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PREFACE

This report describes a design system for predicting temperature cracking
in asphalt concrete surfaces. Included herein are the system development,
verification, and important variables in the system with respect to temperature
cracking. This is one of a series of reports emanating from the project en-
titled "A System Analysis of Pavement Design and Research Implementation."

The project, sponsored by the Texas Highway Department in cooperation with the
Federal Highway Administration, is a long range comprehensive research program
to develop a pavement design and feedback system,

Special appreciation is extended to Mr., Michael Darter and the rest of

the Center for Highway Research personnel for their cooperation.

Mohamed Y. Shahin
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ABSTRACT

Temperature cracking is a severe problem for flexible pavements in northern
parts of the United States and Canada and in cold areas in general. Although
the State of Texas is known for its warm climate, severe temperature cracking
has been reported in the western parts of the state.

In this research effort, a system was developed to predict the amount of
temperature cracking in asphalt concrete surfaces throughout their service
lives using laboratory materials data and available weather information.
Basically, four models were developed to form the system. In brief, the models

are as follows:

Model I - Simulation of bituminous pavement temperatures

Model II - (i) Estimation of asphalt concrete stiffness as a function
of temperature and loading time

(ii) Prediction of in-service aging of asphalt
(iii) Estimation of thermal stresses
Model III - Prediction of low-temperature cracking

Model IV

Prediction of thermal-fatigue cracking

The consideration of thermal-fatigue cracking (Model IV) due to daily tempera-
ture cycling makes the system an improvement over other available techniques in
this field.

In a comparison of the amount of temperature cracking predicted from the
system and that measured in the Ontario Test Roads and Ste. Anne Test Road,
the system has been shown to be reasonable and reliable, In analyzing the
system, the most important weather parameters with respect to temperature
cracking were found to be solar radiation and air temperature. Meanwhile, the
most important asphalt concrete properties were found to be the thermal coef-
ficient of contraction and asphalt penetration and temperature-susceptibility.
Data from the Ontario Test Roads and computations from the system showed that
the percent of original penetration after the thin-film oven test can be a
good guide for differentiating among asphalt sources when the rest of the

asphalt properties are the same.

vii



viii

The adoption of the system by the highway agencies who are concerned with
temperature cracking seems warranted, particularly because the system is made
available in the form of a single computer program. Another factor that makes
the system easy to adopt is that most of the necessary information for using
the computer program needs to be collected only one time. For example, the
environmental variables for a specific area need to be collected only once.
The system can be a decision-maker to accept or reject an asphalt supplier;
it can also help the engineer in designing an asphalt concrete mixture that
will best fit the surrounding envirommental conditions. Above all, the use
of the proposed system will reduce the maintenance cost, especially for those

locations that suffer from flexible pavement temperature cracking.

KEY WORDS: low-temperature cracking, thermal-fatigue cracking, temperature
cracking, solar radiation, conductivity, diffusivity, specific heat, rheology

penetration, softening-point, stochastic.



SUMMARY

A computerized system for predicting temperature cracking in asphalt
concrete surfaces has been developed. The models and submodels forming the
system are simulation of pavement temperatures, estimation of asphalt concrete
stiffness, prediction of in-service aging of asphalts and consideration of
stochastic variations and thermal fatigue distresses. Temperature cracking as
predicted from the developed system is the appropriate addition of two forms
of cracking, which are briefly defined below:

(1) low-temperature cracking, which occurs when the thermal tensile

stress exceeds the asphalt concrete tensile strength, and

(2) thermal-fatigue cracking which occurs when the thermal fatigue dis-
tress, due to daily temperature cycling, exceeds the asphalt con-
crete fatigue resistance.
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IMPLEMENTATION STATEMENT

The developed system predicts the amount of temperature cracking that may
develop in a particular asphalt concrete road under specific envirommental
conditions, Most of the necessary information about the asphalt concrete mix-
ture can be determined through routine laboratory tests; the environmental data
can be easily obtained from regular weather service reports. The model is,
in itself, an excellent tool that will help the highway design engineer in
selecting the asphalt concrete mixture design that will best eliminate or re-
duce temperature cracking in a road to be located in a particular area. The
model can also be used to differentiate among asphalt suppliers and select the
best in regard to temperature cracking, and, above all, it will help reduce
the maintenance cost. Besides the independent usefulness of the system, it
can be combined with either the current flexible pavement design system (FPS)
(Ref 32) or the second generation FPS (Ref 36) to give a complete flexible
pavement design system that takes into account both traffic and environmental

variables,
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CHAPTER 1, INTRODUCTION

The purpose of this research was to develop a system for predicting tem-
perature cracking in asphalt concrete surfaces throughout the service life based
on material's laboratory data and available weather information. Temperature
cracking as predicted from the developed system occurs in two forms:
(1) low-temperature cracking, which occurs when the thermal tensile
stress exceeds the asphalt concrete tensile strength, and

(2) thermal-fatigue cracking, which occurs when the thermal fatigue
distress, due to daily temperature cycling, exceeds the asphalt
concrete fatigue resistance.

Temperature cracking usually takes the form of transverse cracking perpen~
dicular to the direction of traffic (Fig l.1). The need for investigating
this problem and the approach to attack it are explained in detail in Chapter 2.

The models and submodels that were developed and are discussed herein are

(1) simulation of pavement temperatures (Chapter 3),

(2) estimation of asphalt concrete stiffness from laboratory measurements
(Chapters 4 and 5),

(3) prediction of in-service aging of asphalts (Chapter 6),
(4) estimation of thermal stresses (Chapter 7),

(5) probability of low-temperature cracking (Chapter 8), and
(6) probaBility of thermal-fatigue cracking (Chapter 9).

All of these were included in a computer program to form a complete system
for predicting temperature cracking (Chapter 10), In comparing the predicted
cracking with that which is actually measured in some projects, the system has
been shown to be reliable, The information required to use the program is
easy to obtain. Most information about the asphalt concrete mixture can be
determined through routine laboratory tests; envirommental data can be easily
obtained from regular Weather Service reports, The model is, in itself, an
excellent tool that will help the highway design engineer in selecting appro-~
priate asphalt concrete mixture design, the one that will eliminate or sub-
stantially reduce temperature cracking. Thé model can also be used to differ-

entiate among asphalt sources and to select the best with regard to temperature



Fig 1.1. Temperature cracking in Southern Utah highways.



cracking and thus to reduce the maintenance cost. Besides the independent use-
fulness of the system, it can be combined with either the current flexible pave-
ment design system (FPS) (Ref 32) or the second-generation FPS (Ref 36) to
result in a complete flexible pavement design system that considers both traf-

fic and envirommental variables.
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CHAPTER 2, THE NEED AND THE APPROACH

THE NEED

Temperature cracking is one of the severe problems of flexible pavements
in the northern parts of the United States, Canada, and cold areas in general,
Although the State of Texas is known for its warm weather, severe temperature
cracking has been reported in the areas of West Texas. Investigations have
been carried out by many capable engineers in an attempt to define the causes(s)
and establish methods of eliminating or reducing such cracking and thus in-
crease a pavement's service life., Nobody has yet developed a complete system
approach that enables the design engineer to design a pavement that is free of
temperature cracking, although the attempts to do so have provided a rather
comprehensive background to the problem. The purpose of this research is to
assimilate and interpret the findings of different researchers and, equally
important, to develop the necessary models to result in a complete system
approach to the problem.

Temperature cracks usually take the form of transverse cracks, with spacing
ranging from 4 or 5 feet to several hundred feet. The problem is not only the
effect that these cracks have on the highway user, but also the major distresses
that occur later in the pavement. The type of distress will depend upon the
type of the subgrade, loss of support or swelling, and, above all, the result
will be a loss in the rideability (PSR) and increase in the frequency and cost
of maintenance, These distresses have been noticed by several investigators,

among whom are Anderson et al (Fig 2.,1), Kelly (Ref 39), and Hajek (Ref 26).

THE APPROACH

In order to achieve the correct approach to solving any problem, causes

have to be known. There are two main causes of temperature cracking:

(1) Thermal tensile stresses exceed the resisting capability of the sur-
face layer (asphalt concrete strength), which results in low tem-
perature cracking.

(2) Daily temperature cycles cause thermal fatigue distress, and if it ex-
ceeds the asphalt concrete fatigue resistance, thermal fatigue cracks
will occur,
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Temperature cracking, as described above, is one of the principal forms of
nontraffic-associated cracking, especially in the cold regions. Other forms of
nontraffic-associated cracking may be due to moisture loss in the subgrade,
differential swelling of the subgrade, etc. However, these forms of cracking
are beyond the scope of this research.

Once the causes of the problem are known, the next step is to develop a
complete system that enables the highway engineer to predict the amount of
cracks that would occur with a certain material and mixture design.

Figure 2.2 shows a general system approach to pavement design, which includes:

(1) inputs - material characteristics, load frequency and intensity,

envirommental conditions, variations associated with the inputs, etc.;

(2) model(s) - techniques developed to handle the problem under con-
sideration, which can be based on theory or empirical axioms or
both;

(3) outputs - stresses, strains, strength, etc.;

(4) distress - cracks, roughness, rutting, etc.; and

(5) performance - a history of distress manifestations which consider

the user.

The utilization of such a system for the temperature cracking problem is
shown in Fig 2.3, In developing the temperature cracking models, four basic
items were kept in mind: prediction of pavement temperatures; prediction of
thermal stresses, strains, and strengths; fatigue considerations; and finally
but certainly not the least important, stochastic variations. A summary flow
chart of the developed system is shown in Fig 2.4, which shows four models,
each of which has its own function and serves as an input to the next model,
The whole system was computerized to provide a quick and efficient tool for the
design engineer. In the following chapters, the development and use of each

model is discussed in detail.
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CHAPTER 3, SIMUIATION OF PAVEMENT TEMPERATURES

Experience has indicated that temperature changes have a pronounced effect
on pavement structures. In flexible pavements, high temperatures cause in-
stability and excessive deflections, and yet low temperatures cause pavement
fracture, which is considered to be a severe distress manifestation. In rigid
pavements, the main problem is curling, which occurs due to temperature dif-
ferences between the top and the bottom of the concrete slab, Therefore, in
both flexible and rigid pavements, it is quite important to be able to simulate
pavement temperatures at any time and depth,

To date, most of the available models for forecasting daily pavement tem~
peratures, utilizing the available weather records, can simulate the maximum,
but not the minimum pavement temperatures. One of the better models was pre=-
sented by Barber (Ref 2), and it is discussed in the next section. However,
Straub et al (Ref 67) presented a model by which daily pavement temperatures
could be simulated, but one of the limitations was that the initial pavement
temperatures had to be provided. This chapter presents a model that has been
developed for simulating bituminous pavement temperatures, as related to air
temperature, wind velocity, solar radiation, and the thermal properties of the
pavement materials., The model has the advantage of simulating both maximum

and minimum pavement temperatures and can be easily computerized,

THEORY

The differential equation of conduction of heat in a homogeneous isotropic

solid (Ref 7) is as follows:

N
t c +

3.1)

11



12

where
T = temperature of mass as a functionof t, x, y , and 2z ;
t = time;
X, ¥, 2 = directions in rectangular coordinate, e.g., =x is the
depth coordinate;
¢ = diffusivity.

When the heat flow is assumed to be unidirectional, i.e., the temperature

is a function of t and x only, Eq 3.1 reduces to

3T
aq - (3.2)

The solution of the above equation for estimating the 24~hour periodic
temperature of a semi~infinite mass T in contact with air at a temperature

which is equal to T, + T. sin 0.262t, was given by Barber (Ref 2) as follows:

M v
1 e-xC ,
T = T, + Tv sin \0.262t - xC
M 2 2
H+C)Y +C
- arc tan < ) (3.3)
H+C
where
T = temperature of mass, ° F;
TM = mean effective air temperature, ° F;
TV = maximum variation in temperature from the effective mean, ° F;

t = time from beginning of cycle (one cycle = 24 hours), hours;
x = depth below surface, feet;
H = h/k ;

h = gurface coefficient, BTU per square foot per hour, ° F;
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k = conductivity, BTU per square foot per hour, °F per foot;
¢ = diffusivity, square foot per hour = E; R

s = specific heat, BTU per pound, ° F;

w = density, pounds per cubic foot; and

c = 0.131/c .

Before proceeding, a physical definition of some of the above terms is

needed:

(1)

(2)

(3)

4)

The

compared

thermal conductivity = the capacity of material for transferring
heat,

specific heat - amount of heat which must be supplied to a unit mass
of material to increase its temperature one degree,

solar radiation - amount of heat from the sun per unit area and time,
and

absorbtivity - ability of the surface to absorb heat,

temperature of a semi-infinite mass sheltered from solar radiation as

to the temperature of the air is shown in Fig 3.1, In order to in-

clude the effect of solar radiation and wind velocity in estimating the ef-

fective air temperature, i.e., T,, and TV in Eq 3.3, Barber (Ref 2) made

M

use of the following statements:

(1)

(2)

For a forced convection, including average reradiation, the surface
coefficient h can be estimated as follows:

3/4

h = 1.3 + 0,62V (3.4)

where

v wind velocity, mph.

There is an average net loss of about one-third of the solar radia-
tion (by longwave reradiation), so that the average contribution of
the solar radiation to the effective air temperature can be expressed
as follows:

R = % X b X solar radiation X % (3.5)
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Fig 3.1. Surface temperature as a function of time without
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Fig 3.2. Illustration of the effect of solar radiation on
pavements (Ref 2).



(3)

(4)
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where
b = surface absorbtivity to the solar radiation.
Since the solar radiation is usually reported in Langleys per day,

which is 3,69 BTU per square foot per day, Eq 3,5 can be rewritten
as follows:

- /2 3,69 x LY 1
R <3> X b x (—24 )x o (3.6)
where
L = solar radiation in Langleys per day.

Figure 3.2 illustrates the effect of solar radiation on pavement
temperatures,

The deviation of the radiation from R can be approximated by a sine
wave with a half~amplitude of 3R .

From the above three statements, Eqs 3.7 and 3.8 can be used in con-
junction with Eq 3.3 to estimate the maximum pavement temperature.

TM = TA + R (3.7)

TV = O.5TR + 3R (3.8)
where

TM = mean effective air temperature, 0 F;

TA = mean air temperature, © F;

TV = the half-amplitude of the effective air temperature, ° F;

TR = daily air temperature range, °F.

Figure 3.3 shows a comparison between the air temperature and the
effective air temperature. As previously noted, the above technique
estimates the maximum pavement temperatures only, and a different
curve is required for minimum temperature (Ref 2).
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Approximoate Effective
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Air Temperature, / \ / \
TM=Ta +R / l \ / ;
\’ | \
X

Mean Air Temperature, TA Air Temperature

Fig 3.3. A comparison between air temperature and effective
air temperature.
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DEVELOPED MODEL

The developed model is a justified practical improvement to Barber's
model, the purpose of which was to simulate the minimum pavement temperatures
as well as the maximum, Straub (Ref 67) stated that: '"It should be noted
that minimum temperatures of the surface seldom drop below the lowest air
temperature, barring an unusually clear night producing a so-called radiation
frost. Thus, local weather records are immediately usable for predicting 'worst
"

minimum',.,"” Hence, the effective air temperature parameters TM and TV for

simulating minimum temperatures were assumed to be as follows:

TM = ?A + (B X R)
TV = 0.5TR
where
B = constant to be determined;

?A’ R, TR are as defined before.

Using the data presented by Kallas (Ref 37), the constant B was esti-
mated through trial and error to be 0,5. In addition, for better simulation,
weighted coefficients for the temperature sinusoidal function were developed.

In doing so, Eq 3.3 was rewritten as follows:

He-xC

sin (Si) (3.9)

T=TM+IV\/ 2, 2

H+CO +¢C

where

sin (S,) = a sinusoidal function composed of three differently
* weighted sine curves (L =1 to 3);

Si = Ail(AiZt - Ai xc - Ao) H

3

A.., A

i1° forecasting constants;

ﬂ’Aﬁ’Ao

and the rest of the variables are the same as defined before.
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In solving for the above constants, the following two axioms were
utilized:
(1) on the average, the minimum surface temperature occurs at 6:00 A,M,;
and

(2) on the average, the maximum surface temperature occurs at 2:00 P,M,

The three different sine curves were selected to represent different

times of the day; that is

2 to 9 (7:00 A M, to 2:00 P.M,)
10 to 14 (3:00 P,M, to 7:00 P,M,)
15 to 25 (8:00 P,M, to 6:00 A.M,)

Curve 1, for t

Curve 2, for t

Curve 3, for t
Therefore, it was necessary to satisfy the following boundary conditions:
(1) the temperature estimated from curve 1 at 3:00 P,M, matches that

estimated from curve 2,

(2) the temperature estimated from curve 2 at 8:00 P,M, matches that
from curve 3, and

(3) the temperature estimated from curve 3 at 7:00 A,M. matches that
from curve 1.
Using the above assumptions and boundary conditions, the constants were

estimated by iteration. The developed model is given below:

He-xC
T = TM + TV sin (S) (3.10)
J 2 2
H+0O +cC
where
S, = 6.81768 (.0576t - ,075xc = ,288) for t = 2 to 9 (7:00 A.M,
to 2:00 P.M,);
s, = 14,7534 (,02057t - ,075%xc - ,288) for t = 10 to 14 (3:00 P,M,
to 7:00 P.M.); ’
S, = -6.94274 (.02057t - .12xc - ,288) for t = 15 to 25 (8:00 P .M,

to 6:00 A M.);

O.STR + 3R if sin (s) >0 ;

J?
i

T, = T, + R if sin (s) > O :
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= i i < :
TV .STR if sin (s) 0 ;

T + ,5R if sin (s) <0 ; and

TM A

H, x, C, and ¢ are the same as defined before (Eq 3.3).

All the weather information necessary for the calculations is available
in weather reports. Table 3.1 gives conventional values for the thermal

properties of asphalt concrete mixtures.

TABLE 3.1 AVERAGE VALUES OF THE THERMAL PROPERTIES OF
ASPHALT CONCRETE MIXTURES (Ref 2)

(1) Absorbtivity of surface to solar radiation = .95
(2) Thermal conductivity (BTU/ftZ/hr, °r) = 0.7
(3) Specific heat (BTU/1b, ° F) = 0,22

Limitations of the Model

(1) The effect of rain, snow, and clouds on pavement temperatures is not
included.

(2) The model assumes a semi-infinite mass; however, Kallas (Ref 37)
measured the pavement temperatures at several depths for 6 and
12-inch asphalt concrete slabs and concluded the following:

"The temperatures at depths of 2, 4, and 6 inches in

a 6-inch-thick asphalt concrete pavement were essentially

the same as temperatures at the same depths in a 12-inch=-thick
asphalt concrete pavement."

Therefore, it is believed that the error due to the assumption of
a semi-infinite mass is practically negligible.

VERIFICATION OF THE MODEL

In order to see how well the developed model simulates the measured pave-
ment temperatures, the model was computerized to operate on a CDC 6600 elec=-
tronic computer (see Appendix 1), A comparison between the predicted and
measured pavement temperatures at College Park, Maryland, (Ref 37) was then
performed. The comparison was performed for two days on which the highest and
lowest pavement temperatures were recorded, June 30, 1964, and January 19, 1965,
respectively. The asphalt concrete thermal properties and the weather data
are given in Tables 3,2 and 3.3. Table 3,4 is an example output of the computer

program used to perform the calculations., Figure 3.4 shows the comparison at
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TABLE 3.2. ASPHALT CONCRETE THERMAL PROPERTIES,
COLLEGE PARK, MARYLAND

Unit weight
Thermal conductivity
Specific heat

Surface Absorptivity

142.0 PCF

0.7 BTU/FT?/HR, °F/FT

0.22 BTU/LB,

0.95

°p

TABIE 3.3. WEATHER DATA, COLLEGE PARK, MARYLAND

. o

Mean air temperature, F

. )

Air temperature range, F
Mean wind velocity

¥
Solar radiation

Ref 65

Fede
Ref 38

June 30,

1964

83.4
35.0
9.0

660.0

January 19, 1965

17.3
28.0
10.4

270.0
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TABLE 3.4 EXAMPLE QUTPUT OF THE PROGRAMMED MODEL FOR PREDICTING PAVEMENT

TEMPERATURES
PROBe NO 1 EXAMPLE OUTPUT~ COLLEGE PARK = JAN»194196%
AVE, AIR TEMP,s 17300 DEGF
TEMP ,RANGE = 284000 DEGeF
WIND VELOCITY @ 104400 MPH.
MATL, UENSLTY a 1420000 FCle
SPEC, HEAT = 0220 BTU.PER POUND DEG.F
CONDUCTIVIIY = 2700 (BTUs 9 HOURsFT ey DEG.F)
ABSORBTIVIIY = «95¢ '
SOLAR RAUe a 270,000 LANGELYS PER DAY
CEFTH = 0000 INCHES
HOUR UF DAY TEMPe=DEG.F
TA M 1047
8A,N 12.9
94, M l6.1
10A,M 22,7
11A,M 31,0
12NOON 3e.1
1PoM 42,8
2P oM 44,4
3P M 43,1
4P oM 39.9
Sk M 35,1
6F oM 29.2
TP oM 2247
8PN 18,6
I 17,2
10k oM 15,8
11F oM 14,6
12MID NIGHT 13,4
14N 12.4
2A M 11,5
3A .M 10,8
4A M 10,3
54 M 10,0

6A M 9.9
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different depths for June 30, 1964, while Fig 3.5 shows the comparison for
January 19, 1965. The figures indicate that the predicted and measured pave-
ment temperatures are in good agreement and that the model can be reliably

used for engineering purposes.

SENSITIVITY ANALYSIS OF THE MODEL

The purpose of such an analysis is to detect the significant factors that
affect pavement temperatures. In doing so, eight variables were considered:
average daily air temperature, daily air temperature range, wind velocity,
solar radiation, surface absorbtivity, thermal conductivity, specific heat,
and unit weight. Weather variables were selected to represent the average
weather conditions in Texas, except that the average daily air temperature was
on the low side. Material thermal properties were selected to represent asphalt
concrete mixtures (Table 3.5). Using these values, the maximum and minimum pave-
ment temperatures were estimated. Keeping thé rest of the variables at their
average values, one variable at a time was increased by 10 percent and the
effect on the maximum and minimum pavement temperatures was calculated, Simi-
larly, one variable at a time was decreased by 10 percent and again the effect
on the maximum and minimum pavement temperatures was calculated. The results
of the calculations are shown in Figs 3.6 and 3.7. The following conclusions
were drawn from the above analysis:

(1) The increase, or decrease, of the average air temperature will shift

the pavement temperature curve up, or down.

(2) The increase in the daily air temperature range causes an equal in-
crease and decrease in the maximum and minimum pavement temperatures,
respectively. However, a decrease in the air temperature range will
cause the reverse,

(3) Solar radiation shows a relatively significant effect on the maxi-
mum pavement temperature,

(4) An increase of wind velocity will decrease both the maximum and
minimum pavement temperatures,

(5) The most significant factor of the material's thermal properties is
its surface absorbtivity to the solar radiation.,

(6) Surface absorbtivity and solar radiation have approximately equal
effects.

(7) The effects of thermal conductivity, specific heat, and unit weight
are relatively insignificant,
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TABLE 3.5, SELECTED (AVERAGE) VALUES FOR THE SENSITIVITY ANALYSIS

Average air temperature
Air temperature range
Wind velocity

Solar radiation

Surface absorptivity
Thermal conductivity
Specific heat

Unit weight

[0}

50, F
25, °F
10, mph

500, Langleys/Day
0.9
2 o}
0.7, BTU/FT/HR, °F/FT
0

0.22, BTU/LB, F

150, PCF

RESULTING PAVEMENT TEMPERATURES

Maximum pavement temperature

Minimum pavement temperature

89.1 °F

46.0 °F

29
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SUMMARY

A model for predicting bituminous pavement temperatures has been developed,
All the necessary weather information to use the model can be obtained from
regular Weather Service reports. The model is an essential element in the

overall system for predicting temperature cracking in asphalt concrete surfaces.



CHAPTER 4. ASPHALT CONCRETE RHEOLOGY

INTRODUCTION

This chapter is directed primarily toward the characterization of the be-
havior of asphalt concrete. The behavior of asphalt concrete as a function of
time and temperature has been studied by several investigators; among these are
Monismith (Ref 49), Heukelom and Klomp (Ref 29), and Van Der Poel (Ref 74), who
agreed that asphalt concrete mixtures are neither elastic nor viscous, but are
viscoelastic in nature,

Briefly, elastic materials are those which obey the law of conservation
of energy; deformations are recovered when the load is removed. An elastic
material can be represented by a spring, the coefficient of which is the modulus
of elasticity of the material (Fig 4.1(a)). On the other hand, viscous materials
are those in which the energy is completely dissipated, and there is unrecover-
able permanent deformation. A viscous material can be represented by a dash-
pot whose coefficient is about three times the coefficient of viscosity of the
material (Fig 4.1(b)). Only a few methods are available for the characterization

of viscoelastic materials,

METHODS OF CHARACTERIZING VISCOELASTIC MATERIAILS
Models

Mathematical expressions describing the behavior of different combinations
of springs and dashpots can be written and it is often assumed that these ex-
pressions also describe the behavior of the viscoelastic material, Mathematical
expressions are sometimes very complicated, and engineers have often found that
models do not represent material behavior in a satisfactory manner under all
load conditions. The two basic types of models are shown in Fig 4.2, but it
has been found (Ref 49) that these simple models do not adequately represent

the behavior of asphalt concrete.

33
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Fig 4.2. Basic rheological elements and their time-displacement relationships,
viscoelastic.
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Direct Measurements

Some of the tests that can be used for direct measurements are listed

below:
(1) Creep
€
o
o
where
ob = applied constant stress,
e(t) = strain as a function of time,
J(t) = creep compliance.

