0f_3€066¢70  No IDCEDITE DO GNEIZ'C SO-T1TIL

IFECTT 0 FCRIILT0 QF TLEYLCE DO ITRIETTD 00 TANG0E

$O-1001T*0  §0-1L1603°0 ho 3TE4SE-a_ DO F1€E2S0 0D 364ISE*0 04 3gsts-D na B
R e 11 S At Byt oo 5 SeTSEit 04 boet 34TT6170 PO J6YE] 0 S0-37HGIZTH SO
3928070 E0-1LE202%0 DO 9591870 00 9FEERD_ 00 IDZICET0 O JLsECrD DO J94BLT
=SEYIGE O ST IEING TG 00 JITeév 0 OO ABGZESV 00 I5ES?0 0 U0 ZL0I20°0 00 Sebil™ DT lm.u.u.n.n_.u
31176170 00 30904570 €D JIEYEH0 O JESEILC ©_0d 300953
T T3 T TRERE T Do JeYELT
"o 3V€119'0 QD Fizes- 09 3r1eN7-0 00 Sbpeer:
T STISEE 0 U $20y 20 DI Ts9L 20 o e
4D 3T962E'0 B0 9elsEto 0 BTHEE]
U0 JESoLeT0 BE TGIVEIVE T SIEELT

0 B seler-0 0o 3tasiccn oo 3Eres-

HETEAR

.Ha.n_l‘ L L s B LA

2£236C-0 g6 31922670 o 3TAdTE'D DA 3E4FZTY

TR IACEHT T UG TOOEET W 6q-359402°0 50~ 9502000 310364-0 50 MEOIS0_50 DvrenieD

B L T
L5izameneen. s -

T ITVRIELT T T S
P Fcynez 36L1ET )
WY BT FLEACT

“Srersreg Hov—
I L L]
O 35605470 D0 IHISEZTT DY I0SHZ T BNV

o5 Irerse-
gt TERCET 4t

SEICIC 40 JTYITE0 O IGOviZTo OO avedl]

J0.ZIE'D_ OB 3E9F0ETY 00 JLOLDETD 00 BILGDETT 0 3

B0 FwatsrD O IT€5:370 00

TITHEE S IO DUGHY D U0 SuAERTTD D

-133-

Jozeszty’ ¢U 2c0esz+0 Qe 321l 09
36/547°0 90 SEATHZ'0 0% JTE41t oo
35256270 00 3921k, B RN B0

08 detrini

$0-3421E8=0"
Tom 32428570,

TIELTOE T T0-d5adkEC
~isizev doisis

o

09 32054275 an
OO S+5E9z D 08
g 3s0rezra ao
0 3£L1427G 08

00 35182770 00 SSIHGETU OO J2GAVI D
SyssoR=t 00 JO1410 00 FETATTO g
g NI I LS TR e F R T
so-iiz 3¢04¥ISD 00 IEELITO 0O 390210 1D-AETIETTD
"SEEALI<0 00 JE51FI-0 00 11261570 To-IBTweah
3UTPT-0 0D 39ED1Z0 OO 3evOIL-Q 1p-3ZTobG7D 1. W
FtIR To=TTegws 0 YB-T0UZS 0 D=8
s0-3arl 39EEET" TD=3E9105°0  10-3%5064° 07T
0 S TCOLETT PRI s i
3AROE0T ™ 1p-318D0h"D  18-3ZLELoR, =-nm

103496050

30 -359€A170  TO-FTYR1E"D

03991270 39-362592-0 ~HO-D60VS iy 30279470 102002050
GETTELIT To-IbR TR oi-aivyn Erriiy

-30c61n"8 T 63003520 do_stmase-a—Umdieie Rioie

=3TrERE - <102¢ "

et ~I58242-0 Koo era =0 —dHIZTOT SATCieT T

G RE =dL2eI=0  T0—3L95EL D =351 IkY ~3TL98Y

3607 5 IL56E37D T0-36nw2z 6 E=ITECR “Hazcar

S0 Tr ;

