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ABSTRACT

The purpose of this report is to present a method that uses
climatic data for the prediction of permanent deformation in asphalt
overlays on the top of concrete pavements. Thirty years of detailed
climatic data from the Dallas area were collected to calculate the
temperature variations in asphalt concrete overlays by a heat transfer
'computer program. After extensive statistical analysis, a regression
‘model was developed to simulate the temperature fluctuations in asphalt
overlays, and a small number of mini-seasonal profiles were obtained
to describe the temperature variations for the prediction of permanent
deformation by a modified finite-element computer program. The
regression mode! can also be used as a means to find a relationship-
between temperature variations and traffic patterns. This analysis
method can be applied to low temperature thermal cracking prediction
and resilience studies, and can be used for any pavement system,
meteorological condition and geographical Tlocation.
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IMPLEMENTATION STATEMENT

The regression models developed in this research offer the
capability of defining the temperature profile within an asphalt concrete
overlay at any location in Texas and at any time of day and year. The
regression models can be used with traffic data, and the effects of
temperature profile and traffic can be superimposed to evaluate the
development of permanent deformation, rutting. This is achieved by
incorporating the regression models and traffic density function into the
modified ILLIPAVE computer program,

This procedure provides a realistic technique by which to analyze
rutting case histories in asphalt concrete overltays over PCC pavements in
Texas.

DISCLAIMER

The contents of this report reflect the view of the authors who are
.. responsible for the opinions, findings, and conclusions presented herein.
. The contents do not necessarily reflect the official views or policies of
the Federal Highway Administration. This report does not constitute a
standard, specification, or regulation. '

There is no invention or discovery conceived or first actually
reduced to practice in the course of or under this contract, including,
any art, method, process, machine, manufacture, design or composition of
matter, or any new and useful improvement thereof, or any variety of
ptant which is or may be patentable under the patent laws of the United
States of America or any foreign country.

vi






INTRODUCTION

GENERAL

The permanent deformation, or rutting, of asphalt concrete pavements
has in recent years attracted much attention because excessive rutting in
bavements can create a serious safety hazard. However, most
investigators have concentrated their efforts on developing mix design
methods which permit mechanical optimization of the stability of asphalt
mixes, while ptacing little emphasis on performance requirements related

“to pavement structure, climate, and traffic., Few methods of dealing with

permanent deformation in a quantifiable and ratioﬁal way have been used
in practical pavement design. In most studies, one single temperature or
a few seasonal temperatures with a uniform temperature distribution in
the asphalt layers have been used to describe the variations of
temperature. Usually, no relationship between temperature distributions
and traffic distributions is considered.

One well known method is the Shell Method described in the Shell
Pavement Design Manual (1). In this method, variations of temperature
within asphalt layers and of traffic are considered with the following

major assumptions (2, 3):

1. The total thickness of the asphalt layer is divided into
several sub-layers, and the temperature and mix properties are
‘uniform and constant within each sub-layer.

2. The effective asphalt temperature for a year (T year) can be
obtained from the weighted mean annual air temperature {w-
MAAT). The weighing factor w takes the location and pavement
structure into account. In other words, one effective

temperature can be used to represent the total temperature
variations in the whole analysis period.

3. Traffic density is uniformly distributed over the whole life of
the pavement. There is no relationship between different
temperature distributions and traffic patterns.



The impetus behind these assumptions is that temperature and traffic
are difficult to predict and to determine accurately. However, mix
properties, such as stiffness, are very susceptibie to temperature
changes. It is very doubtful that the effective asphalt temperature used
- for total rutting depth calculations could simulate the real life rutting
“accumulation of asphalt concrete pavements. For example, it is
impossib]e to te]]'how much more rutting occurs during hot summer seasons
than occurs during cold winter seasons, or how different traffic patterns
could affect permanent deformation.

In a study condutted by ARE Inc._(&),.éeasona] temperature
variations for different locations have been taken into account. Four
typical zones for the climatic conditions of Texas, each containing four
seasonal temperatures for the whole asphalt layers, were developed:

ONE | SEASON | | TEMPERATURE 'F
WET-FREEZE: Winter _ ‘ 35
- Spring S 3 &5
Summer S _ 95
Fall 60
WET-NO-FREEZE: Winter 75
Spring _ g5
Summer _ 105
- Fall 60
DRY-FREEZE: Winter _ 35

| ~Spring 65.

Summer : 95
- Fall 50
| DRY-NO-FREEZE: Winter - _ 55
' "~ Spring : R 75
Summer . 95
Fall . 75

Since temperature gradients within asphalt layers were neglected,
this approach results in a very rough estimation of the temperature



- distributions in asphalt Tayers. In the study of the Brampton Test Road

conducted by the University of Waterloo (5), the seasonal variations of
the area and the temperature profiles within asphalt Tayers were both
considered. The study was done based on the following three assumptions:

1. Permanent deformation occurs daily over the interval 7:30 to
17:30 hours.

2. Permanent deformation occurs enly in the period April through
October

3. Permanent deformation can be ignored at temperatures below
50°F. '

Based on these assumptions, the average monthly temperature
distributions shown in Figure 1 were obtained. The seven temperature
profiles were used to represent the temperature varjations within asphalt
layers for a period of one year. Although the seasonal temperature
variations and temperature gradients in asphalt layers are considered in
this study, the following problems stili remain to be addressed:

1. In Texas the temperatures in asphalt layers after 5:30 P.M. is
well above 50°F during summer months.

- 2. The temperature differences in asphalt layers could be easily
more than 30°F on hot summer days in Texas. One single profile
does not reflect such large variations.

In the three methods discussed above the variations of temperatures

. in asphalt layers with depth of the layers has not been prdper]y

considered. Neither has the daily changes in the temperature combined
with the changes in traffic pattern over the same period of time. Since
rutting is influenced not only by the temperature and traffic loads, but
also by the distribution and combination of temperature and Toads with
time, a more detailed analysis of these two major factors needs to be
considered in the rutting analysis of asphalt pavement structures.
Based on the assumptions behind and results of the existing

temperature modé]s, a new medel is needed which considers the varying
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temperatures and temperature profiles within the asphalt pavement layers,
based on local and long term climatic history. '

As paftiof'an extensive research progfam to develop a rational
procedure for predicting permanent deformation of asphalt concrete
overlays on concrete pavements in Texas, a new methodology (Figure 2) has
been deveTopéd at Texas ASM University. In this method, the prediction
of rutting depths is based upon a new method of characterizing permanent
deformation in terms of three parameters, and the use of this new method
in a modified ILLIPAVE finite element computer program (Q, I, 8). The
three parameters, €,, p, and B, are obtained from the results of creep or
repeated load triaxial tests at different temperatures. To use this
information it is necessary to develop a temperature distribution model
which predicts the temperature range occurring in the field. This
temperature range can then be used in the creep or repeated load triaxial
tests and in characterizing the asphalt properties of permanent
deformation at the predicted field temperatures. |

OBJECTIVES

"The objectives of this study are:

1. To develop a mathematical model which describes the temperature
distributions in asphalt concrete overlays.

2. To provide a number of temperature profiTes, which reasonably
represent the temperature variations in the asphalt overlays in
Texas, for use in the prediction of permanent deformation.

3. To develop a method which effectively accounts for temperature
distribution in the asphalt pavement layers and the traffic
density functions in the evaluation of permanent deformation.

The schematic outline of the procedure for temperature and traffic
considerations is shown in Figure 3.




(1) {(2) (3) (4)
STRUCTURE MATERIAL CLIMATIC DATA TRAFFIC
PARAMETERS _ PROPERTIES OF ONE REGION PATTERN

| r;,#-\; THERMAL

: PROPERTIES] . - -
| REPEATED LOAD
YEST AT THERMAL
.DIFFERENT
TEMPERATURES ANALYSIS
A P
AN
NON-LINEAR STATISTICAL
REGRESSION ANALYSIS
MIX RUTTING TEMPERATURE
3-PARAMETERS AND TRAFFIC
€0, o, and g DISTRIBUTIONS
RUTTING DEPTH
L PREDICTION BY
MODIFIED ILLIPAVE
PROGRAM
MATERIAL AND No FINAL
STRUCTURE DESTEN
ALTERNATIVES

'Figure 2. S¢hematic Outline for Rutting Depth Prediction.




(3) (2) (a)

SELECT REGION KATERTAL: THERKAL TRAFFIC
AND 1
TIME PERIOD PROPERTIES PATTERNS
| | recressron
cLimaTIc THERMAL rooeL o8
' | DISTRIBUTION
DATA | awsts  DENSITY FUKCTIOH

OBTAIN MEAN
TEMPERATURE
DISTRIBUTION 1IN

ASPHALT CONCRETE
LAYERS

REGRESSION, MEAN
AHD FREQUENCY
ANALYSIS BY

'SAS PROGRAH

SEASONAL PROFILES
AND
TRAFFIC DISTRIBUTIONS

Figure 3. Schematic Outline of the Procedure for. Temperature and
Traffic Considerations,



CLIMATIC CONSIDERATIONS

ASSUMPT 10NS

In order to simplify the analysis and to perform reliable
statistical analysis, several assumptions were made.

I..

Permanent deformation occurs mostly in the period from May to

“October. For the remaining half year, it is assumed that the

whole period may be treated as one single season. One

temperature, a seasonal mean temperature with a uniform

temperature distribution in the asphalt Tayer over the whole
period, was used.

. - The accumulation of permanent deformation is independent of

loading history and only dependent on total cycles of loading,
loading frequencies and loading magnitude under certain
temperature conditions.

The air temperature at a particular time of a day is correlated
with the temperatures of the previous and future days at the

same time of day. The same is true for the temperature in the

asphalt layer. In other words, a correlation exists between
today’s 8 A.M. temperature, and yesterday’s 8 A.M. temperature
and today’s 8 A.M. temperature and tomorrow’s 8 A.M.
temperature.

Assumption 1 is based on the fact that most rutting is accumulated
during hot summer months. Under this assumption, the period of analysis
can be reduced substantially. Assumption 2 is a reasonable and necessary
assumption to characterize asphalt concrete materials., Under this
assumption, it is assumed that asphalt mixes are viscoelastic materials
and that the stiffness of the mix is a function of temperature and
Toading frequency only. Assumption 3 is based on the nature of
meteorology, and the assumption is essential to reduce the variance in
statistical analysis. ' ' ' B



CLIMATIC REGIONS AND DATA COLLECTION

It is well established that the climate in Texas is quite changeable
from day to day, from year to year, and from place to place. Texas was,
therefore, been divided into 4 regions (Figure 4), each representing
distinct climatic features (I-cold, and dry, II-moderate and wet, III-
moderate and dry, IV-hot and wet). The map of average monthly high
temperature of July (Figure 5) was also used to help in establishing the
regions.

In each region, one station which was able to provide sufficient
climatic data records was chosen. One criterion used in choosing the
station was that the maximum temperature difference between the average
monthly high temperature at a location within a given region and the
temperature of the representative station did not exceed station 5°F.
However, some disagreements in low temperatures between points of
Tocation were ignored because rutting is much less significant at Tower
temperatures.

Thirty year climatic date (from 1955 to 1984) for each selected
T regional station (Amarillo, Dallas, Midland, and Austin) were obtained
““from the National Climatic Data Center in Asheville, North Carolina.
However, only 180 days (May 1 through October 27) each year were
considered in actual temperature calculations.

TEMPERATURE CALCULATIONS

To determine the relationship between environmental conditions and
the temperature profiles in pavement layers, a model developed by Dempsey
- {9) was used. This model was originally developed to evaluate frost
action in muTtilayered pavements. In this study, the model was used to
calculate the temperature profiles in pavement layers.