Monismith et al (Ref 49) showed that for engineering purposes the stiffness
modulus or the relaxation modulus can be approximated as (1/J(t) ). Figure 4.3

is a schematic diagram of a creep test results.
(2) Relaxation

E_(t) = ot)

€
o

where
o(t) = stress as a function of time,
eo = applied constant strain,
Er(t) = stress relaxation modulus.

Practically speaking, the engineer is interested in the relaxation modulus when
dealing with viscoelastic material., Figure 4.4 is a schematic diagram of a
relaxation test results.

(3) Dynamic loading

In such a test, a sinusoidal stress or strain is applied to the specimen

and the corresponding strain or stress is measured (Fig 4.5):
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Stress or Stroin

o =0, Sin (wt)

o €=€, Sin (wt-P)

where
w = frequency of loading,
¢ = the phase angle, the values of which range [rom 0°

for a pure elastic material to 90° for a pure
viscous material.

Figure 4.5. A schematic diagram of a dynamic test result.
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%
x| = re
o
where
|E#| = absolute value of the complex modulus (psi),
S, = peak amplitude of stress, and
EO = peak amplitude of strain.

Indirect Methods

There are many different ways to measure stiffness indirectly; however,
this discussion is based on the original work by Van der Poel (Ref 74). Van

der Poel defined the stiffness of asphalt as follows:

_ {o _  {tensile stress ;
), -

(t,T) £,T total strain £,T

where
t = time of loading,
T = temperature,
S(t,T) = gtiffness as a function of time and temperature,

Using the above equation and the time-temperature equivalency concept,
which is discussed in the next section, Van der Poel constructed a nomograph
to determine the stiffness of asphalt., His theory and its utilization for
estimating the asphalt concrete stiffness are presented in detail in a later

section.

TIME-TEMPERATURE EQUIVALENCY CONCEPT

Although the relaxation modulus decreases with time of loading and tem-
perature, it is possible to obtain the same material characterization while
varying both time of loading and temperature by appropriately decreasing time
for an increase in temperature and vicew~versa,

Figure 4.6 depicts the basis for this concept. The notation in this

figure can be explained as follows:



E, (1)

Modulus of Relaxation,

Fig 4.6.

Loge (Time)

Relationship of time and temperature (after
Monismith, Ref 49),
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tT = relaxation time at a reference temperature T , or the
o reduced time; °

tp = relaxation time at any temperature T ;

f(T) = a function of temperature,

From the figure,

LogetTo = LogetT + £(T)
tTO
..Logeq = £(T)
or
t
T
Log —2 = Log ef(T)
e t
T
. - £(T)
Lty = tge (4.1)
o
putting:
- 1
&1 £
where

the shift factor.,

|—f’
i

t
Lt = ;E (4.2)
T

One method for estimating the shift factor ap in the laboratory uses

the following approximation:
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LoE
T ﬂT
o
where
ﬂT = the coefficient of viscosity at the reference temperature
o To s
ﬂT = the coefficient of viscosity at a temperature T .

Figure 4.7 is a schematic diagram that shows the values of the shift
factor for a given asphalt at different temperatures, based on a reference
temperature T0 .

From Eq 4,2, if the shift factor is known, the corresponding time of
loading for a given temperature can be estimated in order to give the relaxa-
tion modulus corresponding to a certain time of loading at the reference
temperature,

The following example explains the use of the time~-temperature inter=-

changeability concept.

Example

For a given pavement section subjected to load for 30 minutes under a
field temperature of 100 F, the loading time in the laboratory at a temperature
of 70° F which will yield the same relaxation modulus as in the field can be

calculated as follows:

M

- . _ T
aT = ghift factor T

coeff, of viscosity at temp., 70° F

coeff., of viscosity at temp, 10° 7

Assume a = 1x 10-3

‘t50 T t10X 3y

where

t,, = time of loading at 70° F,

time of 16ading at 10° F = 30 minutes.

[n
|

10
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Shift Factor (o T)
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Fig 4.7. A schematic diagram showing the variation of the shift

factor with temperature for a given reference temperature

t.
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(30 x 60) x 1 x 1073

T
]

70

1.8 seconds

Figure 4,8 graphically illustrates the calculations relationships.

VAN DER POEL STIFFNESS THEORY

Asphalt Cement

The concept of stiffness was introduced by Van der Poel as follows (Ref 74):

R _ tensile stress
Stiffness modulus (8S) total Strain (4.3)

The stiffness modulus is an extension of Young's Modulus of Elasticity for

a purely elastic solid, However, asphalt is a viscoelastic material and the

stress~-strain relationship is dependent upon time of loading and temperature.
A nomograph (Fig 4.9) was derived by Van der Poel from experimental data

from two types of tests:

(1) constant-stress test (static creep test in tension), and

(2) dynamic test with an alternating stress of constant amplitude and

frequency.

Two physical tests of a given asphalt cement are required to determine its
stiffness modulus (S) from the nomograph. These tests are the penetration
(ASTM Designation D5-65) and the softening point ring and ball test (ASTM
Designation D36-66T)., From the penetration test and softening point temperature,
the penetration index for the asphalt can be calculated. The penetration in-
dex PI is an index introduced by Pféiffer and Van Doormall (Ref 56) to indicate
the temperature susceptibility of the penetration of the asphalt. This con-
cept is based on the assumption that the penetration of an asphalt at the
softening point temperature is about 800. The penetration-temperature sus-
ceptible PTS is then calculated from the slope of a line where the logarithm

of the penetration is plotted against the temperature:

PTS = log 800 - log(Pen) (4.b)

(R&B softening point, °C) - TPT
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Fig 4.8. A schematic diagram showing the effect of time and
temperature on viscoelastic materials.
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where

Pen penetration at 100 gm and 5 seconds,

.0 .
TPT temperature in = C at which the penetration test is carried

out,
The value of PTS is then used to obtain the penetration index PI of the

asphalt:

_ 20 - 500PTS
PL = 3750 p1s (4.5)

The penetration index PI of most asphalts varies from -2.6 to +8.0 (Ref 74).
The lower the PI, the higher the temperature susceptibility.

The original nomograph developed by Van der Poel was developed from a
functional relationship between stiffness, time of loading, temperature of

test, and rheological types of asphalt, as follows:

S = f[-log t[to + Cg(TR&B - T)] (4.6)
where
t = constant,
o
c = constant,
f = function depending on rheological character of asphalt,
g = function depending on rheological character of asphalt,

Van der Poel, however, did not evaluate the exact mathematical forms of f and
g , but expressed the functional relationship shown in Eq 4,6 in graphical form.
His nomograph was modified slightly by Heukelom and Klomp (Ref 29); the stiff-
ness is determined in kg/cm2 instead of Newtons per square meter, and the lines
for negative penetration indices are in a different location. This modified
nomograph is shown in Fig 4,10. The determination of stiffness from the nomo-
graphs published by Van der Poel and by Heukelom and Klomp requires three

parameters:

(1) time of loading,

(2) softening-point temperature minus test temperature, and

(3) penetration index of the asphalt.
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Asphalt Concrete

Using the stiffness modulus of the asphalt cement, it is possible to
determine the stiffness of the asphalt concrete mixture from the following
relationship, also developed by Van der Poel (Ref 75) and later modified by
Heukelom and Klomp (Ref 29):

S = Sae 10+ (&) ()]
mix ac L7° n l.O-Cv (4.7)
where
5
- 4 x 10 ]
n 0.83 1og10 [——g———-
ac

Smix = gtiffness of asphalt concrete mixture, in kg/cmz,
Sac = stiffness of asphalt cement, in kg/cmg.

The volume concentration of the aggregate in a mixture is defined as

follows:

c = volume of compacted aggregate (4.8)
v volume of (asphalt + aggregate) ’

This equation can be replaced by an equivalent equation (4.9) by replacing the
terms with values which can be measured in an asphaltic concrete core cut from

a pavement or a compacted laboratory sample:

(4.9)

where

G
c = <§§>:x an) = (7% asphalt by weight aggregate/lOO)G?g) s
g s s

weight of asphalt,

]
L]
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wg = weight of aggregate,
GS = specific gravity of asphalt,
Gg = specific gravity of aggregate.

Equation 4.7 is applicable to well-compacted mixtures with about 3 percent
air voids, For mixtures with air voids greater than 3 percent, Draat and Som-

mer (Ref 73) derived a correction to be applied to the CV

C
1 = v
CV T+ 7 (4.10)
where
H = actual air voids - 0,03,

Several investigators have investigated the accuracy of the Van der Poel
and Heukelom and Klomp nomographs. Pell and McCarty (Ref 55) reported that in
the majority of cases stiffnesses computed by Van der Poel compared reasonably
well with those measured on actual samples. Monismith (Ref 50) also checked
laboratory determined stiffness values with both laboratory compacted samples
and samples cut from in-service pavements., The results showed reasonable agree-
ment with those determined from Heukelom and Klomp,

Van der Poel (Ref 74) also independently checked the accuracy of his nomo-
graph and concluded that the difference in measured stiffness values of an
asphalt and the stiffness obtained from the nomograph seldom exceeded a factor

of 2,

SUMMARY

In this chapter, a summary of the methods available for characterizing the
behavior of asphalt concrete mixtures has been presented., Out of the three
methods presented, i.e., models, direct measurements, and indirect methods,

Van der Poel's theory of indirectly estimating asphalt concrete stiffness will
be utilized in the overall computerized system for predicting temperature crack-
ing. This choice is based on the fact that Van der Poel's method can be fitted

into the overall computerized system better than any of the other methods,
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CHAPTER 5. APPLICATION TECHNIQUES FOR VAN DER POEL'S THEORY

The calculation of thermal stresses and fatigue distress in flexible pave-
ments demands the estimation of many values of asphalt concrete stiffness at
many temperatures, e.g., calculations of thermal stresses on an hourly basis
for a single year will require the estimation of 360 x 24 = 8640 stiffness
values, Therefore, the estimation of asphalt concrete stiffness should be in
a form that can be solved using electronic computers. After a review of the
literature and also personal contact with Van der Poel, it was found that no
equation had been developed since the nomograph was first published in 1954,

As a result, two techniques to estimate the asphalt concrete stiffness by

using electronic computers were developed:

(1) converting the nomograph to a computerized form, and

(2) developing a predictive model through the use of regression techniques.

The details of development and use of each of the above techniques are

discussed in the following two subsections,

CONVERTING VAN DER POEL'S NOMOGRAPH TO A COMPUTER FORM

Van der Poel's nomograph was converted to a computer form to provide a
more rapid means of calculating asphalt stiffness. The nomograph is four-
dimensional, i.e., it includes asphalt stiffness as the response plus three
independent factors: time of loading, test temperature minus the asphalt
softening point, and the penetration index. In order to simplify the problem,
to make it three-~dimensional instead of four, fixed levels of time of loading
were selected. For each level of loading time, a similar mathematical form
for predicting the asphalt stiffness was developed (Fig 5.1). The mathematical

procedure can be expressed in the following steps.

Step A - Inputs

(1) 1loading time levels;

(2) temperatures at which stiffnmess is to be calculated;

51



52

Asphalt Stiffness (Log Scale)

Fig 5.1.

Data Points from
VanDerPoel's Nomograph

Interpolation
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Interpolation

PIzO.

Example for an asphalt
with a penetration index
PIA = 0.5 and temperature

difference = -62° C
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i
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A schematic diagram showing the mathematical procedure for
each time of loading, in converting Van der Poel's nomograph
to a computer form.
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(3) asphalt penetration and softening point; and

(4) wvolume concentration of the aggregate in the asphalt concrete mixture,

Step B - Mathematical Process

(1) calculate the penetration index of the asphalt (PIA);

(2) find the closest two integer values of penetration indices to the
calculated asphalt penetration index (PIl, PIZ);

(3) wusing each integer penetration index and the given temperature, poly-
nomially interpolate the corresponding asphalt stiffness (El, E2);

(4) between the two stiffness values (El, E2) linearly interpolate the
asphalt stiffness corresponding to PL,, (EA);

(5) from the asphalt stiffness (EA), and the volume concentration of the
aggregate estimate the asphalt concrete stiffness;

(6) repeat 3, 4, 5 for each given temperature; and

(7) repeat 2, 3, 4, 5, 6 for each level of time of loading.

Step C - Qutput

(1) loading time,

(2) asphalt penetration and softening point,

(3) asphalt penetration index,

(4) wvolume concentration of the aggregate, and

(5) each temperature and the corresponding asphalt stiffness and asphalt

concrete stiffness,

Using the above mathematical procedure, a computer program was developed

to operate on the CDC 6600 computer, which is available at The University of

Texas at Austin. Table 5.1 is an example output of the program.

Limitations to Using the Program

(1) Only three levels of time of loading are available in the program:
.01 sec, one hour, and a frequency of 8 cycles/sec (Dynaflect).
However, the program is written such that any other level of time
of loading can be incorporated,

(2) The range of temperature at which the stiffness can be estimated using
the program is 70° C below to 70° C above ring and ball softening-
point temperature.

(3) 1f the penetration index is more than +2 or less than =2 (practical

values), the program will give the stiffness for PI = +2 or -2,
respectively,

The program list and input guide are given in Appendix 2,
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TABLE 5.1 TYPICAL COMPUTER OUTPUT OF THE PROGRAM DEVELOPED FOR ESTIMATING
ASPHALT CONCRETE STIFFNESS, UTILIZING VAN DER POEL'S NOMOGRAPH.
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TEMPERATURE
DEG €
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DEVELOPMENT OF THE REGRESSION EQUATIONS

There are several procedures available for selecting the variables of a
regression model (Ref 16). The one selected was the stepwise regression method,
since it was felt that this method provides the best selection of independent
variables. The dependent variable was chosen as the log10 of stiffness since
the stiffness varies over many orders of magnitude. The independent variables
that were selected were time of loading t , temperature of test - softening
point temperature T , penetration index PI , log t, log T + 101, log PI + 3,
t2 s T2 s P12 R t3 R T3 R PI3 , all two-way interactions of these variables,
and other combinations of these factors which seemed theoretically reasonable.

As explained in Draper and Smith (Ref 16), the stepwise regression proce-
dure starts with the simple correlation matrix and enters into regression the
X independent variable most highly correlated with the dependent wvariable Y ,
log10 (stiffness). Using partial correlation coefficients it then selects as
the next variable to enter regression that X variable whose partial correla-
tion with the response Y is highest, and so on. The procedure re-examines
at every stage of the regression the variables incorporated into the model in
previous stages (Ref 16). The program does this by testing every variable at
each stage as if it entered last and checks its contribution by means of the
partial F test.

The overall goals for the prediction equation were as follows:

(1) The final equation should explain a high percentage of the total
variation (R2 > 0,98).

(2) The standard error of the estimate should be less than 0.20 (this
value being a log), to assure a small coefficient of variation.

(3) All estimated coefficients should be statistically significant with
o < ,05.

(4) There should be no discernable patterns in the residuals.
Mathematical Models:

An attempt to characterize the entire nomograph with a single regression
equation was first made. A large factorial grouping of data as shown in
Table 5.2 was taken from the nomograph in Fig 4.10. The data represent time
. -2 5
of loading from 10 to 107 seconds, PI from -2 to +2, and TteSt TR&B from
+50 to -100° ¢c. After many attempts to obtain a suitable prediction equation

which met the goals listed without being able to reduce the standard error of
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TABLE 5.2 SUMMARY OF FACTORIAL DATA OBTAINED FROM
HEUKELOM AND KLOMP'S NOMOGRAPH USED TO
DERIVE REGRESSION EQUATIONS 5.1 AND 5.2
(VALUES IN KG/CM2)

107° |10t 10° 107 10° 10° 10" 10°
3.3E-3| 4.0E-4|4.2E-5/5.0E-6|4.0E-7 | 7.0E-8| 1.0E-8]1.0E-9
7.2E-3|9.5E-4|1.0E-4|1.1E-5|9.5E-7 | 1.0E-7 | 1.8E-8]2.0L-9
+50] O |1.3E-2|1.78-3|2.0E-4]2.1F-5]|2.0E-6 | 2.3E-7 | 3.0E-8[5.1E-9
+1 |2.0E-2|2.8E-3|u.0E-u|u.up-5[u.0E-6 | 5.08-7 | 5.1E-87.1E-9
+o | 2.7E-2|u4.2E-3]5.7E-4|7.7E~5[5.5E-6 | 1.0E-6 | 6.1E-8|1.0E-8
~2 |1.3E-1|1.6E-2|1.8E-3|1.8E-u4|1.8E~5 | 1.9E-6 | 1.9E-7|u.1E-8
-1 |2.0E-1]{2.3E-2|2.9E-3|2.95-4|3.0E-5 | 2.9E-6 | 2.9E-7|5.1E-8
+20 | 0 |[2.3p-1|3.0E-2[3.8E-3|u.1E-u|{u.6E-5| 5.0E-6 | 4.7E-7[7.1E-8
+1 |2.4E-1|3.5E-2|4.9E-3|5.7E-4|7.2E-5 | 7.0E-6 | 6.5E-7|1.0E~7
+2 | 2.4E-1|4.1E-2|6.0E-3|8.5E-4|1.1E-4 | 1.1E-5| 1.0E-6|2.0E-7
-2 |3.0E1 |3.7E0 |4.0E-1|u4.4E-2|3.9E-3 | 4.6E-4 | 5.0E-5|5.0E-6
-1 |1.4E1 |2.0E0 |2.8E-1|3.4E-2|3.4E-3 | u.0E-u4 | u.2E-5|u.65-6
-10 | 0 [7.780 [1.4C0 [2.2E-1|3.0E-2[3.0E-3 | 3.8F-4 | 4.2FE-5]4.6E-6
+1 | 5.0E0 |1.1E0 |1.9E-1|2.6E-2|2.9E-3 | 4.0E-4 | 5.0E-5|u4.7E-6
+2 [4.0E0 [9.0E-1|1.6E-1[2.4E-2[3.0E-3 [ 4.61-4 | 6.0E-5]5.0E-6
o [1.2E4 |5.0E3 |1.4E3 [2.2v2 [2.2E1 | 2.50n | 3.5E-1(3.7E-2
-1 |1.7E3 [5.7E2 [1.9E2 [3.8E1 |4.9E0 | 6.0L-1| 8.0E-2[8.5E-3
“H0 | 0 5,782 [2.1E2 [6.0E1 |1.1E1 |1.9E0 | 2.5E-1 | 4.0E-2|4.5E-3
+1 [2.5E2 [8.581 |2.5E1 |8.9E0 |[1.0E0 |1.6E-1] 2.3E-2][3.0E-3
+2 |1.02E2(3.9E1 |[1.15E1(3.2E0 |6.0E-1 [1.1E-1|1.7E-2][2.0E-3
-2 |2.6E4 |2.3E4 [o opu [1.8E4 [1.7E4 |1.3E4 |5.6E3 |1.4E3
-1 |2.0E4 |1.6E4 [1.2E4 [6.7E3 |2.4E3 | 1.0E3 | 3.0E2 [7.0E1
_70 | 0 |1.1E4 |7.0E3 [3.7E3 [1.6E3 [6.0E2 |[2.3E2 |6.2E1 [1.1E1l
+1 |5.1E3 |2.3E3 |[1.35C3([5.0F2 [2.0E2 [6.5E1 |1.7E1 [3.5F0
+2 [2.1E3 |1.05E3|5.0E2 |1.9E2 |[7.0E1 |2.2E1 |6A.7E0 |1.7E0
o> |3.3E4 |3.2E4 [3.10E4[3.0E4 |[2.9E4 | 2.6E4 | 2.4E4 |2.1EH
-1 |3.1E4 |2.9E4 |[2.8E4 |2.5E4 |[2.2E4 |1.9E4 | 1.7E4 |1.2Eu
-100| 0 |[2.7E4 |2.5E4 |2.1E4 |[1.9E4 |1.4E4 |1.1E4 | 5.5E3 |2.3L3
+1 |2.2cu [1.98s |1.3E4 [9.0E3 [6.0E3 [3.283 |1.6E3 |7.0FE?
+o |1.5F4 [1.0E4 |6.1E3 |[4.9E3 [2.4E3 |[1.1E3 |[5.0E2 [1.982
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the estimate to an acceptable level, it was decided to split the nomograph into
two parts and fit a separate equation to each part. Almost all of the stiff-
ness values of practical significance to a pavement design engineer are greater
than 10 kg/cm? of the asphalt cement. This is approximately 400 kg/cm2 for a
mix with CV of 0.86, which equals about 5700 psi. Therefore, a regression
equation was derived using the data in Table 5.2 with stiffness values greater
than 10 kg/cm? and another regression equation was built using all data that
had stiffness values less than 10 kg/cmz. Acceptable prediction equations were
then obtained for each portion of the data which met all of the goals set for
the regression equations.

The following equations were obtained with the corresponding statistics:
. -7 1 2
(1) Stiffness from 10 ° to 10~ kg/cm

Prediction model:

log10 S = =1.,35927 - 0.06743(T) - 0,90251 log(t) + 0.00038(T2)
- 0,00138 (T x log t) + 0,00661 (PI X T) (5.1)
where
T = temperature of test minus temperature R&B (o C);
t = time of loading, second; and
PI = penetration index (Eq 4.5).

Corresponding statistics:

RZ = 0,99
Standard error of estimate = 00,1616
n = 126 data points

Range of factors:

PI: =2 to +2

T: +50 to -100° C

t: 10--2 to 105 seconds
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(2) Stiffness from 10 to 20,000 kg/cm2

Prediction model:

log10 S = -1.90072 - 0,11485(T) - 0.38423(PI) - 0.94259 log(t)
- 0,00879(T x log t) - 0.05643(PI x log t) - 0.02915(log t)2

- 0.51837 x 1073(T?) + 0.00113(PT> x T)

-~ 0.01403(PI x T°) x 107> (5.2)

Corresponding statistics:

R2 = 0,98,

Standard error of estimate = 0,1638,

n = 79 data points.
Range of factors:

PI: -1.5 tO +2.0
T: +50 to -100° ¢

10-2 to 105 seconds

To verify the model, stiffness values were obtained from the nomograph
and plotted against the stiffness as calculated from Eqs 5.1 and 5.2, The
results are shown in Figs 5.2 and 5.3, which indicate that the models are
reliable,

The following guidelines are given with regard to using the prediction
equations to predict asphalt stiffness:

(1) Use Eq 5.1 to predict stiffnesses from 10-7 to 10 kg/cmz, and use

Eq 5.2 to predict stiffnesses from 10 to 2 X 104 kg/cmz. The user

should not employ predictions that fall outside of these limits.

(2) The ranges given for T , t , and PI should not be exceeded. It
was found that Eq 5.2 values of stiffness obtained when the PI
was -2 were not accurate enough, so the equation is limited to PI
of ~1.5 or greater,

Equations 5.1 and 5.2 can be utilized to estimate the asphalt concrete

stiffness using Eq 4.7.
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SUMMARY

Two techniques have been established to computerize the nomograph origi-

nally developed by Van der Poel (Ref 74):

(1) converting the nomograph to a computerized form, and

(2) developing predictive models through the use of regression.

The first technique is accurate (as compared with the nomograph); however,
it is limited in use to three times of loading. The technique can be extended
to other times of loading with little difficulty.

The second technique is more flexible than the first one since it covers
the practical ranges of all the variables; however, it is less accurate (as
compared with the nomograph).

Both techniques are utilized in the overall computerized system presented

in Chapter 10.
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CHAPTER 6. IN-SERVICE AGING OF ASPHALTS

Change in asphalt concrete mixture properties as a pavement ages is one
of the important causes of flexible pavement deterioration. The ingredients
of asphalt concrete mixtures are asphalt and aggregate. Since aggregate prop-
erties experience almost no variation with time, the variation of mixture prop-
erties can be reasonably attributed to the hardening and oxidation of the
asphalt.

In the previous chapter, a model was developed to estimate the stiffness
of asphalt, given its penetration, softening point, time of loading, and tem-
perature,

In this chapter, the histories of penetration and softening point with
time are investigated and models to estimate the aging effect are developed.
The intention is to use these models in conjunction with the asphalt stiffness
model to estimate asphalt stiffness of in-service, asphalt concrete mixtures
as a function of temperature and age (time).

Three physical tests were used to develop the aging models:

(1) penetration (ASTM Designation D5-65),
(2) softening-point (ASTM Designation D36-66T), and
(3) thin-film oven test (ASTM Designation D1754).

SOURCES OF DATA USED IN DEVELOPING THE ASPHALT AGING MODELS

In developing the models, a stepwise regression computer program (Ref 66)
was used. An extensive search was conducted for projects all over the United
States where asphalt hardening studies had been conducted. The data from these
projects were difficult to correlate and utilize since different asphalt prop-
erties were measured on each one. Several variables were considered but not
used in the final models. These variables and the reasons for not using them
are discussed in a separate section at the end of this chapter. The locations
and the references used in developing the penetration and the softening-point

aging models are given below:

63
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(1) penetration

California - Refs 35, 62, 63, and 80;
Delaware = Ref 40;
Utah - Refs 3 and 42 and

Pennsylvania - Ref 24,
(2) softening-point

California « Refs 35, 62, 63, and 80; and
Delaware - Ref 40,

PENETRATION AGING MODEL

The purpose of developing the model is to predict the penetration of the
in-service asphalt (at any time after construction) from the ordinary labora-
tory measurements, An acceptable prediction equation was obtained using the
stepwise regression technique. The following is the equation with the cor-

responding statistics:
Pen(time) = -48.258 - 2,561 +/Time + .1438(0PEN’)
- 8,466 (VOID)(XTIME) + 1.363 (TFOT)
+ 0,9225 (OPEN) (XTIME) (6.1)

where

#

time from placement of the asphalt concrete mixture, in
months;

time

XTIME = 1./(~/TIME + 1.);

OPEN = original penetration (100 grams, 5 seconds, 770 F);

initial percent voids in the asphalt concrete mixture
(preferably after mixture placement and compaction);

VOID

[

TFOT thin-film oven test, percent of original penetration.
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Corresponding statistics:

Number of cases 93
Number of variables in the model 5
Mean of the dependent variables

(penetration) 49,5
Standard error for residuals 13.1
Coefficient of variation 26,51
Multiple R 922
Multiple R? .85

Limitations of Model Application

This model is wvalid only for the following ranges of the different vari-

ables:
Time 1 - 100 months
Original penetration 60 = 240
Percent voids 3.8 - 13.6
TFOT (original penetration < 100) 55 - 70
(original penetration 100 - 175) 45 - 70
(original penetration > 175) 30 - 70

Table 1 of Appendix 3 gives the data that were used in developing the

model,

Discussion of the Model

The model explains 85 percent of the variability of the dependent variable
(penetration). An important point is that the variations of the dependent
variable are those in the 93 cases used to predict the model. However, since
the 93 cases represent different projects at different locations, it can be
concluded that the model is satisfactory for practical purposes.

