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DISCLAIMER

The contents of this report reflect the views of the author who is responsible for
the facts and the accuracy of the data presented herein. The contents do not necessarily
reflect the official views or policies of the North Carolina Department of Transportation
or the Federal Highway Administration. This report does not constitute a standard,

specification, or regulation.
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ABSTRACT

The objective of this research was to conduct a comparative study of performance of
different designs for flexible pavements. This objecive was approached through extensive
field and laboratory testing of test pavements. Also, a comprehensive computer-based design
procedure for flexible pavements was developed based on results from the field and
laboratory tests. Testing was carried out at a test facility constructed on US 421 Bypass near
Siler City, North Carolina. The experimental stretch was about seven and one-half miles long
and was composed of 12 pavement section types, two of each type in two directions of traffic
(having different expected traffic loads), for a total of 48 sections. Of these, only 24 sections
on the south-bound lane were instrumented. Response parameters were measured in the
field using stress and strain gages embedded in the pavement structure, and an assembly of
LVDT's were used to measure deflections at various layer interfaces. In addition, traffic
volume and pavement distresses were monitored during the pavement life. Traffic
measurements were made using a weigh-in-motion device.

Based on the nondestructive testing procedures, layer moduli for the various
pavement layers were backcalculated. A comparison of predicted and measured responses
were carried out based on measurements obtained from field instrumentation. Distress survey
data, along with the measured responses, were used to compare the various designs
employed in the study. In the laboratory testing, the mechanical properties of pavement layer
materials were determined by subjecting specimens of the given materials to a series of
dynamic load tests under environmental conditions representative of those experienced in the
field. Performance prediction models for predicting fatigue cracking and rutting of the
asphaltic concrete layers were developed. A study of the variability observed in the field data
was performed. A reliability-based methodology to deal with the variability in pavement
layer properties was developed. The application of the reliability-based methodology in
pavement design computations has been demonstrated. Calibration factors for fatigue and

rutting based on field and laboratory results were developed. In addition, a methodology



for a calibrated mechanistic design, based on fatigue and rutting criteria, was developed.
Also, based on the mechanistic principles developed, a computer program (NCFLEX ) was
created that could be used to analyze and design flexible pavement systems based on fatigue
and rutting criteria. A comparative study of the various existing pavement design methods like
AASHTO, VESYS, and the Asphalt Institute was carried out with respect to the US 421

field observed distress data.
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CHAPTER 6
PERFORMANCE PREDICTION MODEL FOR FATIGUE
CRACKING

6.1  Fatigue Cracking - Definition

Fatigue cracking of the asphalt concrete surface layer of a flexible pavement is
generally considered one of the most significant and common forms of distresses. Many
researchers (Yoder et al., 1975; Khosla et al,, 1988) define fatigue as a phenomenon of
repetitive load-induced cracking caused by a repeated stress or strain level, below the ultimate
strength of a material. As a result of this phenomenon, repeated load applications of traffic
and the variation of the traffic load intensity will result in cracking at the bottom of the surface
layer of asphalt concrete pavements. The pavement is considered to have failed from fatigue

when the surface layer can no longer perform in a satisfactory condition.

6.2 Literature Survey
6.2.1 Laboratory Testing Methods

Fatigue tests may be conducted under different testing conditions and specimen
configurations. These are the diametral indirect tensile test (Hadley et al., 1983; Kennedy,
1977; Quintus et al, 1982; Tangella et al., 1990; Yoder et al., 1975), flexural (beam) test
(Hadley et al., 1983; Quintus et al., 1982; Tangella et al., 1990), trapezoidal test (Bazin et al.,
1967: Bonnaure et al, 1977; Tangella et al., 1990), torsion test (Tangella et al., 1990), direct
tension test (Raithby et al., 1970; Tangella et al., 1990), and wheel tracking test (WTT)
(Bohn et al., 1977; Tangella et al., 1990). The tests can be carried out either in controlled
stress or controlled strain mode.

In general, to obtain a fatigue life that is comparable to that in the field, the test
method should simulate, as closely as possible, the conditions of loading, support, and the
stress state to which the material is subjected to, in the pavement. Many investigators

(Raithby et al., 1970; Sausa et al., 1990; Tangella et al., 1990) have found from laboratory
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tests that the testing condition variables can significantly affect fatigue lives. Therefore, to
obtain fatigue lives that are comparable to those that occur in the field, a realistic loading
time, loading configuration, loading level, testing temperature, and rest period duration should
be used in the test method.

Diametral Indirect Tensile Test
The diametral indirect tensile test was developed simultaneously, but independently,
in Brazil and in Japan (Kennedy et al., 1968). The test is a type of tensile strength test used
for stabilized materials. The loading configuration develops a relatively uniform tensile stress
perpendicular to the direction of the applied load and along the vertical diametral plane, which
ultimately causes the specimen to fail by splitting along the vertical diameter. Figure 6.1
shows the loading configuration and failure caused in a diametral indirect tensile test. |

Before 1965, the diametral indirect tensile test had been used primarily to measure the
tensile strength of concrete (Kennedy, 1977). Since 1965, a series of research results at the
University of Texas have suggested the use of diametral indirect tensile test as the most
practical test for determining the tensile characteristics of pavement materials.

In 1972, Schmidt reported that the resilient modulus of asphalt-treated mixes could
be measured using a repeated load, diametral indirect tensile test. He concluded that the test
was relatively inexpensive and more rapid than any other routine stability tests.

In 1977, Kennedy suggested that the repeated load diametral indirect tensile fatigue
test could be used to characterize fatigue cracking of asphalt pavement materials. Ruth and
Olson (1977) conducted diametral indirect tensile tests in the same year to predict fatigue life
of an asphalt concrete pavement. Since then, many researchers (Hadley et al., 1983; Khosla,
1984: Khosla et al., 1985) have conducted diametral indirect tensile tests for the evaluation
of the tensile properties of stabilized materials.

Review of literature concerning diametral indirect tensile tests, yielded many
advantages and disadvantages. The test has the following advantages (Kennedy et al., 1968;
Khosla et al., 1985; Tangella et al., 1990):

H The test is relatively simple to conduct.
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Figure 6.1 Load configuration and failure of diametral test.
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3
C))
®)
(6)

The type of specimen and the equipment are the same as those used for the resilient
modulus test and indirect tensile strength test.

Failure is not seriously affected by surface conditions.

Failure is initiated in a region of relatively uniform tensile stress.

The coefficient of variation of test results is low compared to other test methods.
A biaxial state of stress induced in the test can represent the field conditions better,

when compared to simple flexural (beam) test.

(7)Tests can be performed not only on laboratory specimens but on field cores as well.

In addition, the test provides information on:

(M

()
3)

The tensile strength, modulus of elasticity, and Poisson’s ratio for both static and
repeated loads.

Fatigue characteristics.

Permanent deformation characteristics of pavement materials.

On the other hand, the test has the following disadvantages (Kennedy, 1977; Sousa

et al., 1991; Tangella et al., 1990):

1)
()
3)
“4)

(5)

The test loading conditions do not simulate those existing in the field.

The theory is more complicated than that for direct tension and flexural (beam) tests.
There is a possible concern about the absence of stress reversal and the accumulation
of permanent deformation.

The determination of Poisson's ratio or moduli based on the vertical deformation is
subject to significant inaccuracies.

The theory of elasticity has to be assumed to calculate modulus and strains.

Based on the literature review, it is considered that the diametral indirect tensile test

has the greatest potential for evaluation of the tensile properties of highway materials

(Kennedy et al., 1968). The main disadvantage attributed to the test is its failure to simulate

loading conditions in practice. Although such conditions may be desirable, they are not

decisive and are more than offset by the many advantages of the test. The diametral indirect

tensile test is therefore considered to be a common test for evaluating the tensile properties

of stabilized paving materials.
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Flexural (Beam) Test

The flexural beam test involves the application of a repeated load that results in the
bending of a beam specimen. Figure 6.2 shows the schematic drawing of a repeated flexural
apparatus that is commonly used. There are two standard methods for applying loads to a
simply supported beam. The load may be applied as two equal concentrated loads at the third
points of the beam or as a simple concentrated load at the mid point of the beam.

In general, the flexural formula is used to estimate tensile stresses in a beam. Various
forms of the bending deflection formula exist, that use the applied loads and the resulting
center or third point beam deflections, to estimate modulus and tensile strains. It should be
noted, however, that the resulting deflected shape of the beam is a function of both flexural
(or bending) effect and shear force effect. If the deflection of a beam under a given load is
used in estimating modulus and tensile strains, both effects should be considered (Hadley et
al., 1983).

From the literature review many advantages and disadvantages of the simple flexural
(beam) test was found. The test has the following advantages (Hadley et al., 1983):

(D The test is relatively well known and widely used. |

(2) Results of controlled-stress testing and controlled-strain testing can be used for the
design of thick and thin asphalt pavements, respectively.

(3) In third-point loading, failure of the specimen is initiated in a region of relatively
uniform stress.

On the other hand, the test has the following disadvantages (Hadley et al., 1983; Tangella et

al., 1990):

(1)  The test is expensive and time consuming.

2) The state of stress is uniaxial; therefore, it is difficult to simulate the state of stress
within the pavement structure.

(3)  Elastic theory must be assumed to compute the tensile strain or stress.