Dempsey’s heat transfer model is a one-dimensional, forward finite-
difference model which provides a means for predicting temperatures in
multilayered pavement systems. A flow diagram of the computer program
and a more detailed description of the program can be found in Reference
9. The accuracy of the temperatures predicted by this model depend
mainly on the quality of the input data, especially the environmental
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data, and not the numerical method of solution. Based on many
~calculations (9), it has been found that substantial variations in the
thermal properties of the pavement materials do not cause large errors in
the predicted temperatures compared to field measured data. The benefit
of this conclusion is obvious.. By running the program using a typical
pavement structure and typical thermal properties of pavement materials,
the results obtained can be applied to a wide range of pavement
structures with different thermal properties.

The pavement system used in this analysis is shown in Figure 6. The
required input data for_the'program are listed in Appendix A. The
results of the program consists of the temperature profile of the 40
nodal points for each hour of each day considered. In this study, the
temperatdre profiles within the asphalt overlays were the only concern.
Therefore, the progfam was changed in the following two areas:

1. The subroutine used for the analysis of frost action was
deleted, and '

2. A new subroutine called STAT (Appendix B) was deVe]oped to
perform primary data analysis on the results of temperature
calculations in the asphalt overlay.

12
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STATISTICAL ANALYSIS

PRIMARY DATA ANALYSIS

A vast amount of output resuits were generated from the temperature
calculations. For example, the number of the calculated temperatures for
a 5 inch asphalt overlay is: ' -

(1 + 5op-1ayers) X 1804, X 30,,... = 777,600 (1)

Tp handle such a large volume of data is was necessary to use
statistical analyses techniques. To reduce the variability and to
improve the accuracy, the analysis procedure was therefore divided into

- two steps:

1. Primary data'analysis to reduce the variance as well as the
data size for further analysis.

2. Statistical analysis to develop a temperature distribution
model and a number of'temperature profiles by the SAS program
(10) which includes linear regression, mean analysis and
frequency analysis.

The primary data analysis was done using STAT. In this subroutine,
the variance was reduced by first calculating a weighted 5 day mean
temperature and assigning this mean value to the temperature in the
middle of the five day period. This was done for every day of a year,
every hour of a day, for 30 years, and each nodal point in the asphalt
overlays. The formula reads as follows:

Tiszpm * Tigem * Tisem * Tosnmm * Tose2km
LR 5 . 5 . (2)

. where:

- T - Temperature in the asphalt 1ayér,

i - Time of the day (i = 1, 2,.+.24 hours),

14



J - Day of the year (j = 3, 4,...178),

K - Nodal point in the asphalt overlay (k = 1, 2,+-<n+l, n is the
total number of sub-layers) and '

 m - Year (m =1, 2...30 years).

Equation 2 is based on the previously discussed assumption that the
temperature in an asphalt layer is a variable and depends on the
temperatures of the days Surrounding it.

_ In the next step the 180 warmer days were divided into 36 5-day
periods. An arithmetic average of temperature for the 5 day periods was
calculated for each year of the 30 year period, each hour of the day, and
each nodal point in the asphalt overlays. The applicab1e formulas read
as follows: '

Tosmm * Togam + Tiszum ¥ Tovaim ¥ 1o s0e.00m

5 @)

Ti_,l,k,m =

where:
1 - Period (1 = 1, 2,+++36) and
1 - integer %1-3- +1(j = 1, 2,+-+180).

Finally, an arithmetic average over 30 years was calculated and the
temperatures at the center of each asphalt sub-]ayer'wefe obtained by
using linear interpolation between the two adjacent points in each sub-
layer. In this way, the amount of data was reduced to n .. ). s X
36,4ri0as X 243, total data points. In other words, 864 temperature
profiles were developed, each with n calculated temperatures. Also, the
variability was substantially reduced.
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STATISTICAL ANALYSIS

The mathematical model for temperature distribution within the
asphalt pavement was obtained by SAS linear regression analysis (Appendix
- €). The regression model was divided into two parts: one was for day
time; the other was for night time. The general forms of the models are
shown as follows: .

T=a,+ a X + 2y + 2,2 + 3,yZ + ax® + agy® + a,y°z + agy® (4)

for the day time tgmperaturé, where:

T - Temperatﬁre'at the center of each sub-iayéf,
x - Period of the year (x =1, 2,...36),
y - Hour of the day (7 < y < 19),
n - Number of sub]ayers (n =2, 3,0445),

~Z - Sub-layer (z =1, 2,-.+1) and

ay, d,, a,, a3, d,, as, d, d;, ag - Regression constrants
T =by + b,x + by + bz + b“xz + by® + bgy® + b.y*. (5)

for the night time temperature, where:

-
'

._Temperature ét the center.of each sub-layer,
X - Period of the year (x = 1, 2,++.36),
y - Hour of the day (y < 7 or y > 19),

N
]

‘Sub-layer (z =1, 2, ==+,
Number of sub]ayefs (n =2, 3,~-+5) and

=
1

by, by, by, bs, b,, bs, bs, b; - Regression constants.
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The coefficients for each thickness of the asphalt layer (2, 3, 4,
and 5 in.) and the associated R® values for each equation are Tisted in
Table 1.

The temperature changes varying with the depth can be determined by
differentiating equations 4 and 5 with respect to z:

8T

l

— = a; + &y a,y> for the day time and

Z . b, for the night time.

a8z

As can be seen, the temperature variation with depth is a parabolic
function during the day time and a constant value during the night time.
The positive values of b; (Table 1) indicate that the temperature
increases with depth at a constant rate during the night time.

After the regression analysis, the 864 profiles were rearranged
according to the temperatures at the center of the top sub-layer, and the
time sequence was ignored based on the assumption that the asphalt mix
stiffness is a function of temperature and loading frequency only
(assumption 2). The rearranged profiles were then divided into 6
temperature ranges (Table 2). The mean temperature at the center of each
sub-layer for each temperature range was calculated and the frequency of
each temperature range was calculated. Finally, 6 seasonal profiles from
the 6 temperature ranges were obtained from the output of the SAS program
{Table 2). The six temperature profiles were used to represent the
temperature variations in asphalt overlays for the whole 180 day period
(May 1 through October 27).

RESULTS

Tables 2 through 5 summarize the SAS output for each asphalt overlay
thickness (2, 3, 4, and 5 in.), ‘Table 3 is a summary and example of some
of the key data obtained in the SAS analysis for a 3 in. overlay. The
first column 1ists the profile number of each seasonal profile arranged

17



- Table 1. Coefficient and R®* Values (Dallas Area).

Coefficients in Regression Equations

a, 2 in. 3 in. 4 in. 5 in.

a,  -10.86578376 -7.37747191 -5.29491432 -3.98878098
3 2.72235732 2.68441704 2.64857345 2.61542996
a, 11.67046823 10.46812755 9.68542806 9.17967480
a, 18.99788240 19.32725122 19.06918040 18.38998565
a, -4.42976066 -4.26659265 -4.03574420 -3.76321398
a; -~ -0.08258815 -0.08113541 -0.07976100 -0.07848716
EN 0.12485806 '+ 0.21952908 10.27372750 0.29877541
a, 0.19240163 0.17992750  0.16595360 0.15136661
2 -0.02729960 -0.02926142 -0.03002847 -0.02990725
R, . 0.993 0.992 0.991  ’6.987
by 62.41359215 62.66070339 62.93120679 63.24057562
by 2.19724661 2.22547550_: 2.25007514 2.27035799
b, ~4.70931105 -4.51637361 -4.29690296 -4.05387724
b © 2.60459596 2.41021465 2.19595202 1.97227020
b, -0.06465221 -0.06541879 -0.06607928 -0.06661050

b, 0.89622492 0.80313852 0.72095031 0.64618326 -
b, -0.04680822 -0.03955661 -0.03355423 -0.02844901
b, 0.00072631 0.00057167 0.00044851 0.00034834.
0.985 0.980

0.983

18
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Table 2. - Temperature Distribution of 2 in. Asphalt 0ver1ay
' (Dallas Area).
Prof11e Temp. Sub-Tayer Temp. {°F) %
No. (°F) 1 2 Time
1 <75 68 70 25.69
2 75-85 79. 81 25.69
3 85-95 90 89 14.93
4 95-105 100 97 14.47
5 105-115 110 105 12.38
6 '115-125 118 112 6.84
TOTAL 100
Table 3. Temperature Distribution of 3 in. Asphalt Overlay
(Dallas Area).
Profile Temp. Sub-layer Temp. (°F) %
No. (°F) 1 2 3 Time
1 < 75 68 70 72 25.69
2 75-85 79 81 - 82 25.69
3 - 85-95 90 89 88 14.93
4 95-105 100 97 94 14.70
5 105-115 110 105 101 12.15
6 115-125 118 112 107 6.84
TOTAL 100

19



20

Table 4. Temperature D1str1but10n of 4 in. Asphalt Over]ay
(Dallas Area).
Profile Temp. Sub-layer Temp. (°F) %
No. (°F) 1 2 3 4 Time
1 <75 68 70 72 73 25.58
2 75-85 79 81 82 84 25.58
3 85-95 9 8 88 87 15.05
4 95-105 100 97 94 91 14.58
| 5 105-115 110 105 101 97 12.15
6 115-125 118 112 107 103 6.83
TOTAL 100
Table 5. Temperature Distribution of 5 in. Asphalt- 0ver1ay
' (Dallas Area).
Profile Temp. Sub-layer Temp. (°F) %
No. (°F) 1 2 . 3 4 5 Time
1 <75 68 70 72 74 75 25.58
2 75-85 79 81 82 84 85 25.58
3 85-95 90 89 88 87 . 86 ~15.05
4 ' 95-105 100 97 94 91 88 14,58
5 105-115 110 105 101 97 94 12.15
6 115-125 . ‘118 112 107 103 99 | 6.83
TOTAL 100



accordiﬁg to the temperature range listed in column 2 which is based on

- the temperatures at the center of the top sub-layer. Columns 3 through 5

Tist the mean temperatures of the sub-layers for each temperature range.
Column 6 gives the percentage time for each temperature range. For
‘example, Profile No. 1 occurs 25.69 percent of the time in the period of
analysis or, in other words, 25.69 percent'of the time the temperature at
the center of the top sub-layer is lower than 75°F. During this period
the temperature within the 1-inch sublayers are 68, 70 and 72, °F
respectively. A complete output of the SAS program for 3 in. asphalt
layers is listed in Appendix C. The data Tisted in Table 3 have been
obtained from Appendix C.

COMPARISONS OF 4 DIFEERENT REGIONS

The same calculations were also done for the other 3 regionsﬁ
Austin (Tables 6 to 10), Midland (Tables 11 to 15), and Amarillo (Tables
16 to 20). The differences of temperature distributions can be seen by
making comparisons among the distributions for the different regions.

The temperature distribution of 3 inch asphalt layer in the Dallas
‘area was chosen as a basic distribution to compare with other areas. The
comparisons were based on four factors: the maximum differences of the
surface temperatures, the minimum differences of the surface
temperatures, the average differences of the surface temperatures, the
standard derivations of these differences. All calculations of these
differences were based on absolute values at the 864 (24, .. X 36,..i04:)
discrete data points of the two temperature distributions. The results
of these comparisons are listed in Table 21 and the following conclusions
“can be drawn from these results:
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Table 6. Coefficient and R® Values (Austin Area).