Also, the model shows a coefficient of variation of 26.5 percent (standard
error of residuals/mean of the penetration). This value which appears to be
high, resulted not only from a lack of fit but also from unexplained errors
(measurement errors, human variations, replications, etc.). Welborn (Ref 78)
reported that in some projects where the mean penetration was 46.7, the
standard deviation reached 17.6, which gives a coefficient of variation of

about 38 percent,
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Figure 6.1 illustrates the relationship between estimated and measured
values of penetration for the 93 cases used to develop the model., The effect
of the variation of each of the independent factors in the model (Eq 6.1) is

discussed in the following subsections.

Original Penetration., With both the initial voids (9 percent) and the

TFOT (60 percent) as constants, the decrease of penetration with time for five
different original penetration values is as shown in Fig 6.2. From the figure,
the following observations can be made:
(1) the higher the original penetration, the higher the rate of initial
hardening (Fig 6.2a);

(2) the rate of hardening decreases considerably with time for all
values of original penetration (Fig 6.2a); and

(3) the penetration at a given time is a linear function of the original
penetration (Fig 6.2b).
Voids, Based on an original penetration of 100 and a TFOT of 60 percent,
the effect of five levels of voids on asphalt hardening is as shown in Fig 6.3,
which indicates that the amount of hardening is larger for higher percentage
voids. Vallerga and Halstead (Ref 72) concluded that in pavements with less
than 2 percent voids, aging appeared to be negligible, and that above this

level, hardening increased with increased air voids,

Thin~Film Oven Test (TFOT), Field observations have shown a direct cor-

relation between the percent of original penetration from the TFOT and the
percent of original penetration after field mixing (Fig 6.4). 1In addition,
laboratory results from different asphalts have shown that the higher the
original penetration, the lower the percentage of original penetration after

the TFOT. Therefore, the developed penetration model was used to analyze

the behavior of two different asphalts having different origin31 penetrations
under different TFOT percentages (Fig 6.5). As expected, more hardening occurred

during the mixing process for asphalts exhibiting a lower percentage of original

penetration after the TFOT.

SOFTENING-POINT AGING MODEL

The purpose of this model is to predict the softening point of the in-
service asphalt (any time after conmstruction) from the ordinary laboratory

measurements., An acceptable prediction equation was obtained using the
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stepwise regression technique. The following is the equation with the corres-

ponding statistics:
TRB(TIME) = =-4.632 + 3.162+VTIME + 1.,585(0RB) - ,93(TFOT) (6.2)

where

TIME = time from placement of the asphalt concrete mixture, in
months;

ORB = original ring and ball temperature, ° F; and
TFOT = percent of original penetration, thin-film oven test.

Corresponding statistics:

Number of cases 49

Number of variables in the model 3

Mean of the dependent variable 134 .4
Standard error for residuals 4,8
Coefficient of variation (percent) 3.6
Multiple R 93
Multiple R2 87

Limitations of Model Application

This model is valid only for the following ranges of the different vari-

ables:
Time 1 - 100 months
Original R&B 99 - 125° F
TFOT (percent) 30 - 70

Table 2 of Appendix 3 gives the data used to predict the model,
Discussion of the Model

With only three variables in the model the multiple R2 = .87 indicates
that the model is satisfactory. This indicates that the model explains 87 per-
cent of the variability of the 49 cases used to predict the model, It can be
seen that the voids did not enter the final model, which can be explained by
the fact that the 49 cases have percent voids that are relatively high., A
plot of measured versus estimated values of the softening point for the 49 cases

used to predict the model is shown in Fig 6.6.



Estimaoted Soffening Point

1707

1601

1507

1401

130T

1201

1O

73

100

Fig 6.6.

10 120 130 140 150 160 170
Measured Softening Point

Measured in-service softening point versus predicted
values from the softening point model.



74

So that the behavior of the model for different values of each factor
in the mathematical equation (original softening point and TFOT) could be
studied, the model was computerized and the factors were varied one at a time
with the others held constant. Figure 6.7 shows the increase of softening
point with time for three different original softening points (100, 110, and
120) and a constant value of TFOT (60 percent)., Figure 6.8 shows the same
concept for three different values of TFOT (40, 50, and 60) and a constant
initial softening point (110O F).

FACTORS CONSIDERED BUT NOT USED IN THE FINAL MODELS

For different reasons, several variables were considered but not used in
the final penetration and softening-point aging models., A summary of these

factors is given below.
(1) Climatography factors =

(a) solar radiation on an annual basis,
(b) wind velocity,

. o
(c) number of days with temperature > 90 F,
(d) average annual temperature, and

(e) average annual daily range of temperatures.

The most significant envirommental wvariable that showed a high
correlation with asphalt hardening was the solar radiation., However,
due to the limited number of geographical locations, it was decided
not to include it in the final models, but it should be considered
in future investigations,

(2) 1Inverse gas-liquid chromatography (IGLC) -

IGLC is a new technique developed by Davis, Peterson, and Haines
(Ref 14), 1In this test, the asphalt is adsorbed on the surface of
an inert support and placed in a chromatography column, Different
chemical test compounds are injected individually into the column,
Based on the retention time for a nonreactive material of the same
molecular weight as the test compound, a parameter known as the
interaction coefficient (Ip) is computed. High values of 1Ip
indicate a high reaction of the test compound with the asphalt,

An extension of this technique was introduced by Davis and

Peterson (Ref 13)., The extension suggests oxidation of the asphalt
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in the chromatography column before the chemical test compounds
were injected.

In developing both asphalt hardening models (penetration and
softening-point), Ip resulting from injecting phenol into oxidized
asphalt showed extremely high correlation with asphalt hardening.
Gietz and Lamb (Ref 22) concluded that in correlation with pavement
performance, the most significant relationship was found in the values
of Ip with the test compound phenol, when the Ip wvalues of
oxidized samples were compared with those values before oxidation.
The IGLC test values were not included in the final aging models
because of the shortage of test locations where the test was per-
formed, The IGLC is believed to hold a promise for improved pre-
diction of asphalt hardening and thus should be given attention in
future research studies,

(3) Asphalt components -

The five components of asphalt are asphaltenes (A), nitrogen
bases (N), first acidaffins (Al), second acidaffins (A2), and paraf-
fins (P). The ratio (N + Al)/(P + A2) was proposed by Rostler to
express the ratio between the more reactive components to the less
reactive ones, None of the variables showed a significant correla-~
tion with asphalt hardening (penetration and softening-point).
Gotolski, Ciesielski, and Heagy (Ref 24) concluded the following

about asphalt components:

In the overall picture, the asphaltene content or that

of any of the other single components does not determine

the performance of asphalts,'

(4) Percentage asphalt -

The percentage of asphalt in the asphalt concrete mixture showed
a correlation with asphalt hardening whenever it was considered by
itself, i.e., without considering the effect of the percentage of
air voids in the mixture. However, whenever the percentage of voids
enters the models, the percentage of asphalt loses its significance.
This is logical since the percentage of voids and percentage of

asphalt are known to be related to each other,
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(5) Asphalt viscosity =
Viscosity is not included in final aging models because asphalt
viscosities were determined under different conditions for all the
projects used to develop the models, and it was difficult to match
the viscosity results from all the projects. A specific viscosity
test and test conditions should be established and specified for
future studies,
(6) Penetration index -
The penetration index suggested by Pfeiffer and Van Doermall
(Ref 56) correlated with asphalt hardening. Hdwever, due to the
limited range of the penetration indices reported in the different

projects, this factor was omitted from the final models.

SUMMARY AND CONCLUSIONS

In this chapter, two asphalt aging models were developed, one for penetra-
tion and the other for the softening point. Both models will be used in con-
junction with the asphalt stiffness model (Chapter 5) to estimate the asphalt
stiffness as a function of age (time).

The factors that were used in the aging models were the original values
of each dependent factor, time from mixture placement, TFOT (percentage pene~-
tration), and percentage of voids in the asphalt concrete mixture. Several
other factors were considered but not included for various reasons. One of
these factors is the inverse gas~liquid chromatography test with phenol as the
chemical test compound. This factor showed an excellent correlation with

asphalt hardening and should be considered for further application and research.
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CHAPTER 7, ESTIMATION OF THERMAL STRESSES

Temperature cracking, as described in Chapter 2, usually takes the form
of transverse cracking, with spacing ranging from 5 feet to several hundred
feet. Since the pavement surface is subjected to lower temperatures and greater
daily temperature ranges than any other depth (Fig 7.1), it appears that tem-
perature cracks usually start at the surface. Instrumentation at the Ste. Anne
Test Road (Refs 5, 15, and 79) indicated that most of the cracks started at the
surface of the pavement. The following conclusion is from the Ste. Anne Road
test (Ref 5):

"Initial cracking appears to be initiated mainly at the pavement

surface at a time when the surface temperature is close to the

minimum on a given day.”
As a result, the model for estimating the thermal stresses was developed with

this conclusion in mind.

THE STRESS MODEL

Theory

The thermal stresses that develop in the surface layer of a flexible pave-
ment, i.e., asphalt concrete, can be estimated by several different approaches.
Some of these approaches are rigorous and time-consuming. However, the aim
is not sophisticated mathematics but an approach that yields an acceptable
estimation of the thermal stresses.

The stress-strain relationship for the asphalt concrete can be expressed

by the stiffness modulus presented by Van der Poel (Ref 74):

o = Ao(t, AT)
S t T - .1
(€, A) AE(AT) (7.1)
where
S(t, iA) = asphalt concrete stiffness at a given time of loading t

and the mean value of a temperature interval AT ;
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Aa(t, AT) = the increase in a thermal stress for a given time of
loading t and a temperature interval of AT ; and
AE(AT) = the increase in a thermal strain in a temperature in-

terval AT .

The thermal strain can be easily estimated if the thermal coefficient of

contraction is known:

Ae(AT) = a(’T'A) X AT (7.2)
where
O(EA) = thermal coefficient of contraction of the asphalt concrete

at the mean value of the temperature interval AT .

From Eqs 7.1 and 7,2, the increase in thermal stress can be expressed as

follows:

Ao(t, AT) = S(t, TA) X cr(TA) X AT (7.3)

Utilization of the Theory in Practice

In order to utilize the above theory in actual development of a model for
use in estimating thermal stresses in the surface layer, i.e., asphalt concrete,

the following assumptions were made:

(1) The surface layer is fully restrained.
(2) The surface slab behaves as an infinite beam.

(3) The contribution of the lateral restraint (by the supporting layers)
to the developed longitudinal thermal stresses is negligible.

(4) At the end of each daily temperature cycle, the stress and strain are
negligible (Fig 7.2). Estimation of induced thermal stresses in
asphalt concrete pavements by Christison et al (Ref 9) supports the
above hypothesis.

(5) The maximum daily stress occurs at the minimum daily pavement tem-
perature as a result of accumulation of thermal stress increments
during the day.

Figure 7.2 is a schematic diagram of pavement temperatures, strains, stiff-

nesses, and stresses during a single day. For the calculations, the accumula-

tion of thermal stresses can be expressed as follows:
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o(t, T) = X a(TA) X (AT) X S(t, TA) (7.4)

However, if « 1is assumed to be constant all over the temperature range,

Eq 7.4 can be expressed as follows:

o(t, T) = a3 (AT) x S(t, EA) (7.5)

where

o = average coefficient of thermal contraction of the asphalt
concrete over the entire range of temperature it is subjected to.
Equation 7.5 was also presented by Hills and Brien (Ref 31) and has been
used by others. Studies have shown good agreement between predicted and meas-

ured thermal stresses,

THERMAL LOADING TIME FOR ESTIMATING ASPHALT STIFFNESS

Asphalt stiffness is partly dependent on the loading time. For traffic,
the loading time can be physically measured or estimated, but as far as tem-
perature is concerned, the thermal loading time has been a question to be
answered by engineering judgment. Most engineers have considered the thermal
loading time as the time corresponding to the temperature interval AT used
for calculating the thermal stresses (Eq 7.4). However, it is believed that
thermal loading time depends mainly on the rate of temperature drop and the
asphalt concrete mixture properties. To illustrate this hypothesis, the ex-
perimental work perfofmed by Monismith et al (Ref 52) has been utilized., In
this experiment, an asphalt concrete beam was subjected to a temperature drop
and the developed thermal stresses were measured, The properties of the mix-
ture are listed in Table 7.1, In this table, the penetration and the soften-
ing point are those of the asphalt before the mixing process.

Performing the calculations with only these values is meaningless. How-
ever, the recovered properties of asphalt were estimated to be as follows:

Penetration at 77° F, 100 gm, 5 sec 31

Softening point, ring and ball, °F 132
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TABLE 7.1. PROPERTIES OF THE ASPHALT CONCRETE MIXTURE

Penetration at 770F, 100 gm., 5 seconds
Softening point, ring and ball, °F
Percent agphalt by weight of aggregate

Average density of the compacted specimens

Average thermal coefficient of contraction

96
110
5.1%

152 1b/ft3

1.35 x 10> /°F

TABLE 7.2. CALCULATED THERMAL STRESSES, PSI

%
2 %,
S \% o
s e (Temperature drop 75-35 F,
Q% ~Q% period of 4500 seconds)
G N\
'2% o
*, Cp
9@ 7 O%
c 0

2 10 100 1000
.04 96.51 34.02 7.18
4 96 .43 34.08 7.25
4.0 %96.67 33.55 7.42
5.0 95.72 32.94 7.91
8.0 95.95 33.19 4.91
10.0 94.61 34.28 4.81
20.0 93.16 32.54 4.11
40.0 75.73 11.086 2.37

- i
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The specimens were subjected to a temperature drop from 75 to 35° F. In order

to simplify the calculations, the temperaturé drop was assumed to be linear

(Fig 7.3). A factorial experiment was then designed for the estimation of

thermal stresses under different conditions of loading time and temperature

intervals (Table 7.2)., A computer program was written (Appendix 4) utilizing

the stiffness regression models developed in Chapter 5. Figure 7.4 is a plot

of the results of the calculations. The figure seems to indicate the following

conclusions:

(1) A temperature interval as large as 20° F will result in an acceptable

)

estimation of the thermal stresses.

The choice of the appropriate loading time is more important than
the temperature interval,

With the importance of the above conclusions in mind, a more rational

approach for estimating the actual thermal loading time was developed and is

summarized below,

A Suggested Method for Estimating the Time of Thermal Loading

(1)

(2)

(3)

(4)

(5)

From Weather Service reports and Model I (see Chapter 3), estimate
the average rate of daily pavement temperature drop.

Experimentally determine the developed thermal stresses in an asphalt
concrete beam in a reasonable period of time (2 hours) by subjecting
it to the rate of temperature drop estimated in Step 1. This can be
performed by putting the asphalt concrete beam in an environmental
chamber in the laboratory and using the technique described by
Monismith et al (Ref 52) or Tuckett et al (Ref 71) or any similar
technique.

Using different loading times, calculate the developed thermal stress
for the same temperature conditions (Step 2).

Plot the relationship between the loading time and the corresponding
thermal stress for the tested asphalt concrete mixture.

By locating the measured thermal stress (Step 2) on the graph (Step 4),
find the actual thermal loading time.

The application of the method for the previous example is shown in Fig 7.5.

The thermal stresses were calculated on the computer (Appendix 4) for a tempera~

ture interval of 40 F., By plotting thermal stress, 27.5 psi, on the vertical

axis, the actual loading time was estimated as 155 seconds. Utilizing this

value of loading time, the comparison was made between the calculated and

measured thermal stresses (Fig 7.6).
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Fig 7.3. Measured and assumed asphalt concrete specimen

temperatures for thermal stresses calculations.
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Fig 7.5. Estimation of the actual time of thermal loading.



Tensile Thermaol Stress (psi)

89

&8 Measured

\
25 R 4-——8& Estimated using the proposed
\ method of time of loading
\
\
\ #—.—# Estimated using the conventional
201 |\ method of time of loading

o

o)

Temperoture (°F)

Fig 7.6. Comparision between measured and estimated
tensile thermal stresses (see Fig 7.3 for
the rate of temperature drop).



90

On the same figure, the thermal stresses calculated by the conventional

total time
d (1 i i = n = .
method (loading time no0. Of intervals 450 sec) are shown

Figure 7.6 depicts the following

(1) When the difference between the assumed and the actual specimen
temperatures is recognized, it is obvious that the agreement between
the measured and calculated thermal stresses (based on the proposed
method for estimating the thermal loading time) is good. At the
beginning of the test, where the actual rate of temperature drop was
higher than the assumed, the observed rate of thermal stresses build=-
up was also higher than the calculated, However, at the end of the
test the reverse was true.

(2) The hypothesis on which the conventional method for calculating
total time

no. of intervals
is inaccurate. The maximum thermal stress calculated by this method
is less than one-half the measured value in this example.

thermal stresses (loading time =

) is based,

Generally speaking, the conventional method can predict different values

of thermal stresses depending on the engineering judgment in choosing the size

of the temperature interval.

SUMMARY

A model for estiﬁating thermal stresses in the asphalt concrete surface

was discussed., Studies showed that the conventional hypothesis for estimating

3 3 total time of temp. drop . .
the thermal loading time (number of temp. intervals for calculation) 1S meaning

less. Therefore, a more rational method for estimating the loading time was

developed. As a conclusion, the discussed model for calculating thermal

stresses can be used provided that the proposed method for estimating thermal

loading time is utilized.



CHAPTER 8. LOW-TEMPERATURE CRACKING

INTRODUCTION

Low~temperature cracks are cracks that develop as the tensile thermal
stress exceeds the asphalt concrete strength. Until now, the most common
criterion in selecting the proper asphalt concrete mixture to avoid temperature
cracking was the mixture fracture temperature. The fracture temperature is
defined as the temperature at which the developed tensile thermal stress exceeds
the tensile strength of the asphalt concrete mixture (Fig 8.l1). According to
the above criterion, the pavement will fail thermally as soon as its temperature
drops to the fracture temperature. However, this has not been the case in most
of the observations made on thermally cracked roads. Instead, it has been shown
that only a few thermal cracks form first; these increase in number, year after
year, until the road is considered to be failed. It is important to note that
a pavement may never experience a condition in which the tensile stress exceeds
the strength and yet still suffers from temperature cracking. This type of
cracking is referred to as thermal-fatigue cracking and will be discussed in
detail in the next chapter.

It is believed that asphalt concrete properties vary over the entire road
length., Therefore, a single fracture temperature is considered to be an un-
satisfactory criterion. Instead, the variability of mixture properties should
be accounted for by an appropriate stochastic approach. A method for estimating
low-temperature cracking has been developed and is explained in detail in this

chapter.

THEORY

The two factors that control low-temperature cracking are the stress ©
and the strength H . In order to account for the variability of asphalt con-
crete properties in a particular road, it is assumed that both the stress and
the strength vary normally and randomly along that road. The probability of
failure is then defined as the probability of the stress exceeding the strength

at any point of the road (Eq 8.1):
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Fig 8.2. Difference distribution (x = stress - strength).
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P (failure) P(F) = P(g >H) (8.1)
Introducing x = o - H , Eq 8.1 can be rewritten as follows:

P(F) = P(o-H>0) = P(x >0) (8.2)

Figure 8.2 is a conceptual diagram showing the probability of failure on the

normal distribution of x .

Since the stress and strength are assumed to be normally distributed, then

f(x) 1is normally distributed and

2

i

£(x) S S '-51 (%) _\ (8.3)
X

sD_ J2n

where
f(x) = the density function of x ,
SDX = standard deviation of x ,
= A/sp? + sp? ,
o
x = mean value of x .
@®
LJP(F) = P(x>0) = S (f(x)dx (8.4)

(o)

By substituting Eq 8.3 in Eq 8.4,

a
_ 1 Copo) = L x - x\
P(F) = ———— \ Exp|- > d (8.5)
SDXJ-Z_ﬂ : xp| 2<SDX)_1 x

In order to make use of the normal tables the variable x was normalized:

; = XoX (8.6)
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Accordingly, the limits of the integration in Eq 8.5 will be as follows:

= = . 2
(1) x=o Zx ' D )
min X
2) x=w Z, = @ , and
max
(3) dx = SDXdZ

Equation 8.5 can then be rewritten in terms of 2z as follows:

= 2

¥
N

P(F) = e dz (8.7)

Z
X
—
21 7
X .,
min
If the lower limit of the integration of Eq 8.7 is known, then the normal

tables can be used to determine the probability of failure, P(F) :

7 = -X = _.___L_.-__I_{)_.._ (8.8)

where
© = mean value of the stress,
H = mean value of the strength,
SDO_ = standard deviation of the stress, and
SDH = gtandard deviation of the strength.

As an example to illustrate the above concept, the following values were

assumed:

o 100 psi,

SD 50 psi,
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H = 200 psi,

SDH = 40 psi, and

Zx (100 - 200) + 1.8
min %2 + EZ

From the normal tables, P(F) = 2.94 percent, which means that 2.94 per-
cent of the area of a road will fail if the assumed values of stress and
strength occur.

In the next two sections, an estimate of the variability associated with

the stress and the strength is presented.

STRESS VARIABILITY

The calculation of thermal stresses was presented in Chapter 7, and it was
concluded that the following equation can be used to estimate thermal stresses,
provided that the suggested method for estimating the time of loading is

utilized:

o(t,T) = Z « (Eu) X AT X S(t,E\) (8.9)

wWhere

thermal stress as a function of time of loading and
temperature,

C(t,T)

a(ﬁ ) = thermal coefficient of contraction of the asphalt concrete
o at the mean value of a selected temperature interval ,T ,

AT = a selected temperature interval,

S(t,iﬁ) = asphalt concrete stiffness at a given time of loading

and the mean value of a selected temperature interval AT .

For any general function y(x) , in the following form

y = x1 + x2 + x3
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The variance of y 1is the summation of the variances of X5 Xy and
Xy providing that Xy 5 % s and xy are independent. Considering the

logarithm of both sides of Eq 8.9,

Log10 g = Log10 o+ Log10 T + Log10 S

or

V(Log10 g = V(Log10 o) + V(Log10 T) +~V(Log10 S) (8.10)

where the symbol V refers to the variance of the associated function. Going
a step further, the variance of any function g, can be approximated by Taylor

Series as follows (Ref 27):

X

% .
Ve ~ (55 Ve
Substituting Log10 o for gx

3 Log10 o
V(logyg @) 7 <_a_o_)v(°)

~ 0.189 1%’1
g

or

V(Loglo o) = 0.189(CV0)2 (8,11)

where

CV0 = the coefficient of variation of the stress o ,

By performing similar transformations on the right hand side of Eq 8.10,

Eq 8.12 was developed:



97

0.189(cv ) ~ 0.189(ch[)2 + 0.189(ch)2 + 0.189(CVS)2

or

2 2 2 2
(V)" = (QV )7+ (CVp)™ + (CVg) (8.12)

The notation CV refers to the coefficient of variation of the subscripted
function.

In the above equation, if the coefficients of variation of « , T , and
S are known, the coefficient of variation of the stress can be estimated.
During a flexural test of asphalt concrete beams made with the California
kneading compactor, Busby and Rader (Ref 4) found that the coefficient of
variation of the stiffness modulus reaches a value of 0,23. Therefore, a
rough approximation of the actual coefficient of variation of the stiffness
modulus along the road, may lead to a value as much as double (or more) the
above value, i.e., = 0.45,

Substituting this value in Eq 8.12,

2 2

(cv )

2 2
5 (@)% + (@) + (0.65)

or

2

() (cvo)z + (ch)Z + 0.2025 (8.13)

Due to the lack of data, the coefficients of variation of o and T were

difficult to estimate. However, an approximation leads to the following values:

CV % 0.1
a

0.2

2
2
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STRENGTH VARIABILITY

In this section, a method for estimating the asphalt concrete tensile
strength along with the variability associated with it is presented. The
method for estimating the asphalt concrete tensile strength is adopted after
Heukelom (Ref 28). 1In developing his method, Heukelom made the following as-
sumptions:

(1) Fracture of a mix is generally caused by fracture of the asphalt

cement.,

) Mﬁ = Mix Factor = Mix Strength/bitumen strength.

(3) The mix factor MH is a function of percent asphalt, aggregate

gradation, degree of compaction, and, presumably, also of the effect
of the hard mineral walls,

(4) The mix factor is likely to remain constant for a given mix under
all conditions of loading time or rate of deformation, temperature,
etc.

As a result, the following equation was presented:

o
L]

mix MH X Hbit (8.14)

where

i

H .
mix

My

Hbit = tensile strength of the asphalt cement.

tensile strength of the mixture,

i

mix factor,

Figure 8.3 shows the validity of the above equation. In this figure, the curve
marked type I is an example of mixes with poor grading and/or compaction,
whereas type II represents better grading and/or compaction. The difference
between the two curves is the difference in the mix factor. In order te
normalize the relationship between the bitumen stiffness and the mix tensile
strength, Heukelom (Ref 28) considered the relative tensile strength, i.e., the
tensile strength divided by its maximum value, so that differences in the value
of M, were eliminated. Figure 8.4 shows the normalized relationship for eight
mixes. In this figure it can be noted that the maximum tensile strength corre-
sponds to a bitumen stiffness of about 600 kg/cmz. The concept in Fig 8.4 was

then used to introduce the following statements:
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H = Ry X Hy o (8.15)

where
H = tensile strength of the mix;
RH = relative tensile strength, which is a function of the
bitumen stiffness;
Hmax = maximum tensile strength of the mix.