Trapezoidal Test

Shell researchers have conducted bending tests on trapezoidal specimens (T angella
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Figure 6.2  Repeated flexural apparatus.
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et al.,1990). The larger dimension of the specimen is fixed and the smaller end is subjected
to either a sinusoidal stress or strain. By carefully selecting the dimensions of the sample, the
maximum stress can be obtained near its mid height (Bonnaure et al.,1977). For example,
specimen dimensions tested by van Dijk (1975) had a base cross section of 2.17"x0.79"
(5.5x2.0 cm), a top cross section of 0.79"x0.79" (2.0x2.0 cm), and a length of 9.84 in. (25
cm). In 1967, Bazin and Saunier used the trapezoidal specimen to characterize the complex
modulus and fatigue behavior of asphalt pavement. The advantages and disadvantages are

similar to those observed with the flexural (beam) test.

Wheel Tracking Test (WTT)

Several researchers (Quintus et al., 1982, Terrel et al., 1972) have carried out triaxial
tests which undoubtedly correlate better with stress conditions in practice than the simple
bending tests. However, the effect of a rolling wheel is still difficult to simulate in these
laboratory tests, where the pattern of crack initiation and propagation is often quite different
from observations made in practice. Therefore, in order to better simulate the effects of a
rolling wheel on the pavement and to better understand the pattern of crack initiation and
propagation, a wheel tracking machine has beeh developed to study fatigue characteristics of
an asphalt slab (Tangella et al., 1990).

The wheel tracking machine is a test apparatus in which a loaded wheel with a
pneumatic tire is rolled back and forth on a slab of asphalt concrete. The wheel has a
diameter of 0.82 ft. (0.25 m) and its path is 1.97 ft. (0.60 m) long with a width in the range
of 0.16 to 0.23 ft. (0.05 to 0.07 m). The slab is supported by a rubber mat. A schematic
drawing of the apparatus is given in Figure 6.3.

The primary advantages of the wheel tracking test are as follows (Bohn et al., 1977,
Tangella et al., 1990; Van Dijk, 1975):

(H The test can simulate the actual state of stress of field conditions.
(2) The information on crack initiation and propagation can be monitored from strain
gauges attached at the bottom of the asphalt concrete slab.

The disadvantages of the test are as follows (Bohn et al., 1977, Tangella et al., 1990; van
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Figure 6.3 Schematic representation of wheel tracking machine.



Dijk, 1975):
(1)  The test is too elaborate and time consuming.

(2)  The rolling wheel has some limitations pertaining to speed..

6.2.2 Performance Prediction Models

The fatigue characteristics of asphalt mixtures have been described traditionally as a
relationship between the number of load repetitions to failure and some significant
engineering parameter. Various efforts have been made to find out the most significant
engineering parameter that explains the general fatigue performance of asphalt concrete
pavements. These efforts have produced many phenomenological or mathematical fatigue
models.

Perhaps one of the most commonly used conventional approaches to describe the
fatigue life of a given mixture is through a relationship between the initial tensile stress or
strain and the number of load repetitions to failure. The initial tensile stress or strain during
the test is plotted against the number of cycles to failure on a log-log scale. A linear
relationship between logarithms of the initial tensile stress or strain and the fatigue Life

confirmed the following phenomenological fatigue models:

1.k
Nf=Kl(;:—‘)2 (6.1.1)
or
N, = K( 1 )K2
£ ™ ; (6.1.2)
where N; = fatigue life,
£; = initial tensile strain,
o = initial tensile stress, and

1

K,, K, = experimentally determined regression constants.
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Some investigators (Kim et al., 1991) have recommended that for asphalt mixtures
the “recoverable strain” be considered as the significant engineering paraméter instead of the
“total initial tensile strain.” The same approéch is followed using the recoverable tensile strain
at the 200th cycle instead of using initial tensile stress or strain corresponding to the ordinate
of the plots. The linear behavior between the recoverable tensile strain and the fatigue life on
a log-log scale generated the following power form of the fatigue model:

1.k,

e"

N, = K (6.2)

where N; = fatigue life,

€

T

= recoverable tensile strain, and

K,, K, = experimentally determined regression constants.

In 1985, Monismith et al. suggested the following mathematical relationship that is
more applicable to asphalt-aggregate mixtures in general:

1,1
N, = AP -
= AY(S) (6.3)

where N; = fatigue life,
€, = initial tensile strain,

S, = initial mixture stiffness, and

A, b, ¢ = experimentally determined regression constants.

Many researchers (Chomton et al., 1972; Pronk et al., 1990; Tayebali et al., 1992)
have performed the flexural beam fatigue test to characterize a given asphalt mixture using
energy concepts. They used an energy based approach for explaining fatigue behavior of the
asphalt mixture, and have shown that the total cumulative dissipated energy and fatigue life

have the following relationship:

W, = AN) (6.4)

where W, = total cumulative dissipated energy,
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N¢ = fatigue life, and

A,b =experimentally determined regression constants.

Itis hoted that in Equations (6.1) through (6.3) the fatigue life is described with the
initial elastic material responses whereas in Equation (6.4) the fatigue life is related with the
overall viscoelastic material behaviors during the test. That is, the total cumulative dissipated
energy is estimated from the fundamental stress and strain relationships along with phase
shifts from beginning to the end. It is considered that the phase shifts between stress and
strain are an important engineering parameter in explaining the fatigue behavior of the time-
dependent and temperature-dependent viscoelastic asphalt mixtures. However, neither
approach directly recognizes how damage to the mixture actually develops as loading

accumulates during the fatigue test (Tayebali et al., 1992).

6.3  Selection of Test Method

As discussed earlier in the literature review, the diametral fatigue test has many
advantages compared with other test methods. The greatest advantages are that it is
relatively inexpensive, simple, and efficient. In addition to these, one of the main objectives
in this research was to select the most simple and realistic performance testing method that
can be adopted by the NCDOT materials and testing laboratory.

With these objectives in mind, the repeated load diametral fatigue test was selected
and used to characterize fatigue properties of asphalt concrete due to its relative advantages.
Also, test mode, type of specimen, and equipment are almost the same as those used 1n
conventional resilient modulus tests and indirect tensile strength tests.

A haversine load with 0.05-second load duration and 0.45-second rest period was
repeated until the sample "failed". The stress amplitude was kept constant throughout
testing, and vertical loads and the corresponding horizontal deformations were recorded at
a specified number of load repetitions. Three load levels, low, intermediate, and high, were
used which induced the specimen to fail under a specific condition at about 10,000, 30,000,

and 100,000 cycles, respectively.
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6.3.1 Test Fixture and Measurement

The MTS fixture used in the resilient modulus testing was used for the diametral
(indirect tensile) fatigue test. Vertical loads and the corresponding horizontal displacements
were measured by the load cell and extensometers, respectively. Test data for each channel
were collected at the speed of 400 readings per second (0.0025 second per reading) over
approximately five continuous cycles. This data acquisition was repeated (in a logarithmic
scale) over many répetitions throughout the test until failure.

The load cell was used to measure the load at two ranges (2 kip and 20 kip (8.90 KN
and 88.96 KN)) depending upon the vertical load level applied. The extensometers were used
to measure the horizontal deformations at two ranges (0.015 inch (0.38 mm) and 0.15 inch
(3.81 mm)). Ranging the transducers to 10 % of full scale calibrates the output to a finer

scale and allows higher resolution from small deformations.

6.3.2 Experimental Design for Fatigue Characterization
The second experiment design studied the effects of the three asphalt mixtures and
three temperature levels on the fatigue life of test specimens. Table 6.1 presents the

experimental design.

Independent (Controlled) Variables

Tests were performed with three asphalt mixture types (HDS, HDB,and HB) at three
temperature levels (32, 50, and 68°F (0, 10, and 20°C)). The mixes are typical of those used
by the NC Department of Transportation. The temperatures (0, 10, and 20°C), represent
temperatures at which fatigue cracking may be a cause for concern. With the present
experimental test set-up, testing at higher temperatures would cause the specimen to deform

before the appearance of any cracks.

The response variables evaluated were engineering parameters, which represent the

fatigue damage growth of asphalt mixtures. These parameters were used to predict the
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Experimental design for fatigue characterization.

Table 6.1
Temperature Mix Type .
() HDS HDB HB
32 X X X
50 X X X
68 X b 4 X

Note: Three replications at least in each cell.
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pavement fatigue life from the number of repetitions of applied loads.

6.3.3 Test Procedure

¢y

(2)

3)

“4)

(5)
(6)

(7)

The repeated indirect tensile (diametral) fatigue test was conducted as follows:

The load amplitudes, which cause fatigue failure around 10,000 and 100,000 cycles,
were determined by preliminary testing.

Test specimens were brought to the specified test temperature. The specimens were
maintained in the temperature controlled chamber at a specified test temperature for
15 hours prior to testing.

A specimen was placed in the loading apparatus, and the loading strips were
positioned to be parallel to and centered on the vertical diametral plane. The
electronic measuring systems were adjusted and balanced as necessary.

A repeated haversine waveform load (0.05-second of loading time and 0.45-second
of rest period) was applied to the specimen. The transient vertical loads and the
corresponding horizontal deformations were measured using a data acquisition system
at a specified number of repetitions regularly based on a logarithmic scale including
a 200th cycle.

The number of load applications to failure was recorded.

Steps 2 through 5 were repeated with varying stress levels on a number of test
specimens.