Equations

22

Coefficients in Regression

a, 2 in. 3 in. 4 in. 5 in.
2 -11.16129250 -7.31370860 -5.85662045 -4.37353627
a 2.53540650 2.49142392 2.45160263 2.41447206
a, 11.95612570 10.70758599 10.04691194 9.47960491
2 19.72385503 20.22308858 19.72192219 18.87160892
a, -4.53785909 -4.40943536 -4.13289892 -3.83117453
as -0.07552952 -0.0739145 -0.07250842 -0.07118561
g 0.10561130 0.20071134 0.25049733 0.28226202
a, © 0.19592768 0.18487506 0.16911556 0.15346072
ag -0.02689337 -0.02879659 -0.02957107 -0.02964268
R, 0.993 0.992 0.990 0.986
b, 65.00155559 65.08225109 65.19363065 65.40996014
b, 1.86268427 1.91188544 1.94425980 1.97347444
b, -4.4544547 -4.25784016 -4.07334665 -3.87019658
b, 2.60962121 2.42796717 2.18803030 1.94981818
b, = -0.05440791 -0.05567339 -0.05650277 -0.05724273
bs 0.83154403 0.74257733 0.67348421 0.60935132
be -0.04270870 -0.03585179 -0.03081410 -0.02638700
b, 0.00064977 0.00050423 0.00040100 0.00031343
R 0.979 0.977 0.976 0.974
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- TOTAL

Table 7. Temperature D1str1but1on of 2 in. ASpha1t 0ver1ay
(Austin. Area) ‘
Profile.'. Temp. Sub-layer Temp. {°F) %
No. - (°F) 1 2 Time
1 <75 69 71 22.69
2 75-85 79 81 27.43
3 85-95 90 89 16.44
4 95-105 100 97 13.66
5 105-115 110 105 12.96
6 115-125 118 112 6.83
TOTAL 100
. Table 8. Temperature Distribution of 3 in. Aépha1t Overlay
(Austin Area).
Profile Temp. Sub-layer Temp. (°F) %
No. (°F) 1 2 3 Time
1 < 75 69 71 73 22.69
2 - 75-85 79 8l 83 27.20
3 85-95 90 89 88 - 16.67
-4 95-105 100 97 94 13.77
5 - 105-115 110 105 101 12.96
6 115-125 117 112 106 6.71
100



Table 9. Temperature Distrfbution of 4 in. Asphalt Overlay

(Austin Area).

Profile Temp.  Sub-layer Temp. (°F) %
No. (°F) 1 _2 3 4 Time

1 <75 6 71 73 75 22.69

2 - 75-85 79 81 83 84 27.43

3 . 85-95 5% 89 83 88 16.44

4 85-105 101 97 94 g1 13.66

5 105-115 110 105 101 97 12.96

6 _ 115-125 118 112 107 102 6.83
TOTAL 100

Table 10. Temperature Distribution of 5 in. Asphalt Overlay

{Austin Area).

Profile Temp. Sub-layer Temp. (°F) %
No. - (°F) 1 pd 3 4 5 Time
1 <75 69 71 73 75 76 22.92
2 75-85 79 81 83 84 85 27.08
3 85-95 90 89 88. 88 87 16.55
4 95-105 101 97 94 91 88 13.66
5 105-115 110 105 101 97 94 12.73
é 115-125 118 112 107 102 .98 7.06

24
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Table 11. Coefficient and R? Values (Midland Area).

Coefficients in Regression Equations

a, 2 in, 3 in. 4 in. 5 in.
a, -15.94867203 -12.72391387 -11.30128473 -10.32068399
a, 2.20927914 2.18069850 2.16437505 2.15610972
a, 12.67221863 11.51273616 10.78493523 10.23111181
a, 21.83544456 22.00686994 21.50330905 20.57014513
a, -5.01099983 -4.79538267 -4.49985007 -4,16732488
as -0.07162787 -0.07059277 -0.06964514 -0.06856288
ag 0.13927009 0.23230185 0.28533553 0.31416558
a, 0.21647325 0.20134491 0.18434904 0.16709370
‘ag -0.02984335 -0.03177170 -0.03253488 -0.03245459
R, 0.995 0.994 0.991 0.988
b, 60.89035084 61.57073499 61.95978976 62.21687884
b, 1.96859912 1.96648326 1.97667169 1.99805429
b, -5.1555700 -4.93245102 -4.70293250 -4.45021087
b, 3.06512626 2.81965909 2.55495960 2.28558586
b, -0.05970345 -0.06001458 -0.06036876 -0.06066460
bs 0.98573435 ' 0.88308960 0.79687068 0.71768992
be -0.05167477 -0.04379128 -0.03750947 -0.03207345
b, 0.00080561 0.00063898 0.00051036 ' 0.00040331
R? 0.982 0.979 0.978 0.977
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Table 12. -Temperature'Distribution of 2 in. Asphalt Overlay

(Midland Area).

Profile Temp. SubQ1aver Temp. (°F) %
No. (°F) 1 2 Time

1 <75 67 - 70 36.23
2 75-85 80 81 -18.98
3 85-95 90 88 12.85

4 95-105 . 100 96 12.73

-5 105-115 110 105 15.16

6 115-125 117 111 4.05
TOTAL 100

Table 13. Temperature Distribution of 3 in. Asphalt Overlay

(Midland Area).

Profile Temp. Sub-laver Temp. (°F} %
No. (°F) 1 2 3 Time
1 < 75 67 70 712 36,46
2 75-85 80 81 82 18.75
3 85-95 % 88 8 12.85
4 95-105 100 96 92 12.62

5 105-115 110 105 100 14.70
6 115-125 117 111 105 4.63

| TOTAL 100
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Table 14. Temperature Distribution of 4 in. Asphalt Overlay

(Midland Area).

Profile Temp. Sub-layer Temp. (°F) %
No. (°F) 1 2 3 ] Time

1 <75 67 70 72 74 36.46

2 - 75-85 80 81 82 83 18.75

3 85-95 90 88 87 86 12.73
Y 95-105 100 9 92 89 12.73

5 105-115 110 105 100 96 14.47

6 115-125 117 111 105 100 ' 4.86

| TOTAL 100

Table 15. Temperature Distribution of 5 iﬁ. Asphalt Overlay

(Midland Area).

(*F)

Profi]e. Temp. Sub-Tlayer Temp. %
No. (°F) 1 2 3 4 5 Time
1 <75 67 70 72 74 75 36.00
2 75-85 80 81 8 83 84 18.98
3 85-95 90 88 87 8 84 12.96
4 - 95-105 100 9% 93 90 87 12.73
5 105-115 110 105 100 96 92 14.58
6 115-125 117 111 105 100 96 4.75
VTOTAL 100
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Table 16. Coefficient and R? Values (Amarillo Area).

Coefficients in Regression Equations.

a; 2 in. 3 in. 4 in. 5 in.
. @ -16.75236660. -14.32946948 -13.69368501 -12.72169418
 al 2.61600799 2.59557063 2.56177830 2.53758598
ay 11.70466087 10.62325889 10.07906508 9.58525011
a, 20.55916583 20.85583763 20.25502520 19.40540579
a, -4,72092768 -4.54275912 -4.23776898 -3.92849525
a, -0.08231950 ~-0.08125296 -0.08010476 -0.07900827
ag 0.15097142 0.23788303 0.28093597 0.30710503
2, 0.20387890 0.19061556 0.17352672 0.15742044
ag -0.02856312 -0.03035507 -0.03099853 -0.03091843
R, 0.992 0.992 0.990 0.986
b, 54.71594696 54.85746040 54.97881233 55.46384511
b, 2.33845805 2.34995979 2.36017662 2.35999902
b, -5.22492078 -5.00181794 -4,79006700 -4.52094982
b, | 3.02542929 2.81787879 2.55486364 2.29544949
b, -0.06950748 -0.07011246 -0.07056120 -0.07062619
b, 1.01676951 0.91116794 0.82887409 0.74416558
be -0.05416591 -0.04599359 -0.03995853 '-0.03411721
by 0.00086055 0.00068700. 0.00056310 0.00044757
R? 0.985 - 0.984 0.982 0.980
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Temperature Distribution of 2 in. Asphalt Overlay

Table 17.

. (Amarillo Area) .
Profile Temp. Sub-Tayer Temp. (°F) %
No. (°F) 1 2 Time
1 <75 65 67 44.10
2 75-85 80 - 80 16.90
'3 85-95 90 87 13.43
4 95-105 100 96 13.66
5 105-115 110 105 11.92
TOTAL 100

~ Table 18. Temperature Distribution of 3 in. Asphalt Overlay
o (Amarillo Area).

Profile Temp. Sub-layer Temp. (°F) %
No. (°F) | 2 3 Time
1 <75 65 66 69  44.79
2 75-85 80 80 80 16.90
3 85-95 90 87 85 13.08
4 95-105 100 95 91 13.66
5 105-115 110 104 99 11.57
TOTAL 100
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Table 19. Temperature.Distribﬂtion of 4 in. Asphalt Overlay

(Amarillo Area).

%.

Profile Temp. Sub-layer Temp. (°F) .
No. (°F) 1 2 3 4 Time
1 <75 64 67 69 71 45.14
2 ~ 75-85 80 80 80 | 81 16.78
3 85-95 9 87 84 82 12.73
4 95-105 100 95 91 88 13.66
5 105-115 110 104 99 95 11.69
TOTAL 100
Table 20. Temperature Distribution of 5 in. Asphalt Overlay

{Amarillo Area).

Profile Temp. Sub-Tayer Temp. {°F) %
No. (°F) 1 2 3 4 5 Time
1 < 75 64 67 69 70 T2 45.25
2 75-85 80 80 8 80 80 16.67
3 '85-95 % 8 84 8 80 12.62
4 95-105 100 95 91 88 85 13.77
5 1105-115 110 104 93 95 91 11.69
TOTAL 100

30



Table 21.

There is 1ittle difference among temperature distributions the
Dallas, Midland, and Austin areas. In other words, one
temperature distribution of one area (Dallas area) for one
asphalt structure can be used to represent the temperature
distributions of the two other areas for the same asphalt
structures. Figure 7, which is based on Table 3 and Table 8,
presents the comparisons of the temperature distributions
between the Dallas area and the Austin area.

Significant differences of temperature distributions were found
between the Amarillo area and the one of other three areas.

Comparisons of Temperature Distributions with Dallas Area.