From Eq 8.15, the only unknown for estimating the tensile strength is the maxi-
mum tensile strength of the mix.
To account for the variability associated with Eq 8.15, the same pro-

cedure as described in the preceding section (stress variability) was utilized:

Log10 H = LoglORH + LoglOHmax

or

x) (8.16)

CV refers to the coefficient of variation of the subscripted function. The

coefficient of variation of the relative strength CVR was calculated from
H
data extracted from Fig 8.4. The calculations resulted in the following value:

Ccv = 0,075. Due to the lack of data, the coefficient of variation of the

R

maximum tensile strength was hard to estimate. However a good approximation

may lead to a value of CVHmax ~ 0,2,

EXAMPLE

To show the procedure for estimating low temperature cracking, the follow-
ing illustrative numerical example is given. In a newly constructed flexible

pavement road, the following mixture properties were determined:
(1) maximum tensile strength Hmax = 500 psi,

(2) coefficient of variation of Hmax Cvaax = 0.2,
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(3) coefficient of variation of the thermal coefficient of con-
traction = 0.1,

(4) coefficient of variation of temperature = 0.2.

It is desired to predict the amount of low temperature cracking as the
tensile thermal stress reaches an average value of 300 psi when the asphalt
cement stiffness is estimated to be =~ 5,700 psi.

From Fig 8.4, the relative strength RH corresponding to a bitumen stiff-
ness of 5,700 psi # 0,95,

From Eq 8.15, the average tensile strength

H = 0.95 x 500 = 475 psi

From Eq 8.16, the coefficient of variation of strength

«4.0752 +0.22 ~0.214

z
]

SD, = OV X H = (0.214)(475) = 101 psi

From Eq 8.13, the coefficient of variation of stress

o, =\/ﬁ2 +0.2% + 0.2025 = 0.5

sD_ = (W x o = (0.50)(300) = 150 psi
From Eq 8.8
2x . = - 200 =415 g 966
min 2 —0
150 + 101

From the statistical normal tables (Ref 30), the probability of failure
P(F) =~ 0,167; i.e., 16.7 percent of the pavement area will crack due to low

temperature.
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TRANSFORMATION FROM AREA TO LINEAR CRACKING

Since thermal cracks take the form of transverse cracks, they are usually
reported as the average frequency per mile or, as reported in the AASHO Road
Test, in linear feet, per 1000 ftz. The spacing between transverse cracks
ranges from 5 feet to several hundred feet. Considering this observation as a
criterion, it can be assumed that if the spacing between transverse cracks
reaches 5 feet, the pavement is no longer restrained. 1In other words, it can
be assumed that the area of influence of each transverse crack is equal to its
length times a width of 5 feet (Fig 8.5). Therefore, to transfer a predicted
area of thermal cracking into linear cracking, the area can be divided by the

width of influence, which can be approximated as 5 feet.

SUMMARY AND CONCLUSIONS

The predominate equation in the low temperature cracking model is Eq 8.8.
To study the behavior of the model, the four variables in the equation were
varied over a selected range. The results of the above analysis are shown in
Figs 8.6, 8.7, and 8.8. The following conclusions are drawn from these figures:
(1) When the average tensile stress is equal to the average tensile

strength, the probability of failure is 50 percent, regardless of
the stress and strength coefficients of variation.

(2) TFor both stress and strength, the higher the coefficient of varia-
tion, the higher the low-temperature cracking up to a probability of
failure of 50 percent, after which the reverse is true.
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Probaobility of Failure
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Fig 8.6. Effect of mean strength on low-temperature

cracking.
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Probability of Failure
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CHAPTER 9. THERMAL-FATIGUE CRACKING

INTRODUCTION

In the preceding chapter, a model for predicting low~temperature cracking
was developed. Low-temperature cracking is only one form of temperature crack-
ing; the other form of temperature cracking is called thermal-fatigue cracking
and is due to daily temperature cycling. Since the air temperature cycles every
day, the pavement temperature also cycles daily. Air and pavement temperature
cycles not only differ in phase angle but also in size (range) and the mean
temperature about which they cycle, These differences depend on the surround-
ing envirommental conditions and the depth of pavement at which the temperature
is studied.

To study the relation between temperature cycling and the fatigue concept,
the pavement behavior (stress, strain, etc.) under temperature cycling was
analyzed. The analysis showed that temperature cycling stimulates a constant
strain rather than a constant stress fatigue distress. The development of a

thermal fatigue theory is explained in detail in the next sections.

TEMPERATURE SYSTEM FOR FATIGUE ANALYSIS

In Chapter 3, a model was developed by which pavement temperatures during
a single day can be predicted on an hourly basis. The inputs to this model

are as follows:

(1) daily mean air temperature,

(2) daily air temperature range,

(3) daily mean solar radiation,

(4) daily average wind velocity, and

(5) pavement thermal properties.

To utilize the model to predict thermal-fatigue cracking, it is necessary
to consider the variation of its inputs during an average year. In doing this,
it was assumed that the pavement thermal properties are constant; however, it

was found that the daily mean air temperature and solar radiation are the most

107
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significant factors affecting pavement temperatures; therefore, models to

account for their day-to-day variation were developed.

DAILY MEAN AIR TEMPERATURE MODEL

To depict a general scheme for the annual air temperature variation, the
normal monthly average air temperatures for three weather stations in Texas
(Ref 65) were plotted (Fig 9.1).

From this figure one may conclude the following:

(1) In a normal year, daily mean air temperatures vary in a sinusoidal
fashion.

(2) Minimum annual temperature occurs on the average in December or
January.

(3) Maximum annual temperature occurs on the average in June or July.

As a result the following model was developed:
TA(N) = ANNVE + (ANR/2)COS (N) (9.1)

where

N = no. of day; e.g., N = 1, July lst
360, June 30th

TA = daily mean air temperature,
ANNVE = annual average air temperature, and
ANR = annual air temperature range.

Figure 9.2 depicts the above model. To verify the model, a comparison
between predicted and measured monthly mean air temperatures was performed for
three weather stations selected at random (Ref 65). Figure 9.3 indicates the

reliability of the model.

DAILY MEAN SOLAR RADIATION MODEL

Following the same steps as in the preceding model, the following formula

for the solar radiation model was hypothesized:

SR(N) = A + B COS(N) (9.2)
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Fig 9.2. Daily mean air temperature model.
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where
N is as defined for Eq 9.1,
A and B = constants.

To determine A and B , the following two boundary conditions were

assumed (see Fig 9.4):

(1) At N =90 or 270, SR(N) = SR
(2) At N =15 or 345, SR(N) = SR1
where
SR = mean daily annual average solar radiation,
SR, = mean daily July average solar radiation.

1

Using the above two boundary conditions and solving for A and B , the solar
radiation model can be expressed as follows:
_ (SR1 - SR)

SR(N) = SR + 0.966 Cos (N) (9.3)

Figure 9.5 shows a comparison between predicted and measured solar radiation
for 6 weather stations selected at random (Ref 10). From the figure, it is

evident that the model is quite reliable for engineering purposes.

THERMAL-FATIGUE THEORY

The word fatigue is used to indicate the tendency of flexible pavements
to thermally crack under repeated temperature cycling. The distress effect
of each cycle depends on the maximum stiffness and strain during that day
(cycle), Fig 7.2. For two cycles causing the same strain, the higher the stiff-
ness the higher the distress. Meanwhile under the same stiffness conditions,
the higher the strain the more damage to the pavement. The pavement is sub-
jected to 30 cycles per month (360 cycles/year) with each cycle having a dif-
ferent distress intensity than the other. Furthermore, hardening of asphalt
is an important phenomenon that should be considered. As time passes, the
asphalt gets harder (Chapter 6) and hence, on the average, the asphalt concrete

stiffness increases year after year. In conclusion, it is believed that
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stiffness is the major factor separating asphalt concrete mixes with reference
to their ability to withstand repeated temperature cycling. Figure 9.6 depicts
a conceptual relation between strain level and the number of cycle applications
until failure for different stiffnesses. The general relation may be written

as follows:

= 1.B

N = ACE) (9.4)
where

N = average number of cycle applications till failure,

€ = strain level (constant strain fatigue test), and

A and B = fatigue constants.

According to the preceding concept the fatigue constants will vary with
stiffness. An experiment was designed to determine these constants in the
lboratory and to establish a criterion for estimating the cumulative damage.
However, due to the high cost of such an experiment, it was suggested that
the experiment be performed in the future. Therefore, fatigue constants were
estimated from available data (Chapter 10). To estimate the cumulative damage

due to temperature cycling the following formula was hypothesized:

K M ni.
D = ¥ T E"l
i=1 §=1 "ij
n n n
=ﬁll+ﬁl2-+...ﬂL-ﬁ—llI
11 12 ™
13 n n
O O
21 22 2M
+0.‘
v X R 4 kM (9.5)
% NKZ '..N
1 KM
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where
D = accumulated damage,
K = number of equal strain level groups,
M = number of equal stiffness level groups,
n = actual number of cycle applications, and
N = number of cycle applications till failure.

In formulating the above hypothesis, it was assumed that the damage caused
by each ecycle is irrecoverable and hence the cumulative damage is a simple
addition of all individual damages disregarding their sequence of occurence.

The logarithm of the average number of cycles till failure N has been
shown to be normally distributed (Ref 46). For a particular confidence level
o , the number of cycle applications until failure Na can be expressed as

follows:

Log N, = Log N - z Log SDN (9.6)

where

Z_ = wvalue from the normal tables corresponding to a confidence
level o , and

SDN = gtandard deviation of N .

From Egs 9.5 and 9.6, the probability of failure P(F) can be expressed as

follows:

n,.

K
P(F) = probability(z by 'ﬁ'u > 1.0) (9.7)
i=l j=1 "«

ij

The best way to explain the above concept is through a numerical example.

For a particular road section under particular envirommental conditions

K M n,, .
the accumulated damage \ DI X Eil ) was estimated, after each month from
i=l j=1 Qij



118

construction, at different confidence levels (Table 9.1). The relationship
between the accumulated damage and the confidence levels after x month from
construction is shown in Fig 9.7. The probability of failure after =x month

can be interpolated from Fig 9.7 as follows:

P(F) = 1.0 - the confidence level associated with accumulated
damage of 1.0
P(F) = 1.0 - 0.93 = 0.07

To transfer the probability of failure into cracking, the procedure explained

in Chapter 8 was followed:

Cracking in £t2/1000 ft> = 0.07 x 1000 = 70.0

2

Cracking in linear ft/1000 ft~ = 70.0/5.0 = 14.0

SUMMARY AND CONCLUSTONS

(1) Cracking estimated from the above model is referred to as thermal
fatigue cracking.

(2) The developed system for predicting thermal-fatigue cracking is
unique in nature, considering that this is the first time that
both fatigue and stochastic variations are being utilized to
predict the distress resulting from temperature cycling.

(3) The usefulness and the behavior of the model are disclosed in
Chapter 10.

(4) As both thermal-fatigue cracking and low-temperature cracking (see
Chapter 8) are functions of time, they may be appropriately added
to estimate the total temperature cracking after a specified time
from construction.
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CHAPTER 10. COMPUTERIZED SYSTEM, IMPORTANT VARIABLES
AND SYSTEM VERIFICATION

In this chapter, a computerized system for predicting low-temperature and
thermal-fatigue cracking is developed. The theories upon which the system is
developed are those presented and discussed in Chapters 3 and 5-9. Figure 10.1
shows a summary flow chart of the system, in which the calculations may be ex-
pressed in steps as follows:

(1) From the temperature system (Chapter 9) calculate the daily mean air

temperature and solar radiation,

(2) Calculate hourly pavement temperature for each day (Chapter 3).

(3) Locate the maximum and minimum pavement temperatures for each day.

(4) Starting from the maximum temperature and going down on an hourly
basis to the minimum temperature, estimate the stiffness at the
middle of the temperature intervals (Chapter 5), and the increments
of strain and stress (Chapter 7).

(5) Accumulate the increments of strain and stress to estimate the maxi-
mum strain and stress for that day.

(6) Estimate the strength corresponding to the maximum stress.

(7) Predict low-temperature cracking (Chapter 8).

(8) Predict thermal-fatigue cracking (Chapter 9).

(9) Total temperature cracking is the appropriate addition of low-

temperature and thermal-fatigue cracking.

In Chapter 5, two mathematical models for estimating asphalt stiffness
were developed for: (1) converting Van der Poel's nomograph to a computer
form, in which the loading time is limited to a few selected levels, (2) re-
gression equations for Heukelém and Klomps' nomograph, in which the time of
loading is a variable. However in examining the behavior of the regression
equations, it was found that at high stiffnesses, the predicted values are
somewhat lower than the measured. Therefore, both models were included in the
system if the thermal loading time is one hour, which represents average condi-
tions, the first model is utilized; otherwise, when thermal loading time is not

one hour, the second model is utilized.

121



122

<G>

Input:
. Weather data,
. Asphalt properties,
Mixture properties,
Fatigue data, and
. Design period (years).

]

Repeat for each year d)

»

WP W N =
-

{

Calculate hourly
pavement temp,

Calculate max. daily:
1. Strain,

2. Stiffness, and

3. Stress,

]

Calculate corresponding
daily strength

Lo

Predict low temp.
cracking

Y

Predict thermal fatigue
cracking

1

Print:
1. Low temp. cracking,
2, Thermal fatigue
cracking, and
3. Total thermal cracking.

""" """/

l
1

CONTINUE )

Fig 10,1. Summary flow chart of the system.
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As shown in Chapter 9, the general expression for estimating the fatigue

life can be written as follows:
;B
_ 1
vy (9.4)

where the fatigue constants A , and B vary with the stiffness of the asphalt
concrete. To incorporate this concept into the computerized system, the fatigue
constants were estimated at two stiffness levels between which the constants at
any other stiffness can be interpolated.

The two stiffness levels chosen were 10.0 and 5.0 times (10)6 psi, since
they represent the lowest and highest stiffness values for asphalt concrete
mixtures. The four fatigue constants, two for each stiffness level, were esti-
mated so as to result in the amount of temperature cracking reported after the
eighth year in Road No. 1, asphalt supplier No. 2 (Ref 47) (see Fig 10.8).
Other factors that are considered in estimating the four fatigue constants are
the following:

(1) At high stiffness, the number of temperature cycles until failure

is less than that at low stiffness for the same strain level.

(2) The slope of the logarthmic relationship between the strain level

and the number of temperature cycles until failure is steeper for
high stiffness than for low stiffness (Fig 9.6).
The fatigue constants are shown in Table 10.1.

At this stage, it should be emphasized that the four fatigue constants
were estimated to fit one data point and were kept the same for all the other
data from different projects that were used for the verification. Therefore,
if the verification (conducted in a later section) showed the system to be
reliable, that would be in essence a proof of the thermal fatigue theory pre-
sented in Chapter 9. To estimate the fatigue constants at any other stiffness
level between the selected two levels, linear interpolation among the logarith-
mic transformation of the stiffness and the fatigue constants was utilized,
since it was shown to be the most rational.

Table 10.1 shows the input data for the developed program as printed out
on the first page of the computer output; Table 10.2 is a typical print out of
the temperature cracking calculations for each year after construction. The

input guide and the program listing are given in Appendix 5.
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OF THE COMPUTER OUTPUT.

FAVeSEC O €3 STE ANNE =« 3/23/1972
TIME OF LOADING 2 SEC = 36006000
MUNTH CCUE
JULY AUG . SEPT. ccr, NOV. DEC,
1 e 3 4 2 é
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7 8 9 10 11 12
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JULY AVE«SCLAF Rape sLANGLEYS ] 514,000
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DEFPTH  FUR CALCULATIONGIN, = 0¢000
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MlKe  DENSITY sLii/FT3 = 1484000
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ORIG, PENETRATIUN yUMM=YSEC, s 192.000
PEN, TEST TEMF o ’DEG.F = 77.000
OR1G, SOFTENING POINV4DEG,F = 95,000
THIN  FULM CvenN TEST ,PcT ORig,PEN, = 444100
MIATURE PROPERTIES
PCT, ASPHALT sBY Wl UF AGG, =3 4,800
ASPH, SPECIFIC GHAV, z 1.000
AGG, SPECIFIC GKaAV. s 2.650
MIXe  ALR VCIDS *PERCENT s 44900
AGG. VOLe CONWCENTRATION =CALCULATED = 371
COEF, OF CCNTHACTION TEMP (F) aLPH(10s08)
=10 l,0v0
elo 1,800
CUOEFe OF VARIATION OF ALPR s 100
MAXe  TENeSTRENGTR  oPSI = 450,000
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INPUT FATIGUE DATA
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MIXeSTLIFe (PSI) CONST.A CONST.R
legouvot*ol le0000E"02 3.0000E*00
5.0000E*06 840000E=13 3.9500E*00

TABLE 10.1 TYPICAL PRINT OUT OF THE INPUT DATA - FIRST PAGE



TABLE 10.2 TYPICAL PRINT OUT OF THE TEMPERATURE CRACKING CALCULATIONS
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210 -, 1225F 400 1.1946E408 4 4GRRE07 1 4156Es07 P HB44E0S 63,89 113,27
26 l1a12017 401 3.1097€.05 2:4534£402 1.21T4E40) 3,26456.0% 67,45 113484
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SYSTEM BEHAVIOR

Figure 10.2 shows the relationship between temperature cracking and the
number of years from construction, as computed from the system. In this figure,
the values of temperature cracking are those corresponding to assumed asphalt
mixture properties and surrounding environmental conditions and are not neces-
sarily typical values. However, the rate of increase of low-temperature and
thermal-fatigue cracking is usually similar to what is shown; i.e., the rate of
increase of low~temperature cracking is usually much less than that for thermal-
fatigue cracking. Study cases performed using the developed system showed that
the rate of increase of thermal-fatigue cracking is higher during the winter
than the summer, as shown in Fig 10.3. Furthermore, it is important to note
that the major cause of temperature cracking is either low temperature or
fatigue, depending on the asphalt mixture properties and the surrounding environ-

mental conditions.

IMPORTANT VARIABLES

One of the best available techniques for evaluating the significance of
independent variables is to perform a complete sensitivity analysis, in which
the interaction between the independent variables can be detected. Due to the
extensive computer time required to perform such an analysis, a simple analysis
that shows the importance of the individual variables without considering their
interaction was performed. The dependent variable that was considered for the
analysis is thermal-fatigue cracking. However, it is anticipated that the
important variables for the low-temperature cracking will be the same as those
for thermal-fatigue cracking, in addition to the tensile strength of the asphalt
concrete mixture. Reasonable values were assigned to each of the independent
variabies, except that the values assigned for the fatigue constants were
selected so as to result in a considerable amount of thermal-fatigue cracking
in a short period of time (one year). The reason for that is to reduce the
required computer time. One variable at a time was then increased by 10 per-
cent, keeping the rest at their assigned values, and the resulting difference
in thermal fatigue cracking was determined; Table 10,3 shows the result of the
analysis. Figure 10.4 depicts the importance of the independent variables ex-

cluding the fatigue constants, From the figure, one may classify the independent

variables into five levels in a descending order of importance as follows:
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Fig 10.3. Detailed diagram showing the increase in thermal-fatigue

cracking after each month from construction.



TABLE 10.3. EVALUATION OF VARIABLES IMPORTANCE FOR PREDICTING THERMAL-FATIGUE

CRACKING

Fatigue Crack. at

Assigned 10% Increasg, Change in Percent
Independent Variable Value ft/1000 ft Fatigue Crack. Change Rank

Annual average temperature, Op 50.0 65.26 41.90 -39.10 5
Annual temperature range, °F 70.0 124.30 17.14 15.99 12
Daily temperature range, °F 25.0 138.20 31.04 28.96 7
Annual average wind velocity, mph 8.0 105.57 1.59 - 1.48 16
Annual average solar radiation, L 400.0 152.65 45.49 42 .45 3
July average solar radiation, L 600.0 74.13 33.03 -30.82 6
Original peniiration, 77°F,

5 seconds 110.0 -- ~- -- -

o %k

Original softening point, 'F 110.0 - -- -- -
TFOT (percent original

penetration) 55.0 83.36 23.80 -22.20 8
Percent asphalt, by weight

aggregate 5.0 84.14 23.02 -21.48 9
Aggregate specific gravity 2.5 84.14 23.02 -21.48 10
Asphalt specific gravity 1.0 129.54 22.38 20,88 11

(Continued)

621



TABLE 10.3. {(Continued)

Fatigue Crack. at

Assigned 10% Increase, Change in Percent
Independent Variable Value ££/1000 ft2 Fatigue Crack. Change Rank

Percent air voids 5.0 99.99 - 7.17 - 6.69 14
@ x 10°/°F 1.2 149.54 42.38 39.54 4
Low stiffness (10 psi) 1073 103.18 - 3.98 - 3.71 15
Fatigue constants 2.5 22.62 - 84.54 ~78.89 2
High stiffness (5 X 106 psi) 5 X 10_13 97.60 - 9.56 - 8.92 13
Fatigue constants 4.0 0.21 -106.95 ~99,89 1
Logarithmic standard deviation

of fatigue 0.25 106.36 - 0.8 - 0.74 17

*

Fatigue cracking for the assigned values without 10 percent increase

Cannot be evaluated individually due to their evident interaction.

107.16 £t/1000 ft

2

otl
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Fig 10.4. Importance of individual variables regarding their
effect on thermal-fatigue cracking.
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(L)

(2)

(3)

%)
(%)

a, annual average solar radiation,

b. coefficient of thermal contraction,

c. annual average temperature.

a. July average solar radiation,

b. daily temperature range.

a., thin-film oven test, percent of original penetration,
b. percent asphalt in the mixture, by weight of aggregate,
c, aggregate specific gravity,

d. asphalt specific gravity,

e. annual temperature range.

a. percent air voids in the mixture.

a, annual average wind velocity.

Because of the evident interaction effect between the penetration and the

softening point of the asphalt, the individual evaluation of their importance

could be misleading. Therefore, they were omitted from the above analysis and

a separate study on their influence on thermal-fatigue cracking was performed.

Using the assigned values for the rest of the variables (Table 10.3), three

levels were selected for both penetration and softening point and a factorial

experiment was designed (Table 10.4). Figure 10.5 shows the result of the

analysis,

(1)

(2)

(3)

from which one may conclude the following:

The higher the penetration (the softer the asphalt), the lower the
thermal-fatigue cracking.

If the penetration is held constant at the low level (100) and the
softening point is allowed to change from the medium to the high
level (110 to 115), the thermal-fatigue cracking decreases, 1If,
however, the penetration is held constant at the high level (150),
and the softening point is allowed to change from the medium to the
high level, the thermal-fatigue cracking increases. This indicates
the interaction effect between the penetration and the softening
point, which can be attributed to the change of the temperature
susceptibility of the asphalt,

At the low penetration level (100), the effect of the change of the
softening point (105 to 115) is more significant than at the high
penetration level (150).

SYSTEM VERIFICATION

A search was carried out to locate some projects in which temperature

cracking was measured and reported separately from traffic load cracking.
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Fig 10,5, Effect of penetration and softening point on
thermal-fatigue cracking,
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Unfortunately, very few projects were found where such measurement was reported.
Two of these projects were used to verify the system. A description of each

project and the results of the analysis are presented in the next sections.

(1) Ontario Test Roads

In this project McLeod (Ref 47) made a survey of temperature cracking
after the eighth, ninth, tenth, and eleventh years of service of asphalt pave-
ments on three southwestern Ontario Test Roads, about 40 miles apart, that
were constructed in 1960, all over clay loam subgrades. Each test road was
six miles long and contained three 2-mile test pavements. The pavement in each
2-mile tesf section contained a single 85/100 penetration asphalt cement.

Three 85/100 penetration asphalt cements from three different asphalt suppliers
were repeated in each of the three 6-mile test roads (Fig 10.6). The properties
of the asphalt from the different suppliers are given in Table 10.5. All the
necessary information about the mixture properties was available except the ten-
sile strength, which was assumed to have a maximum value of 500 psi. The en-
vironmental variables were estimated from the closest available weather station,
London A. (Ref 48). The data used for the calculations are given in Appendix 6.
Figures 10.7, 10.8, and 10.9 show the comparison between the measured and pre-

. dicted thermal cracking for the three asphalt suppliers. Because there is not
any basis upon which to differentiate between the three roads, they can be con-
sidered as replicates. However, since the fatigue constants were adjusted for
Road No. 1, it would be more appropriate to compare the predicted thermal crack-
ing with that measured in Road No. l. In general, the agreement between the

measured and predicted cracking seems to be encouraging.

(2) Ste. Anne Test Road (Refs 5, 15, 79)

The test road was constructed in 1967 for the study of transverse
cracking of asphalt pavements. It is located 25 miles east of Winnipeg in the
vicinity of Ste. Anne, Manitoba. The characteristics of the test road were
described in Ref 79 as follows: 'The road is composed of twenty-nine 400-foot
pavement sections, 24 feet wide, constructed on clay and sand subgrades. The
test section variables include two different types and three different grades
of asphalt, two asphalt contents, two aggregate gradations, limestone and
granite aggregates, and three road structure designs. The variables, shown in

Table 10.6, in their interaction and combinations, were selected as being
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TABLE 10.5. INSPECTION DATA ON ORIGINAL 85/100 PENETRATION
ASPHALT CEMENTS USED FOR ONTARIO'S THREE 1960

TEST ROADS (Ref 47)

Supplier Number

Flash Point COCOF

Softening Point R and B °F

Penetration 100 gr. 5 sec 77°%F
200 gr. 60 sec 39.2°F
200 gr. 60 sec 32°F

Penetration Ratio

Ductility at 77°F, 5 cm/min

Viscosity Centistokes at 275°F

Centistokes at 210°F

Thin Film Oven Test

% loss by weight

Residue

% Original Penetration at 77°F
Ductility at 77°F, 5 cm/min

Solubility in n-hexane

% asphaltenes

Penetration Index
(Pfei ffer and Van Doormaal)

Pen~vis number

585
15
83
25
22
30.2
150+
460
3953
0.1
67.5
150+

19.7

~1.00

=0.19

525
115
96
36
26
37.5
150+
365
2763
Ol3
60.4
Lo

24.7

-0.57

-0.36

615

119
27
22
19
25.3

128

210
1472

0.0

61.0

115

18.8

=0.21

-1.34
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Fig 10.7. Comparison between predicted and
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Thermal Cracking (ft./1000 ft.2)

707

60+

507

401

30+

20+

107

139

ONTARIO TEST ROADS,
ASPHALT SUPPLIER NO. 3

® Road No. 1
& Road No. 2 [Type 1]/5.28
® Road No. 3

Predicted

2 3 4 5 6 7 8 9 10 1l
Number of Yeoars from Construction

Fig 10.9. Comparison between predicted and
measured thermal cracking.