The initial total horizontal strain, initial recoverable horizontal strain at 200th cycle,
and the dissipated energy from the stress-strain hysteresis loops were estimated at a
specified number of load repetitions. The dissipated energy was computed from the
average value of five continuous stress-strain hysterisis loops.

To determine the initial total horizontal strain and initial recoverable horizontal strain

in the middle plane, the following derivations were made. Also, a more detailed theoretical

background of diametral line loading in indirect tensile tests is described in (Kim,1994)

Horizontal tensile strain, €,, in the indirect tensile specimen under the line loading can

be determined from the following (Frocht, 1957):
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2P (1+3p)d4—8x2d2(1+p)+16x4(1-p)]

® = Enid (d?+4x%)? (6.3)
where P = load amplitude applied,
E = elastic modulus of the specimen,
t = thickness of the specimen,
d = diameter of the specimen,
n = Poisson's ratio of the specimen, and
X = the distance from the center line of the specimen.

Integrating Equation (6.5) along the diameter of the specimen, one can obtain the

following equation for the horizontal deformation, O,:

P 4
5 = . (2-1
u tE(ﬂ +H) (6.6)

Since we are interested in the largest horizontal strain, which occurs in the middle

plane, we replace x in Equation (6.5) with zero and get:

_ 2P(1+3p)
° Emtd

where €, = horizontal strain in the middle plane.
Equating Equations (6.6) and (6.7), and assuming that Poisson's ratio of the material

is 0.35, one can get:

e, = 052358, (6.8)

Therefore, the recoverable horizontal strain, ag, in the middle plane can be

Jetermined from:
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aE, = 0.523520, (6.9)

634 Failure Criteria

The fatigue life of the specimen predicted from the laboratory tests may be
significantly influenced by the definition of "failure.” According to an earlier study by Scholz
(1989), the failure in diametral fatigue testing occurs when the permanent horizontal
deformation reaches between 0.28 inch (0.71 cm) and 0.36 inch (091 cm). It was
recommended that the lead-based foil tape attached on the specimen and the fatigue shut-off
wiring for the MT'S be used to automatically stop the testing when the permanent horizontal
deformation reached the failure criteria.

Some preliminary testing was performed under various conditions to determine the
appropriate failure criteria for the controlled-stress diametral fatigue tests conducted in this
study. Throughout the preliminary testing, horizontal deformation was monitored and plotted
against the number of cycles (Figures 6.4(a) through 6.4(c)). Irrespective of the mixture type
and the applied load, it was found that the horizontal deformation increased dramatically on
reaching values of 0.01, 0.02, and 0.10 inch (0.25, 0.51, and 2.54 mm) of horizontal
deformation at temperatures of 32, 50, and 68°F (0, 10, and 20°C), respectively.

It should be noted that the horizontal deformation increased dramatically on reaching
the value of 0.01 inch of total horizontal deformation at 32°F (0°C) and resulted in
“specimen explosion” due to the typical brittle behavior of the bituminous materials at low
temperatures. It was considered that the abrupt specimen explosion might cause damage to
the measuring devices such as the horizontal extensometers, which measure the fine changes
in horizontal deformations. To avoid possible damage to the measuring devices, 0.01, 0.02,
and 0.10 inch (0.25, 0.51, and 2.54 mm) of the total horizontal deformations were used as
failure criteria at three temperatures of 32, 50, and 68°F (0, 10, and 20°C), respectively.

The primary advantage of having failure criteria is that the fatigue test can be
automatically stopped using the limit detectors on the MT S without any additional devices
or mechanisms. That is, the limit detector automatically turns off the hydraulic pressure

when the horizontal extensometer reading becomes larger than the preset limit, ie., a

184



.AUoov_ J,Z€ 18 SUOHEULIOJOp [EINOZLIOY JO Yimo1D) (e)p'9 N1

suonaday Jo pqumy

000091 00008 0

185

(your) uoneuuo}s3(d BIUOZLIOH



"(2.01) 4,06 1& SUOIEULIOJP [EIUOZHOY JO YIMoID (q)y'9 din1q

suoniaday Jo JequinN

000091 00008

________________________________—___.

o
|
[

.._

o

c
o
|
|
I
_
|
_
|
i

1
(your) uoneuLIoJa(d [eIUOZLIOH

186



"(D,07) 1,89 1¢ SUOIIBULIOJIP [EJUOZLIOY JO IMOID  (9)p'9 am31g

suonneday Jo JoqunN

000091 00008
____.________—_—_____—___

—_— —

(your) uoneuLoja( [eI0ZLOH

187



horizontal deformations of 0.01, 0.02, or 0.10 inch (0.25, 0.51, or 2.54 mm).

6.4 Development of Fatigue Prediction Models

The advantages of the dissipated energy approach over other concepts are well
documented by the SHRP A-003A study. As of this date, however, the enefgy considerations
have been applied only to the flexural beam and trapezoidal fatigue tests. One of the objective
of this research was to apply the energy considerations to the diametral fatigue test and to
identify the critical engineering parameter(s) which govern the damage (fatigue cracking)
growth in asphaltic mixtures.

Traditionally, the fatigue performance of flexible pavements has been correlated to
simple engineering parameters such as induced maximum tensile stress, strain, or recoverable
strain. One of the biggest problems of this phenomenological fatigue characterization has
been their time consumption. Many researchers (Huang, 1993; Robert et al., 1991; Yoder
et al., 1975) have reported that the conventional fatigue test takes a significant amount of
time, since approximately ten samples or more have to be tested to produce enough data to
develop required relationships. |

To demonstrate the superiority of the dissipated energy in representing the fatigue
performance over the induced strain, the comparison of R-square values between the fatigue
life (N,) and the various engineering parameters is presented in Figure 6.5. In this
comparison, the various engineering parameters include, the total cumulative dissipated
energy (TCDE), initial dissipated energy (IDE), recoverable horizontal strain (RHS), and the
initial total horizontal strain (TTHS). Figure 6.5 shows that the R-square values between the
energy-based parameters and the fatigue life are higher than those between the induced strains
and the fatigue life.

One of the biggest advantages of the dissipated energy approach is that a stronger
correlation can be found between the dissipated energy and the number of cycles to failure
as compared to the relationships between other conventional engineering parameters and the
number of repetitions to failure. The primary reason for the stronger correlation is due to the

fact that the dissipated energy includes not only the induced strain but also the stress and the
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time-dependent relationship between the stress and strain. That is, the dissipated energy is
computed from the history based stress-strain relationship of materials.

In addition, Figure 6.5 presents a stronger correlation between the total cumulative
dissipated energy and the fatigue life, than that obtained from a relationship between the
initial dissipated energy and the fatigue life. The main reason for the stronger correlation is
that the total cumulative dissipated energy includes comprehensive material behavior, ie., it
includes material behavior from the initial stage to the final stage of the specimen life.

Based on these findings and within the limitations of this research, it was confirmed
that the dissipated energy which results from time dependent behavior between the applied
stress and the induced strain can be a better engineering parameter to characterize the fatigue
behavior of asphalt mixtures than those obtained using conventional engineering parameters.
In spite of this advantage, it is difficult as of this date to directly apply this energy approach
to practical pavement design as it necessitates the use of a complex viscoelastic structural
analysis method.

Figure 6.6 demonstrates a typical hysteresis loop from a diametral fatigue test in the
controlled-stress mode. The dissipated energy is defined as the area inside the hysteretic

stress-strain loop; that is,

w = f ode (6.10)
where w = dissipated energy at a certain load cycles,
o = applied stress, and
de = corresponding infinitesimal strain changes.

It must be noted that the dissipated energy is due not only to damage growth in the
system but also to the history-dependence of the material. In fact, it can be easily shown
using theory of viscoelasticity that most of the dissipated energy in earlier cycles is due to the
history-dependent nature of the material. Figure 6.7 presents the variations of dissipated
energy with increasing number of load applications in a controlled-stress mode test. This
figure shows that the dissipated energy remains relatively constant until the dramatic increase

near failure.
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During the SHRP A-003A project at NCSU, the controlled-strain diametral fatigue
test procedure was developed. The test was conducted by controlliﬂg the recoverable
horizontal deformation of the diametral specimen in the remote control mode using a
computer program. Figure 6.8 shows the change of dissipated energy as a function of the
load cycle number from tests conducted using a controlled-strain mode.

The dissipated energy increases with increasing number of load applications in the
controlled-stress mode test, whereas in the controlled-strain mode test, the dissipated energy
decreases with increasing number of load applications. This result showed a good
agreement with the test results reported by Tayebali et al. (1992, 1993) using the flexural
beam and trapezoidal fatigue tests.

When an asphalt concrete pavement is subjected to repetitive random wheel loads
(varying load levels with different rest periods)-, two principal mechanisms take place within
the asphalt concrete: (1) relaxation of stresses in the material due to the viscoelastic nature
of asphalt concrete and (2) damage accumulation. If the applied stress level in the diametral
test is as low as that in the resilient modulus test, which is called a nondestructive test, the
major portion of the dissipated energy is generated because of the time-dependent.viscoelastic
property of the asphalt concrete mixture. Also, the amount of the dissipated energy from the
hysteresis loop does not change with the increasing number of load applications in a
specimen. Therefore, the damage growth within the asphalt concrete specimen is almost
negligible if any.