10-20vETED

BT
103699850

SIvEaes e [ i 1=3Zdnfer i TO-IBCAZ=0  TO-3LYHEI"0
1= Wmmnhw.e T0=3GLTET"0  10~; umnm;nvu van TG-SUEEIs 6  [U-SvClli 8 O Jes0(2°0 —36T7S n D=3 TEY m
OTBIEL ST (= IBEST 0 (G- Trel T T0=3e4n¥ U _g0-300c0c =0 30-3.s3c70 30626570 10-206957°0  To-Bsnrse-o Y- FTrylg
0_370L12=0  10-FENELI70, 0= T —HOEILSG T To-deRtvrea
.gﬁiﬁﬁaﬁg S-3n69E D s oDeifrice wnohioesito lodesszza Todsiszn Wealeril
B 10367 LIOZIVELIT=0  ID=FT2001%0 ~%g-,05e -0 Y TELRECE-  [0-Aee01z 0  TO-aegitie h Y= HehTT0
N A TG=3E48IT T Y0010 _90-31508270  9h-Ibedis I0ASTERTSg. SluumcE g 10-326a01r0
R RS e T JoaVShelva Ioiiehsi-d Zmdeilbeg. {o-3ovmEL-D
EO—FanaTl | D—iLA5EL 5O-3FTHTNT™0  GO-A1922T° 13 bl - » = -
14 COE” 0-32eEdTra  PO-FvELrrd  YO-TETEEITD TUG-ISelqic0 96550517 =0T {HAEETL1 0 TO-JiELZI"0  TU-AcEos) T FE-SETEEET |
C=IOw0T-C [0-326201°0 Z0-1E%ves 0 CG-300LIE D O-357#11™0  S0—3is511°0 .uwmnf:._ 10-366€0T40  10=316201"0  IO—FEE06C-D  I0-IOVEZED
551640 Ja-MeTs01<0  10-3S07E1-0 Fo-divehi-h FU-301060-0_L0-31584-0 LB-30I0st-b —yi-asvitiTiprIaIt b RuSbFEen N ICeNr f YINEONOL S TUTCTTE i3t ehe 0 SheIre T 1 o
TE=I00DDI BONBO~ O Z0-36539E 0 26—dR0Trg= ~ 36 qCL Loyt 20 3etSI T J0-T~E04 Ty ¢0-200IET™0  Ps-3000007M- RE-FOOMD0°D Z0=166205°6 20-3607E-0  2d-06iT92-0  PO-ITSHIT10  Z0-3v504170  Z0-380281°0 TT
TP 7T T IaTve Ty TovaT TevEY TovaT Ty oY (HIDS 0 /PEY IHIRS (04 v cavsr M) owst [[TeT) iorer
MOTIONYY ¢7  NOILONN 43 LALTECT L FELTY T ¥ITHL T ¥iAHL T FLIAL 1 TLEHL UL a9 KET T3k d ¥ yaang T ¥ TR LS T 913n] VISHE (NENI
T OIS OEREETEn  AREvTIITYT . OSAWSSEC  G3IVINSTRD  QIARISOG  DIIVWTT9T  USAYFSEN  C garyInoaNy  03aasen GurInATYd  3IAEILE0 OZ1¥INITTY  O3AY3SE0 D ETRATIEL U S E LY ELL VR T ¢
$15)04 50 FESOLEITTD = wISIA W3 BSrEINAG_BO. IECINPEYIC 3 %D IT5 00 Dev6v9CZT0 » vAm P TR T T S Y 1Y Y ELL LR P21 o a4 T E0 VI T - TT
“TI510d 60 BLELEGTR1°0 = EJRCA ErY [VIRET8 O = BIST0a o I2ZTCESH-T = ZITIA WD OS/TINNG LO IPVRLLEZO = X3 735 {0 Ip0TTEELTE = 2fvd
535708 60 s2060s°0 v 236t M) bs/sima £0 Suremseine e e 436 60 sewaleelv0 x aws  STIRSEORIENEE  TSSTR R SS/TSNEET T TR S TN
TR S ST T TAT TSI S BT T
v=u L4 1S3I8 40 NOILVNO3 €=U 114 1S538 40 NOILVNO3