Areas

Mean Standard MaXimum, Minimum
Value Deviation Value Value

Austin
Midland

Amarillo

0.97 - 1.00 4.40 0.00
2.48 1.20 4.10 0.00
6.86 4.04 9.60 4.50

Based on this analysis, a new regional map was drawn by simply
dividing Texas into 2 regions: the northern region {I) and the southern
region (II) (Figure 8). During the warmer seasons (from May 1 to October
27), regression equations {Table 18), which are based on the historic
climatic data of the Amarillo area (Region 1), can be used to describe
the temperature variations within asphalt layers. Regression equations
(Table 1), which are based on the historic climatic data of the Dallas
area (Region Il), can be used to describe the temperature variations
within asphalt layers for the rest of Texas.
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DALLAS VS. AUSTIN AREA
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Figure 7. Comparison Between Dallas Area and Austin Area.
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Amarilto

Figure 8. New Regional Map of Texas.
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WINTER PERIOD
The same analytical procedure can be also applied to the winter
period (185 days, from October 28 to April 30). The general forms of the
~temperature distributions obtained by the linear regression analysis for
the winter period are shown as follows:

T = 2y, 8% + 2,¥, 2,2, a,X° + A¥Z + agy° + 2,72 + agx°z + agx’ + a0y’ (6)

for the day time temperature of winter period, where:

T - Temperature at the center of each sub-layer,
x - Period of the year (X =1, 2,+4+36),

y.- Hour of the day (7 < y < 19),
' n - Number of sublayers (n = 2, 3,...5),

z - Sub-layer (z =1, 2,.++n) and

a5, a3, @y, d3, 8, a5, g, 87, g, 8y, d,5, - Regression constrants

T =by + byx + by + bz + bx? + by® + bex® + by’ + byx* + byy®. (7)

for the night time temperature of winter period, where:

T - Temperature at the.center of each sub-layer,
X - Period of the year (x =1, 2,+..36),

y - Hour of the day (y < 7 or y > 19),

z - Sub-]éyer {(z =1, 2, ¢¢en), )

7 -

Number of sublayers (n = 2, 3,.+.5) and

-

be, by, by, by, b,, bs, by, b; by - Regression constants.
The coefficients for each thickness of asphalt layer (2, 3, 4, and 5

in.) and the associated R? values for each equation are Tisted in Table
22. '
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‘Table.22. Coefficient and R® Values (Dallas Area, Winter Period).
Coefficients in Regression Equations

a, 2 in. 3in. 4 in. 5 in.
a, 49.40151315 -1.57961832 2.92859041 5.41475832
a, -3.95307726 -3.84059766 -3.73613798 -3.63889402
a, 10.92359260 8.58483015 7.19319408 6.41461337
a, 20.28828729 20.18800468 19.51818704 18.46738578
a, 0.17895451 0.17289903 0.16730848 0.16209765
a, -4.12527662 -3.94778249 -3.70200950 -3.41475469
a 0.05788937 0.24229388 0.34237769 0.38628314
a, 0.17377163 0.16235548 0.14918622 0.13515834
a, -0.00123485 -0.00119229 -0.00114060 -0.00108475
a, -0.02246086 -0.02677807 -0.02875480 -0.02915095
a5 -0.00171006 -0.00161885 -0.00153589 -0.00145933
R, 0.972 0.972 0.971 0.969
b, 56.33204934 56.74866303 57.06077229 57.52514408
b, -0.78783658 -0.80128838 -0.80053192 0.81930226
b, -2.99021058 -2.98002570 -2.86903999 -2.80873176
b, 2.15513514 1.99555283 1.82776658 1.66783047
b, -0.11930756 -0.11917448 -0.12053576 -0.11939222
b, 0.50043323 0.47337867 © 0.43645740 0.41036317
be -0.01956822 -0.01785313 -0.01588947 -0.01447468
b, 0.00840510 0.00845138 0.00855027 0.00854417
b, 0.0000066 0.0000055 0.0000045 0.0000037
b, -0.00012004 -0.0001214 -0.00012265 -0.00012290
R? 0.971 10.972 0.972 - 0.973
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The results from the statistical ana]ysis for the winter period of
~ the Dallas area are listed in Tables 22 to 26 for the different
‘thicknesses of asphalt layers. The percentage of time that the surface
temperatures are higher than 75°F is less than 15% during the winter
period and it is about only 1.5% of time that the surface temperature is
over 95°F (Table 23). This verifies the assumption stated previously
that winter temperatures are not conducive to permanent deformation.
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Table 23. Winter Temperature Distribution of 2 1in. Aspha]t
Overlay (Dallas Area).

Profile Temp.  Sub-layver Temp. (°F %
No. (°F) _ i 2 Time
1 <45 a1 43 18.69
2 45-55 50 51 26.80
3 55-65 60 60 - 25.00
4 65-75 70 68 14.86
5 75-85 80 76 8.56
6 85-95 90 85 4.62
7 > 95 97 92 1.46

TOTAL 100
Table 24. Winter Temperature Distribution of 3 in. Asphalt
Overlay (Dallas Area).

Profi1e Temp. Sub-layeyr Temp. (°F}) %
No. - (°F) 1 2 3 Time
1 < 45 41 43 44 18.69
2 45-55 50 51 53 26.80
3 55-65 60 60 51 25.00
4 65-75 70 68 66 14.86
5 75-85 - 80 77 74 - 8.67
6 85-95 90 85 81 4.50
7 > 65 97 92 87 1.46

TOTAL 100
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Table 25. Winter Temperature Distribution of 4 in. Aspha]t”
Overlay (Dallas Area). ' '

Profile Temp. ~ Sub-layer Temp. (°F) %
~ No. (°F) = 1 2 3 4 Time
1 © < 45 41 43 44 45 '18.58

2 45-55 50 51 53 54 26.91
.3 55-65 60 60 60 60 25.00
4 65-75 70 68 66 64 14.86
5 75-85 30 77 74 71 8.67

& 85-95 90 85 81 78 4.62
7 > 85 97 92 88 84 1.35
TOTAL 100

Table 26. Winter Temperature Distribution of 5 in. Asphalt
: Overlay (Dallas Area).

Sub—]aver Temp. (°F)

Profile Temp. %
No. (°F) i 2z 3 4 & Time
1 < 45 41 43 44 46 47 18.58

2 45-55 50 51 53 54 55 26.91
3 55-65 60 60 60 60 59 25.00
4 6575 70 68 66 64 63 14.86
5 75-85 80 76 . 73 71 69 8.67
6 85-95 90 8 8 78 75 4.62
7 > 95 97 92 88 84 80 1.35

TOTAL 100



COMPUTER MODEL

 GENERAL

The computer model used in this study was the modified ILLIPAVE
computer program. The current version of ILLIPAVE is a finite element
computer program with the ability to incorporate linear and nonlinear’
characterization of materials; an interface relationship between the
pavement layers; and predict rut depth, siope variance, fatigue cracking
and'present serviceability index with time. A finite element
configuration representing the pavement cross section, Toad conditions
and materials properties such as unit weight, Poision’s ratio, earth-
pressure coefficient at rest, as well as a modulus for stress dependent
materials are required input. Four alternative models are available for
describing the resilient modulus for stress dependent granular and
cohesive soil Tayers under repeated Toads (11).

The method used by the program to represent permanent deformation
characteristics of the asphalt material is based on three parameters ¢,
B, and p. The parameters are developed by a curve fit that relates
permanent strains to loading cycles using SAS nonlinear regression
techniques (10). The data used for the nonlinear regression analysis can
be obtained from creep or repeated load triaxial tests at different
temperature levels. The curve describing this retationship is
represented by '

€, = €S | . . (8)
where:

€, s a permanent strain,

N is the number of load repetitions,
e

—2, p, and B are material parameters (l1), and
g . -

T

€. is the resiiient strain imposed in the laboratory.

r
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PERMANENT DEFORMATION PREDICTION

Permanent deformation (rut depth) in the wheel path of a flexible
pavement is attributed to the accumulation of permanent strains produced
by repetitive traffic loads. The model of permanent déformation is based
on.an evaluation of the vertical resilient strain in each layer by the
finite element method and on the fractional increase of total strains for
each material layers of the pavement as determined by the three material
properties, €,, p, and B. The finite element analysis is used to take
both Tinear and nonlinear stress-strain behavior of the materials into.
account. This approach can be applied to not only a single axle Toad but
also mu]tip1e axle loads on the surface. The mathematical derivation of
- the equations to predict permanent deformation for a single axle Toad as
we11:as multiple axle loads are described elsewhere (8).

For a single axle Toad, the permanent deformation, &é,, is given by:

P Bi di
€,, - (=)
n : N
&, (N) = Z — e €.(z)dz (9)
i=1 €, _ '
where:
n = number of pavement layers,

€. = resilient strain imposed in the laboratory test to obtain the
three parameters of the material in the i*® Tayer,

N = expected number of load cycles,
d, = depth of i*® layer, and
'ec = vertical resilient strain in the layer i from the finite
| element solution.
€, - ('S) n
The term Zje is defined as the fractional increase of total

strains. The integral on the right side of Equation 9 can be solved
numerically using the trapezoidal rule of integration for the given
vertical strain of each element beneath the center of tire loads.

For a tandem axle load with single wheels, the equation of permanent

deformation is expressed as:
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n . N Ao (z)
§, (N) =2 — e ' (1 +— ) €(z})dz (10)
i=1 e Opan{Z)

The term Ao is the difference between o, and 0,,,- 6., is determined
by super position of the vertical stress under a singlie wheel plus the
overlay vertical stress at a distance corresponding to the tandem axle
—'spacing. Since the distribution of the vertical stresses is assumed to
be symmetric and the interaction effect of the dual tires is ignored, o,
is simply twice the vertical stresses at half the tandem spacing. The
individual values of 0., 0., and €, vary with the depth of the pavement
and the size of tire loads. Thus, the estimate of total permanent

deformation at the surface can be calculated numerically layer by layer
~ from Equation 10. .

Similar to the case of the dual load, Equation 10 can be extended

for other mu]tiple ax?e configurations and may be expressed as:

Py By d,
€, - (=)
n N k-1 Ao
§, (N) = Z ] (1+2 ) €.(z)dz (11)
i=1 e oo
: d;-y
where:
k = number of axles in each axle group, and

Ao, = the stress difference between the j** and (j + 1)* axle group.

PREDICTIVE EQUATIONS FOR € /e _,p. and B

As noted previously, the values of €,/e., p, and 8 are material
constants derived from creep or repeated load testing. To obtained
appropriate values of €,/¢,, p, and B for the material of each pavement
component, it is necéssary to determine how these three parameters are
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affected by the stress state, density, moisture content, asphalt content,
temperature and other material characteristics. The effects of these
factors are important in cé]cu]ating permanent deformation of the
pavement layers because the laboratory test conditions are significantly
- different from the actual field conditions. The test conditions affect
the relationship between the permanent strain and the magnitude of the

- calculated permanent deformation. A pre1iminary.regression analysis of
€./€., #, and B in terms of the available variables was performed for
different types of materials and the most reliable equations relating the
three parameters to mixture parameters (based on the highest R® and lowest
standard error) were determined using multiple regression analysis. The
regression equations used for asphalt concrete are discussed below and
the equations for other materials can be found from Reference 11.

‘A preliminary ané]yéis shows that € /¢., p, and B of asphalt concrete
and most sensitive to resilient modulus and deviator stress, but the
parameters are also sensitive to asphalt content and temperature.

Because of this, several forms of equations incldding the more sensitive
variables were considered in the multiple regression analysis of each
parameter in terms of asphalt content, temperature, deviator stress, and
resilient modulus. The useful equations are:

fo . ]
Tog { — ) = -5.04349 + 0.01812.A, + 0.011045.A.2 + 0.01127T
€r
-0.203249 Tog 0, + 1.12228 log E; (12)
R? = 0.44
log p = 8.105675 - 4.241965A_ + 0.54159A2 + 0.03865T
-0.0148740, + 0.000005E, (13)
R? = 0.62
‘Tog B = -2.51475 + 0.60816A, - 0.05282A.% - 0.00214T
+0.16597 log o, - 0.0000002E, (14)
RZ = 0.43 |
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where

A_ = asphalt content, % ;

<

T = temperature, °F ;
o, = deviator stress, psi, and

E; = resilient modulus, psi.

Although the equations above do not explain variability from a
‘statistical viewpoint, they are indicative of the relationship between
the variables and give an estimate of the effects of these variables. It
is apparent that other variables related to the type, shape, and surface
texture of the aggregate must be included in order to arrive at more
accurate equations. Unfortunately, these data are not customarily
measured or recorded in the repeated Toad testing programs reported in
the Titerature. The equations show, as expected, that permanent
deformation increases with increasing temperature, deviator stress, and
asphalt content.