As mentioned before, however, the main source of the dissipated energy in the fatigue
test is from the intrinsic viscoelastic material property of an asphalt concrete mixture and the
damage growth within the asphalt concrete specimen. The dissipated energy is gradually
increased with an increasing number of load applications. The primary reason is due to the
development of internal damage growth in the asphalt concrete specimen especially in the
fairly high stress level of a fatigue test. Asa result, separating the time dependency and the
internal damage growth in a specimen may be difficult, quantitatively. However, estimating
the internal damage ratio with increasing number of load applications is possible. Therefore,

in the following two sections, two general approaches with damage growth and modified shell
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method will be presented to develop the performance prediction models on fatigue cracking.

6.4.1 Damage Growth Approach

Based on the concepts discussed above, the internal damage ratio (IDR) at a certain
number of load repetitions is defined as the ratio of the dissipated energy change to the initial
dissipated energy at the 200th cycle. That is,

Wn'W‘.
IDR_ = (6.11)
w.

i

where IDR, = internal damage ratio at n-th load repetition,

w = dissipated energy at n-th load repetition, and

w; = initial dissipated energy at 200th cycle.

In the initial stage of the fatigue tests, the dissipated energy from the hysteresis loop
reaches the steady state in controlled-stress and controlled-strain mode tests. However, the
dissipated energy increases with an increase in number of load repetitions due to damage
accurnulation within the specimen after a certain period of the initial steady state. Therefore,
the change in dissipated energy (w,-w;) at a certain number of load repetitions after the steady
state is attributed to the damage growth within the specimen. In addition, the normalization
of the internal damage ratio by dividing the dissipated energy change by the initial dissipated
energy makes it possible to describe the internal damage ratio growth as a function of the
number of load repetitions. That is, the growth of internal damage ratio defined in Equation
(6.11) can be expressed with similar mathematical form regardless of the testing conditions
and the mixture variables.

To estimate the internal damage ratio growth of the specimen with the increasing
number of load applications during the test, the internal damage ratio was plotted against the
number of load repetitions on a semi-log scale. The general trend of the internal damage ratio
with increasing number of load applications, 1s expressed in an appropriate exponential form.

Regardless of the testing conditions and the mixture variables in this research, the growth in

the internal damage ratio showed an exponential trend. As an example, Figure 6.9 presents
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the change in internal damage ratio with increasing number of load applications for HDS
mixture at 32°F (0°C). Thus, the growth ¢ the internal damage ratio with an increasing

number of load repetitions can be described by the following mathematical form:

IDR, = Aexp(BN,) -1 (6.12)

where IDR, = internal damage ratio at n-th load repetitions,

A = regression coefficient (approximatley one),
B = damage growth indicator, and
N, = n-th number of load applications.

Regardless of testing conditions and mixture variables, the internal damage ratio
growth of the specimen with increasing number of load applications showed that the internal
damage ratio increased dramatically on approaching failure (see Figure 6.9). Therefore, an
arbitrary value of four was selected as the critical internal damage ratio (IDR). This failure
criterion was decided with the consideration of the previous sample failure criteria described
in Section 6.3.4. That is, the failure criteria in Section 6.3.4 were determined based on
dramatic increase in total horizontal deformations, whereas the failure criterion in this section
was determined based on dramatic increase in internal damage ratio. However, the internal
damage ratio at the final number of load repetitions was in the range of three to five.
Therefore, it is noted that this specimen failure criterion with internal damage ratio does not
violate the previous failure criteria explained in Section 6.3.4.

Since all the internal damage ratio growth curves display an exponential shape, they
can be superposed by horizontally shifting these curves. This observation simplifies the
modeling of damage growth significantly. One can now develop a damage growth law for a
reference condition, and use this reference for other conditions by shifting the reference curve
by a predetermined amount (shift factor). In the following sections, the application of this

concept to performance prediction modeling is described in more detail.

Growth of Internal Damage Ratio

Preliminary study on the relationship between different test parameters and the
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horizontal shift has suggested that the initial tensile strain at 200th cycle can be used in
constructing the shift factor.
The horizontal tensile strain shift factor (a,) is defined as:

N

a, = — (6.13)
) NBr
where a, = tensile strain shift factor,
N, = fatigue life at a certain tensile strain level, and
N, = fatigue life at reference tensile strain level.

Rearranging Equation (6.13) we obtain:

N =X (6.14)

For the reference internal damage ratio curve, Equation (6.12) can be expressed as follows:

IDR_ = A,exp(BN,)-1 (6.15)

roer

Substituting Equation (6.14) into Equation (6.15) yields:

BrNti
IDR, = Arexp(-—;-—) -1 (6.16)

€

Equation (6.16) is an internal damage ratio growth equation for the entire fatigue life in the
reference condition. In this research, the failure is defined as the moment when IDR reaches

a critical value of IDR,. Thus, when IDR =IDR,, N=N;.
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Applying this failure criterion to Equation (6.16) resuits in:

Berei
IDR, = A exp(——) - 1 (6.17)

a,

Rearranging Equation (6.17) produces:

0, JOR 1,

N, . = —In(

)
fei T o (6.18)
€ Br

r

where N, = fatigue life at a certain initial tensile strain level,

IDR, . = critical internal damage ratio,

A = regression constant (approximately one),
a, = tensile strain shift factor, and
B, = damage growth indicator at reference strain.

The specimen fails when the reference internal damage ratio reaches the critical value
of four, which is defined as IDR, . The only unknowns in Equation (6.18) are a, and B.. B,
can be determined by the regression analysis on the reference internal damage ratio curve.
This requires the selection of the reference curve for different testing conditions.

Since the shift factor was a function of the initial tensile strain, one reference strain
value was selected for all the conditions tested in this study. With the consideration of a
common initial tensile strain range for all the cases, the initial tensile strain of 0,00018 was
selected as a reference initial tensile strain regardless of the testing conditions and the mixture
types used in this research. Each reference damage growth indicator corresponding to the
reference tensile strain was estimated with the relationships shown in Figures 6.10(a) through
6.10(c). That is, a total of nine reference damage growth indicators corresponding to the
reference tensile strain, 0.00018, were determined from three different mixtures and three
different testing temperatures. In the following sections the behavior of the tensile strain shift
factor and the reference damage growth indicator will be studied as a function of test

parameters, such as temperature, material properties, etc.
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Tensile Strain Shift Fact

Horizontal shifts were conducted from the internal damage ratio curves of each
specimen with respect to the reference curve. Logarithmic tensile strain shift factors were
estimated, and they were plotted against the corresponding initial tensile strain. The results
along with the best-fit regression curves through the points are presented in Figures 6.11(a)
to 6.11(c). Generally, the effect of the mixture type on the logarithmic tensile strain shift
factor was almost negligible at similar temperatures, whereas the effect of temperature on that
shift factor was noticeable and consistent for each mixture type. As aresult, the effect of the
mixture type on the logarithmic tensile strain shift factor for similar temperatures was
neglected.

The regression curves developed from the relationship between the logarithmic tensile
strain shift factors and the initial tensile strains are based on the theory that the tensile strain
shift factor approaches infinity when the corresponding initial tensile strain is close to zero.
Therefore, it can be assumed that there will be no specimen failure with the application of that
infinitesimal level of initial tensile strain.

However, in reality, this infinitesimal level of the initial tensile strain is .temperature
dependent, since the elastic property of asphalt mixtures is higher at lower temperatures.
Also, it is well known that most paving materials are not elastic but experience some
permanent deformation after each load application. However, if the load is small compared
to the strength of the material, the deformation under each load repetition is nearly completely
recoverable and can be considered as elastic. As a result, the actual level of the initial tensile
strain which caused the infinite fatigue life should be a certain higher value than the value
close to zero.

The general concept of the threshold tensile strain is illustrated in Figure 6.12. As
shown in the figure, the threshold tensile strain level at 32°F (0°C) should be higher than that
at 68°F (20°C) since the elastic range of the tensile strain increases as the temperature
decreases. Also, it explains that the number of load repetitions to failure can be infinite with
the application of a certain threshold tensile strain to the specimen. In this research, a certain

initial tensile strain, which results in an infinite fatigue life was defined as the threshold tensile

203



(D40) d.TE I8 Urens o[Isua) [eniur snsioA “e 307 (®)11°9 2n3iyg

urensg o[ISUSL [eNIu]

0000 €0000 20000 10000 00000
_____:_:__________ _—____________________________:_:_:__:__:___ peitninl 0z

— 07

204



"(D,01) 1,06 1 UTens 3[ISu3) [enIul snsiaA *e 507 (@)171'9 2m31q

ureng o[Isua, [eniuj
LEOCOO 620000 120000 £1000°0 S00000
Liiggty __:______:__:_:_:__________________:_______________: e g 0z

® 807

205



"(D,07) 1,89 & UIENs 3[1Sud) [ENIUL SnsIdA °e 307 (d)11'9 2131

ureng o[Isua ], [eru]

L£0000 620000 120000 | £10000 00000

________:___________:_____________________________:_:_:__:_: ___:_:____:_:__

0¢-

e 801

206



stress A

(o)
O [ -"""""""""""" 7 "
. 32°F
il AN P2 P : ——— 68°F
:T o ' :
0 En € trai
Eh@6e°F Eh@32°F t strain (€)
()
o A
Ot
""""""""" Tt T
—
0 Number of Load Repetitions to Failure, N¢
()

Figure 6.12  General concept of threshold tensile strain.
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strain.