DATA SHEET EQUATION OF BEST FIiT, n=1

TRARRY SREET FIIR VISCOELASTIC ANALYS(S

aSpRALT WD~ 7T O R A e VAL = D.1SERSZZE 04 SEC 12 DaS3T952IE. .08, DYHES /ST CH wiSLl e 0.2363293F 08 PUJSE
€57 TEMS- 3.7 F crs. e 731 Ge, . MDD NEESHCH
T fiRe  vema g CE L, THEIS 2 e T A 17 4un £F TESEAVED  CALGULATED TESEAVED  CALCULATED diges eAcaaTe DEREAVEQ | CALLULATED
WIR Asp . RA/OJSSER wAD a7 BEGTN [ WAIDITUGE  RASG/SOLA 5. TWETA 182 IMETR 3. LT EINLTIGN TP EUNLTIDM
- TRADY [T (Rapy LRAD] g TRAGT {AA7LFAOLA] (ARSI SOEMT

b gl Tma iz 00N YA 0. 1SS 5.1 rus78-02-0- 900008 R N T e S i e R Fe
SISUETey 9 amonTe 0 forsraioy LatiThoaz = slinaiEiy GzoE: e 3 £PSANIET bl Seiinra
e iots b oiaiot) baaasgiione Dlisiunen GITATIOE0Z 0 ISesbE-0l 41kl ST Bl iarer e

B T eI s Ly 6.34307R=07_ 0,14 l;;_p“__g,&g;nog Fptisrir s U IREIAT..
e L T S4ICTES0Z . L9ALIE DY Do E e T
T S e I AT i S S i X »
: QlBTTeAE ©7 Dllenishn R I e el ERpTI =
“eTsiadzor g arasiez O ST bR et O m;g B 9-75%157 TE-D7 0, 573806202 0, 2080TE~ Vams rep; -
= on. 0. alDITERDE 0. 20350E0L Glifesseot =
TE-D:

.l
e
£

ELEEE

L e 0.l 5 - 0, J508Ean]_ 9. IRESSECRL.,, Br S AE=gy_ A
am L TDU=D1_Ds ALKTHE-06 WLi20585E201 Dok unnha T e e L T
BN St o1 ar a1 Eas 0 TR LTE=0) 0 536-gl 0.37157{-01 0.Z1R17E-2T ENEEE R [T

E45E-6 0.7FBAGE-N] 0.
gl monrte

R LT T T
1y 025535601 Q.4aE2T
allezts

ER
i 5]

a.23631E o
2eT0aE oL leiarkos g

Easaut

=228
230985

0223E=D, D_71] |SEndb,

" - 7200 EoUk, u.wm?E—
sromE o, ThaezE06 os o 2
7387500 B \8sonscotn, b iBI7E - 108R3E-GL

um—es D-1ROZTE-0E 1ps12e- ML BE-0L Do i) 7a7E-DE

SHE Jyagatial 0. 12163E-30
FAMSESD]_ 9 - 34018E-01 DL yzbsar
3133E-01_ 11, (4340 T2Eapy ToriibsiE- = Gl £13e F-06
AL TE

D1 pIoDEIE—D0 31FEupL

L M Ty
TE

350 BEED

Lagsri=o0) blx : 6 _3oialiTe-li

291236208 0.7 TITSIET %

TIFHIE o T3 Or BT - AJ0Z0E=0L 0. 2TALLE

ILLAE=De 0-Beadgul-0n ERE Pt e e T
2 Toueh _onaiska- 3

AR08

T 0
By oy
5

58307 726
TESTANLA1 TOATOBLIE-OU 0. 3A43e- Oa

FRISIT=13
Exg1

&L ToARE— ua

o = B ZERAIE DL
R AZE=CE .z XADIMEGL

RACENE

01 0.23280E D& n uz 4L . E aM ) £ 17424k
o 2391 FE=01 (.2&330E—08 JEEIN Dl b )stq[»ﬁﬁ: 0 EIDJTLBEM-:& D.1&A35E-01 0, 2914pE=GL  0.23F1TE-01 4] 9TE. ua
e oaioat-o1 O Jstesiook 0. 1wil>si-56 _bo1% T32E8 g1
: S AiaTiohs Dia4nliE-o6 o1sl8Rasss-ac " BIPLTTEDL [
3 = - e70263E-06 D, Za20TE00 S
463 ILE t ]-i?ilsl! D ZB‘HEE-M ﬂ l!lS
T