- APPLICATION AND RESULTS

The results from the statistical analysis provided the required
temperature range for creep or repeated load triaxial testing. Within
that range, several tests were performed at different temperature levels
in order to determine the parameters €,, B, and p. The values of the
three parameters between the prescribed temperature intervals were
obtained by interpolations between two adjacent points. The program can
handle up to 12 different seasonal profiles and 10 sub-layers for
different pavement structures.

A sample calculation was performed using the modified ILLIPAVE
program. The structure of the pavement and the traffic loading is shown
in Figure 9. The traffic was assumed to be one million standard passes
over a 20 year period based or an average daily traffic (ADT) of 140.
Resilient moduli were obtained from the temperature vs. modulus curve,
and the associated temperature at different depths were determined from
the profiles obtained from the statistical analysis in Table 4. The
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LOAD=9,000 1bs - :
SURFACE PRESSURE=Y00 psi

]

4 {n AC Overlay
AC-20, 5% Asphalt

8 in
Concrete
£=13,000,000 ps!

Subgrade
E=6,000 psi

Figure-9. Pavement Structure Used in Example Analysis.
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values for €,, B, and p were genérated from equations 12, 13 and 14 using
typical. The results are shown in Figure 10.

After a large number of samp]e runs, it was determined that the
mode]l reasonably represents the permanent deformation in asphalt layers
when the air temperature is below 80°F and that the model under-estimates
the rutting depth when the air temperature is over 80°F. Two possible
reasons for under-estimation at the higher air temperatures might be:

1. The three parameters obtained from creep or repeated load
triaxial test, which were used to represent the permanent
deformation of asphalt materials, do not account for the
lateral plastic deformation. In other words, no confined stain
boundary condition is imposed in most creep or repeated load
triaxial tests. The lateral plastic deformation is
insignificant when temperature is low and the material behaves
elastically; but it can be significantly increased when the
temperature increases.

2. In the modified ILLIPAVE computer model, only the vertical

| stress is used to calculate vertical permanent deformation. -No
vertical permanent deformation caused by lateral plastic
movement is accounted for.
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Figure 10. Permanent Deformation of Example Pavement.
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TRAFFIC CONSIDERATIONS

Climate and traffic are the two main external factors that influence
the accumulation of rutting depth for asphalt concrete pavements. Under
the same climatic conditions, different traffic patterns with the same
traffic volume (ADT) can result in different rutting depths for an
asphalt pavement structure. It is therefore important to combine the
effect of traffic distribution with temperature distribution. Traffic
and temperature are two independent variables. As illustrated in the
previous chapters, the temperature distributions in asphalt concrete
Tayers vary with different locations and different pavement structures
such as the thickness of the asphalt layers. Traffic distributions vary
with the types of roads built for different transportation purposes. The
only link between the two is the time history which they both occupy. If
distribution functions, containing the variables with respect to time
only, can be developed both for temperature and traffic, the necessary
re]étionship between temperature and traffic combining their effect on
rutting can then be determined.

Equations 4 and 5 developed by the regression analysis are the
temperature distribution functions of the pavement structures with
asphalt overlays on the top of concrete pavements. The temperature
distributions at the center of the top sub-layers (0.5 in. below the
surface} can be obtained by setting z equal to 1. These functions
contain the variables with respect to time only. The traffic
distribution functions can be obtained by collecting traffic data and
plotting the relative frequency histogram (Figure 11), or by assuming
traffic density functions (Figure 12). The area of all rectangles in the
frequency histogram equals to 1. If a continuous curve connects all the
- middle points at the top of each rectangle bar, the relative frequency
histogram is equal to the traffic density function,

The retationship between the temperature and traffic distributions
can be found using the temperature distributions at the top sub-layers
. and the traffic density functions. The same temperature ranges (Table 3)
are used to group the whole traffic volume into the six categories by
mapping each time increment (1 hour period), from which traffic volume is
entered into the category according to the temperature range, and by
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Figure 11. Relative Frequency Histogram.
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Figure 12, Traffic Density Functions.
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superimposing with temperature for each category. The following two
examplies demonstrate the procedures used to calculate traffic
distributions for given temperature distributions. '

Figure 12a shows a traffic density function in which the traffic
volume during the day time (6 A.M. to 6 P.M.) is twice as much as during
the night time. The temperature regression model for the 3 in. asphalt
overlay is used in the calculation and the results are listed in Table
27, The percentage traffic of Profile No. 1 shows that 18.24 percent of
the traffic occurs during the 25.69 percent of the total time period in
which the temperature at the center of the top sub-layer is lower than
75°F. Comparing with percent traffic and percent time in Table 27, as
expected, fewer (Table 27, Profile Nos. 1 through 3) passes occur during
low temperature periods and more passes (Profile No. 4 through 6) during
high temperature periods.

The traffic density function shown in Figure 12b is the opposite
traffic pattern to that shown in Figure 12a, where passes occur during
the night time (low temperature periods) and fewer passes occur during
the day time (high temperature periods). The same temperature regression
model for 3 in. asphalt overiay was used and the results are listed in
Table 28. The percentage traffic of Profile No. 1 tells that 32.2 _
percent of the traffic occurs during the 25.69 percent of the total time
period in which the temperature at the top sub-layer is lower than 75°F.
Comparing with percent traffic and percent time in Table 28, as expected,
more traffic (Table 28, Profile Nos. 1 through 3) passes through over low
temperature periods and less traffic (Profile No. 4 through 6) passes
through over high temperature periods. '
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Table 27. Temperature Distribution as a Function of Traffic of a
3 in. Asphalt Overlay (Dallas Area).

Profile Temp. Sub-Tayer Temp. (°F) % %
No. (°F) 1 2 3 Time Traffic
1 <75 68 70 72 25.69 18.24
2 75-85 79 81 82 25.69 19.97
3 85-95 90 89 88 14.93 18.70
4 95-105 100 - 97 94 14.70 17.72
5 105-115 110 105 101 12.15 17.87
6 115-125 118 112 107 .~ 6.83 7.50

TOTAL 100 100
Table 28. Temperature Distribution as a Function of Traffic of a
3 in. .Asphalt Overlay.

Profile Temp. Sub-Tayer Temp. (°F) % %

| No. - {°F) 1 2 3 Timer Traffic

1 < 75 68 70 72 25.69 32.62
2 75-85 79 81 82 25.69 30.08
3 85-95 90 89 88 14.93 14.52
4 85-105 160 97 94 14.70 9.37
5 105-115 110 105 101 - 12.15 9.44
6 115-125 118 112 107 6.83 3.97

- TOTAL 100 100
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 ADDITIONAL APPLICATIONS

Pavements exposed'to the open environment are greatly influenced by
environmental conditions. The performance of the pavements and the
materials in the pavement systems are all affected by meteorological
conditions. In order to properly evaluate the effect of these conditions
on a pavement, it is necessary to have a knowledge of the climate in
" which the structure is buiit.

The regression mode of temperature variations in asphalt concrete
layers just described has applications to an extensive range of asphalt
pavement systems which are influenced by different environmental factors.
Generally speaking, it applies to any material characterization in which
the material properties are the function of temperatures. The study of
permanent deformation for the Dallas area demonstrated one of several
applications in which the stiffness of asphalt mixes is the function of
temperatures. Some of the other applications are summarized as follows:

1. The model can be used to study the effect of resilience of
asphalt concrete pavements since the modulus of elasticity of
asphalt varies with temperatures. Much time is required to

- coltect temperature data from field measurements for one area.
It is far easier to use the temperature regression model to
analyze climatic data readily available at most weather
stations than to measure temperatures from the field. This
approach can be used for any geographical location, for any
‘type of climate, and for pavement systems with different
thermal and physical properties.

2. The same method used for permanent deformation analysis can be

- used directly for thermal cracking analysis in asphalt pavement
systeﬁs. Low temperature thermal stress induced by temperature
changes depends on the temperature drop per unit of time
because the magnitude of the stress is proportional to the
temperature drop. If the same method is applied to the winter
period, a similar regression model with 2 time variables (X-
time of day, Y-day of a year) can be obtained:
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T=fix, 2) +f, (y) (13)

Differentiating Equation 15 with respect to the time t the
temperature drop per unit time is obtained:

aT  af,(x,z) oX af,(y) aY - (16)

e e— -

at ax at ay at

where:

X aY
— and — are constrants determined by the time ratios.

at ot -

Equations (15 and 16) give the temperature drop for a given time
increment t and depth z. Further analysis can provide more detailed
information such as mean and maximum temperature drops during certain
time periods.
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SUMMARY AND CONCLUSIONS
SUMMARY

An investigation was conducted to develop a more realistic procedure
for evaluating temperature variations in asphalt concrete overlays over
-concrete pavements. Daily detailed climatic data from representative
weather stations in four climactic regions of Texas were used to
calculate temperature fluctuations in the asphalt layer based on the past’
30 years of climatic data. An extensive statistical analysis procedure
was developed that provided a regression model for each region which
describes temperature variations in the asphalt concrete overlay. The
resulting regression models provide essential temperature data for
calculating permanent deformation using the modified ILLIPAVE computer
program.

A relationship between temperature distribution and traffic
distribution can be found by combining the temperature regression model
with a traffic density function. Other examples of applications of the
procedure include the analysis of Tow temperature cracking and resilient
modutus of the asphalt concrete Tayers.

- CONCLUSIONS

From the result of this study, the following conclusions can be
made: '

1. This study takes another step forward in the simulation of the
temperatures in asphalt concrete layers by considering the
temperature variations and temperature gradients, induced by
the local climatic changes, in asphalt concrete layers.

2. The proposed analysis method which is based on long term Tocal
¢limatic data provides reliable information for the prediction
of permanent deformation based on testing conducted under
Taboratory conditions.

3. The temperature regression model can be used to find a
relationship between temperature variation and traffic pattern
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and to study their combined effect on rutting since different
traffic patterns cause different rutt1ng depths for a given
asphalt pavement and structure.

The regression equations, equations 4 and 5, with high R% values
_can be app1iéd to conditions where material properties are a

. function of temperature. The prediction of permanent
deformation and the prediction of low temperature thermal
cracking are examples of how this analysis may be extended. -

. The method demonstrated here can be used for ahy pavemeﬁt

system, meteorq1ogica1 condition, and geographical location.
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APPENDIX A

Required Data for Dempsey’s Model
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10.

- 11

12.

13.
14.
15.
16.
17.
18.
19.
20,
21.

APPENDIX A

Required Data for Dempsey’s Model

Pavement identification.
Location of test site.
Starting date of evaluation.

Total depth of the finite difference pavement system, in.

Depth of normal node, in.

Time increment, hr.

Maximum allowable convection coefficient for stability c¢riteria,
Btu/hr-ft®-F, (3.0 for all layers). '

Number of pavement Jayers.

Number of termination nodes.

Thermal conductivities of each layer, Btu/hr-ft-F, (0.70 for asphalt
concrete, 1.92 for concrete and stabilized layers, and 0.92 for
subgrade).

Heat capacities of each layer, Btu/1b-F, (0.22 for asphalt concrete,
0.24 for concrete and stabilized layers, 0.29 for subgrade).

Total unit weights of each layer, pcf, (148 for asphalt concrete,
155 for concrete, 145.5 for stabilized layer, and 128.7 for
subgrade).

Depth of each pavement layer, in.

Moisture content of each pavement layer, percent.

Temperature of the constant temperature node, F.

Radiation constants A and B (0.202 and 0.539).

Geiger radiation constants G and J {0.77 and 0.28).

Atmospheric vapor pressure, mm.