TABLE 10.6. TEST ROAD DESIGN VARIABLES IDENTIFIED
BY SECTION NUMBERS (Ref 79)

150-200 PENETRATION 150-200 PENETRATION | 300-400 PENETRATION [SC-5
GRADE LOW VISCOSITY GRADE HIGH VISCOSITY GRADE LOW VISCOSITY | ASPH.
ASPHALT ASPHALT ASPHALT (w.C.
(WESTERN CANADIAN CRUDE) (WESTERN CANADIAN CRUDE)  KWESTERN CANADIAN CRUDE) |CRUDE)
@ [ 4 o
x L w @ & w
| | -l - T - =
2 2 g 2 | & Z =
= b - - = vl o -Ra = - e | K
sZ | s5|2 |38 |23 |28 |25 |2 |3t 1398 22 | 2% |3 Iz | =
Sk | Sw | T TW | S | DS | Dw | x TW x| D | D | T ITE | T
=z |22 |3 |22 | ¥z |22 |ZZ |3 (a2 B0g 2ZZ [ZEE2 |3 (Bu |5
£S | B | < | <8 | E8 | EG K6 |2 25 <239/58 |E8 |2 2o | <
OH |95 | 25|22 | C5 |95 |%5 |22 |22 3249|99 |04 |2z 2% | 3=z
2L | B3 |zl | 2W | YE | BS BT ¢ (2P z¢o|3% |BF |=EH |z | EE
33 |23 |z |52 |8% |3% (35 E£E3 (K3 £E3Y9|3% 3% |52 |ES | E3
ROAD STRUCTURE | B2 | 842 | 38 |38 | 32 |82 |82 oS0 |68 [coo | ha | B2 |80 |60 | 60
4 IN.PAVEMENT o
I6IN.BASE COURSE | 54 | 55 | 63 | 53 57 62 | 56 | 5I 58 | 59 | 61 60 | 52
CLAY SUBGRADE
4 IN. PAVEMENT o
6 IN.BASE COURSE | 74 76 |67 |75 |77 |73 66 | 72 78 | 7l 70 | 68 | 69 | 79
SAND SUBGRADE
IOIN. FULL DEPTH o -
ASPHALT PAVEMENT 64 65
CLAY SUBGRADE

o All aggregates in bituminous pavement mix processed from glacial drift deposits (20 % igneous,B80% limeztone; 50 % crush)
unless otherwise indicated.

ont
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potentially important in the study of transverse pavement cracking.'" All the
mixture properties are available in the above references, except the maximum
tensile strength, which was determined for samples containing the optimum asphalt
content by J. T. Christison et al (Ref 9). The fatigue constants were kept the
same as for the Ontario Test Roads. The data used for the calculation are

given in Appendix 6. The comparison between the measured and predicted tem-
perature cracking are shown in Table 10,7, which indicates that the agreement

is reasonable,
Discussion

The computed temperature cracking for both the Ontario Test Roads and
Ste. Anne Test Road have shown the system to be reliable., The following ob-

servations were made from analyzing the results of the computations:
(1) Ontario Test Roads

(a) Temperature cracking was mainly thermal-fatigue cracking with a
practically negligible amount of low-temperature cracking.

(b) Sections constructed using asphalt from supplier No. 1 showed
less temperature cracking than those constructed using asphalt
from suppliers No. 2 and 3. The computations showed the same
conclusion,

(¢) McLeod (Ref 47) explained the difference among asphalt from the
various suppliers as the difference in the asphalt's temperature
susceptibility. However, the analysis showed that the main
difference was the percent of original penetration after the
thin-film oven test. Asphalt from supplier No. 1 had the highest
percentage of original penetration after the thin-film oven test.
Therefore, the amount of asphalt hardening was relatively low
after the mixing process, and hence the rate of increase of the
temperature cracking (mainly thermal-fatigue cracking) was much
lower than for asphalt from the other suppliers.

(d) Adding the asphalt aging models (Chapter 6) to the fracture tem-
perature concept discussed in Chapter 8, predicted temperature
cracking was negligible compared to that predicted by the system.
This can be explained by the fact that the temperature cracking
in the Ontario Test Roads was mainly due to daily temperature
cycling, which is not considered in the fracture temperature
concept.

(2) Ste. Anne Test Road

(a) Temperature cracking was a combination of thermal-fatigue and
low-temperature cracking.
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TABLE 10.7. COMPARISON BETWEEN MEASURED AND PREDICTED TEMPERATURE CRACKING
AFTER TWO YEARS FROM CONSTRUCTION, STE. ANNE TEST ROAD

Asphalt Measured Crack, Predicted
Il‘) o Section | Structure ££/1000 ft2 | Average Crack, ,
ype (Ref 79 ££/1000 ft
63 A 51.0
150/200
67 B 154.0 76.0 98.9
LVA
64 C 22.9
62 A 7.5
150/200 é
66 B 5.6 5.5 9.5
HvVA
65 C 3.3
300/400 61 A 25.0
LVA 13.1 1.7
68 B 1.25

¥ A Y B c

4" Asphalt XL Asgphalt ?
_|_Concrete Concrete o
‘ o o o f..‘ 09 10" Asphalt
0%0o 6" Granular Concrete
6o 0 “90 ! oo Base o }
1" | Granular | DA T RaT, " Clay
Base Sand
6 oo 0p
| o 0
0 o 00
! oo o 0 0!

Clay
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(b) High viscosity asphalts showed much less temperature cracking
than low-viscosity asphalts. The analysis reached the same
conclusion. This can be explained by the observation that high-
viscosity asphalts are less temperature-susceptible than low-
viscosity asphalts. For instance, for the Ste. Anne Test Road,
the high-viscosity asphalt had an original penetration index of
-1.0, compared to -2.5 for the low-viscosity asphalt.

(¢) Different pavement structures having the same asphalt concrete
mixture showed different temperature cracking. However, since
the factor of pavement structure is not included in the developed
system, the computed temperature cracking was comparad with the
average reported values of different sections with the same
asphalt concrete mixture.

(d) Without considering the aging of asphalt, predicted temperature
cracking, for the low-viscosity 150/200 asphalt was found to be
0.009 ft/1000 ft2 compared to a measured value of 76.0 ft/1000 ££2
(Table 10.7). This observation shows the significant contri-
bution of asphalt aging models (Chapter 6) to the developed
system.

SUMMARY

A computer system for predicting temperature cracking has been developed.
The system's behavior was analyzed and the important variables with respect to
temperature cracking were detected. Data from Ontario Test Roads and Ste. Anne

Test Road have shown the system to be reliable.
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CHAPTER 11. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

SUMMARY

A computerized system for predicting temperature cracking has been developed.
The main concepts utilized in forming the system are simulation of pavement
temperatures, estimation of asphalt concrete stiffness, aging of asphalts, sto-
chastic variations, and fatigue. Temperature cracking as predicted from the
developed system is the appropriate addition of two forms of cracking, which
are briefly defined below:

(1) Low~temperature cracking, which occurs when the thermal tensile

stress exceeds the asphalt concrete tensile strength.

(2) Thermal-fatigue cracking which occurs when the thermal fatigue
distress, due to daily temperature cycling, exceeds the fatigue
resistance of the asphalt concrete.

CONCLUSIONS

Analysis of the Ontario Test Roads and the Ste. Anne Test Road has shown
the system to be reasonable and reliable. Consideration of the thermal fatigue
due to daily temperature cycling, which has not previously been considered,
makes the method superior to any other available technique in this field. 1In
analyzing the system, the important weather parameters with respect to tem-
perature cracking were found to be solar radiation and air temperature. The
important asphalt concrete properties were found to be the thermal coefficient
of contraction and the asphalt penetration and temperature-susceptibility.

Data from the Ontario Test Roads and computations from the system showed that

the percent of original penetration after the thin-film oven test can be a

good guide in differentiating among the different asphalt sources whenever the
rest of the asphalt properties are the same. The adoption of the system by
highway agencies concerned with temperature cracking seems warranted, particular-
ly since the system is made available in the form of a single computer program.
Another factor that makes the system easy to adopt is that most of the informa-

tion necessary for using the computer program needs to be collected only one
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time. For example, the envirommental variables for a specific area need to be
collected only once. The system can be a decision-maker to accept or reject

an asphalt supplier; it will also help the design engineer in designing an
asphalt concrete mixture that will best fit the surrounding environmental con-
ditions. Above all, the use of the proposed system will reduce the maintenance
cost, especially for those locations that suffer from flexible pavement tem-
perature cracking.

The acceptance of the system by highway design engineers will simply mean
that all the analytical procedures are accepted, at least partially. However,
all the segments of the system were put together so that any change that may
develop through the advancement of asphalt concrete technology can be added

without the destruction of the basic framework.

RECOMMENDATIONS

Inherent in the proposing of the adoption of the developed system by
highway agencies is the further study to update any segment of the system as
it becomes necessary. Although the Ontario Test Roads and Ste. Anne Test Road
showed the system to be reliable, practice may show some aspects that may be
missing in our current asphalt concrete pavement technology. Immediate re-
search efforts that need to be carried out to help in updating the system are
listed below:

(1) the establishment of a regular laboratory experiment to measure the

thermal coefficient of contraction of asphalt concrete mixtures,

(2) the performance of a constant strain fatigue experiment to determine
the fatigue constants of any asphalt concrete mixture as a function
of its stiffness,

(3) the consideration of the effect of different pavement structures on
temperature cracking,

(4) the addition of the reliability concept (Ref 10) to the developed
system, and

(5) more effort to reduce the computer time necessary for executing the
existing version of the computer program.
Besides the independent use of the proposed system, it is recommended that
it be incorporated, as a subsystem, into the available flexible pavement design
systems (Refs 32 and 36). To do so, it is necessary to correlate temperature

cracking and pavement performance in lieu of the present serviceability index
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concept suggested by AASHO (Ref 6). At the present time, there are not enough
data to develop such a correlation. However, it is hoped that these data will
be available in the near future. When the preceding recommendation is accom~

plished, the idea of having one system that includes both traffic and environ-

mental variables will be fulfilled.
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INPUT GUIDE

NT@T

D One card

NT¢T = total number of problems
The following cards have to be repeated for each problem.

NPR@B TITLE(I)

15 |58 | 5410 |one card
60

NPR@B = identification problem number.
TITLE (1) date and location of measurements.

TA TR
I F10.3 | F10.3 One card
, o
TA = average air temperature (0 F)
TR = temperature daily range (* F)
\ W S AK B AL X
| F10.3 | F10.3 | F10.3 | F10.3 | F10.3 | F10.3 | F10.3] One card
v wind speed (mph)
W mix density (1b/cu in) o
S = specific heat (BTU per pound, F) o
AK = conductivity (BTU per square foot per hour, F per foot
B = absorptivity
AL = solar radiation (Langleys per day)
X = depth (inches)



This page replaces an intentionally blank page in the original.
-- CTR Library Digitization Team



APPENDIX 2

ESTIMATION OF ASPHALT CONCRETE STIFFNESS
(AFTER VAN DER POEL'S NOMOGRAPH)
PROGRAM LIST AND INPUT GUIDE
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PROGRAM YEHTA (INPUT,OUTPUT)
DIMENSION Y(6)9Z(15) 9FYMR(6) sFYML(R)Y 9FYO(R) 9FYPLIA) 4FYP2(6),

1FZM2(15) FZMY (158) JFZ0(15) 2FZP1 (75) 4FZP2(15) s TEMP (50) o
TE(S0) +EA(SO) yFB(29) yEMIX (S0)
coasesTEMP DATA POINTS ABCVE RING=AND=BALL (DEG. C)
DATA Y/Z40 4935,930 _9206910,4490,0/
consaeTEMP DATA POINTS RELOW RING=AND=HAL| (NEGe C)
UATA 7/0 ,9=5e9=10_ 9=15,92200e9=25,4=30,,=35,,=40,,=45,,=50,,-55,,
1260, 4=65, 4«70,/
READ 11enTOTAL
CHuataNTOTAL = TOTAL NO. OF PROBLEMS
FORYAT (15)
DO 1000 121 ,NTOTH
READ 11snPROR
CHeRRBNPRAR = DROALEM NNe
PRINT 12 ,NPROB
12 FCRMAT (TH1,2n (/) ,25x912H PRORLEM NQ o15)
READ Yo ITIMEWNTEMP
coaase]TIMFs TYME LEVEL
chasdaNTEMP= Nne OF TEMD AT WHICH STIFFNESS IS NEENED
1 FORP4YAT(215) ‘ |
READ 2o (TEMP ([) s 121 yNTEMP)
€ FORMAT ((SFlp,.l))
READ 39FToTPT,TREB,CV
cuaesapy = PENCTRATION (MULTIPLE OF 0,1 Mwm)
ConueaTPT = PEVETRATICN TEMP (DEG. C)
cHaudeTEg = RING=aNN=RA'L TEMP (DEG, ()
coustacy = VOLUIME gONCEMTPATION OF MINERALS
3 FORMAT (4F10,3)
C=(AL0GIN(BN0,) =2} 0G10(PT))*50,/(TRR=TRT)
PI:(EF'.-1O.¢C)/(C4,1,)
ChueveapPl z PENFTRATION TNDEX
IF(TTIMES?) 4,59,6 J ‘
4 CALL HDSFC (PToTPTeTRBICVIPIINTEMPyTEMP Y 17)
Cauu#eHDSEC = Y/10n SECNND
GC TO 10n0
5 CaLl. HOUR  (PTeTPTITRHICVIPLINTEMP G TEMP Y ¢ 7)
GC TO 1000
6 IF (TTIMFWEQ,4) 6N TO 7 )
CALL DYNET (PToTPT9TRBICVIPIINTEMP yTEMP Y 7)
Ge Tr 1n006 4 -
7 CALL wDSFC (PToTpTvTRBoCVoPIQNTEMPQTEMPQYQZ)
CALL »OUP (PTeTPTeTRBICVIPLINTEMP Y TEMP4Y9?7)
CALL [YNFT (PToTPTeyTRBeCVPLINTEMP,TEMP,Y,7)
Loyt CONTTNUE
END
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SUBRNUTINE ADSEC (PToIPT,TRByCV PIATFMP,TEMD,Y,7)
DIMENSION Y ( )»2(15)oFYv?(é).FYNl(&soFY&tﬁ)orYPi(6).FYP2tﬂ),

LFZM2(15) yFZMY (15) (F20(15) o FLP1 (15) 4F7Z2P2(1%) 9y TEMP (509 o
1E(50) +EA(50) 9EB(5n) yEMIX (56)
DATA FYM2/1,25E3924F393.5F311,6E6+6,RBF693.F5/

CEatdafFyM? = STIFFNFESS AT TEMP (Y) AND P] OF <2

DATA FYMY /2 E39343E349.F342eE6474F4,7.5F5/
DATA FY0/30E344,8F3,745F3,24264,7 84,2 ,F5/
DATA FYPI/4.E39&.RE3.9¢2F3¢2.3E297.&491-6E5/
CATA FYP?/5.553.8,53,1.07E492.SE4,6.54.l.“FSI

CeueduFyp> = STIFFNESS AT TEMP(Y) AND P1 oF +2

DATﬁ FZN?/30£S'8iF5020E6'70E6'2.E7§SQF701.4E8'4QF8’8QE80]01E99
11.5F9¢)140EQ42,0%E092,3E93:42,.9¢0/

CenueuFIMP = STIFFNESS AT TEMP(7) AND P NF -2

DATA F7M3/2,56595,8E591.3E643,3F64R,5FA92¢F714.7FT91.,EB9D,FRy
13,5FR D REB49 ,EB 91 ,3FF¢1,5F942.,E9/

CATA F20/20E514.3F5’305F5y1cgfﬁo‘oFﬁgq.E6c1.85E7o4oE797-E701015E80
11,9F8,3,3E8,5 Ee,7,5F8,1 E9/

DATA F7P1/106F59303E516.55910lEﬁvZ.Fﬁ.&.ZES,?;Eb.10657'2.75'79
14eBETsT7ecTo1e2ER91epEBY 2. 8EBv4egFR/

DATA FZP2/1a%F092 4ES049eF 54T eESe) a?F612eF603.5FE69TaFbs) e TF Ty
11,9743 4r 795 ,ET48,ET0l,2FA,1,9En/

cHuRvur2p? = STIFFNESS AT TEMP(Z) AND PT OF 2

11

PRINT 11
FCRMAT (1Hle1nXe#TINE OF LOADING =z0.01 SEC, ™)
PRI~T 21
PRINT 21

21 FORMAT (55X419M =cecorecccnocanan.)

PRINT 31,PToTPTeTad

31 FORMAT (//93X913A PENETRATIUNSs FT,243Xe)114 PENT TEMP=y FT7.2,

&1

13X416p TEMP RING QALLSy F7,2)

PRINT 41,P1,¢V ,

FCRMAT (//95X912H PENT TNOER=4F10,5,6X44H CV=4F10,5)
IF(P1,GT =2,) GC 7O

CALL STIF (NTFHEsTEMPITRA Y9 Z9FYMP G ZMPyF)
CALL OUTPUT (CVeNTEMPITEMP gL 9EMIX)

GC TO 10n

IF (P1.GT.=1,) GO TC 2

CALL STIF (NTFMPaTENPsTRH Y eZoFYM2FZMP4EA)
CALL STIF (NTEMFoTENPITRReYIZIFYM] 4FZ414FR)
DS 1r Isy o NTesP

DL=2.0=ARS(PI}

10 E(1)=FA (1) (ER(T)-EA(L1))#ARS(DL)
crewsu INCAD INTERPOLATYON

CALL NUTeUT (CVeNTENPITEMP4EIEMIX)

GC TO loOp A ,

IF(PT,GT,0e0) GC 70 3 .
CALL STIF (NTEMPsTENPITRReYZaFYML 4FZM19FA)
CALL STIF (NTEMPoTEMPsTRR,Y9ZsFYO,4F70,FR)
DC 2n I=veaNTFMP

DLzl,"=ARS(P])
E(T)=rA(T)+(EB(I)-EA(D))#ABS(DL)

CALL CUTPUT (CVeNTENMPITEMPEWEMIX)

GC 1o 100 _

1F (pI.GT.l., GC TQ 4

CALL STIF (NTEMPeTENPITRRIY1ZsFYO,F70,gA)
CALYL STIF (NTEMPsTEMPYTRRsY9ZeFYPL,FZP14EB)
DQ 3n I=14NTFMP



3¢

n

100

DL:D.r—aQS(QI)

E(T)=FA () +(ER(I) EA (L)) #ARS(DL)

CALL 0OUTPUT (CVANTENPITEMPEsFMTX)

GC T 10p

IF (F1eCTe2,) GN 1O 5

CALL STIF (NTEMPeTEMPITRRIYsZ9FYPI4FZP14ER)
CaLl STIF (NTEMPsTEMP9TRAY9Z9FyP?,FZP24ER)
DO 4n I=14NTEMP

DL=1.¢=ARS(P])
E(I)=FA(T)I+(ER(T).EA(]))»ABS(DL)

CALL WTpUT (CVINTEMPrTEMPeE*EMIX)

GC 10 1in

CALL STIF (NTEMFsTEMPITRBY1ZsFYP2,FZP24E)
CALL NUTPUT (CVNTENPITEMP 4LIEMIX)

CONTIFUE

RE TURMN

END
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SUBROUTINE HOUR (DT THT TR 'C VPIANTEMPyTEMP Y4 7)

CIMFESTON Y(0)972(15) oFYM2( Ygl(e)'FYO(é).FYP1(6) FYP2(6)
1r2m?('6>.Fz~1(1=>.f7n(1%).F£Pl(15).FZP?(15).TEMP(50).

TE(S2) «FEA(50) 9oFH (50) yeMIx (50)

DATA FYN/S Ea349,E<342 5297 ,TE=242,6F=141,5E0/

DATH FYNV1/)1aF=24]1,5F w3 ,4F=29]1,E=1,3,4F=1,1,8F0/

CATE FY0/24FaP92eBE 2245 ,Fa29] 4F=1,5,F0/

CATA FYP1/2eTF =204 ¢T7E="2,Re3E"2420 E=197¢E=)42.9Epn/

DATA FYP2/64 . 5E=247e5F =241 43E=193¢E=19]14E093.3€0/

DATA FZM2/1,5F043,4F0 0l Fle3eSEY10],E2, 5.E2 JoPE 9T F394 ,Fé,]1,6F5,
17e3F% 034766091 ,6FT,7,E792,6E8/

PATA FZMY/], 8F0,J 6E091 Fl 3eBE198.8F143¢3F291.F03,7E3,1.65E4,
16e5Fa 4 2ePFE548,5F9.3,E60),2F714,1E7/

CATE FZ0/20E00% 57041 eE143,5%E197¢5E192,5E2,7,6E242,3E3,R,4F73,
13.E¢q1.EF.3.2F5.9.E5.3.E6.l.E7/ ,

DATL FZP1/2.9F0.5.E0,1.2F1,3‘5E197.SE],2.3E2,6.E?91.8E3’5.539
11 eTFas5eFu9]e4EG91145ED9],FA13,E6/

DATE F7ZPP/343F 0,60 6F091.SF193¢5E1,7 ,5F192.2E295.F29144E3,3.3F3,
1l.E‘oc"r?ogF"l"?or“.1.7E594.1E5'10E6/

FRI~T 11 _
11 FORMAT (1M1416GKe% TIME OF LLOADING = ONF HOUR®)
FRINT 21
FRInT 21
21 FOPMAY (95X,19H LY LL PP LD Ly

PRINT 31.PToTeT,Tus

31 FCR¥AT (//93Xe13H PENETRATION=y F7,243%Xs11H PENT TEMP3s F7.2,
13Xy18K TeMP RTME nALL=y F7,2)
PRINT 41+Placv ]

4] FCRMAT (//95Xs12H PENT TNDEXS9F10eS¢6%X9aH CV39F1ne5)
IF(PT1.6T,.=2,) GO 10 1
CALL STIF (NTEMFeTENPITRRYIZ9FYM2,F7ZMP4F)
CALL oUTeUT (CV,NTENP,TEMP.E'EMIX)
GC TN 1GCn

I IF (PleGTe=1,) GO TQ 2

CALL STIF (NTEMPaTEMPITRRaYsZ9FYM2,FZM24FA)
CALL STIF (NTEMPeTEMPITRRyY9ZsFYM]4FZM]yER)
NC 1n 1=1eNTEMP
DL=?.0=ARS(PI])

It E(Ty=EA(Y)+(ER(I) EA(I))nABS(DL)

CALL NUTPUT (CVeNTEMPTEMPIESIEMIX)

GC TO 1Gn

IF(PT.GT,0en) GC TO 3

CALL STIFr (NTFMP!TENP!TRRvY'ZgFYMI,FZMl.EA)

caLL STIF (NTEMPqTEMpoTQRQYozoFYo,F70.FB)

DO 20 I=VeNTFHP

NL=ler=AnS(P])

el E(I)=FA(T)I+(ER(I)-EA(I))#ABS(DL)
CALL QUTRUT (CVoNTENPITEMPIEWEMIX)
GC To 10n

3 IF (P1.GT.l,) GC 70 4
CALL STIF (\TFMPoTENPQTRBvYvZoFYO!F?OoEA)
CALL STIF (NTEMPsTENMPITRBIY9ZsFyP]1,FZP14ER)
Ne 30 I=YeNTEMP
DLE0er=ARS(P])

37 E(D =EA(T) +(FB(T)=EA(I)) #ABS(DL)
CALL OUTeUT (CVINTEVNPSTEMPIESIEMIX)
GC YO 100

4 TF (PT,GT,2,) GC 10 8§

Mo



CALL STIF (NTEMPsTENPSTRRaYIZsFYP14FZP1sFA)
CALL STIF (NTEMFsTENPITRRyYIZeFYP2FZPP4FR)
NDC 40 I314NTEHP

DL=],"=ARS(PI)
E(I)=FA(Y)+(Ex(I)EA(]I))®ARS(DL)

CALL NUTBUT (CVeNTENPITEMPESEMIX)

GC TO 190e

CALL STIr (NTEMPeTENPITRRyY9ZsFYP2,EZP24E)
CALL DUTPUT (CVyNTENPSITEMPLIEMIX)

CCNTTHUE

Re TUR»

END
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11

¢l

3]

1

10

SUHROUTIME NYNFT (PTeTPToyTRBICVPIpTEMPeTEMP Y 47)
LIMENSTON Y(6) 92 (15) oFYM2(6) odFYNL (B oFY0 (6} sFYP] (6) s FYP? (6)

1FZM2 (15) 4 FZMI(12) JFZ0(18) 9FZP1(15) 4F7P2(15) 9 TFMP (50) »
1E (59)4EA(S0) 9FU (29) yEMIX (50)

DATA FYM2/T E201e1E391eRSEI09,E393,6FGy]oHGER/

CATA FYMI/1,18391 8E392,7E39142€493e3F401.565/

DATA FYO/1eBE3924aE394eF39) ebF 493 ,RF4y]e3FR/

LATA FYPL/2,563,3 TE395,83914FFbeI 7EG,) ,05ES/

FATA FYP2/3,563,5,E3¢60¢5F301¢TE4y3,7F4,49,5F64/

DATA FZM5/]1 465E5 94 04ED0] f2E6903e5E601 F703¢5E70]1FB9P.5FER,K,ER,
lloEgo‘oqugol.(DC.EQ’E.EQQ?.ZE.QQZ.SEQ/