2,318t n_u«dash/\*_’_‘ﬂ - 3aDLE=g],
©: m&—m QTLATEAT-L 0.53T1ER01

N T

533501
u.«az»e«m

JeTTIEo0E 0

739836208 0.6 R1E-DI D.d o
D iTeos Doasale o) auawesion n B

PAsE=D]
GoeazasE=Nt
£BSTHSERD: )
2283RA7ES01

- =

6 o715 11EZ08
6 0n75he1 1Mty
3

b
£ fe,

LO5TE_0D_$-4

G40BE D6 0 _Fans LE—

fellgena 071

U Ty TaDa
- 1852

SRR TR R
> Jelab i it iy nzadre-01

_07E934LEwDY

20, 0: 0T 1E06
20V3E 0D 023608 LE~0A 0, Hon 10k

- 0_D, 42833801 n.u‘mz(
BLASAESOT DL RT4D:
0 DtROEAED] D hoaniy
i}

4 173058

f R R L
7.0 Q.07 76E oL 0. e 22 5. 1o
TR0 SIRINAAT3L Grinsaar-o o.1sre
9.0 0-B2034E-0]. .0

1084k QL3Z508 0. AS8SLE D0 0.E2895E or .1ESit 00 0.100220-02 U.aillisteeds

B FhgRat i zaan—u TR TR e Rl eyl e o101 (008 o3 et o
513

06
©u_ 0ltWILTT 00 p.zI6TE 0D B 3WTEZE-DN O HSpedE-0s
22403L U0 E.aLINETOE 0L5e3 1OL-Ba
L0 0D 0.33333E-D6 O FnEa
UIEAE7IE na o, znw FERAEE iakn:
BT e T

RN a8 g baneons g o
o

0,9t 17606y u.—ii'n"n"s‘a"‘uﬁmuf‘nnew' 0-106a1E 40
TAITEZDE 35E,
e g0

B3 0., 2195i0E-0E 01
T IR T oL 0.1 1178 B0 S o0 ae 0 D aTh 1ot e egsannrAl. Jotinet bt 0240247E ap
1521

5B o0

E2E-6_ D, F0STIE oD 0. 1060k
o

et -
OraAE-08 . F05UZ LEE UG

q; =T
9992711188006, .l.i.‘ﬁf an_o,

B 0.F30L1E=DE 0. ZL951F G0 L1030 Alnnanug 5 0-1270E 00 D,
00 0-55BOTE~Dy D.2260ZF DO D.1110eE~08 1.}0439035-GU [13page o b.
o e DNt B bl lisros oMloseianias .3uaE

LF=i N

63t Ley
L e e e
. 1

d
%

N D
o iaggar. 0.0 n«z it oo
[ R )

Ty
1ousTE

735E A6

TR
e

(ST

708z 290:
RSt (e e e
- an 00,

B R G-2T0eE Y 0,212 AL

2 Lz o 306 0y 0.32734E 04 D.3TEAY
R ns,,,q,\g.;-\;_g 821h32¢€, 00 A-iagast 20 o ioime 00 G.aaaeat g3 elaniua
13 D e T D Ti0%6 18 90 D.342%0E DO 0.34ELAE 09 0. 34Beh

ZUEITE-AD.. D-243526. B_0-38308 00 _bredon)
azE 0l 2u80i 3ag30r 0a  RlaiRGs|

Ay £52056=0510
G20 6. 1486I0 DE DLE2533E-03
2 L =05 0

(47E-03 0. k358
LT0E=05 0a
i n=|=

ZHIAL 30 0.suso0s b frah >m=.,au (LI
SaE 30 0.E8I95F 0o 9L3MROTE DoanDlal
LN .a-msnE OSAISET b Bihece: on biumicn: A saphizes