Cloud base factor (0.85).

Number of pavement temperature profiles to be printed each day.
Times at which the temperature profiles to be printed out each day,

hr.
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22.
23.
24,

- 25.
26.
27.

28.
29.
30.
31.
32.

APPENDIX A (Continued)

Number of days to be eva]uatéd, days.
Times of sunrise and sunset each day, hr.

Extraterrestrial radiation, Btu/ft day, (generated by the program
based on the Tocation). . : :

Initial pavement temperature profile, F

The year being considered. | _

Maximum daily air temperature on the day before the starting day and
the minimum daily air temperature on the day after the last day in.
the evaluation period, F,

Date of the day being evaluated.

Maximum daily temperature, F, {on data tape)..

Minimum daily air temperature, F, (on data tape).

Average daily wind velocity, mph, (on data tape}.

Percentage of possible daily sunshine, %, {on data tape).
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APPENDIX B. Computer Flow Diagram of STAT Sub-

" routine

SUBROUTINE
~ STAT

DIMENSION
COMHON

WEIGHTED MEAN OF 5 DAY TEMP.
AS
THE MIDDLE DAY TEMP:

5 DAY ARITHMETIC
AS THE PERIOD
MEAN

]

THE ARITHMETIC

MEAN OF 30
YEARS

|

CALCULATE THE TEMPERATURES AT
THE CENTER OF EACH SUBLAYER
8y
LINEAR INTERPOLATION

Co







APPENDIX C

Example of Output From SAS Analysis
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£9

NOTE :
NOTE :

NOTE:

WNOTE:

NOTE:
NOTE:

2506
1597

NOTE :
NOTE :

2398

NOTE ;
NOTE:

2598
2600
2601
HOTE:
NOTE:

" 26502

NOTE:
NOTE :

2803
3604
NOTE:

2803
2606
2607
2608
NOTE:
NOTE:

NOTE
NOTE:

2610
2811
NOTE:

2612

SAS{R} LOG DS SAS S._t& . MVS/XA UOB HEATH STEP SAS

COPYRIGHT (C) 1984, 188G 5AS IN.S;I’I‘I'U‘I'E'INC.. CARY, N.C. 27511, U.S5.A.

THE JOB HEAT1 HAS BEEN RUN UNDER RELEASE 5.16 OF SAS AT TEXAS AbM UNIVERSITY (01452001},

CPUID  VERSION = 82 SERIAL = 000261 MODEL » 0320 .

SAS OPTIONS SPECIFLIED ARE:
SORT=4
DATA TEMP;
tuPUT DATE TIME LAYER PROFILE TEIIP-
: CA“DS-

DATA SET WORK.TEWF HAS 2592 ORSERVATIONS AND 'S VARIABLES. 433 0AS/TaK,
THE DATA STATEMENT USED 0.34 SECONDS AND 100K.

DATA TEMP1: SET TEMP: IF 7 <aTIME AND TIME <=i9:

DATA SET -VDI!K.TENPI HAS 1404 OBSEAVATIONS AND 5 VARIABLES. 433 OBRS/TRK,
THE DATA STATEMENT USED O.1t SECONDS ANC 100K,

. DATA TEMP2: SET TEMP; IF TIME <= OR TIME »>%;

DATA SET VORK . TEMPZ HAS 1188 DBSERVATIONS AND § VARIABLES. 433 OBS/TRK.
THE DATA STATEMENT USED Q.10 SECOMDS AND 100K,

PROC GLM DATA=TEMPY; MODEL TEMP=DATE TIME LAYER DATE*DATE TIME®LAYER
TIME*TIME TIME*TIME*LAYER TIME*TIHME*TIME;
QUTPUT OUT=NEW PREDICTED=YPREDIC RESIDUAL~YRESIDU;
THE DATA SET WORK.MEW HAS 1404 OBSERVATIONS AND 7 VARTABLES. Jt7 DBS/TRK,
THE PROCEDURE GLM USED O.69 SECONDS AND 416K ANO PRINTED PAGE 1.

DATA THREE; MERGE TEMP1 NEW;
BATA SET WORK,TYHREE MAS 1404 OBSERVATIONS ANG 7 \MIH.IBLES.. 317 OBS/TRK.
THE DATA STATEMENT USED O.13 SECONDS AND 148K.

PROC PLOT DATA=THREE: ’
PLOT YPREDIC*TEMP. YRESIQUSYPREDIC: )
THE  PROCEDURE FLOT USED 0.24 SECONDS AND 196K AND PRINTED PAGES 2 TO 3.

$RDC GLM. DATA=TEMPZ;
MODEL TEMP=DATE TIME LAYER DATE*DATE TIME*TIME
TIMESTIME*TIME TIME=TIMESTIME*TIME;
DUTPUT CUT=NEWZ PRECICTED=YPREOIC RESIDUAL=YRESIOU:
THE DATA SET WORK,NEW2 HAS 1188 DBSERVATIONS AND 7 VARIABLES. J17 OBS/TRK.
THE PRDCEDURE GLM USED .56 SECONDS AND 416X AND PRINTED PAGE 4.

OATA FOUR; MERGE TEMPR MEW2;

DATA SET WORK.FOUR HAS 1188 DBSERVATIONS AND 7 VARIABLES, 317 DBS/TRK.
THE DATA STATEMENT USED O.12 SECONDS AND 148K,

PROC PLOT DATA=FOUR: )
PLOT YPREDIC*TEMP YRESIDU*YPREDIC:
THE PROCEDURE PLOT USED 0.22 SECONDS AND 186K ANO PRINTER PAGES 5 TO 6.

DATA RANGESET KEEP RAMGE PROFILE :SET TEMP;

J3:02

FRIDAY, MAY 8,
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1=

2613
2644

- 2615

2616
2617
2618
2619
2620
2621

NOTE:
NOTE:
NOTE ;
NOTE:

"NOTE:

2622

NOTE:
NOTE:
NOTE:

2623

WOTE:
NOTE :

2624
26825
2626
2627
2628
2628
2630
2631

. 2632

NOTE:
2632
NOTE:
2634

NOTE:
NOTE:

2838

NOTE:

" NOTE:

2636
MOTE :

2637
2638
HOTE :
NOTE:

SAS{R) LOG 05 SAS 5.16 MVS/XA JOB HEATY " STEP 34S

IF LAYER={
IF TEMP < T5. THEN RANGE=t:
IF 75.<=TEMP<B5 THMEN RANGE=2:

" IF 05.<=TEMP<OS THEM RAHGE=2;
JF §5.0 <=TEWP <105 THEN RANGEwd;
IF 105 .<»TEMP <115 THEN RANGE=5;
IF 115, . «=TEMP <135 THEN RANGE=G;
IF 125.<=TEHP <135 THEN RANGE=T:
IF TEMP> 125, THEN aANGE'l.

DATA SET woRK, uAncEsET HAS BG4 DBSERVATIONS AMD € VARIAGBLES. 366 OHS/TRK,
DATA SET WORK.KEEP HAS BG4 OBSERVATIONS AMD & VARIABLES. 366 OBS/TRK,
DATA SET WORK.RANGE HAS 864 DBSERVATIONS AND & VARIABLES. 366 DAS/TAK.
DATA SET WORK.PROFILE HAS 864 DESERVATIONS AND & VARIABLES 266 OBS/TRK.
THE DATA STATE!EH1 USED O. 16 SECONDS AND 172K,

PROC SORT DATATEMP iBY PROFILE

4 CYLINDERS DYNAMICALLY ALLOCATED ON SYSOA FOR EACH DF 3 50RT WORK DATA SETS.

DATA SET WORK.TEMP HAS 2582 DESERAVATIONS AND § VAR]ASLES 433 0BS5/TRK.
THE PROCEDURE SORT USED 0.35 SECONDS AND 280K .

PROC SORT DA1A-RINGESE? i 8Y PROFILE :

DATA SET WORK ,RANGESET HAS BG4 DESERVATIONS ANC 6 VARIABLES. 366 DBS/TAK.
THE PROCEDURE SORT USED 0.17 SECONDS AND 292K.

PROC FORMAT:
VALUE ¥
t=*PROFILE 1°
2='PROFILE 2*
J«*'PROFILE 3
4="PROFILE 4°
Se'PROFILE 3°
6= *PROFILE 6
T=*PROFILE ¥

FORMAT P HAS BEEN OUTPUT.
8~ PROFILE 8"

THE PROCEDURE FDHIAT USED 0.08 SECDNDS "AND 176K,

DATA ALL ; MERGE TEMP RANGESET ; BY PROFILE ;

DATA SET WORK_ALL HAS 2592 DESERVATIONS AND € VARIABLES. 366 0OBS/TRK.
THE DATA STATEMENT USED ©.27 SECDNDS AND 148K,

PROC SORT DATA = ALL ; BY LAYER RANGE ;

DATA SET WOUK.ALL WAS 2592 DESERVATIONS AND € VARIABLES. 366 DBS/TRK.
THE PROCEDURE SORT USEC 0,32 SECONDS AND 280K,

PROC MEANS : AY LAYER RANGE:
THE PROCEDURE MEANS USED 0.3 SECONDS AND 20BK AND PRINT[D PAGES 7 TO ®.

PROC FREQ DATAwALL:
TABLES DANGETLAYER:FDRMAT RANGE P.:

THE PROCEDURE FREQ USED .30 SECONDS AND 400K AND PRINTED PAGE 10,
SAS USED 416K MEMORY.

5:02 FRIDAY,

WAY B,

1987
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]
MOTE:

SAS(R) LDG 0SS SAS 5.16

SAS INSTITUTE INC,

5A% CIRCLE
PO BOX 8000
CARY, N.C.

273 14~8000

MVS/XA JOR HEAT1

STEP SAS

3:02 FRIDAY, May 4.
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SOURCE
MODEL

ERRDR

CORRECTED TOTAL

SOURCE

DATE

TIME

LAYER

DATE"DATE
TIMELAYER
TIME*TIME
TIRE*TIMESLAYER
TIME®TIME =T IME

PARAMETER

INTERCEPT

DATE

TIME

LAYER

DATE*DATE
TIME®LAYER
TIME*YIME
TIME*TINE*LAYER
TIME=TINE TIME

DEPENDENT VARIABLE: TEMP

DF
L}
1395

1403

-
|1

P N ]

ESTIMATE

SUM DF SOUARES
228181.77424885
1751.51310868

229833.2073155853

TYPE ] 55

15282.60001608
40208 86093271
9654.87656972
85910.70 1408358
221817177259
GB244.63000304
4666.50423761
1804 . 20106571

T FOR HO:
PARAMETER=O

-7.37747 191
2.68441704
10. 46812755
18, 3217251232
-0.08113541 -

=4 26630264

0.21882800
0. 1TRR2750
=0.02836142

SAS

GENERAL LINEAR MODELS PROCEDURE

MEAN SOUVARE

AB5IZ. T2 1THORE

1.25556495

F VALUE

12171.890
32096.20
T689.75
S8424.01
1767 .47
5435).74
a716.66
1516.61

=-4.23
J26.88
3625
40,50
261.5%8

PR > F

0.0001
0.0001
0.0001
©.0001
©.0001
0.0c01
Q.0001
0.0001

er > |T|

©.0001
©. 0008
©.0001
0.0001
0.0001

~55.15 0.0001
7.32 0.0001
&0.96 Q,0001

-38.94

0.0001

F VALUE

22717.04

o
=

-k s A s s

STD ERROR OF
ESTIMATE

1.74499359
©.01183198
©.39885928
©.47623918
©.00031017
©.07725701
0.02998420
0.00295135
©.00075138

:02 FRIDAY, MAY

PR > F
0.0001
" RODT MSE
1.12051995

TYPE II1 S5

64620 .4905 1462
864 .84405024
2067 .89E08226
B85910. 79148859
3818 .46 199437
£7-28072021
4666 . 50425761
1804 . 30186571

R=S0UARE

0.883383

F WALUE

51473.64
can.81
1546.99
€8424.01
3042.03
53.88
IT16.66
1516.61

19087 L]

c.v.