CATA FZM1/145F3 43 5ES 0T ,5E50109F6,54Ehy] 4F7,3,5F74R,ET41,7FER,
12,8ER 5 eFRet5LAs1406E9,1,4E9,1,RF9,

CATA F70/1e3E592e4ES BeF8y1Fbe202F695eF601e3ET92¢TF795eF7+49eF7,
11OSEPOEO1E894.EP9603EB’9.EB/

DATA FZP1/1405E8 90 ,F594  E59040ES41,3FEh92,H4F6,5,ERs]1,ETe?2,F7,3,3F7,
15,8F7e1efBy ) SEP42,3E843,6E8/

DATA F7P5/948F4,] (OES92eTERI4.4F5,A F5,1e5Fh,3.6F64,5,F6,R,+F6,
11e5E792e2ET 94 E79062FTo]1 EB2]1e6ER/

PRIWT 11

FORMAT (1H]1e25Xy231 FREQUENCY=R CYCLES/SEC)

FRvT 21

FRINT 21

F.Op"“AT (7"5Xo2'§H -------—-------------—)

PRILT 31.PToTHT,yTok

FCR¥AY (//93X913H PENETRATION=y F7,293%X911H PENT TEMP=y F7,.2
13X916H TEMP RING RALL=y F7,2)

PRINT 414PIycV

FCRMAT (//95Xsl7r PENT TRNDEXSsF1045,6X94H CVoF]1n,5)
IF(UI.GT.-ZQ) GP TO 1

CALL STIF (NTEMPOTENPITRR9YIZaFYMR  FZM?oF)

CALL OUTBUT (CV4yNTEMPITEMP E4EMIX)

GC 10O 10n

IF (PTeBTe=1,) 0 To 2

CALL STIr (NTEME 9 TENPoTRRIY9ZoFYM2,FZM24EA)

CALL STle (NTEMPITENPITRRIYILIFYM] FZM oEB)

DO 16 I=1eNTFEMP

DL=2 e n=RA0S(PT)

E(I)=sFA(T)+(ER(T)-EA(I))#ARS(DL)

cuennvs|l TNEAY IRTERPOLATYON

™y

el

3G

CALL NUTPUT (CVNTENPITEUPE9FMIX)

GG TO lon

IF(PT.GT,0e0) GC TO 3

CALL STIF (NTFMESTEMPITREIYIZoFYM] 4,FZM)9EA)
CALL STIF (NTEMFyTENP9TRR,Y9Z4Fy04F20,FB)
DC 2n I=19NTFMP

CL=l.r=2RS(P])
E(I)=FA(T)*(ER(T)SEA(]))#ARS(DL)

CALL NUToUT (CVoNTENPITEMPEYEMIX)

GC TN 1l0n

IF (PI.CGTsls) GC TO & ‘

CALL STIF (NTEMPITEMPITRRIYIZIFYO9F704FA)
CALL STIF (NTEMPeTEMPITRRY9ZsFYPLl,FZpP1+ER)
DO 30 Is71yNTFMP

DL=0. =ARS(PI)
E(I)sFA(T)+(EBR(D)-EA(I))#ARS(DL)

CALL OUTRUT (CVINTEMPITEMPIEIEMIX)

GO TO 10n



4 IF (P1aCTe24) GC TO §

o

CALL STIr (NTEMPITENPITRRYIZsFYPLl,FZP]4EA)
CALL STIF (NTEHMPITENMRSTRRaYSL9FYP2,FZP24ER)
nC an Jzy 4NTFYP

DLzle =ARS(P])

E(T)=FA (1) (FB(T)-EA(]))®ABRS(DL)

CALL OUTPUT (CVsNTEVPITEMPsESEMIX)

6¢c To len '

CALI STIF (NTEMPSTENPITRRIYIZ2FYPR L FZPPE)
CaLL UTPUT (CVINTENPYTEMPE+EMTX)

CCNTTHUE

RE THR

END
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SLp0TINE STIF
DIt < ICn TEMP (5O
C 17 K=Y ¢NTEMP
Tt RP{w)=TRA
IF(T.LT, %™ Go 10 1
CALL 1LACe (AyYoFY , TDeS)
FAK) =<

6C Tn 10

IF (TI-eLTe=204) Gn TO 2
CRLL 1 ACD (SeZeFLTDHS)
LK) ==

6GC T 10

IF (ThebTe=a0,) GBn TO 3
LG 40 M=146

T=2hie3

W{r)=/2 (I

Faw()Y=FZ(1)

CALY [ACr (A WeFW,TDyS)
F(r) =«

6C T 1€

IF (T"‘:.LT‘-&G.) (an T0 4
0 87 MZ146

I=1te7

Wity /(I

Faw(Y=FZ2t1)

CALL 1T ACGE (A WeFW, TN
E(K) =¢

GC T 1C

0C on Mzy44

J=me

WiMy=/ (1

Faw(rYy=sFLeld

CALL 1LAGP (4 4WeFW,TDeS)
E(K) =%

CCNTI#UE

RE TUk":

END

k
}

. -
~<m
-~

(50)9W(10)Y9FW(10)



URLNOTINE L?GR (l 1FX9TU?‘3)
MFMIICN X{15) oF

{(JECLT) 60 TO 21

C=CH ({TU=X(JP) /(K1) =X{.1)))
NENES. ,

IF (J=-NPY) 22,2473

5=5+C

=1+ A

IF (T=NFT) 24424970
COMT IV UE

RETHR

END
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SubieentY TuE nuTPUT {CV!NTFMPITFEMF‘ FefEMIX)
’ 0

DG Yo TzvynuTEuw
E(Iy=F({Iy#(],rlaln, nu=5)
A:(&,ulﬂ_n&gl/E(I\

Az 13000670 (2)

Bzl e (2.8/7A0) 8 (CV/(],-CV))
E(ly=c (Ivela 216

EMIX(T)=p ()R8 aAy

PR1-Y 61

FOEr Y (al/) 5Kelnid TEMPFRATURE 410X +8H SRIT410Xe&H SMIX)
PRINT T1 |

FCRYAT (10X46H [ER Co8Xy 4K PST +9X,6H PST

DC 20 J=7 o NTEMP

PRINT 61 TEMP (J) 9 () sEMTX () )

FORMAT (/o10X,F84138x9E12,495%yr12,4)

CONTT UE

RETUP:

EnND

’
)



INPUT GUIDE

NTOTAL

15 One card

NTOTAL = total number of assigned problems
(not more than 50)

FOR EACH PROBLEM

NPROB

l 15 l One card

NPROB = identification number (can be any number)

ITIME NTEMP

s | 15 ] One card
ITIME = 1 - time of loading = 0.0l seconds
2 - time of loading = 1.0 hour
3 - time of loading = 8 cycles per second (dynaflect)
4 - the program will perform the calculations for all the above

loading times

NTEMP = number of temperatures at which the stiffness ig needed {(up to 50)
TEMP
F10.1 | F10.1 | F10.1 [ F10.1 | F10.1] 5 values per card
TEMP = temperatures at which stiffness is needed (O C)
PT TPT TRB cv

F10.3 F10.3 F10.3 F10.3 One card
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PT = penetration (multiples of 0.1 mm)

TPT = temperature at which the penetration test is carried out (o C)
TRB = softening point, ring-and-ball temperature ° ¢

€V = volume concentration of the minerals

volume of minerals
volume of (minerals + bitumen)




APPENDIX 3

DATA USED FOR THE PREDICTION OF THE PENETRATION AND
SOFTENING-POINT AGING MODELS
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TABLE 1. DATA USED FOR THE PREDICTION OF THE PENETRATION MODEL

Peneﬁration Time Original
(Time) (Month) Penetration Void % TFOT
33.0 0.0 62.0 7.6 65.0
25.0 12.0 62.0 7.6 65.0
32.0 0.0 62.0 10.3 65.0
25.0 12.0 62.0 10.3 65.0
38.0 0.0 66.0 7.3 64.0
28.0 12.0 66.0 7.3 64.0
38.0 0.0 66.0 7.4 64.0
32.0 12.0 66.0 7.4 64.0
33.0 0.0 61.0 8.0 66.0
30.0 12.0 61.0 8.0 66.0
32.0 0.0 61.0 8.9 66.0
31.0 12.0 61.0 8.9 66.0
36.0 0.0 66.0 6.5 62.0
66.0 0.0 76.0 6.9 59.1
51.0 5.0 76.0 6.9 59.1
69.0 0.0 76.0 6.9 59.1
52.0 5.0 76.0 6.9 59.1
67.0 0.0 76.0 6.9 59.1
54.0 5.0 76.0 6.9 59.1
56.0 0.0 76.0 5.1 61.2
44.0 6.0 76.0 5.1 61.2
57.0 0.0 76.0 5.1 61.2
44.0 6.0 76.0 5.1 61.2
55.0 0.0 76.0 5.1 61.2
42,0 6.0 76.0 5.1 61.2
45.0 0.0 68.0 5.7 57.8
32.0 13.0 68.0 5.7 57.8
47.0 0.0 70.0 5.7 57.8

(Continued)



180

TABLE 1. (Continued)
Penetration Time Original
(Time) (Month) Penetration Void % TFOT
34.0 13.0 70.0 5.7 57.8
48.0 0.0 70.0 5.7 57.8
34,0 13.0 70.0 5.7 57.8
87.5 0.0 98.5 3.85 64.5
86.5 3.0 98.5 3.85 64.5
85.5 6.0 98.5 3.85 64.5
75.5 12.0 98.5 3.85 64.5
89.0 0.0 104.0 8.5 60.5
78.0 3.0 104.0 8.5 60.5
49.0 12.0 104.0 8.5 60.5
88.0 3.0 105.0 4.0 62.8
73.5 12.0 105.0 4.0 62.8
54.5 12.0 99.5 9.8 62.3
88.5 6.0 92.5 4.45 64.9
87.5 3.0 92.5 4.45 64.9
78.0 6.0 92.5 4.45 64.9
74.0 3.0 93.5 10.1 63.1
63.5 12.0 93.5 10.1 63.1
164.0 0.0 224.0 13.6 56.3
84.0 13.0 224.,0 13.6 56.3
44.0 35.0 224.,0 13.6 56.3
20.0 118.0 224.0 13.6 56.3
38.0 13.0 228.0 12.2 27.7
20.0 20.0 228.0 12.2 27.7
17.0 35.0 228.0 12.2 27.7
10.0 55.0 228.0 12.2 27.7
112.0 0.0 212.0 13.05 34.7
57.0 13.0 212.0 13.05 34.7

(Continued)
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TABLE 1. (Continued)
Penetration Time Original
(Time) (Month) Penetration Void % TFOT
42.0 20.0 212.,0 13.05 34,7
86.0 5.0 233.0 11.7 35.1
39.0 20.0 233.0 11.7 35.1
33.0 35.0 233.0 11.7 35.1
23.0 55.0 233.0 11,7 35.1
159.0 0.0 223.0 10.3 48.5
109.0 5.0 223.0 10.3 48.5
71.0 13.0 223.0 10.3 48.5
31.0 35.0 223.0 10.3 48.5
30.0 55.0 223.0 10.3 48.5
24,0 59.0 223.0 10.3 48.5
24,0 118.0 223.0 10.3 48.5
187.0 0.0 239.0 10.8 52.3
96.0 13.0 239.0 10.8 52.3
59.0 20.0 239.0 10.8 52.3
53.0 55.0 239.0 10.8 52.3
47.0 59.0 239.0 10.8 52.3
42,0 91.0 239.0 10.8 52.3
34,0 118.0 239.0 10.8 52.3
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TABLE 2. DATA USED FOR THE PREDICTION OF R & B MODEL

Time Original R&B
(Month) R &B (Time) TFOT
0.0 123.0 137.0 65.0
12.0 123.0 142.0 65.0
24,0 123.0 146.0 65.0
0.0 123.0 139.0 65.0
12.0 123.0 140.0 65.0
24,0 123.0 146.0 65.0
0.0 124.0 135.0 64.0
12.0 124.0 143.0 64.0
24,0 124.0 145.0 64.0
0.0 124.0 136.0 64.0
12.0 124.0 141.0 64.0
24,0 124.0 144.0 64.0
0.0 125.0 136.0 66.0
12.0 125.0 138.0 66.0
24.0 125.0 145.0 66.0
0.0 125.0 136.0 66.0
12.0 125.0 138.0 66.0
24.0 125.0 146.0 66.0
0.0 124.0 135.0 62.0
24.0 124.0 145.0 62.0
0.0 100.0 106.0 56.3
13.0 100.0 116.0 56.3
35.0 100.0 125.0 56.3
118.0 100.0 142.0 56.3
13.0 99.0 138.0 27.7
20.0 99.0 148.0 27.7
35.0 99.0 151.0 27.7
55.0 99.0 161.0 27.7

(Continued)
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TABIE 2. (Continued)

Time Original R & B
(Month) R &B (Time) TFOT
0.0 102.0 117.0 34.7
13.0 102.0 127.0 34.7
20.0 102.0 135.0 34,7
5.0 101.0 124.0 35.1
20.0 101.0 134.0 35.1
35.0 101.0 140.0 35.1
55.0 101.0 154.0 35.1
0.0 101.0 105.0 48.5
5.0 101.0 112.0 48.5
13.0 101.0 124.0 48.5
35.0 101.0 126.0 48.5
55.0 101.0 131.0 48.5
59.0 101.0 136.0 48.5
118.0 101.0 145.0 48.5
0.0 101.0 104.0 52.3
13.0 101.0 116.0 52.3
20.0 101.0 126.0 52.3
55.0 101.0 126.0 52.3
59.0 101.0 128.0 52.3
91.0 101.0 133.0 52.3

118.0 101.0 140.0 52.3
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PROGRAM SHAAT{TINFUT ,0UTRUT)

NIMFhgYC: T(10000)

GIVEN THE MAXTMIIM AND) MTNIMUM vaLUFS oo A LINEAR TEMPERATURE
PROF o ASPHALT VPERETRATION aNpy SOFTENTNA POINT o ASPHALT CONERTE
MIXTUip oRORECTIES 4 aNnn TIME OF Loaptang # THE PROGRAM ESTTMATES
ASPEAL T STIFFNESS v ASWHALT CONCRETF <TIFFNESS s AND ACCUMLATED
ThRERMAL STRESSES RESULTING FROM TEMPERATURE DROP FOR A SPECIFIFD
NUMNER Or TEMPERATURFE TWTERVALS,

KEAD 14NTOT

NTOT = TaTAL nUMBEKR nF PROBLEMS.

FORMAT (15)

no 16 1=1,NTOT

PEAY Z2,PT+TRTF +TRBF

PT = PENFTRATTION AT 109G4,49SEC, snMM,

1PTF PrMETRATION TEMBEFQATURE o F,

TRBF = SaFTeENING POINT o F.

FORUAT (&Fl0,h)

REATD 24PRsGSyGGeVMIX Al PHAYVAIR

FS = PrReENT ASFHALT bBY WEIGHT OF AGRRFGRATF.
GS = SPECIFIC GRAVITY "F ASPHAL T
GG = SPEFTIFIC GRAVITY 9F AGGPEGATF,

VMIX = DENSITY CF TeE coOuMPATED MIXTURE o PrFe
LLPHA = AVERAGE COLFFICTENT OF CUNTRATIAN NF THE MIX sFs#lpass,
VATR = PeRCENT alR vOInS IN ThE MIx , LFAVF RLANk IF NOT KNOWN,
ALPHE =ARPHA®R(]1./1000004)
Cl=al0gln (800, 0)=aLcGln(aT)
TRECE(5e/9) ¥ (TREF=32)

TRPTC=(5, 79) M (TOTF=32,)

C2=ThRe=TPTC

CPI= (cisce)enn,

PIz (20,7=l0,080cP1)/(CPT41,V)

IF(VAIRecTe e ) GO Tn a3
wS=(PS/(100,4pS) ) #VNTA
WG=(100e/ (100, 4E5) ) vymTX

VS=(wS/ (65462 ,4))

VGE=(WG/ (AG*a2.4))

VAIR =(1,0=V5=VE)®*1lnnen

VATH =vatp/idl,

CC=(FS/Lln0.0) 2 (66/GS)

cv=(1,0/(let¢cC))

IF(VATRs 1 Te?e3) gu TU 11

HzValr=Y 03

Cv=cv/(l, +H)

CONTINUE

PRINT 397 ‘

FORMAT (1ule20Xe# PROBLFM SET NO, #,15)

PRINT 44pTsTPTFsTRRF osPSeaSsGGIVMIX,yALPHA
FORMAT( /29X s#GIVEN MIXTURE PROPERTTEG#,//,

2uo®pENnT,. S0, 10,3,8Xe#NM. s SSECo e/
2X 9 MPENT, TEMP SHGF10, 348X #DFGeFe  #y/
2Y e #RING AND RAII SHF1N, 398Xy #DFEG.Fe 84/
2 ¢ ¥PERCENT ASPH S#9rl0,59RXe#PFReAGG, #4/9
2Xy¥S«GRVITY NF ﬁQPH.:#,:‘lo.3,gx, /s
2X21#S.GRAVITY UF AGGeR3*9F1043y6X, /9
2XHUNTT WTe OF MTX  =#4Fl0,396X#LR/FTI 4/
Sxs#alPrA CF MIX By 10, BB #IN/IN /F #)

PRINT 5eRTeVATR,CV :
FORMAT( /+9X*#¥CALCULATFD MIXTURE PROPFRTIES®e//9
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OO0
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42
9

12

el
30

ac
10

1 2y ¥PENT, INDFX =%43F10,3,7,
Z 2y #aln yOIDS 3*’F10.5;19
3 2N MCORRECTED Cv =%epln,S)

FEAD 1,AhSUB

RS = NUMBFE OF SURPKOH| EMS.

DC 70 g=1,N3Ux

PRINT Gy |

FCRYAT (///7920Xy4SUBPRUKLEM NO, &, 15)

REAL ToTneTFaTToNsTIL

TC = InTralL TEMPERATURF 4 Fe

TF = FINAL TEPFRATURE « F,

TI = TeTal TIME » SECe

N = NUmeBpR OF INTERVALS gOR CALCULATINNS,.

TIL = TIME OF LCACING o SECe

F‘CRUAT(3F10 3,1",;:10 3y

Ah=N

NDTI=(Tn=TF}/AY

PRINT asTOsTFoTTe0TI

FORMAT( /95Xe#TEMP, aND TIME INFORMATTONS#,/,
2x 4w INITIAL TEMP, #eF10¢34# DEG,Fit,/»
Xy HEINAL  TEMP, “»F10.39“ DEG, Fu./.

1
2
2 2Xe®T0TAL TINE #4F10439% SEC, %4/

CXyRTEMP, [NTERVAL®sFR 4 2#DEG(F o)

PRINT 42,TIL

FORMAT (2Xs#LO0ACING TIMF #4F10,398%8EC, #)
pRI&I 9 .
FCRMAT (2X9% NOe #9 3X99SRIT= PST &y X s#SMIX= PSI
14STRESS~pSI#s X 08 TEMP.=NEGeF™®)

SIG*O 0

NC 30 k=14 N

AK =K ‘

T(K)=TFe (TOTF)# (1,0=AK#(DTL/ (TO=TF)))
IF(KeGTe1) GO TC 12

T(Kel)=Tn ‘
TT=(T(x)+T(K=1))/2¢ SUTET(K})=T(K=1)
TC=(S,/9.1%(TT~32,)

Cal.l err (PI,CvyTRRC, T TIL,SRIT,qMTY)
SIG=SIP ALPHA®DTY#SMI X

IF(N.GT.}C’ GG TQ 39

PRINT 21 WKISBITeSMIXaSTG,TT

ol B &

FORMAT 12y 315y 3x9pl2,%¢ 3X9gl2,60 INypl2.4, 3Xs512 4)

CONTIN|E

IF (hepEL10) 60 TC 20

PRINT 21.NsSHTITySMIXsSTR,TT
CONTINNIE

CCONTINUE

END
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SUBRCUTINE STIF (PIoCVeTRBCITCyTIZSBTIT,SMIX)

T=7TC=Todr .

SL==1e35327-0,067434(T1=0,00251%ALAGIN(TI)+0,00038%(TH##72)
L «0,00v38 (T#aCGLO(IT)) e, 00 61la(piuT)

TF{SLel TL)eM) G TO 1

SL=e1,90072=0,114858(T)=0,384238 (PT) =0,942594 (ALNGLO (T1))
1 =CepQu79*(T*al0G) o (TT))=0e056434PT#A| 0G0 (TI)

€ =0,n2q15%((M_QGLO(TT))#e2)=0 S1RIT#(TH#2) /(10 0ue3)

3. sl 00130 (prand) e (T)=0,01403% (pr#a3yu(Tes3) /(10,0085
L SLp=SL#2 3020850930

SAITEEXP (SLL)

X= (40000 G/5uTT)

¥n=t e84y 0G0 (X)

SMTASSRlTH () 40+ (2eS/xNI#(Cy/ (1,0=cy)) ) #aXN

SrTT=SalTele ?le

SwiX=Smlv#l4a,21¢6

HETURN

LA



190

INPUT GUIDE

NTOT

15 One card

NTOT = total number of problems

Repeat the whole set of following cards NTOT times:

PT TPTF TRBF
|F10.6 | F10.6 F10.6 One card
PT = penetration at 100 gm., 5 seconds, Dmm.

TPTF = penetration temperature, °F
TRBF = softening point, ring and ball, °F
PS GS GG VMIX ALPHA VAIR
|F10.6 | F10.6 F10.6 F10.6 l F10.6 | F10.6 | One card
PS = percent asphalt by weight of aggregate
GS = gpecific gravity of asphalt
GG = specific gravity of aggregate
VMIX = density of the compacted mix, lb/ft:3
ALPHA = average coefficlent of contraction of the mix X 105
VAIR = percent air voids in the mix - leave blank if not known
NSUB

I 15, One card

NSUB = number of subproblems



TO

TF TI N TIL

lr10.3 | F10.3 | F10.3 | 15 | F10.3 |

191

Repeat NSUB times

1O
TF
TI

TIL

initial temperature, °F

final temperature, °F

total time, seconds

number of intervals for calculations

time of loading, seconds
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eRaLLEM SET N, !

GIVEN MIATi RE PFOPERTIES

PENT, = S6ed0N CHeeRSEC,
PENT, TeEme, = 77007 CFeF,
RING anNp Hall = 155,900 FFEGaF
PERCENT aSPw = &£.c000n EEreARG
SeGRVITY 0OF wSFp,.= . 48"

SeGRAVITY (F 4GR.S Y- L3

UNIT WT, NF rla = ladt o000 L&/F T3
ALPHA OF MT4 = JNOnCLUGT 17649 /F

cat cuLaTER MIxT jur PROEERTIFS

PENT, JNDFx z -e923

AIR VOIS = L3190

CCRFRECTFD v = .F592?
SURPRABLE - KQo }

TEMP, anNu TINE INFCowATINNS
INITIAL TEmP, 118,000 DEGGF
FINAL TEME . S.OO:" GEGeF
TCTaL TIMF 1R200C.n0n SEC,
TEMPLINTERVAL 10,50000cGeF

LCACING Tiwmt
SuyT= FS}

NO,

—

O VORI E WMN -~

4eCcS1SE=02
lecl52E=01
346ESEE=(]
1 1ET1E+20
392228 ¢(r
E.CUFERE«L]
GeilNGBF&L?2
1.1511E03
2e9YT1IE-LR

10C,7090SEC
cr]Re PSS

1e2365E+Q?2
2e52Y4E€¢02
T.1270Ee¢gQ2
1.78G6E¢03
G ,RNE6E*03
1.20G63E+04
3,71¢t6E+04
1,385CE+(S5
24764BE«0S
5.,11S2E+¢0S

STDES9=FST
®]lelSA4Fan?
=k o365QFEwn?
-1 olnng-hl
-3006406-01
«7e900GEwn]
«?2,059qE+n(
'5.4373E.00
«1,9985Fen
=4,9016E+n]
‘w]1,0282E402

TFUD.-OFG'F

1.1000€¢02
1,0000€+02
9,0000F«01
B,0000E+01
7,0000£401
6,0000E401
5,00N0E+01
4,0030E401
3,0000E401
2,0070E«01
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e X

00 OOOOOMN

e NeNeNe)

OO0 0N

[ Ne]

65}

650

PROG
THE

1o K
2e

RaM YEHIA (INPUT,OUTPUT)
PROGRAM CALCULATES THE FOLLQWING

OURLY PAVEMENT TEMPERATURES
alLY MAXIsiUv STRAINSSTIFFNESSsAND STRESS.