With careful observation of the regression curves shown in Figures 6.1 1(a) to 6.11(c),
it can be found that the regression curves can fit better through the points plotted with the
introduction of an appropriate threshold tensile strain. In particular, the regression curves can
fit better through the points plotted at higher fatigue life.

Therefore, considering the fatigue test results in this research, initial tensile strains of
0.00008, 0.00006, and 0.00004 were selected as the threshold tensile strain at 32, 50, and
68°F (0, 10, and 20°C), respectively. To get more realistic regression curves between the
logarithmic tensile strain shift factor and the initial tensile strain, Figures 6.11(a) to 6.11(c)
were replotted in Figure 6.13 with the introduction of the selected threshold tensile strains.
Regardless of the effect of the mixture type, the figure was plotted and the advantage of the
introduction of the threshold tensile strain is shown. Namely, the regression curves can fit
better the points plotted at higher fatigue life.

From the regression analysis with the threshold tensile strains defined above, the

£.°¢€
]_og(__’.'_':.h
€

| .
a, = (2.130X10_5T1'124) r Een (6.19)

general function of the tensile strain shift factor (a,) can be expressed as follows:

where a, = tensile strain shift factor,
£, = initial tensile strain,
€y = threshold tensile strain,
€, = reference tensile strain, and
T = temperature (°F).

To properly relate the nine reference damage growth indicators with the relationships
of appropriate engineering parameters, various approaches have been executed. Figure 6.14
suggests that the reference damage growth indicators are not temperature dependent, but
mixture type dependent. Thus, the reference damage growth indicators were related to the

initial mixture stiffness (S, as shown in Figure 6.15. The reference damage growth indicators
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at the reference tensile strain can be related to the following function:

B, = -4.056x1073+7.470x107%1og (S,) (6.20)
where B, = reference damage growth indicator and
S, = initial stiffness (psi) at 68°F (20°C).

Substituting Equations (6.19) and (6.20) into Equation (6.18) generates the general fatigue

equation as follows:

log (—i—t)
N = 1.609(2.130x107%71-124)  F<7fe (6.21)
fei _4,056x1073+7.470x1071og (5,)
where N;, = fatigue life atan initial tensile strain,
T = temperature (°F),
£ = initial tensile strain,
€ = threshold tensile strain,
£, = reference tensile strain, and
S, = initial stiffness (psi) at 68°F (20°C).

6.4.2 Modified Shell Method

Many investigators (Chomton et al., 1972; Pronk et al., 1990; Tayebali et al., 1992)
including Shell researchers (van Dijk, 1975; van Dijk et al., 1977) have suggested various
performance prediction models using the dissipated energy approach for fatigue testing. They
have used an energy approach for describing fatigue behavior and have shown that the total
cumulative dissipated energy to failure is related to the fatigue life. As a result, they have

suggested the following representative phenomenological relationship:

W, = ACN) (6.22)

where W, = total cumulative dissipated energy.,
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N; = number of load repetitions to failure, and

A,z =experimentally determined coefficients.

In Equation (6.22), the fatigue life is related to « terminal test condition, namely, the
total cumulative dissipated energy. However, the main focus in this study is to express the
fatigue life as a function of the initial engineering parameters instead of the total cumulative
dissipated energy. It is noted that this should be conducted without sacrificing the advantages
of the total cumulative dissipated energy approach. Therefore, the following general
derivations to express the fatigue life as a function of the initial engineering parameters are
based on the previous research results conducted by several researchers including Shell
investigators.

The dissipated energy per load repetition due to sinusoidal loading conditions can be

expressed by:
_ o .
w_ = zc:nz»:nsm(cbn) (6.23.1)
or
0.2 :
W —zsnsnsz.n(<bn) (6.23.2)
where w, = dissipated energy at load cycle n,
o, = stress amplitude at load cycle n,
£, = strain amplitude at load cycle n,
S, = initial mixture stiffness at load cycle n, and

= phase angle between the stress and strain wave signals.
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The total cumulative dissipated energy obtained through the summation of the

individual dissipated energy during the fatigue test is as follows:

wo=%w (6.24)

Assuming a controlled-dissipated energy test, the initial dissipated energy per load
repetition (w;) remains constant during testing and the pseudo-total cumulative dissipated

energy during the test can be described as follows:

W, = w;N; (6.25.1)
or
N.e28. sin(o,
wo o= £iTit? o) (6.25.2)
pt- 4
where W, = pseudo-total cumulative dissipated energy to failure,
w; = initial dissipated energy per load cycle, and
N; = number of load cycles to failure,

However, the controlled-stress or controlled-strain modes of testing are easily
accessible rather than the controlled-energy mode of testing to perform fatigue tests. Despite
the advancement in computer controlled testing and data acquisition systems, controlled-
dissipated energy testing would be extremely difficult to conduct at this time (Tayebali et al.,
1992). The stress or strain, the phase angle change, and the dissipated energy per cycle all
change during the test. Therefore, an energy ratio factor that is dependent on the mode of

loading is introduced and defined as the ratio between the pseudo-total dissipated energy and
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the total cumulative dissipated energy:

v = &E (6.26)
W, )

Substituting Equations (6.22) and (6.25.2) into Equation (6.26) yields:

1
N. = (-——45’—) (1-2) (6.27)

£ 2 .
I eisl.31nq>i

and generalizing for the purpose of regression analysis:

N, = A(¥)P(g;)°(5;)%(sing,)® (6.28.1)

However, additionally initial air voids content (%) and testing temperature, were
added to Equation (6.28.1), since the fatigue performance of the asphalt concrete mixtures
could not be completely explained with the engineering parameters described in Equation
(6.28.1). With the additional two terms, the following generalized regression equation waé

obtained:

N, = A(W)P(e,)¢(5,)sing,) ¢ (V,) F(T)9 (6.28.2)

The fatigue models estimated herein were based on Equation (6.28.2). Based on
Equation (6.28.2), multi-regression analysis was conducted between the fatigue life and the
initial laboratory testing parameters. The regression analysis yields the following
relationships:

Nf - 6.23}(10—3 (w)1.363 (S ) -4.813

1
(Sl) -1.837 (Sin@l) -0.902
exp(0.101V,-0.046T)

(6.28.3)
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or

Nf = 1.71X10_7 (w,) 1.782 (Si) -4.601

6.28.4
(S,) +°%exp(0.217V,-0.046T) ( )

or

Nf = 4.21x (w.)l.241 (wl) -1.991

exp(0.162V,-0.027T) (6.28.5)

The strain-dependent model, Equation (6.28.3), requires the use of a multi-layered
elastic system for the mechanistic analysis of pavement structures, while the energy-
dependent model shown in Equation (6.28.5), requires energy-based viscoelastic analysis.

The following sections describe the general concepts of energy ratio factor and phase
angle in more detail. In particular, the energy ratio factors and the phase angles were

estimated from the controlled-stress diametral fatigue tests on three asphalt concrete mixtures.

Energy Ratio Factor

The energy ratio factor () is defined as the ratio of the pseudo-total cumulative
dissipated energy (Wpt) to the total cumulative dissipated energy (Wt) to failure measured
during the test. The total cumulative dissipated energy to failure from the diametral fatigue
test is the area under the number of cycles versus the dissipated energy shown in Figure 6.7.
The total cumulative dissipated energy (measured to failure) is determined by Equation (6.24)
while the pseudo-total cumulative dissipated energy is estimated with Equations (6.25.1)or
(6.25.2).

In this research, the energy ratio factor was estimated ‘at different stiffnesses with three
mixtures in the controlled-stress diametral fatigue test. Generally, within the limitations of
this research, the range of the energy ratio factor was between 0.35 and 0.50. Figure 6. 16

shows the relationship between the energy ratio factor and initial mixture stiffness for three
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mixtures (HDS, HDB, and HB).
It is noted that the energy ratio increased with increasing the initial stiffness in the
controlled-stress diametral test. This finding is in good agreement with the research results

reported by van Dijk and Visser (van Dijk et al., 1977) that the energy ratio factor of the

controlled-stress beam fatigue test increased with increasing initial stiffnesses.

Phase Angle

The phase angle is defined as the angle between the stress and strain wave signals at
a certain load repetition. The phase angle between the stress and strain wave signals stems
from the intrinsic time dependent asphalt mixture behavior. The phase angle is zero for a
purely elastic material and 90 degrees for a purely viscous body.

However, at a fairly high stress level in the fatigue test, in the nonlinear viscoelastic
range, it is considered that the phase angle results from the time dependency and the internal
damage development of the asphalt specimen. In this research, the dissipated energy per
cycle at a certain load repetition was computed using Equation (6.10). Also, the dissipated
energy per load repetition due to the sinusoidal loading condition can be éxpressed by
Equation (6.25.2). Therefore, by equating the two relationships to one another, the following
relationship can be obtained:

4[ode
¢, = sin”( J

5 ) (6.29)

Te; S,

Based on this equation, the phase angle was computed and the relationship between
the initial mixture stiffness and the initial phase angle is presented in Figure 6.17. The figure
shows that the phase angle decreased with increasing initial mixture stiffness. The same trend
has been reported by van Dijk and Visser (1977), based on controlled-stress beam fatigue

tests.
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6.5 Validation of Fatigue Prediction Models
6.5.1 Damage Growth Approach
The comparison between the fatigue life predicted from Equation (6.21) and the

laboratory-determined fatigue life is presented in Figures 6.18(a) through 6.18(c). These
figures demonstrate that the comparison between the predicted and measured fatigue life for
the HDS mixture shows excellent results while the comparison for the HDB and HB mixtures
demonstrate larger variation than that for the HDS mixture. The primary reason for the larger
variation with the HDB and HB mixtures is probably related to less homogeneous asphalt-
aggregate structures from these mixtures due to larger nominal maximum aggregate sizes.
The comparison between the predicted fatigue life using Equation (6.21) and the laboratory-
measured fatigue life (Nf) with all different testing temperatures and with different mixtures
is presented in Figure 6.19. The overall R-square value between the predicted and laboratory-

measured values was about 0.87.