1.17%4

TEMP MEAN

®5,.32173926

PR > F

©.0001
©.0001
©.0001
©.0001
O. 0001
©.000t
0.0001
©.0001
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545 . 3:02 FRIDAY, MAY 8, 1987

2
PLOT OF YPREDICSTEMP LEGEND: 4 = 1 OBS, B = 2 0BS. ETC.

YPREDIC |

AL [+] *

130 +

120 +

BJDGAL
AFGGBAA
CCUNCECE
. BCGIJLFC
110 . BDOVLGCD
E1ODKGH
. FENROMJDA
ABBHNRQUFE
A BCULSIIDA
100 - DF LNOKKEA
BCFLOOKDCB
BACF 1 20FF
ACEGMOLKDE
A€ EUNMLIDA
80 + 4 ADEENSIIR
A A GLPIIDA
" “CKGMKEFD
‘ABJL $MDEC
ACFRKJEDE
a0 - AC FJLDA &
 AAADCDGCABA
THHCECBA
A AABEHDDB
CACCBBCA
10 + A CABCABA
AB BBCC
CRBAAA
A AAa BB
AL A
€0 - AL B
: B A
A A
A
&
90 +
i ,
- >
S0 55 &0 3 70 15 a0 [1] g0 a5 100 105 110 118 120 125
TENP

NOTE: 5 OBS HIDDEN
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SAS 2:02 FRIDAY, WAY 8, 1987 3
PLOT OF YRESIDU*YPREDIC LEGEND: 4 =~ 1 OBS, B = 2 DAS, ETC.
vaE:iD.U

1 +
5 - A A
A
4 + A
3 + A
A A A
A A AbA . 'y _ AA A
A A Ahd B CAL A A A AL A B AdA
2 + A A A BA  AAA A A A A A AA B AAB AABA BEBR
A A BA A A AA A A AL AAAA A A A AB . AAAR AB- AE BAA B
) A AB AL AA CA A A AAAE A ALA AA ABAE AB AADA A A
A A A BC A A A KB A A A A A AB AA A aBACC CCA ABAA B A
1 + A AL A A B AL A AB BA A A4 B B B A AAHAHE AAB AAABBCACACBABDCAEA .} A A
A A A A AAL ARAA A A ABBAABE AA CTBABE B A B A COCDBBAAABACA AE AMAA AA AAR
A A A A4 A DACA &4 ' ABC BABBBABAODBDSBFAODBA C BCABCABOD C CABA BB 8 CAAAD
A A A A A A B AAd BA B AA B AADABABCCCDAAADCBA ADBAOBAACARDAAA AACE SHOCABAABA A
[4] * A Ak A A-ALk AC BACOCERAAAACH BBAACBBCOABCFCBCCC BCA DBBAAEBBFDCESACERE €
a A AA A CA BB ABAABEAQDACIBAABDBAAABDADAADEBOFGDDECDEAQBDBDCACED AR C B
A A AA A A ACASBE CCBA AC A  ABC ACDAAGBDBABAAGDABAECOECRCDE BD BA
A Ak AA B A AAE AACBACCC FA CAEACCCH BDAAABFBEAF BADDACBOBR Ca A A
-1 + A A AL B C AA  BAAAACAAGE A CBAABCAADCEH FBAABAA B BAL 4 A A AAA  AA
4 A A . A BAG BC CAAFALRA AB BA CA CAMAB BaB B A A &
A A A A C A AMAAAA B4 A AA AAMAA AMM A B A A A
A A AL A aAC 'y AA B BC AC MAA A A B
-3 + A 'Y A AR AAAA AL A Ak A
& A A B A A A A  AAA AA [ A A
: ° A A AL [ A
A A a A A A
-3 +* A a
A A A
A A
A
-4 - a
A A A
-5 + A
| . . .
0 55 &0 [1} 70 73 30 Bs. 20 s 100 108 110 t15 120 128

YPREDIC
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DEPENDENT VARJABLE: TEWNP

SDURCE

. MODEL
- ERROR

CORRECTED TOTAL

SCURCE

DAYE
TIME

. LAYER

DATYESDATE

TIME=TIME
TIMESTIME® TIKE
TIRE*TIME*TIME*TIME

PARAMETER

INTERCEPT

DATE

TIME

LAYER

DATE*DATE

TIME*TIME
TIME*TIME=TIME
TIME*TIMESTINE*T InE

OF

$180
1187

DF

[ ]

5a8

SUM OF SQUARES MEAN SOUARE
£2560.409 12504 11794, 24416072
1402. 12855373 1.18824538
8396253867877
TYPE I S5 F VALUE PR > F
4875.92921073 4102.47  0.000%
16180.50912705 13617, 14 £.0001
4600.83463648 3871.86 ©.0001
AT258.63538297 asT71.78 0.0001
S16. 1486 1966 435,90 0.0001
£216.02579882 T503.52 0,000t
209.12 1446590 176. 16 ©.0001
) T FOR HO: PR > |T]
ESTIMATE PARAMETER=D
£2.66070339 360.84 0.0001
2.22547650 177.85 ©.0001
~4.51637367 -28 .24 ©.0001
2.41021465 €2.23 ©.0001
~0,06541879 -199.43 0.000%
©.80313832 23.63 0.0001
~0.03855661 -18.08 ©.0001
0.00037167 13.27 ©.0001

GENERAL LINEAR WDDELS PROCEDURE

3:02 FRIDAY, WAY 8, 1987 4

F WALUE PR > F

8925.85 £.0001

ROOT MSE

1.DROOEEES

4
41

[

STD ERROR OF
ESTIMATE

0.24022240
0.01251314
0. 15991227
0.038733383
0.00032802
0.03399414
0.002186328
0, 00004307

TYPE 111 55

J7505. 42205364
247 ,.80020270

600 . 83461649
258 .§3928227
§63.25258310
00 . 90644T42
208 .32 144690

R~SOUARE c.v.
0.933301 1.4236
TEMP MEAN

76.56960013

F VALUE PR > F
31631.03 D0.000t
797 .65 ©.0001
3871.86 0.000t
38T TR ©.0001
558,12 0.0001
227.3% 0.0001
176.16 ©.0001



SAS 3:02 FRIDAY, MAY &, te8?

PLOT OF YPREDIC*TEMP LEGEND: & = 1 DBS, B8 » 2 0BS, ETC,

YPREDIC |
25 - ABA
A BAA
ABB A A
A CB308A
ADEABBAA A
80 + CAFFA B
AAG ACAMA
AELCFKEBAA
AMDECCE AA
. BCCEGFE
as + ACEFEFBE A
. . BBCEDFFDB &
_AACABFIHGDDA A
: BRECFEDGECA
) ACEJGHGHE &
&0 - ABEEGICMLCBL
BECAINJFLBAA
ABBBFGLEIHAB AC
ABDDNOHFCC A AA
ABDGELTJGE B AA :
7% . CBDEJFEHDA A
ACFHOGHC & A
CCECFHDEA A
A A AGHHECEB
. .BACDHHOE A A
T0 - & " ABCOFGEA &
) C DCFEECC &
4 4 B COEFBA
BABCFECDD A
Ah A AABBCGGAL
&5 “ A B AAABCBBBE A
" 8A - DEBDCCH
AA A CB A &
© ACA AMBG BA
A A ACEBA
. &0 - A BB A A DBA
A € AC
AA CA C©
ccC
. . A A
55 + ABA
B
B
0 +
| .
50

52 54 e S8 L] &2 4 117 &8 10 T2 74 76 T8 a0 a2 8d 26 a ‘80 iz [ L] " [ 1]

TEMP



SAS S o 2102 FRIDAY. MAY B. 1987 . &
PLOT OF YRESIDU*YPREDIC LEGEND: A = 1 OBS, B-* 2 OBS, ETC. ~
YRESIDU |
4 +
A
Fy ) . B . : FYYS
| + A F A A A A A
'y A A A .
& A A
AL A A A . ) A AAAA
A Y A . A a A A A a
2 + 4 B A B A A Ah A C A
A A A AL A A A . A A A& a A A AR AA A
B A A A B A A Ak A A AA A
A BA AC A A A A A A A A A AA
A A 4 A A B BA A AAAB B CAML A A A B a AnB A FYYY A
1 + [ TR A AM AAL A A BAARA B A A AAA B B BA A A A KA & A ABBA 'y
A BAA A C4A B AAADBHBAAAAACARALABE A A8 AR 84 AB 8ABBAAL B A A A . L)
A A A AdL A B A A C A Ad A AD B C BAABA BAAARAACABAA A AAA AADBA CEma B
A A A A AAA8BA BBRBA BAA RAA CBABCEBAABAADBAECACA DBABHA A BBA A CB AABA A A
B A A AAAMA A BABADE 96 SACE AABBOCABARBBCCA BAA CAB AABECBS BHEC 4 BAA
-] + A B A Ch 4AAA C BBD & CAAAABCCCB BBBE EFCC 8 BCADAG B A C BAA
A AA A A AA  BHAAL CA AAAAR BACFECDABCBAACDCRAAABA CA AC BAA 8
A A A c AA BAA & A A CAC CACABAC CCCCBODAA D BDAACA AAAABA -AABABEBE
IS i : AB A A C ABADAA BBCH BDEDA BDAAAAAA BHDACA AL A
A A AdA ABAA AABE B ECA AB A HBDDADABA @ CABAC AAAH A A
-1 + A AA A AMAL A B AMMAAB B A ADBAC A C C Ak CAB- B
A A A A4 AA AAA BDAA A AA BBRBACCCH B A A
F Ak Ad A AL B AABA  ABAABBA AL B
A AL A [YY R YY) BAAA AA A A T €
A A A A A A A ] A cB CaB A AL
-2 - A A BA . ] . AL AB & AA
A A A c A A Ak AAKB
AL 'y A A A AA A
A A
A A A
«3 * A
A
'y
-4 + A
A
- . -
I . . _
%0 %7 84 586 8B 60 K1 64 €6 68 O T2 T4 76 ¥ A0 B2 B4 86 ME S0 B2 $4  BE W