195

3« LOw TEMPERATURE ANU THERMAL FATIGUE CRACKINGsFT/1000FT2

DIME

1 AL‘““U)‘TS(lé)’Sh(lb)'TSE(lé)’C&Ctlﬁ)QEEXPtZG}’A(ZQ)’

2 B(2
READ
NTOT
pC 1
REAU
IPRU
PRIn
REAY
T =
PR
PRT
REAL
ANNVY
ANR
Tk =
PRIN
READ
v
W
S
AK =
Bg=z
X =
READ
SRA=
SRM=
PRIN
READ
OPEN
TPT
ORpBs=
TFOT
PRIN
READ
PSGa
GCG=
GS=
Pave
CC=(
Cv=l
Cvz
IF
HAy=
CVsC
CONT
PRIN
READ
NEN=
CvAs=
READ
TSE=

NSTUN STH(4G0) 9 STRATN(4U0) yEMIXD (400) s TITLE(10),

DY ¢ AMNAVE (PUg1e)
Y99 NTUT
= 10TaL HUNMBER OF PAVEMENTS
000 INTUT=laNTOT
6899 IFROBYy (TITLE(I) 9 I=10T7)
H = IDENTIFICATION NUMBER OF THE PAVEMENT
T 099y IPROU (TITLE(T) »131s7)
39, 1M
TiME OF TuekMal LO9apINGySEC.
T 36T
T &2
359 ANNYVE s ARRy TR
£ = ANNUAL AVERAGE TEMPERATURE (DEG, F)
= ANNUAL KANGE TEMPERATURE (DEG, F)
DAILY RANGE TEMPERATURE (DEG, ¢)
T lsANNVEs ANRy TR
30, VWS, AKsES X
AWNUAL AVERAGE wWINU VELOCITY (MPH)
MIXTURE DENS1TY (LuS/CUFT)
MIXTURE SPECIFIC HEATs B8TU/LBy DEG,F
mIATURE CONULCTIVITYy BTU/SUFT/HRy DEGCF/FT
MIXTURE ABSCREBTIVITY
DEPTH BELOW SURFACE FOR CALCULATION (INCHES)
A5 ,5RAySRM
ANNUAL AVERAGE SULAR RADIATION,LANGLEYS,.
JULY AVERAGE SOLAR RADIATION,LANGLEYS.
T 29SRAYSHMyVIBS 4 AsAK ¢S W
35,0PEN,TPT4CRg, TFOT
sURIGINAL PENETRATION (UMM AT § SECSe)
= PENETRATICN TEMPERATURE (DEGWF)
ORIGINAL SOFTENING POINT (DEG.F)
= TrIn FILM QVEN TEST(PERCENT PELNFRATION) s
T 4y0PENs TFTs CQRbs TFOT
35,pSG,6GrGSePAY
PERCENT ASPHALT oY WEIGHT OF AGGREGATE.
SHFECIFIC GRAVITY OF AGGREGATE.
SPECIFIC GRAVIIY UF ASPHALT &
FERCENT AlrR VOIS IN TnE MIXTURE,
Ps6/100,) e (6G/GS)
o/ (4,4CC)
ViLUME CONCENTRATION OF AGGREGATE,
paym3d,) 650,650,651
(FAV=340} /100
V/(1le*HAV)
THhUE
T By PSGy GSe¢ GGy PAVe CV
Hol,NENgCVA :
wOe OF THERMAL COEF. OF CONTRACTTON (ALPH) INPUTS,
COEFe OF VARIATION OF ALPH,
803, (TSE(1)sl=1,yNEN)
TEMPERATURES AT WHICH ALPH IS INPUTs
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[eX2Xn!

OON D

OO0

213

230

2433
231

lo

REAU bB03y (CEC(I)9ol=19NEN)

CEC= COWMROSPOMUING ALPH®1D,0#%5,

PRINT 212

DC 213 I[=leNEN

PRINT 214 o1SE(1)9CEC()

conTrmVe

PRINT 42]19CVA

REAL 999, ICHOSE

ICHCSE= STRENGTH CPTION COUNTER.WHERE

ICHGSE=1 sIF MIXTURE STRENGTH Ag FUNCTION OF TEMPCIS INPUT
ICHGSE=¢ 9 IF MAXe MIKTURE STRENGTH IS THE ONLY INPUT.
IF (1CHOSE=L) 230+230,€3)

REAL 401 9 wSNyCVI

NSN= 0« OF MIXTURE SIRENGTH INPUTS.,

CVT= CUEFes UF VARIATIUN OF STRENGTH,

READ HU3 4y (TS(I)eI=19nNSN)

TS= TEMPERATURES AT WRICH STRENGTH IS INPUTsDEG.Fe
REAU ¥03, (SN(I1)sI=1snNSN)

SNz cORROSPONGING STRENGTH #PSI,

PRINT 232

DO 234 l=lenSn

PRINT 2343 T5(1)+SN(])

CONT [ “UE

PRINT 235%CvT

REALD 359 TMIXMACVMYX

TMIXMX= MAX, TENSILE STRENGTH OF THE MIXTURE,PSI,
CvMx= COEFs OF VAKIATION OF MAXIMUM MIXTURE STRENGTH,
PRINT 2379 TMIXMXsCVMX

PRINT 6}

PRINT 32

READ 1lsNUTSIGM

NUT = TOTAL NUMBER QF FATIGUE INPUTS (EACH INPUT CONSISTS

OF STIFFNESS AND TwQ CONSTANTS),
SIGM = LOG STANDARD DEVIATION OF FATIGUE LIFE sONE VALUE FOR

ALL THE INPUTS

DC 310 Nu=lyNUT

REAU 12EEXP (nU) sA(NU) B (NU)
EEXP(NYU) = STIFFNESS UF THE MIXTURE
A(NU) = THE FRONTAL CONSTANT OF THE FATIGUE EGUATION
B(NU) = THE EXPONENTIAL CONSTANT OF THE FATIGUE EQUATION
PRINT 33,EEXP (NL) 9A (NU) +B (NU)
CCONTInUE

AHzle3%0,624V#%(0,75

HsAH/AK

ACzAK/ (S4W)

Ca(0,131/aC) #20,5

2= (=x)#Crl2, ,

Z3gRREXP (ZE)/ ((R+C)nuleCnn2)wu( 5
READ 999 ,KYEAR

KYEarR = DESIGN PERIOD IN YEARS
p=0,0

Do 300 Jysl,yKYEAR

PRINT 6993 IPROBy (TITLE(1)918197)
PRINT 4Qp01Y

PRINT 21

DO 10 IM=lsl2

TIME=IM+ (IY=1)®12

XTIME=le/ (SURT(TIME) #l,)
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PEN2=68e258=29€C1#SQRT(TIME) *OPEN® (0 ,14384049225#XTIME)
I =Beb66#pAVEXTINES]3630TFQT
TRB2=64¢632%3.162%SART(TIME) *1+58455%0RB=0+9297#TFOT
Tnc=<5.z9.)*<rau-3&.)

TPC=(S4/9e ) (TPT=32,)
cpz=(ALoslo(800.)-ALovxo<pEN>>¢So./<rnc-rpC)
PI=(20e=10e%CPI)/(CPI*L4)

DC 20 IN=1130

NSTa+30% (IM=1)

XN=N

YhN=xn#(3,14]15927/18¢0,)

TazannVEs (ANR/24)%CCS(YN)
AL{N)BSRA* LISRM=SKRA) 70e96593) *CaS (YA
R=Q,6748g#3,69%AL (N) /(24 ,%AH)

STRAIN(N) =00

STR(N) sV,

SEQRCH FGR THE MAXIMUM TEMPERATURE,
Ks
CALL TE (K9Z2923+ReTAsIR,TY)
31 KsK+}
CALL TE (K9Z24sZ3+sRsTAITR,T2)
IF (T2=T4) 53,1109110
110 Ti=T2
GC T¢ 51

23 DT=T1=12
TEMP=(11eT2) /7240
TEMC=(54,v/9,0)# (TEMP=32,0)
IF(T~-3°00.0) 111,222,111
222 CALL VAN (TEMC.TRC,CV,PI.E,EM1x> $ GO To 333
111 CALL SHARIF (TM TEMC,TRCoCVPIEEMIX)
333 CCNTIMUE
LINEa~ 1NTtRPOLATIOh OF THE THERMAL COEFFICIENT OF CONTRACTION,.
DO 70 mMS=lenEwn
IF(TEMP=TSE(MS)) T1,71,7¢
- JU CCNTI™UE
r1 Jrv=nS
JMI=My=
IF (CEC(JM) =CEC(yM1)) 72,73,73
72 MaJm  $SvMsIML $CGO TV 74
3 MasUMl B MMEUM
74 TCEC=CEC (M)« (CEC(MM)«CEC(M))/ABS(TSE (UM)=TSE(JM]))*
1 ABS(1EmMp=TSE (M))
TCEC =TCEC ,100000,0

STRAIN(N)=STRAIN(N) « TCECHDT
STR(N)=STRIN) +EVIX#TCECHDT
Ti=7?

KK+l
IF (K=29) 52,120,120

1€¢ k=2
_ SEARCH FOR THE MINIMUM TEMPERATURE,
52 CALL TE (Ke224239ReTAITR,T2)

IF (T2-14) 53,130,413

130 CONTINUE
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21¢
240U
24l

24c
243
244
2/l
1212
335
321
320

1144
140
i

10

300
1000

SAzE /14426 ]
IF (ICHCUSE=l) 270,270,471
Do 2%y 1=1enSu

IF (TEMP=TS (1)) 24142414240
CCHTINUE

M=
ﬁNl=I~1 )

IF (SN (KM)=SN(KMI)) 242,243,243
MEKv  § MMM $ GO To 244

NaghM] ¢ Mz xM

SFHESN (M) + (SN(MM) =SN(M}) /aBS(TS(KM) =TS (KM}) ) #*AES (TEMP=TS (M))
Ge To 1é72
CALL STRNTH(TMIXMX9SaA9SH)
CeNnTTwUE

IF (M=18p) 1140,335,1140

IF (JCHOSE=1) 3209320%321
CVT230.005625+CyMxttap
CvT=SuRT(CVTE)
SECT=sCvTHgH
Cys2 = 0,2%254CyAnsz
CVS = SGRTICVS2)
SUS = Cvs#sTR(180)
CALL LTC (SH9SDTsSTR(18B0)¢SUSIRLTC)
CONTINUE
EMIXD(N)=zEMIX
CONT TNUE
PRINT 22¢NeTEMPJENMIXySH sSTR(N) 9 STRAIN(N) yPEN, TRBsPI
CONTINUE
PRINT 34g +RLTC
CALL CRACK (NUT9AIBIEEXPISTRAIN'EMIXDsIYISIGMIANAVESCIL)
TTC=CIL+RLTC
PRINT 4CGeTTC
CONTINUE

CCONTINUE

c%ﬂ**ﬁi%%ﬂ#%*ﬂ&#%*“##l“‘ AT AL L2 TR A AR I L YT ITYY L Y R 2 R T Y R e arery

C
C
999
689
35
gul
8uU3
11
12
Ceuaos

”~
s

C
699
36
62
l
1
1
1

1

2

3
2

READ FORMAT

FORMAT (15)

FORMAT (1Se5Xe7A10)

FSQMAT (6Flp,d)

FCRMAT (159F5404F1040)

FORMAT (16F5.0)

FORMAT (IS+FL10.5)

FORMAT (3E15,5)
HROBHBRGARRBGHDPBRNRG GBI RGO AR BB BIROD RN PR RORCRERIGBBRBRBRRDRLRR BB BB D
PRINT FORMAT

FORMAT (1HL¢2X9#PAVeSECeNQs®41I5,5X,7A10)

FORMAT (//9 SXe#TIME OF LOADING »SEC A E#yF10e3)
FCRMAT ( /7 929X9#MONTH COUE #y /95X #JULY®9SX9RAUG#19X9o#SEPT, %
SX,“OCT.#’Sx.ﬁNCVp',SXQQDEC.O'/.TXQGIOQ7x,¥2.,al,‘3’;9x’¢¢§,

By tS09sIXgRE%y /9DXKgWJAN#9SXy#FEB#ySX9#MAR ¥y SX 9 #APRe# 45X

BNAY a9 SXI R JUNER 9/ s TXI R TRy TX98glagXonqu e TX g #10%y 7o %1 109X 90]2#)

FORMAY (//+25X98AlR TEMPERATURE ®e/9
5Xs# ANNUAL AVERAGE yDEGF S@,F1003¢/
SXe#ANNUAL RANGE 2DEG.F B84Fl0e39/
SxeeDAILY RANGE yDEG,F % yF10e3)

FORMAT (//+25Xs#FACTORS AFFECTING Pav, TEMP, %4/



T~ NFH W o

“ FORMAT

B NS -

5 FCRMAT

18 L NG e

212 FORmaAT

sLANGLEYS
+LANGLEYS
s MPH,

gxodnhNUAL AVE SOLAR RAD,
XeoJULY AVE,SOLAR RApR,
SXewANNUAL AVE.WIND VEL,
5X9#SURFACE ABSORBTIVITY

SXe#DEPTH FOR CALCULATIONsINs

S5Ky#MIX,  CONDUCTIVITY  ,BTU=FT=HR-F,

SX*#MIX, SPECIFIC HEAT +BTU=LB-F,

SXe#MIX,  DENSITY +LB/FT3
(//925Xs#ASPHALT PROPERTIES

Sxe#0RIc, PENETRATION » DMMaSSEC,

5X14PEN,  TEST TEMP. vDEG,F

Sx9#0R1G, SOFTENING POINT,DEGF

SXealkIN  FILM OVEN TEST ,PcT,ORIG,.PEN,
(77925 X#MIXTURE PROPERTIES

Sxs#PCT,  ASPHALT +BY WT.OF AGG,

SxeaASpr, SPECIFIC GRAy,

5Xy#AGG, SPECIFIC GRay,

SXe#M[X, AIR VOIDS yPERCENT

Sxo#AGG, vOL, CONCENTRATION «CALCULATED

( SX9#CCEF, OF CONTRACTION®¢SX,#TEMP (F)#,

1 Sxelch ALPH(]10%43))

2l4% FCRuAT
421 FORMAT
232 FCRuAT

(30X4F5,09 9x,FLl0,3)
( Sx+#CCEF, OF VARIATION OF ALPH
( SXe#MIXTUKE STRENGTH #95X, o TEMP (F) #,

1 SX*#STHRENGTHIPSIY)

234 FORMAT

235 FORMAT

237 FORMATY
1

ol FQRMAT

32 FOR“AT

33 FORMAT
490 FCRMAT

(30X,F5,099K,F10.3)

( SXxeeCCEF, OF VARIATION oF ALPH

( SX9#MAX . TENeSTRENGTH s PSI
SXv#CCEF, OF VARIATION OF MAX,STRENGTH.

(//7922X9#INPUT FATIGUE DATA®)

199

S#,F10e30/
22,F10¢30/
S 4F1l0e39/ 0
SH3F 106390/
=“|F1003Q/9
=“QF10l3'/’
=R 9F10439/
=0 ,F10,3)

we/y

=#yF 10639/
=°'F1003’/9
=#4F10e39/
S#yFl0+3)

#9/

=0 eFl0e39/
‘“9F1003i/0
4 9F10e39/
EHeF 10039/
24,F103)

a#4F1043)

S#,F10.,3)
Ry F109397
‘*,F1003)

( 12X9#FATIGUE CURVE#,10X9s20H N=Aw(1+0/STRAIN) %08,/
1 SX'"MIXeSTIFe(PSI)#9 7X2*CONST.aA*? 13X ?CONST B %)

{ 5x'E1204’ TX9EL2 44 6XQE1204)
(/7930X99YEAR NOJ#yI%)

¢l FCRMAT (/90K ottDAYR 92X 9 #MINPVT  TEMP o qNEGoF 03X g #MAXSTIF,PST®,4X,
L¥STRENGTHIPSI®I3X9*MAXeSTRESSIPSI®93Xs ¥MAXeSTRAIN#*ISX?*PEN* 16X
CHTRH% 21 OX gy #P#)
€2 FCRMAT (3X9I904X1EL12.40TX9EL2 o894 XsE12404X1EL12.494X9E12,4
1 2X9FT7e242R9sFTe292X4FTe2)

340 FCRMAT /9lgXe®LOw TEMP CRACKING = ®4F)0449*FT/1p00FT2%)
420 FCRMAT(//+20X9®TOTAL THERMAL CRACKING =%sF10,%9#FT/1000FT29)
Cﬂu#ﬂ&*ﬂﬁ&ﬂﬂﬂﬂﬁﬂiﬂQ*#ﬁﬁQ#Q#Qiiﬁ*‘!‘%&&#§§§§§§§§§§QQ##Q*”#QQ&QQGQQQGl#i#ﬂ

END
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SUBROUTINE TE (ysl29Z3sRyTASTRT)

TE IS A DEVELOPED MODEL FOR THE PREDICTION OF PAVEMENT
TEMPERATURES ON HCURLY BASESs

TIMZJ

IF G ) GO I¢ 31

24;8:81,28¢(.05 biTIM0,144412-.288) $G0 TO 35
IF (JeGTo1%) Go 70 32 |

Z4==14475349(,02057aTIMe, 075422~ ,288) $G0 To 35

243‘6Q94?7§’(002057“T1n*q12“22'i288)
Z5=51n (2%)

IF (75) 21982142

TM=TA+,OaR

Tvz, 5#TR $6¢ Tu 23
TV:O.S*TR’3.*R

T = TA ¢ R

T=TMeTV#23425

RETURN

END



OO OO0 OO0
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SUBHOUTINE VAN (TEMP ¢ IABoCVIPIZEsEMIX)

VAN 1S & COMPUTER MODEL OF VAN DER PogL NOMOGRAPH TO ESTIMATE
ASPHALT STIFFNESSES UNDER THE FCLLOWING CONDITIONS.

l« TIME OF LOADING =140 HOUR» ,

2= A RANGE OF PaVEMENT TEMPEDATURES OF S50,0(DEGeC) ABOVE

TC 10090(DEGeC) BELOW THE SOFTENING POINTS

3« a RANGE OF PENETRATION INDEX OF 2,0 1o =2,0 |

DIMENSICN Y(6)9Z(21) 9FYMR(6) sFYMLIE) yFYQ(6)sFYPL(6)9FYP2(6),
1FZM2(21)9F£M%(Z YoF20(21)9FZP1(21)9F2ZP2(21)

DATA Y/%03¢935,93009200910090e0/

DATa 3/0.9~5¢9'1000-15.0-20."25.o-30.,-35.o-40..-45.0-50.g-55..
1760096597709 750y "8yey"8509™g009=Q95e9™100°/

DATA FYM2/5eE=349¢E=392¢E=297¢TE"21226E"1s1¢5E0/

DATA FYM)/1loE=2yl eOF=C93,4E=29]1,Emly3 4E=1,1,8E0/

DATA FYU/IQE-E’Z.E-z’gﬁs-a’IOE’I.BQEQIQIISEO/

DATA FYF)1/2¢TE™294¢TE™298¢3E=292¢E®)47¢E=192¢9E0/

DATA FYPE/4-5E'2¢7oSE'2’1.36*1o3.E-1,1.E0’3.3E0/

DATA FZM2/ 1 OE 093446091 ,E19eSEL1014EC,54E2,1,6E3,7 E3¢4,E4,]1,6ES5,
1Te3ES 136 TEOI L JOET 9T oET12,6E89TeEB91,13E991,55E992¢E91242E992445E9/
DATA FZM}/1e8E09306E091¢E193¢5E198e¢5E19303E291¢E393¢7E39]1¢65E40
1605E49302E5’8-5E5|3¢E§’1.EE?’QQ1&7’1.EB!Z-ZEBOS.EB,B.SEB’I.lSEgg
21,6E9/

DATA FZ0/24E004e5E0y10E19349E14745E1,2,5E2,7,9E2,243E348,4E3,
13¢E4y 1eES93e2ES 9 FeES 4 30E6)10ET ¢4 204ET yAeETy1¢1E8,2¢EBy4eEBy6,5E8/
DATA FZP1/2¢9E095e¢E(Q91e2E19345E]197e5E192+3E296¢E291¢8E395¢E3
liogEch-E4'1-4£5v305E501.E6’3.E6'7.56;1-6E7'3oE?.6.E7’1.03E8'
11,98/

DATA sz2/3.350,6,650.1,551,3.551,7,551,2,252,5,52,1,453,3,353,
11 E492 FE4 T E4y 1o TESs4,1ES) 1 ,E69€,1E6,9,E6,1,ET,2,E743,8E7,6,6ET/
IF(PI.GT,=€,) 60 TO 1

CALL STIF (TEMPsTRByYsZ9FYMSyFZMCHE)

CALL MIX(CVeEENMIX)

G0 TQ 109

IF(PILGT,~ls) GO TO 2

CALL STIF(TEMPsTRBoY sZ9FYMZyFZM29EA)

CALL STIF -(TEMPyTRB,YsZsFYMLlsFZMLER)

DL=2.=ABS(F1)

EsEse+ (E=EA) ®aBS(CL)

CALL MIX(CVsE4ENMIX)

GO0 To 100

IF(PI.Gl.0s0) GC TU 3

CALL STIF (TEMPYTRBYYYZIYFYMIYFZMI9EA)

CALL STIF (TEMPsTRByY+ZsFYOSFZOHEB)

DL =1,«RBS{(PI)

EsEA+ (EB=EA)#AHS (CL)

CALL MIX (CyyEvEMIX)

GC To 100

IF(P1.6T,ls) GO TC 4

CALL STIF (TEMP,TRB,Y+4yFYOsFZO,EA)

CALL STIF (TEMPsTRByYsZsFYP1+FZalyEB)

DL=0.-ABS(PIL

E=Ea+ (EB=EA? ®ans (CL)

CALL MIX(CVsELENMIX)

GC To 100
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4

100

IF(PT.6T,2e) UC 10 5

CALL STIF (TEMP.TRBsYsZsFYPLyFZPLl EA)
CALL STIF (TEMPTREByY9sZeFYP2sFZP24ER)
DL=1,u=085(P])

E=Ea+ (EH=EA) ¥aus(CL)

CALL MIX (CVeEIEMIA)

Gc to 100

CALL STIF (TEMP.TRE,YaL FYPCyFZP2,E)

CALL MIX (CVsEIEMIX)

CONTIWUE

RETUR®N

END
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SUBROUTINE STIF (TEMPeTREsYsZsFYsFZ4E)

STIF IS A MATHEMATICAL TOOL TO LOCATE THE aAPPROPRIATE CURVE
OF ASPHALT STIFFNESS FUR THE GIVEN ASPHALT PRUPERTIES.

DIMENSICHN Y(6) oY () o L(21)9FZ(21) swlyn) sFuw(l)
I0=TEMP=TRY
IF(TDLGE,40,) TD339,999999
IF(TD.LT,0e) GO Tg |
DC 10 I=1+6
IF(TU.GT,Y(I)) GU TQ 14
CCNTIWUE

ksl

Dg 20 M=l,2

IzKamel

wiM) =Y ()

Fa(M)=FY(I)

CONTINUE

CALL LAGR (2ewsFwWeTP,8S)
E=s

GC T0 100

DO 30 Js1le21
IF(TD.6T,£(J)) GO 10 12
CONTINUE

K=sJ .

De 40 L =s1,é

I=K=L+1

wilt)=2(1)

Fw(l)=FL(1)

CONTINUE

CALL LAGK (29w oFWeT0eS)
Ess

CONTINUE

TRETURAM

END
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SUBROUTINE LAGR (NP1, X4FX,TUyS)

LAGR IS o POLYWCMIAL TECHNIWUE TO INTERP
STIFFNESS. ERPOLATE TrF ACTUAL ASPHALT

DIMENSION X(10)sFXx(]0)
$=0,0

1=1

C=Fx(I)

J=1

IF (JoEV,I) GO TO 2

C=CR ((TU=X (I (X1 =K(J)))
Jadsl

IF (J=NPl) 22,22,e3

S=5+C

Is]el

1F (1=NP]) 2424710
CONTINUE

RETURN

END
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SUBKROUTINE MIX (CVyEcMIX)

MIX IS THE EQUATICN THAT ESTIMATES MIXTURE STIFFNESS FROM
ThE PREDICTED ASPRALT STIFFNESS,

ESE#()eg2®lpew®=5)

A (4e%]10e*¥%5) /E
ANZ5e53%AL0G0 {a)
B:1,+(2.5/AN)*(CV/(lo'CV))
EzEul%,216

EVMIX=E4#BR¥"AN

KE TuRiy

END

205
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SUBROUTINE SHAHRIF (TMeTEMCeTRCeCVePI(FoEMIX)

SHARIF IS REGRESSION MODELS FOR ESTIMATING ASPHALT
STIFFNESSe SHARIF IS CALLED ONLY WHEN THE TIME OF THERMaL
LCADING IS DIFFERENT FROM ONE HOUR,

IF (PIeLTe™200) PIS=2ey

IF (PleGTe*2e0}) Pl 2240

TO=TEMC=TRC

Y =2 «1,35927<0,067430T0-0,90251eA 0610 (TM)+0,000380Tpe#2.0,00134
leTDRALOGLO(TM) ¢0,00661lapTaT

g=lp,neuy

IF (SeLT,10,0) GO Tg 1

IF(PIoLTe=1,5) pl==1,5

Y = ,l,90072-0.11&8541u-0.38423¢pl-0.gazsggnngla{TM;-0,00879910
14AL0GI 0 (TM) =0,056434p1%AL0GLO(Ty) =04029154AL0GL0 (TM) #4240 ,51837
2*(1.ﬁ/10.0**3’*(TD“*2)*0.004130514*3¢T0-(0,01403¢PIQQ3¢TO§*3).
3(1 0/1000“*5)

S:IU.O&QY
CONTINUE
A= (4,0%]Q.0%®5) /5
AN=0,%3%aL0G6l0(R)
B2l,04(€,5/AN)#(CVv/ (LeU=Cy))
ESSQ]“0216
ENMIX=E®BusAN
RE TURt:
END
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SUBROUTINE CRACK (NUTIA9BeEEXPsSTRAINLGEMIXD LY +STGMyANAVELCIL)

CRACK IS A MOpDEL THAT ESTIMATES THERMAL FATIGUE CRACKINGe

CIMENSION A(aneB(ég)stMIXDtAOO);STRAINtéoo)otAVE(ZO)tSAVEtao)c
@ EExp(ZU,,ANALPh(Cﬂ;,V(ao),L(IOUO),AA{1000)9ANAVF(2O ley,
o F(20)4G(20) s IT(1000),FF(20)4+66¢20)

CALCULATLON OF AVERAGE STRAIN AND STIFFNESS FOR £ACH MONTH
DC 100 [=1412
ESUMsUe U
SSU?‘:L}.G
Nl=1+30%#(I=1)
N2=30el
¢ 200 pngnlyNZ
ESUM=ESUM+EMI XU (N)
SSUM=SSUMeSTRAIN (M)
CONTINUE
EAVE(I)=FESUM/30,0
SAVE (1) =sSuM/30,0
CONTINUE

BEGIN NORMAL CURVE
BE=0,.0
Dg 19 J=1,391
XI=1l
Z(I)=t391.~x1)/100.
y=z2(1) 40,005
AA(1)=BB +0,019EXP (wy®Y,2,)/(2,43,1415926)#%0,5
BBzARA (])
CONTINUE
J = 390
Do 20 1=392,78V
Z{1) = =2(J)
RA(I)=AA(I=]1)+AA(J)=AA(J=])
J s J=1
CCONTINUE
END NORMAL CURVE

FORMAT (5)
PRINT 4b,1Y
FORMAT (3(/)212UX9"THEKMAL DISTRESS,FATIGUE= YEAR NO, #9415}

LINEAK LUGARITHMIC INTERPOLATION OF FATIGUE CONSTANTS FOR AVERAGE

MONTHLY VALUES CF IN SERVICE STIFFNESSES.