6.5.2 Modified Shell Method

After the direct measurement or computation of several initial engineering parameters
and the energy ratio of individual specimens, the final fatigue life was expressed with the
corresponding engineering parameters through the multi-regression analysis technique.
Figures 6.20(a) to 6.20(c) present the comparison between the predicted fatigue life using
Equation (6.28.3) and the laboratory measured fatigue life. The general comparison showed
sirnilar results as to those with the damage-based prediction model. The comparison between
the predicted fatigue life using Equation (6.28.3) and the laboratory measured fatigue life with
all different testing temperatures and with different mixtures is presented in Figure 6.21. The
overall R-square value between the predicted and measured values was about 0.88. Itis
noted that the overall R-square values between the laboratory-measured and predicted fatigue
lives using Equations (6.28.4) and (6.28.5) were 0.87 and 0.79, respectively.
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CHAPTER 7
PERFORMANCE PREDICTION MODEL FOR PERMANENT
DEFORMATION

71 Permanent Deformation
Rutting or permanent deformation, refers to the depressions or ruts in the pavement
structure under the wheel path. These depressions or ruts are of concern for two reasons;
(1)  If the surface is impervious, the ruts will trap water, thereby increasing the potential
for hydroplaning, and

(2)  increase in rutting could cause steering problems, leading to safety concerns.

7.2  Literature Survey

Little formal work has been done prior to 1960, with regard to rutting potential. At
the First International Conference on the Structural Design of Asphalt Pavements in 1962,
the Shell Oil Company (Dorman, 1962), presented the first pavement design approach that
considered both fatigue and rutting as mechanisms of distress. As a part of this design
method, Dorman and Metcalf, developed a relationship between vertical compressive strain
in the subgrade and number of load repetitions that could be used to limit rutting.

Barksdale (1972), and Romain (1972), presented a paper in the Third International
Conference (1972) outlining a layer strain approach for predicting the amount of rutting due
to traffic loads.

In the Fourth International Conference (1977), a wide variety of papers were
presented on design methods, which could limit rutting. Finn et.al. (1977), using data from
the AASHO Road Test, used stepwise regression techniques to relate rutting to stress,
surface deflection and number of load repetitions. Claessen et. al. (1977) modified the shell
approach utilizing the creep test approach developed by van der Loo (1974), Barksdale
(1977), and Hills (1974).

A large number of rutting prediction models, have been developed over the last
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couple of years. Many different testing configurations have also been developed. Table 7.1
shows a summary of the many methods for rut depth predictions. A report prepared by Sousa

et.al. (1989) provides a detailed description of various factors involved in rut depth

predictions.

7.3 MDD Rutting Evaluation of Asphalt Concrete (AC) Layer

From the selected eight test sections (Sections 1-3, 6-9, and 11) with MDD device,
the permanent deformation of the asphalt concrete layers can be separated from overall
pavement deformation measured from the surface. The surface pavement deformation is an
indication of the cumulative permanent deformation of the sublayers (asphalt, base, subbase,
and subgrade). Similarly, the permanent deformation at the bottom of the asphalt layer
represents cumulative permanent deformation coming from underlying sublayers (base,
subbase, and subgrade).

Therefore, the permanent deformation of an asphalt concrete layer is calculated by
subtracting the accumulated permanent deformation at the bottom of the asphalt layer from
the surface permanent deformation. The surface permanent deformation of the pavement was
measured by walk-through distress survey with a 4.5-foot (1.37 m) straight edge. The
permanent deformation at the bottom of the asphalt layer was calculated from corresponding
MDD module readings. The cumulative permanent deformation (rutting) under each MDD
module was computed using the following calibration formula provided by the Texas
Transportation Institute (TTI):

(DV)(LVDT Type)x0.5
10

PD =

(7.1)

where PD  =cumulative permanent deformation and
DV = differential voltage (volt), or original
offset - current offset.
Most of the surface pavement deformations of the selected test sections were between

0.20 (0.51 cm) and 0.40 inches (1.02 cm). It has been found from the MDD sections,
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Table 7.1 Summarized overview of permanent deformation models developed by
several authors (Sousa et al., 1990)

Author Pavement Analysis Laboratory Test - Observations
Kirwan DEFPAV Uniaxial Compression  Calculated values of rut
Snaith Non-linear Finite Dynamic Loading depth higher than
Gynn Element Creep Test Nottingham Test Track
(1977) Layer Strain Method
Monismith ELSYM Repeated Triaxial Test - Consideration of traffic
Inkabi Layered Elastic Theory axle load and lateral
Freeme Layer Strain Method distribution
McLean
(1977)
Brown Computer Program Axial Creep Tests Relatively Good
Bell DEFPAV Agreement with test
(1979) Non-Linear Finite track results
Element
Meyer Computer Program Repeated Triaxial Test ~ Measured values rut
Haas FEPAVE 11 . depth on the Brampton
(1977) Finite Element Test Road Section.
Layer Strain Method Good agreement
between measured and
predicted.
van de Loo BISAR Axial Creep Test Basis of SHELL Method
(1976) Elastic layer Theory Generally overestimates
rut depth
Thrower Viscoelastic Theory
(1977) Separative Method
Asphalt mix is
Battiato Computer Program Uniaxial Creep Tests represented by a
(1977) MOREL Maxwell Model
Viscoelastic Theory
Two layer viscoelastic
incompressible system
Mahboub Uniaxial Creep Tests
Little
(1988)
Tseng Repeated Load Testing
Lytton
(1986)
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Table 7.1 Summarized overview of permanent deformation models developed by
several authors (Sousa et al., 1990) (continued)

Author Pavement Analysis Laboratory Test Observations

Lai Uniaxial Creep Tests

Anderson

(1973)

Kenis VESYS Uniaxial Repeated Tests Basis of the VESYS

(1977) Probabilistic linear approach

- viscoelastic solution

Francken Triaxial Dynamic Tests ~ Acceptable correlation

(1977) with rut depth measure
in 16 in-service roads

Verstraeten Computer Program Triaxial Dynamic Tests  Acceptable correlation

Romain ORNO093 with rut depth measure

Veverka elastic layer theory in 16 in-service roads

(1982) Layer Strain Theory

Huschek BISAR Uniaxial Creep Tests Asphalt mix is

1977) Elastic layer theory Cyclic Load Creep Tests represented by a

: Maxwell element:

spring and dashpot in
series.

Celard ERDT/ESSO Dynamic Creep Tests  Developed Isocreep

(1977) Three layer elastic curves

system
Khedr OSU Model Multi-step Dynamic
(1986) Test
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excepting Section 1, that the major portion of the surface pavement deformation was
composed of permanent deformation from the asphalt concrete layer. It suggests that the
major portion of the permanent deformation in asphalt concrete pavements stems from the
asphalt concrete layer rather than from the subgrade layer, provided that the pavements are
structurally well designed and properly constructed.

Generally, the MDD readings of Section 1 were unreliable due to its earlier
mechanical failure. The comparison between the surface rutting and the AC layer rutting
values failed to show the compatibility throughout the data acquisition period. Therefore, the
precision of MDD readings on Section 1 is questionable. Table 7.2 presents a summary of
permanent deformations from the test sections with MDD devices.

To find out how the permanent deformation changes at different depths within the
asphalt layer, detailed analysis was conducted. Sections 7 and 9 had two MDD modules each
at the depths of 3.6 inches (9.14 cm) and 10.0 inches (25.40 cm) within the asphaitic layers.
Therefore, it was possible to collect the permanent deformations at two locations, both within
the asphalt layer. The permanent deformations of asphalt concrete layers from these sections
showed that the major part of the total surface permanent deformation occurred within the
top 3.6 inches (9.14 cm) of the asphalt concrete layer (see Figure 7.1).

This phenomenon is easily understandable and convincing since the pavement
temperature and the stresses under the wheel load are higher at the pavement surface and
diminish rapidly as the depth increases. As a result, the pavement material within the top 3.6
inches (9.14 cm) of the asphalt concrete layer (HDS and HDB) is softer than the lower
portion of the asphalt concrete layer (HB).

In summary, it has been found that, at least for reasonably stiff supporting materials,
most pavement rutting is confined to the asphalt concrete layer. In addition, the primary
portion of the total surface permanent deformation in a flexible pavement stems from the
upper part (top 3.6 inches (9.14 cm)) of the asphalt concrete layer. The permanent
deformations from base, subbase, and subgrade layers were negligible, if any. As a result, the
pavement surface rutting measured directly with a 4.5-foot (1.37-m) straight edge was

assumed to occur from the asphalt concrete layers throughout this research.
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Table 7.2 Summary of comparisons between the surface rutting and the rutting from AC
layer in MDD test sections.