£ 1ar3TE S350
R R i = T Ve L T
D00} EORTE-0% Bo42251E D, 0. 13T IVERUE ML

D.ZRL56E 00 O.s0Skaf 00
D.3E7TRE DO w_oo

LoealEIE 08 u.\s.\s)( “e

oz
o.Tat35E 0

B0 BU1SioAEDy v ST DY 8LTINE 0 - LALFADHE B
Ro

20937 S
0.30514E GO D.e4AIE 00

a.FasaE

9 paieAzss Q0 gLiTA4RECD: an
o 0-1875; G0 0.17253E-08 D.g7RIIC

02175412 DO
a

0. Dat3RBNE 0
J3TaI7E DO O.6lak 83 n,srs,a, H
& ATABZE. 80, AE. 05, L3002
R R S AT
040108 D0 0. SRRRUE.00.. OnLAEAEECEY

Rit
0, 183E6E 03 0~ 153 14E 00
D EETAE. DI G ETeLE 2D
De1tilE 09 2o
2,

B0 0. LSLBE 25 0.47I0
0041 TE4EDS 5. 330ATK 00 0. L5602E 5 B a0 0],
0. 1733520 ot

0733 TERES G 0. 001G
0

AT 5

2.0 D.2024sF
Ty o

00 0T b rELES
il

iiia M

AR Ry
QD [SRIME=gE.0.

8ha0 Us 20044

Sunat-us D, 53368

_ 5122673 _09_ 0, 36175,
i SRR R

QlSEutHE TY D, 62TAE

a® DaR21 ¢ 6205_0 53 Lid 229 0 . b83TTL
Tas0 Gr 22515 £ViBET3 057eaE ew ©. 143888705 4 o 0 DiranEBA._@.33770F an D:3p27eE n0 OUSTALOE 90 BL4ITDRE 00 -le3idE
L 3z 8e. - 5 1-365L L e e R R R e o a0 (RS
R GL63EA0% 0. smqs nu u R S R L R T R 1. 1sezaE
3 3522 \208E =05 R L Tlaadng"
1055 0.24¢35E 18739503 653 Sn3atE on _Ai1scparay o jualls
iTorn oiznzocE no o aL1giTe 0s BLenTo0r 00 giteneEds. ) T e et e e e
2o o0 0. {13555 Doz lnet 90 o-doea B EoTek| TL-05 o 1080244565 _D.26354E 0J DL2AO94E 00 (.41394F D 0.4+158E ola aabat 03 =
o L iTaT 0 BSAAMIE DO 0l1awME-Gs A LaNI0iEces FrzEic 00 0. eck D0 Dyabadt b .aTe ;0 b-TOTLE B
S ITSHEESGs 0, 127856 00 o-rehslEos soirniedtus o ;

1503 u.z!lm GRS IuquAns L =.~ A0E
10+9, 02877 17!

SLO0E D0 007205 51 Duv
T o0

AFE=05 0753956 00 0. &sAIE 3 0.75398E 00 o.al«:n: Gl u.nuaz s

__14%.0 0305436 0D 0.3
135.0 031361 00 £.)B69LE—D

Figure D-6.

I s

b e o Tasnie by o o Di0eayE 0O DoiTewiE Ob biezzief oo O.rraszE mn_g
1 ¢ ag. LIE=D5 T _0305+3% 00 0.71307E DO G-4uevE 0D
554E 60 ULIN3 40608 3 057 013i74\f 00 Dl3ziese pn_ G.3G\T0E 35 T 52500 BO

O111E ¥
RZSSCE B0 8 IRIRIE.D0_ 00)

T N 0.29371E-01 a-tx54aE-0) LR
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Figure D-7.

Viscoelastic Analysis for Asphalt 72 at 39.2°F.
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Viscoelastic Analysis for Asphalt 72 at 39.2°F (Cont'd.)
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Figure D-8. Viscoelastic Analysis for Asphalt 91 at 39.Z°F.
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Figure D-10.

Viscoelastic Analysis for Asphalt 127 at 39.2°F.
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Viscoelastic Analysis for Asphalt 127 at 39.2°F (Cont'd.}
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Figure D-11. Viscoelastic Analysis for Asphalt 200 at 39.2°F.
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Viscoelastic Analysis for Asphalt 200 at 39.2°F (Cont'd.)
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Figure D-12. Viscoelastic Analysis for Asphalt PR-103 at 39.2°F.