DC 400 j=1ly12

DO %00 nuslyeNufl
IF(vliebtUe l o ANDSEAVE(I) o LLTSEEXP( 1)) 60 10 111
IF (MILEG NUTSANCSEAVE (L) ,GTEEXP(NU)) GO To 222
IF(EAVE (1) oGTEEXPINU)) GO TO SCO0

NbM-Nu-*

AC= ALUGlh(A(NUM))-ALObIG(A(NU))

IF (A(nu) =A(wUM) ) T, 71472

NUA=iU $ 6¢ 10 73

NUA-NQV



208

13

76

17

/8
C

5090
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35

34
690

49

36

gOO

1000
51
o0

2

22

FF(1)=ALOGL0 (A (NyA)) « (ABS (AD) / (ALOG1o (EEXP (N)) =
LALOG1O(EEXP (NUM) ) ))#ABS (ALOY10 (EEXP (NUA) ) =ALOGLO (EAVE (1)))
F(p)=le0/(10,0%% (ABS(FF (]))))

F(I) 1S THE ANTILCGARITHIM OF FF(I) KNOWING THAT FF(I) IS NEGATIVE
BO=aLOGLG (B (NUM))=ALOGLO (B (NU))

IF (B (NU)=BINUM)) 76,T76,77

NUB =N » GO T0 78
NSB;NUM .
GG (1)=ALOG1Q (B (NUE) )+ (ABS (BV) / (ALOGL g (EEXP (NU) )~

1ALOGL D CEEXP (NUM) ) ) ) #aBS (ALOGL0 (EEXP (NUB) ) =ALOGLO (EAVE(I)))
G([)=10,08%GG (1)

G(I) IS THE ANTILCGARITHIM OF GG(I)

GC TO 400

CONTINUE

CONT INUE

PRINT 35

FCRMAT (/07X’“MCNIH*’DX’*AVEQMAXoSTIFoPSI*’4X’“AVEOMAXOSTRAIN"
1 SXe#FRONT CONSTe#y6AI#EXPoCONSTo#9SXy#N(FATIGUE LIFE)#)

Dg €00 1=1912

ANAVE (Iv,I)aF (L)w(1,0/SAVE (1)) ®2aG(I)

PRINT 349I9EAVE(I) 9SAVE(T) 9F (1) 9G(I) s ANAVE(IYOI)

FCRMAT (SX9TID910AIEL2e491SXIEL2e495XsEL20419K91E12e4 95X 9F12,4)

CCNTINUE

PRINT 49,SIGM

ESRMAT (/910X9%L0Ge STANUARD DEVIATION OF FATIGUE LIFE®#yFl046)
INT 36

FORMAT (//910X9%NCoOF MONTHS*910X9#CI=FT2/1000FT2%s

#  10Xs#C[=FT/1V00FT2#)

CALCULATION OF CRACKING INDEX USING THE MINER HYPOTHESIS CONCEPT
L=0

Dg 700 121,780

D=0,0

DC 50 u=lylyY

DG Boo Kzlel?2

X=ANAVE (J9K)

Y=zALOGLlG (X)=SIGM®2 (1)
ANALPH(K) 21040%*Y
V(K)=3°-0/ANAEPH(K)
Dc 1000 y=l,1

DzD+v (M)

IF (U=1e0) 14242

IF (M.EQe12) GO TO 5)
CONT INUE

IF(JeEWe1Y) GO TO 888
CCNTINUE

L=L+1

IF(L=1) 3+344

LM=i=}

IT(L)=sMs (Jml)ulé
IF(IT(LM) ¢EWeIT(L)) GU TO 6
G0 TO S

IT(L)eM+ (J=]) 12
Cl=AA(I)#l000,0
CIL=C1/5,0
Jus(ly=l)el2
IF(IT(L)=JJ) 646,52
PRINT 17,IT(L)sCIoCIL
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FORMAT (10X9I5015X9F1004915X9F1044)
IYF=TyY®]lp
IF(1TIL) ,EWugIYF) GO TU 999

u COnTlnblE

IF (L==) 55955 9996

PRINT 99,1Y 1

FCRMAT (/910Xy#THERE IS NO THERMAL FATIGUE CRACKING IN YEAR #,15)
CIL = 0ep

GC TQ 999

PRINT 1i29EAVE(])

. FCRMAT (SXeoPLEASE INPUT MIXe STIFFNESS LESS THAN#,E12.%,#PSI®)

GC 10 yyg

FRINT 2239EAVE ()

FCHmAT (5X9*PLLASE INPUT MIXe STIFFNESS GREATER THAN#9EL12e44#PSI#)
CenTIRUE

RE TUHE";

ENU



aQOOO0O0

OO0

e NeNe]

210

#

&

31
cl

e
P

23

100
25

27
28
29
1
999

SUBHOUTINE STRNTH (TMIXMXySA9sSH)

STRNTH ESTIMATES MIXTURE TENSILE STRENGTH AS A FUNCTION OF
ASPHALT STIFFNESS (PRUVIDING THAT THE MAXIMUM TENSILE
STRENGTH IS KiiOwN)

DIMENSIUN XR(26) 9SR(26)4TS(16)4ySN(16)

DATA AR/ ,0259,045940659,0759¢0859,09%5,,135,,1759,229,249,269
0350 0455’ 0525’ 05?5! .6d5, 07?'095’100!.99’ 0975’ 09:084! 08_4:081'.8/

DATA 5“/.1,.2,.“,.0,.5’l.,20’4og6.,8.,1001200!40.!600!80001000!

200+2400e°600¢%800¢91000622000094000496000¢28000+°10000¢7

SR=aSPHALT CEMENT STIFFNESS IN KG/CM?

XR=CORKOSPOUNDING (SR) KATIQ UF MIXTURE TENSILE STRENGTH TO

MAXIMUM MIXTURE TENSILE STRENGTH.

IF (SA=SR(l)) ¢€l,cl,2¢2

XAz Ak (1)

SA=STIFFNESS OF ASPHALT IN KG/CM2,

XA=CORROSPONDING HATIO OF MIXTURE STRENGTH TOTHE MAXIMUM

MIXTURKE STRENGTHe

GC TO 999

IF (SA=SR(26)) 23924424

XA =XK1 (26)

GC To 999

CCNTINUE

DO 100 I=2+26

IF (SA=SR(1)) 25,425,100

CONT IwUE

Ivl=1-1

IF (XP(I)=XR(IM1)) 27+28,28

M=] $4mM=IM1l $ GC TOQ 29

Mz=1M]1 3 MM=]

XAz Xk (M)+ ((XR(MM)=XK(M))/ (ABS (ALOG)Q (SR(MM)/SR (M)))))#®

(ARS (ALOG10 (SA/SR(M))))

CeMTINULE

SHEXA®TMTXMX

KE TUk

END



OO

iy

el

999

88
717

SUBROUTINE LTC (SHeSDT9SySDSeRLTC)
LTC PRELICTS LUw TEMPERATURE CRACKING,

DIMENSIUN Z£()1oug)vRA(L1000)
DV = SDTuwnleSpSan?

D¥S = SQRT(LM)

¥ = (SH=S)/DmS

IF (ZMaGT,2e9) GC TO 999

IF {ZMQLTO‘aog) GC TO 888
BE:G,G

Do 1V 1s1,391

XI=1
2(1)1=(391,=x1)7100,
Y=Z(1)+9,005

AA(1)=BE ¢0,01%EXP(=yY®Y/2,)/(2,#3,1415926)8%(,5

BR=pA(1)

IF (ZMeGEZ(I)) GO Tpo 3
CCNTINUE

J = 390

D¢ 20 1s392,740

2(1) = =7(J)
AA(T)=AA(I=1) +AB (J) mAA(J=l)
NEERNEY

IF (ZMJGELZ(I)) GO Tg 3
CCNTINUE

RLTC2 = AA(])#1000,0
KLTC=RLTCE/2,0  § gg T0 777
RLTC=0.0 % GO 1O 7

RLTC = 1000

CONTINUE

RE TURN

END

211
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INPUT GUIDE

NTOT

1) I5

NTOT = total number of pavements

Repeat the following tables NTOT times:

IPROB TITLE
@ [ 15 ] sx ralo [/ |
IPROB = identification number of the pavement
TITLE = problem description
™

3) |F10.3 |

™ = time of thermal loading, seconds

ANNVE ANR TR

) [r10.3 [r10.3 | F10.3

o
annual average temperature (  F)

ANNVE =
o
ANR = annual range temperature ( F)
TR = daily range temperature ° F)
Y W S AK BS X

(5) [F10.3 [ F10.3 | F10.3 | F10.3 | F10.3 | F10.3 |

= annual average wind speed (mph)

W = mixture density (pounds per cubic foot)



(6)

(7)

(8)

(9
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S = mixture specific heat, BTU per pound, °F
AK = mixture conductivity, BUT per square foot per hour, °F per foot
X = depth below surface for calculation (inches)

SRA SRM

¥10.3 | F10.3

SRA = annual average solar radiation, Langleys
SRM = July average solar radiation, Langleys
OPEN TPT ORB TFOT

lF10.3 | r10.3 | F10.3 | F10.3 |

OPEN = original penetration (Dmm at 5 seconds)

TPT = penetration temperature (0 F)

ORB = original softening point (0 F)

TFOT = thin film oven test (percent penetration)
PSG GG GS PAV

[F10.3 | F10.3 | F10.3 | F10.3

PSG = percent asphalt by weight of aggregate

GG = specific gravity of aggregate

GS = specific gravity of asphalt

PAV = percent air voids in the mixture

NEN CVA

|15 !FS,OI

NEN = number of thermal coefficients of contraction ( & ) inputs

coefficient of variation of o

"

CVA
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TSE(I), I = 1, NEN

16F5.0 [/

TSE = temperatures at whieh « 1is input
CEC(I), I =1, NEN

16F5.0 { &
CEC = corresponding a X 10.05
ICHOSE

(10) | 15 |

ICHOSE = strength option counter, where
ICHOSE = 1, if mixture strength as function of temperature is input, and
ICHOSE = 2, if maximum mixture strength is the only input.

If TICHOSE =1

NSN CVT
I5 | ¥5.0
NSN = number of mixture strength inputs
CVT = coefficient of variation of strength
TS(I), I = 1, NSN
16F5.0 ((
TS = temperatures at which strength is input, °F
SN(I), T = 1, NSN
16F5.0 {(
SN = corresponding strength, psi



(11)

(12)
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If ICHOSE = 2

TMIXMX CVMX

|F10.3 ] F10.3 ]

TMIXMX = maximum tensile strength of the mixture, psi

CVMX = coefficient of variation of maximum mixture strength
NUT SIGM

I5 | F10.5

NUT = total number of fatigue inputs (each input consists of stiff-
ness and two constants)

SIGM = logarithmic standard deviation of fatigue life, one value for
all inputs

EEXP A B
[EL5.5 | E15.5 | E15.5 | Repeat NUT times
EEXP = stiffness of the mixture
A = the frontal constant of the fatigue equation
B = the exponential constant of the fatigue equation
KYEAR

[15 ]

KYEAR = design period in years
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APPENDIX 6

ONTARIO TEST ROADS AND STE. ANNE TEST ROAD DATA,
USED FOR THE VERIFICATION OF THE
TEMPERATURE-CRACKING SYSTEM
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PAVSECNO. 1 ASPHALT SUPPLYER NO ] = ONTARIO
TIME OF LOADING vSEC = 3600,000
MONTHW CCDE
JULY AUG. SEPT. ocr. NOV, DEC.
1 4 3 4 S 6
JAN FEBQ MAR e APR. MAY s JUNF
7 8 9 10 11 i2

AIR TEMPERATURE

ANNUAL AVERAGE 'DEG.F = 44,820
ANNUAL RANGE 'DEG.F 2 67,400
DAILY RANGE sDEG.F ™ 18«60n9

FACTORS AFFECTING PaV, TEMP,

ANNUAL AVE.SCLAR RAD, +LANGLEYS = 314,200
JULY  AVE«SQOLAR RAD,s sLANGLEYS = 538,000
ANNUAL AVE,WIND VEL, (MPH, P 9,475
SURFACF ABSORBTIVITY = «950
DEPTH FOR CALCULATIONyIN, = 0,000
MIXe  CONDUCTIVITY  +BTU~FT=HR=F, = «700
MIX, SPECIFIC HEAT ,BTU«LB=F, = 220
MIX.  DENSITY 'LA/FT3 3 149,200
ASPHALT PRCPERTIES 3
ORIG. PENETRATION sy DMM=5SEC, s 83.000
PEN,  TEST TEMP. vDEG.F = 77,000
ORIG. SOFTENING POINT,DEG,F = 115,000
THIN  FILM OVEN TEST 4PCT.ORIG,PEN, = 67,500
MIXTURE PRCPERTIES ,
PCT.  ASPHALT »BY wT+OF AGG, = 5.9R0
ASPH. SPECIFIC GPAVO = 1.000
AGG., SPECIFIC GRAVe s 2,652
MIX. AIR VCINS yPERCENT. = 3,200
AGG, VOL., CONCENTRATION «CALCULATED = +B61

COEF. OF CONTRACTION TEMP (F) ALPH (10s45)
~7° I.OQQ
0 1.200
10 le400
210 1809
COEFe. OF VARIATION OF ALPK = elon
MAX . TENSSTRENGTH  +PSI = 500.000
COEF. OF VARIATION OF MAX,STRENGTH = 200
INPUT FATIGUE DATA -

- FATIGUE CURVE NEsA# (1,0/STRAIN) »ap
MIXeSTTFe (PSI) CONST,.A CQNST,B .
1,0000g401 1,0000g-02 3,0000g400

5,0000F+06 8,0000F-13 3,9500F+00
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FAV.SECND 1 ASPHALT SUPPLIER 2 = ONTARIO
TIME OF LCAUTNG s SEC = 36004000
MONTH CODE
JULY AUG, SEPT. CCT, NOV, DEC.
| 2 3 4 2 6
WANS FES. MaRe AFPR MAY e JUNF
7 g 9 10 11 12

AIR TEMPERATURE

ANNUAL AVERAGE sDEG.F s 444820
ANNUAL RANGE 'DEG,F = 67.400
DAILY RaNGE yUEG.F = 18¢600

FACTORS AFFECTING PAV, TEMP,

ANNUAL AVE.SQLAR RAD, sLANGLEYS = 314,200
JULY  AVE.SCLAR RAD, »LANGLEYS = 538,000
ANNUAL. aVE,WIND VEL, 4MPH, = 9,475
SURFACF ABSORBTIVITY = 4950
DEPTH FOR CALCULATIONsIN, = 0,000
MIXe CONDUCTIVITY BTU=FT=nR~F, = ,100
MIX, SPECIFIC HEAT +BTU=LB=F, = «220
MIX, DENSITY +LB/FT3 = 148,200
ASPHALT PRQOPERTIES
ORIG. PENETRATION sDMM=5SEC, = 964000
PEN, TEST TEMP«sDEG,F = 77,000
CHIG, SOFTENING POINT,DEG,F = 115.7n0
THIN  FILM OVEN TFST PCT,ORIG.PEN, = 60.400
MIXTURE PROPERTIES
FCT. ASPHALT sBY wWTeOF AGG, = 5.980
ASPH, SPECIFIC GkAVe = 1.000
AGG, SPECIFIC GRAV. a 2,627
MIXe AIR VOIDS YyPERCENT s 2,400
AGG, VOLe CONCENTRATION «~CALCULATED = NIy
COEF. OF CONTRACTION TEMP (F) ALPH(l0u#s)
=70 1,000
0 1,200
70 10400
210 1,800
CV OF aLPr s 100
MAXe  TENSTREMGTH  +PSI1 = 500,000
COEF, OF VARIATION OF MAX,STRENGTH = «200
INPUT FATIGUE DATA o
FATIGUE CURVE N=A®#(1,0/STRAIN) #&p
MIXeSTTF. (PSI) CONST,A CONST,B
1,0000E+01 1,0000E=02 3,0000E¢00

5,0000E+06 8,0000E=~123 3,9500E.00
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FAVoSECeND 1 ONTARIC TEST ROADS 83 rD3I »2/17/72
TIME OF LOADING s SFC = 3600,000
MONTH CODE
JULY AUG, SEPT. CCT, NOV., DEC,
1 e 3 4 ° 6
JAN, FEB. MARe APR, MAY, JUNF
7 8 9 10 11 12

AIR TEMPERATUNE

ANNUAL AVERAGE 'DEGF = 444820
ANNUAL RANGE 'yDFG,F = 67.400
CalLY RANGE yDEG.F = 184609

FACTORS AFFECTING PAV, TgMP,

ANNUAL AVELSCLAR RAD, sLANGLEYS = 314,200
JULY AVE,SQOLAR RAD, +LANGLEYS = 538,00n
ANNUAL AVEWIND VEL. sMPH. = 9,475
SURF, AHBSQRBTIVITY = +950
CEPTH FOR caALc, 2 IN, = 0,000
MIX, CONDUCTIVITY IBTU=F T=pp=F, = 100
MIX, SPECIFIC HEAT +BTU=LEB=F, = «220
MIXe DENSITY sLH/ZFT3 = 148,500
ASPHALT FROPERTIES
ORIG. PENETRATION sDMM=SSEC, = 87.000
FPEN, TEST TEMP« +DEG,F = 77,000
ORIG, SOFTENING POINT,DEG,F = 119,000
THIN FILM OVEN sPERLPEN, = 61,000
MIXTURF FROPERTIES
FER. ASPHALT sBY wTeOF AGG, = 6,420
ASPH, SPECIFIC GRAVe = 1,000
GG, SPECIFIC GHaV., = 2627
MIX, AlR VOIDS IPERCENT = 2200
AGG' VUL.CCNC' QCALCULATED = 0856
COEF. OF CCNTRACTION TEMP (F) ALPH(IOQ»S)
=70 1.000
0 10200
10 1,400
210 1+800
CY OF ALPK = el00
MAX,. TENeSTRENGTH +PSI = 5004000
CV OF MAX.STRENGTH = +200
INPUT FATIGUE DATA o
FATIGUE CURVE N=A# (1 ,0/STRAIN) e
MIXeSTIFe (PSI) CONST,A CONST.B
1,0000c+01 1,0000E=02 3,0000E+00

5,0000E+06 8,0000E=13 3.9500E400
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FAVeSECeNQ é¢1 STE ANNE = 372371972
TImE oF  LcAulnG +SEC = 3600,000

MONTH  CCDE

JULY AUG, SEPT. cCT,. NOV, DEC.
1 4 3 4 o] A

JAN . FEB MaRe APR, MAY . JUNE
7 8 L 10 11 12

AIR TEMPERATURE

ANNUAL AVERAGE 'DEG.F = 364600
ANNUAL RANGE 'DEG.F = 80,000
Cally RaNGE sDEG,F = 20,900

FACTORS AFFECTING PAV, TEMF,

ANNUAL AVE+SCLAR KAD. sLANGLEYS = 312,000
JULY AVE,SCLAR RAN, +LANGLEYS 2 514,000
ANNUAL aVESWIND VEL, +MPH, s 11.000
SURFACF ABSORBTIVITY = *950
CEPTH FOR CaLCULATIONsIN, o 0.000
MIXe CONDUCTIVITY 1BTU=F TempR=F, = 0 100
MiXx, SFECIFIC HEAT 4B8TU=LB=F, = 0220
MiXe  DENSITY *LR/FT3 = 1464000

ASPHALT PROPEKTIES
CRIG. PENFTRATION +DMM=SSEC = 254000
PEN, TEST TEMP. sDEG.F = 77.000
CRIG, SOFTENING PQINTSDEG,F = B8,000
THIN  FILM CVEN TFST sPCTeORIGePENs = 44300

L)

MIXTURF PROPERTIES )
pCTo ASPHALT sHY “TOOF AGG., = 5.30ﬁ
ASPH, SFECIFIC GrAV. = le000
AGG, SPECIFIC GhkaVe = 2+650
MIXe ALK VCIDS yPERCENT = 4,000
AGG, VUL, CONCENTRATION =CALCULATED = +«8A8
COEF, OF CONTRA4CTION TEMP (F) ALPH(10na5)

210 1¢360

COEF, OF VARIATIOn OF APk = 100
MAX,. TENSSTRENGTH 'PSI = 550,000
CUEF. OF VARIATTION OF MAX,STHENGTH = ,200

INPUT FATIGUE DATA

FATIGUE CURVE N=A® (1,0/STRAIN) ##p
MIXeSTTFe (PSI) CONST oA NSTeR
13000s, 01! 1,0000g.02 3, §803g250

5,0000£+06 4,000CF=13 3,95005¢00
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TImtb OF LCADING +SEC = 3600,000
MONTH  CCUFE
JULY AUG SgpPT, ccT, NOV . UFe.
! 2 3 4 ] %
WAN, FEH MoK APK, MAY. JUNF
7 8 9 140 11 1?2

AlR TENMPERATURE

ANNUAL AvVERAGE WDEG,F = 36.600
AninUAL RANGE yDEG,F = 80,000
CAILY RAWGE +DEG.F = 2045900

FACTORS AFFECTING PAV, TEMP,
ANNUAL AVESSCLARP KA)e sLANGLEYS = 312,000
JULY AVE 4SCLAR RAap, sLANGLEYS = 514,000
ANNUAL AavE.WIND VEL, #MPH, = 11.000
SURFACFE ABSORBTIVITY = 850
CEPTH FOK CALCULATIONsING = 0,0n0

MIXe CUNDUCTIVITY +BTU=FT=RR=F, o100
MIX, SPECIFIC HEAT stTU=LB=F, = 220
MIX, DENSITY o LB/FT3 z 148,000
ASPHALT PROPERTIES
CRIG, PENETRATION s DMM=5SEC, = 159000
PEN., TEST TEMP. yDEG.F = 77,000
CRIG, SUFTENING POINT,DEG,F = 102.000
THIN FILM CVEN TEST 'PCTORIG.PENe = 474000
MIXTURE PRCPERTIES )
PCT. ASPHALT sBY WT.OF AGG, = 5.000
ASPH, SPECIFIC GRAV. = 1.000
AGG, SFECIFIC GRAV., = 2.650
MIXe ALH VCIDS sPERCENT = 5400
AGG. VOLe CONCFNTRATION =CALCULATED = 862
CCEF, OF CCNTR&CTION TEMP (F) ALPH(10sua5)
«70 1.000
210 1,800
COEF+ OF VARIATION OF ALPHK = *100
MAKXe TEN+STRENGTH WPS1 = 650,900
COEF, OF VARIATION OF MAXSTRENGTH = 0200
INPUT FATIGUE DATA
FATIGUE CURVE N=A%(1,0/STRAIN) #ap
MIXeSTIFe (PSI) CONST A CQNST,.B
1,0000g401 1,0000g=-02 3,0U000p+00

5.0000g+06 t,0000F~13 3,9500g400
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FAVeSEC eNO 63 STe ANNE TEST ROAD = 372371972
TIMF oF LCADTING v SEC = 3600.000
MONT4  CODE
wUuLY AUG. SEP¥¢ CCT‘ NUV . DEC.
1 é 3 4 S 6
JAN S FEB. MAR e APR, MAY o JUNF
7 8 9 10 11 17

Alr TEMPERATURE

ANNUAL AVERAGE YOFGWF = 36.600
ANNUAL RANGE sDEGSF = 80,0n0
NDATLY RANGE sDEGSF = 20,900

FACTORS AFFECTING PAV, TEMP,

ANNUAL AVE(SCLAK RAD. sLANGLEYS = 312,000
JULY AVE«SQLAK RApD. sLANGLEYS = 514,000
ANNUAL AVESWIND VEL. sMPH, s 11.000
SUKFACE ABSCRBTIVITy = 950
CeERTH FOR CALCULATTONS N FY 0.000
MIXe CUNCUCTIVITY tBTU=F T=pR=F, = « 700
MIXe SPECIFIC HEAT BrU=-LB=F, = 02?0
MIXx, DEMSITY 'LB/FT3 s 148,000
ASPHALT PROPERTIES
pth Ttsf TEMPQ QOEG.F = 77.0”0
ORIG, SOFTENING POINTWDEG,F = 95,000
THIN FILM QVEN TEST sPCT.ORIGPEN, = 44,100
MIXTURE PRQOPERTIES
FCTe ASPRALT 'BY wT<O0F AGG, = 4.800
ASPH, SPECIFIC GRAVe = 1.000
AGG, SPECIFIC GKAVe = 2,650
MlX, AlK VCIDS OPERCENT = 4.900
AGG, VULe CONCENTRATION «CALCULATED = A7l
COEF, OF CCNTRACTION TEMP (F) ALPH(lhaus)
-70 1,000
210 1,800
CUEF, OF VARIATION OF ApPr 100

MAXe  TENJSTRENGTH  'PSI = 4500000
COEF. OF VARIATION OF MAX.STRENGTH = 00

INPUT FATIGUE DATA

~ FATIGUE CURVE NSA®(],0/STRAIN) #ep
MIXQSTTFO‘FSI) CONST.A CONST.B
1,0000g+01 1,0000g-02 3,0000g400

5,0000¢+06 8,0000g~13 3.95005000
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