Date: Oct’91
Section # Surface Rutting’ AC Layer Rutting’

1 0.19" 0.10"

2 0.15" -

3 0.25" 0.24"

6 0.24" 0.23"

7 0.20" 0.21"

8 0.21" -

9 0.24" -

11 0.15" 0.15"
Date: Mar’92
Section # Surface Rutting’ AC Layer Rutting®

1 0.19" 0.117

2 0.16" -

3 0.25" 0.24"

6 0.24" 0.25"

7 0.20" 0.22"

8 0.23" -

9 0.24" -

11 0.19" 0.19"
Date: Jun’92
Section # Surface Rutting AC Layer Rutting”
1 0.20" 0.11"

2 0.17" -

3 0.25" 0.25"

6 0.24" 0.24"

7 0.22" 0.23"

8 0.24" 0.22"

9 0.24" -

11 0.19" 0.19"

234



Table 7.2 Summary of comparisons between the surface ruttin

layer in MDD test sections (continued).

Date: Oct’92
Section # Surface Rutting’ AC Layer Rutung®
1 0.22" 0.29"

2 0.19" -

3 0.29" 0.29"

6 0.25" 0.24"

7 0.22" 0.24"

8 0.24" 0.21"

9 0.27" 0.26"

11 0.20" 0.20"
Date: Feb’93
Section # Surface Rutting’ AC Layer Rutting”
1 0.22" 0.12"

2 0.19" -

3 0.29" 0.30"

6 0.25" -

7 0.22" 0.25"
8 0.24" -

9 0.27" 0.31"

11 0.20" 0.21"
Note: 1. Measured with a 4.5-foot (1.4 m) straight edge.

2. Estimated by (Surface Rutting - Rutting at the bottom of AC layer).

g and the rutting from AC
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These findings are in good agreement with the previous research works conducted by
several researchers (HRB, 1962; Hofstra et al., 1972; Uge et al., 1974). Hofstra and Klomp
(1972) reported that the permanent deformation in the asphalt-concrete layer was greatest
near the loaded surface and gradually decreased at lower levels. Because rutting is caused
by plastic flow, such a distribution of rutting with depth is reasonable, considering that the
vertical stress encountered is smaller and also because of increased resistance to plastic flow
at greater depths.

Uge and van de Loo (1974) found that the permanent deformation within an asphalt
concrete layer (thickness reduction under the action of pneumatic tires) did not increase with
increasing layer thickness beyond a certain threshold (5.12 inches (13 cm) in their studies).
Measurement at the AASHO Road Test (1962) indicated that the surface rut depth reached
a limiting vatue for asphalt concrete thickness of about 10 inches (25.40 cm). Thatis, a
thicker asphalt concrete layer did not cause additional rutting.

 In most flexible pavement design systems currently adopted by many highway
agencies, the subgrade compressive stress criterion is used to limit the permanent deformation
within an acceptable range. This design strategy is based on an assumption that the major
part of the permanent deformation stems from permanent deformation of the subgrade layer
rather than any other upper layers. However, the field test results on permanent deformation
in this research along with advances in pavement construction technique suggest a new and
realistic design criterion on permanent deformation of flexible pavements.

The necessity of a new and realistic design criterion on permanent deformation of
flexible pavements has been proposed by some researchers. In 1982, Freeme et al. used the
Heavy Vehicle Simulator (HVS) to evaluate the flexible pavement behavior. They concluded
that permanent deformation in the asphalt concrete pavement could not be completely

accounted for by the vertical subgrade stress criterion.

7.4  Selection of Test Method
As described earlier in the literature review, the general objective of materials testing

is to simulate in-situ field conditions as closely as possible, including loading conditions,
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climatic conditions, etc. Also, the test method should be easy, inexpensive, simple, and
efficient to conduct, so as to become an acceptable standard laboratory t.esting method for
state highway agencies.

A haversine load with a 0.05-second load duration and 0.25-second rest period was
repeated until the number of load applications reached 100,000 cycles. The 0.05 second of
loading time was selected based on measurements (measured responses) made at speed limit
of 55 miles (88.50 km) per hour at three-inch depths within the asphalt concrete layer. The
main reason for using repeated loading instead of creep loading was that the loading history
of the cyclic loading was considered to be a better approximation of actual traffic loading
than that simulated by constant creep loading. Also, it has been reported (Barksdale et al.,
1977; Monistmith et al., 1988) that the repeated loading tests may be more sensitive to
mixture variables than the creep tests.

In 1977, Barksdale et al. reported that, on the basis of the Shell creep tests, an
increase in the asphalt content of a particular mixture from 4.5 to 5.5 percent would not have
a significant effect on the rut depth. Results of repeated load triaxial tests on the same
mixture, however, indicated that such an increase in asphalt content could inc.rease the rut
depth by 16 percent. From extensive testing, it was concluded that the repeated load triaxial
test, rather than a creep test, measures rutting characteristics better.

Monismith and Tayebali (1988) reported similar conclusions. They compared the
response of three mixtures under both creep and repeated loading. They could not find any
noticeable differences among the mixtures for creep loading while they noticed differences
in the repeated load data. These findings suggest that the repeated loading test may be a more
appropriate laboratory testing method to characterize the permanent deformation of asphalt

mixtures than the simple creep test.

Ficld condition simulat |

To simulate the field stress conditions better, structural analysis was performed using
WESS5 on three typical asphalt concrete pavement design types with aggregate base, cement-

treated base, and full depth. Figures 7.2(a) through 7.2(c) show the three typical asphalt
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Figure 7.2(a) Typical asphalt concrete pavement design type with aggregate base
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concrete pavement design types. The field stress (computed using WESS5) conditions
corresponding to the three typical asphalt concrete pavement design types are presented in
Figures 7.3 to 7.5. It is noted that the negative sign was used for compressive stresses.
These figures show how the stresses change at different locations within the asphalt concrete
layer. For the structural analysis, a tire pressure of 90 psi (620 Kpa) was assumed with an
axle loads of 18 kip (80.06 KN). Based on this analysis, vertical stresses of 90, 80, and 50
psi (620.73, 551.76, and 344.85 KPa) were determined to characterize the permanent
deformation of AC layer for the top surface layer (less than 2 inches (5.08 cm)), the
intermediate layer (between 2 and 5 inches (5.08 and 12.70 cm)), and the deep layer (deeper
than 5 inches (12.70 cm)), respectively.

The history behind the use of vertical stress levels can be found from literature review
(Httle et al., 1993; Von Quintus et al., 1991). In 1991, Von Quintus et al. used linear elastic
theory to calculate the distribution of vertical compressive stresses within the asphalt concrete
layer. They suggested using 65 psi (448.31 KPa) in the uniaxial static creep test at 140°F
(60°C). Little et al. (1993) reported that for most designs a uniaxial stress of between 50
and 60 psi (344.85 and 413.82 KPa) would be appropriate.

The temperatures used were 104°F (40°C) for the surface materials (less than 2
inches (5.08 cm)) and 95°F (35°C) for the other materials (deeper than 2 inches (5.08 cm)).
The temperature of 104°F (40°C) for the surface materials was selected based on the range
of measured pavement temperatures. Also AAMAS has traditionally used this temperature
for creep testing. The selected testing conditions for loadings and testing temperatures are
summarized in Table 7.3.

The selection of the test temperatures in this study can be supported by the following
previous researches (Bonnot, 1986; Mahboub et al., 1988). Bonnot (1986) selected a test
temperature of 140°F (60°C) for wearing-course asphalt concrete and 122°F (50°C) for base
courses, based on typical temperatures in France. Mahboub and Little (1993) reported that
the permanent deformation was very minimal at temperatures below S0°F (10°C). A testing

temperature of 104°F (40°C) was selected by Little et al. (1993) for creep testing .
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Table 7.3 Selected rutting test conditions.

Position in AC Layer Vertical Stress (psi) Temperature (°F)
Top 2 inches 90 104
Between 2 and 5 inches 80 95
Below 5 inches 50 ' 95
Table 7.4 Experimental design for rutting characterization.

Temperature  Vertical

Stress Mix Type
°F (psi) HDS' HDB? HB?
104 90 X
95 80 x X
95 50 X X
Note: 1. Three replications in each cell.
2. Two replications in each cell.
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| Analusis of Testing Configurat

To estimate the stress distribution in the specimen under the new testing configuration
(repetitive axial loading test with confinement), the structural analysis was conducted using
finite element method (FEM). The loading condition and the specimen geometry of the
testing configuration were axisymmetric and the corresponding axisymmetric structural
analysis was performed. The structural analysis using FEM was conducted for the three
testing conditions according to Table 7.4. The same material properties (elastic modulus and
Poisson's ratio) for AC layers were used as presented in Figure 7.2.

To check the validity and compatibility of the stress conditions, the stress conditions
from - \aboratory testing configuration using FEM were compared with those from the field
(using WES 5). The comparison results between the field stress (cofnputed using WESS)
conditions and the laboratory stress conditions for the three typical asphalt concrete pavement
design types are presented in Figures 7.6 through 7.8. Generally, the vertical stresses from
the laboratory testing method showed a good agreement with those from the field throughout
the different design types. However, the stresses at the loading edge from the laboratory
testing configuration were lower than those from the field throughout the different design
types. In particular, the vertical stress and the shear stress at the loading edge may affect the
laboratory rutting performance significantly due to the selected laboratory rutting test
configuration. Also, it should be noted that the lateral confining pressures from the laboratory

testing configuration were lower than those from the field.