YPREDIC
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3:02 FRIDAY, MAY 0, 1987 T
VARTABLE N MEAN STANDARD MINTMUM HAX IMUM STD ERRDR sUK VARIANCE c.v.
DEVIATION VALUE VALUE OF MEAN
LAYER=1 RANGE=1 :
DATE 232 21.12612813 13.208469 19 1.00000000  36.00000000 0.86648441 4680 . 00000 174.,46366 62,522
TIME 222 9. 12612613 8. 45087361 1.00000000  24.00000000 0.567 17208 2026 . 00000 T1.41388 92,898
PROFILE 222 492.18315318  218,09428860 1.00000000 B64.00000000  21.34908078 102258.00000 101183, 07644 84.623
TEMP 222 6a.02202703 5.21991262  54.10000000  74.88000000 0.35033760  13100.88000 27.24740 7.874
UAYER=1 RAMGE=2
‘DATE - 222 10.21621622 8.94417620 £.00000000 3600000000 0.60029080 4044 000000 79.908288 45, 100
TIME 222 13, 25675676 B.60820530 1.00000000  24.00000000 0.577744591 2943 ,000000 74, 101198 64,034
PROFILE 222 426 44584585 214, 71470347 8.00000000 A57.00000000 1441071271 B4671.000000 46102.438241 50,350
TEMP 222 79..34783784 2.85011538  75.04000000 8480000000 0.107996T8  17615.220000 8.703181 3.1
- LAYER® 1 RANGE=] =
DATE 120 19.04851163 10. 40572293 1.00000000  36.00000000 0.891617282 2457, 000000 108278070 54,639
TIME 129 14.29581335 8.24147980 7.00000000  22.00000000 0.46148656  1833.000000 27.473110 36.767
PROFILE 1290 447.37209302  249.81521514  $0.00000000 AS55.00000000  21.99500326  S7711.000000 6€2407.641715 5,841
TEMP ta9 89.75007752 2.82208370  05.20000000  94.95000000 0.24887851  11577. 760000 8.054730 a.162
LAYER= {1 RANGE=4 = ——— - -
DATE 127 16.3700708%4 10. 47430058 1.00000000  33.00000000 0,82044468 2078, 000000 109. 741181 £3.904
TIME 127 12.70866142  3,48400901 £.00000000  1B.00000000 0.31004216 - $74 1000000 12.208099 25,488
PROFILE 127 382.50033148  251.39535531  12.00000000 743.00000000  22.J077I050 48588.000000 &I190.624672 s, 708
TEMP 127 100, 02511810 2.0B173673  95.00000000 104.98000000 .  ©.27345982 12703, 190000 9.49T101 3.08t
amemmees LAVER®{ RANGE®S . -
DATE | 109 1609523810 7.36092047 4.00000000  29.00000000 0.71835228 1680 ,000000 54 133150 48.734
TIME 105 13.57142857 2.40934536  10.00000000  123.00000000 0.23512803 1425 000000 5.804945 17.753
PROFILE 105 ITS.ASTHAZRE  176.608G317C  86.00000000 686.00000000  17.23533738  39465.000000 31180.868720 46 989
TEMP $05  109.98266667 2.72379%88 105, 10000000 -114.74000000 0.26581526 11548, 180000 T .418064 2.477
=== LAYER=1 RANGE =6 ~~= -
DATE %3 17.35593220 3.80001230  11.00000000D  25.00000000 0,.49471846  1024.000000 14. 4400838 21.895
TINE 836 14.,00000000 1.25944706  12,00000000  16.00000000 0. 18396604 836.000000 1.5862069 8._996
PROFILE 59 - 406.54237288 91.20899147 253.00000000 S590.00000000  11.874285923 23986.000000 8319.0800701 22.43%
TENP 59 147.62778661 1.66300421 115, 13000000 121.28000000 0.21650471  §940.040000 2.7655830 1,404
- LAYER=2 RANGEw1 -

. DATE ‘232 21. 12612613 13.20845919 1.00000000  36.00000000 0.B8645441 4690 .00000 17446366 €2.322
TIME 232 9.12612613 B.45067361 1.00000000 - 2400000000 0.56717208 2026 .00000. 71.41388 97.598
PROFILE 222 492.15315315 318 .09428860 1.00000000 864.00000G00  21.34809079  1092%5.00000 101182.87644 §4.632
TEMP 222 70.05594585 5.44692447 56, 15000000 T4, 13000000 0.369%7363  15552.42000 29.66090 7.778

——— LAYER=2 RANGE=2 - - -
' : . 100
‘DATE 222 10.21621632 8.944 17620 1.00000000  J6.00000000 0.60028380  4044.000000 19998288 a9
?ms 222 13.25675676 8.60820530 1.00000000  24.00000000 0.5777449) 2943000000 74.101198 64.934
PROFILE 222 426445845885 21471478247 ‘DO0O0O00  AST.00000000  14.41071171 B4671.000000.. 46102.438241 5G.350
TEMP 221 80.89815313 3.72174176  70.45000000  B8.47000000 0.2487B685  17981.590000 13.851362 4.585
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S5AS

3:02 FRIDAY, MAY 8, 1987 8
VARIABLE N MEAN STANDARD MIHEMUM MAXTMUN STD ERROR suM VARIANCE c.v.
DEVIATION VALUE VALUE OF MEAN
LAYER=2 RANGE=] e -— -
DATE 120 19.04651183  10.40572283  1.00000000  36.00000000  ©.81617782  34537.000000  10A.278070 54.633
TINE 120 14.25531395 5,24147080  7.00000000  22.00000000  0.4614BE56  1838.000000 27.473110 96.767
PROFILE 129 447.37209302 248.81521544  10.00000000 B55.00000000 21.88500126 S7711.000000 62407.641715 55.841
TENP 128 82.6E054264 4.309S6768  79.42000000 SBR.53J000000  0,3ETIC004 1144 1.080000 19.356196 4.969
LAYER®2 RANGEwd ==
DATE 127 16.37007874  10.47430338 1.00000000 31.00000000  D.5927944468 . 2079.000000 109.T14161 .88
Tiug 127 12.70886142 3.4940080%  8.00000000  19.00000000  0.31004316  1741,000000 12.208099 25.488
PROFILE 127 3B2.50035118  251.39513531  12.00000000 782.00000000 122.30773050 48585.000000 €3199.624673 €5.700
Tewp 127 96.76015748 4.37253876  88.51000000 106.42000000  O.38800007 12288 .S40000 19. 119085 4.5189
LAYER®2 RANGE=5 ———
DATE 105  16.09523810 7.56092047  4.00000000 28.00000000  ©O.T1B3LZIE  1620.000000 54. 183150 a5.734
TIME 105 11.%57142857 2.40924%36  10.00000000  1§.00000000  ©.23512803  1425.000000 5004945 17.752
PROFILE 105 375.85714286  176.608ESITO  AC.DOGOODG 686.000000CC  17.23533738  J9465.000000 31190.868780 a5.989
TEwp 105 105.23638085 3.450943752 0675000000 111.45000000  0.33760653 11048 .820000 11.86T708 3.287
LAYER2 RANGE=S
DATE 59 {7.35583220 3.40001390  11,00000000 25.00000000  ©.49471946  1024.000000  #4.4400935 21.293
TIME %9 14.00000000 1.25944706  12.00000000 16.0000000C  ©. 16396604  876,00000C 1.6852060 2.996
PROFILE 59 406.54237288  91_20899117 253.00000000 B30.00000000 11.87419923 23986.00000C BI10.08C0TOL 22,438
TEmP S8 112.26B47458 1.92175200 109.07000000 115.73000000  ©.25015080  §623.840000 2.60831228 1.7%2
LAYER=D RANGE=1 --
DATE 277 2112692613 11.2084691F . 1.00000000  36.00000000  0.88649441  4690.00000 174 .46286 €2.822
TINE 271 9.136126 13 8.43067361 1.00000000 24.00000000 ©0.5671720B 2026 ,00000 T1.41388 92.595
PROFILE 277 492.15315315  313.094288E0  1.00000000 864.00000000 2134503079 109258.00000 101133.07644 $4.633
TEWP 222 71.90617117 5.74419638  57.8000000C 80.77000000  ©.3855252% 15863, 17000 32.89570 7.988
- LAYER®S RANGEe2
DATE 222 18.21621622 B.94417620  1.00000000 95.00000000  ©.60029380 4044.000000 78.990288 43.100
TIME 222 13.25675676 B.EOB20530  1.00000000 24.00000000  0.57774451 2943, 000000 74.101198 64,994
PROFILE 232 426.42554595  214,71478347  £.00000000 857.00000000 14.41071271 84671.000000 46102.438241 50.250
Teup 237 82.45184685 £.92693958  £7.13000000 91.26000000  ©.33067453 18304 .3 10000 24.274734 5.976
LAYER=3 RANGE=D --
DATE $29 19.04651963 10.4D572297  1.00000000 . 36.00000000  0.91617282  2457,000000  108,279070 84.433
TIME 129 1423581365 5.24147900  1.00000000  21.00000000  ©.46148656 1835 000000 27.473110 36.767
PROFILE 120 447.37208302  249.81521514  10.0000000C B85.00000000  21.99500326 S7711.000000 €2407.64 1715 55,841
Teur 128 87.62961240 6.65060761  74.77000000 100.06000000  0.38555334  11313,250000 44.230580 7.583
- LAYER=] RANGEw4 --
DATE 127 $6.IT0OTBTA  10.47420858 1.00000000  71.00000000  0.82944468  2079,000000  108.711161 €1.984
TINE 121 13.70866142 3.49400301  B.00000000  19.00000000  ©.31004316  1741.000000 12.20800% 25.488
PROFILE 127 2E2.58035t18  251.39535531  12.00000000 783.00000000 22.30773050 48580.000000 GIt9U.G24672 &5.708
TEMP 127 93.64273584 C.08€89402  82.88000000 106.20000000  0.54013450 11892, 630000 77.080279 €.300
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" SAS

2:02 FRIDAY, MAY 8. 1987 ®

102.20000000  111.0700C000

VARIABLE N MEAN STANDARD MINTMUM MAX TMUM sToD Ewnnh pil VARIANCE T.v.
DEVIATION VaLUE VALUE OF MEAN
LAYER=3 RANGE=S ————
DATE L] 16.05323810 7.26092047 4. DO000000 29.06000000 0.71835238 1680. 000000 54183150 A3.T7I4
TIME 105 12.87 442057 2.40034536 10. 00000000 18, 00000000 0.23512803 1425 . 000000 £.804D45 17.753
PROFILE 105 3715.857143286 176.6086537T0 086 . 00000000 86 . DOODOOOC 17.23533738 39465.000000 3JI1100,.869780 46,909
TENP 105 100.84580476 4.43448604 §3.35000000 109.4T000000 O.43176161 10588 . 820000 19 .664674 4.287
~e=== LAYER®3 RANGE®G == .

' DATE as 17.23383220 3.830001230 11,00000000  2%,00000000 ©. 49471946 1024 . D000 144400915 21.095
TinE 58 14 00000000 1.28844706 12 . 00000000 16 . 00COO000 O. 16396604 824 . 000000 1.58620689 8.9086
PROFILE 58 406.54237288 91.20880117  253,00000000 590.00000000 11.87439933 23886.000000 §318.0800701 22.425
TEMP L1 10721728014 2.44862801 0.31852304 £325 . B20O0O0 5. 0050825 2.282
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SAS

TABLE OF ‘RANGE BY LAYER

RANGE LAYER
FREQUENCY
PERCENT
RDVW PLT
coL PCY 1] 2] af
PROFILE 1 2322 222 222
B.3%6 8.56 B.S6
33.32 33.1m 33.313
25.68 2568 25.69
PROFILE 2 2232 222 222
B.56 8.56 B.56
33.33 23.132 23.93
25.68 25.69 25.69
PROFILE 3 128 128 129
4,08 4.98 4.98
33,33 23.33 33,13
_ 14,93 14.93 +4.92
PROFILE 4 127 127 127
a.90 4,80 4.0
33.32 33.32 33.23
14,10 14,70 +4.70
PROFILE & 105 105 105
4.0% 4.05 4.05
23.33 33.39 33.33
12,13 12,15 12, 15
PROFILE & 89 88 59
. ) 2.128 2.2 2.28
33.33 3.3 23.33
c.82 6.2 €.23
TOTAL 864 [T (1]
33.33 33.323

33.23

TOTAL

666
23.69

666
25.69

ae?
4.93

ant
.70

215
12.15

t77
6.83

2%92
100.00

J:02 FHIDAY, MAY &,

1987

10
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