74.1 Test Fixture and Measurement

Based on these reasons, a new test method employing repetitive axial load with
confinement was developed to evaluate the permanent deformation of asphalt concrete. For
a more accurate representation of field stress conditions, a lateral confining pressure was
applied. This was achieved by applying the axial load through a 4-inch (10.16-cm) diameter
loading plate on a 6-inch (15.24-cm) diameter specimen. The material that is not underneath
the loading plate creates a lateral confining pressure on the matenal that is underneath the

loading plate.
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In addition, the testing mode can avoid the discontinuity between the loading and
unloading parts of the specimen by using the ring-shaped ligament outside the 4-inch (10.16-
cm) diameter cylindrical specimen. This is one of the advantages of this test method
compared to the conventional triaxial test in which the lateral confining pressure is supplied
by pneumatics or hydraulics. The schematic drawing of the repetitive axial loading test with
confinement is presented in Figure 7.9. This testing method can be conducted using
conventional uniaxial testing equipment and therzfore, easily adoptable to many state

highway agencies.

7.4.2 Experimental Design for Rutting Characterization

In the design of this experiment, the effects of the asphalt mixture, temperature level,
and vertical loading level on the permanent deformation (rutting) of the test specimens were
investigated. Table 7.4 shows the experimental design setup.
Independent (Controlled) Variables

The test was performed with three asphalt mixture types (HDS, HDB, and HB) at two
temperature levels (95 and 104°F (35 and 40°C)) and three vertical stress levels (50, 80, and
90 psi (344.85, 551.76, and 620.73 KPa)).

Dependent (Response) Variables
The response variables evaluated were the permanent deformation (rutting)

parameters. These parameters were used to evaluate the pavement rutting performance.

7.4.3 Test Method

The repetitive axial load was applied on top of a 6-inch (15.24-cm) diameter specimen
through a 4-inch (10.16-cm) diameter upper loading plate, causing a confining lateral
pressure from the ring-shape ligament outside of the 4-inch (10.16-cm) diameter specimen.
The diameter of the bottom plate was kept 6 inches (15.24-cm) so as not to introduce any
extraneous deformation due to the weight of the unsupported portion of the specimen. Test

data of each channel were collected at the speed of 400 readings per second (0.0025 second
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Schematic drawing of the repetitive axial loading test with confinement.
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per reading). Vertical load and corresponding cumulative permanent vertical deformation

were measured. The repetitive axial loading test with confinement was conducted as follows:

¢)) Several test specimens and the test fixture were placed in the temperature controlled
chamber until they reached a specified test temperature.

(2)  The top and bottom plates were Jubricated with silicon grease to reduce any eccentric
loading.

(3)  The specimen was centered on the bottom loading plate. Necessary adjustments to
the electronic measuring system were carried out.

(4)  Before the actual loading, the specimen was preconditioned with seating loads. Ten
repetitions of haversine loading with 0.05-second loading time, 0.25-second rest
period, and 10 psi (68.97 KPa) amplitude was applied and followed by a five-minute
rest period.

(5) Haversine loading with 0.05 second of loading time and 0.25 second of rest period
was repeated until the specimen failed. The failure criteria used in this study are
described in the next subsection. The number of vertical loads and the corresponding
vertical permanent deformations were measured using a data acquisitién system at
10th, 100th, 1,000th, 10,000th, 30,000th, and 100,000th cycles.

(6) Permanent deformation versus the number of load cycles was plotted on a log-log
scale.

@) A straight line representing the best-fit through the points was constructed, and the

corresponding regression equation was reported.

7.4.4 Failure Criteria

Test results of the HDS mixture under the testing conditions of 90 psi and 104°F
(40°C) display that the vertical deformation increases in three stages: initial, secondary, and
tertiary (see Figure 7.10). When the tertiary stage data were plotted with the initial and
secondary stage data on a log-log scale, they deviated from the best fit straight line
.increasingly, as the number of repetitions increased. Since some hairline cracks were

observed on the side of the specimens at the beginning of the tertiary stage, it was concluded
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that the main reason for the tertiary stage was due to shear failure around the top loading
plate. |

A wide range of test results from different mixtures have been studied, and 0.02
inch/inch of vertical strain was selected as the general transition point to denote a change from
the secondary to the tertiary stages. Hence the permanent deformation failure was defined

in this study as the moment the permanent strain reaches 0,02 inch/inch.

7.4.5 Permanent Deformation Test Results

The permanent strain during the repeated uniaxial loading is plotted against the
number of repetitions on a log-log scale. The complete test results with three mixtures (HDS,
HDB, and HB) at different testing temperatures are presented in Figures 7.11 based on the
experimental design in Table 7.4.

As expected, the permanent deformation from the top two inches of the asphalt layer,
subjected to harsher testing conditions (higher temperature and higher vertical stress level),
showed more permanent deformation. The permanent deformation of the asphalt concrete
layer deeper than 2 inches (5.08 cm) was almost negligible compared to that of the top two
inches of the asphalt layer. The regression coefficients of the test results are summarized in

Table 7.5.

7.5  Proposed Prediction Model

A mechanistic and analytical rutting performance prediction model was decided based
on the laboratory characterization of materials. The approach employed in this study is a
laboratory-based approach, which utilizes laboratory characterization of the materials under
simulated field conditions such as loading forms, loading levels, loading times, and the testing
temperatures. As a mechanistic and analytical approach, a layer-strain theory was used to
predict the permanent deformation of the asphalt concrete layer.

Based on the layer-strain theory, the asphalt concrete layer is divided into three
sublayers to estimate the amount of permanent deformation that would occur after a given

number of wheel load applications. Then, with the vertical stress used for the laboratory
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Table 7.5 Regression coefficients from rutting tests.
Mix Testing Vertical Regression Constant
Type Temperature Stress

) (psi) A B
HDS 104 90 0.00110 0.2897
HDS 95 80 0.00049 0.2999
HDB 95 80 0.00059 0.2708
HDB 95 50 0.00038 0.2636
HB 95 80 . 0.00053 0.2471
HB 95 50 0.00036 0.2492
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characterization of each sublayer, the corresponding axial plastic strain is evaluated from the
results of each laboratory characterization. As a result, the total rut depth for a given number
of load repetitions is obtained by summing the products of the average plastic strain occurring
from each sublayer and the corresponding sublayer thickness.

The proposed rutting performance prediction model for the asphalt concrete layer is

as follows:
RD = Y (&) (a,N") (B)) (7.2)
i=1
where RD = total cumulative rut-depth,
A = calibration factor for i-th layer,

a,b, =experimentally determined regression constants

from i-th layer,

h = i-th layer thickness,
N = number of load repetitions, and
n = total number of layers.
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CHAPTER 8
FLEXIBLE PAVEMENT ANALYSIS AND DESIGN -
THEORY AND APPLICATION

8.1 Design Philosophy

The basic consideration for the development of a design method was that the design
procedure should be mechanistic. By mechanistic, we mean an analytical-empirical method
involving the calculation of pavement response linked to pavement performance. The analysis
most often used is based on the application of the theory of elasticity to a system of layers,
each with different elastic constants. To this end, researchers have been initiating projects
dealing with development of mechanistic design and performance models, which are based
on combinations of analysis of a layered system and various distress modes and mechanisms.
The mechanistic design system therefore, considers the effect of individual distress in the
performance of the pavement. Figure 8.1 shows a typical detailed block diagram for
conducting a mechanistic study. The main feature of any mechanistic-based procedure is a
multi-layer analysis program that performs an analysis, based on a given pattern of loading
on a pavement whose material properties are known, to yield pavement responses.
Performance models use these response parameters to predict the evolution of distresses and
therefore the time to failure of these pavements. To understand the necessary subgroups in
a mechanistic design procedure, a detailed explanation of the primary subgroups or modules

integral to any form of mechanistic analysis is presented below:

8.1.1 Material Characterization
Material characterization consists of determining the layer moduli and Poissons ratio

of the various constituent layers of the pavement. Details of various aspects of material

characterization are provided in Chapter 5.
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8.1.2 Structural Analysis

Various structural Analysis modules are currently available for analyzing pavement
systems. In 1944, Burmister presented a method for determining stresses and displacements
in a 2-layer system. Since then several computer programs have been developed thaf calculate
pavement responses (Stresses, strains and deflections) of various layered systems. Although
essentially most programs adopt a linear elastic analysis, programs that use visco-elastic
analysis are also available. Programs like the VESYS makes use of an approximated or
simplified visco-elastic approach. Programs that consider non-linearity in the layer materials
are also now available. Finite-element programs that include non-linear materials, inertial
effects, discontinuities etc., also exist. Of these linear elastic models is the most popular
option. Research by Huang (1993 ) has clearly demonstrated some problems associated with
the use of a finite-element method.

The elastic layer program takes in, as input, the material properties and the nature of
loading. The primary purpose in using a multi-layer elastic program is to obtain critical strains
and stresses that can be correlated with the onset of failure in the pavement system. It isa
common practice to consider the strain at the bottom of the AC layer to be critical in causing
fatigue cracking. Permanent deformation or rutting is usually controlled using the stress or
strain on the subgrade. Details regarding the use of one such program (WESS - Multi-layer
Elastic Analysis) is included in Chapter 4.

8.1.3 Performance Prediction

Pavement performance models are relationships that yield quantitative descriptors of
time-dependent trends in the structural condition of the pavement, usually as a function of the
number of 18-Kip (80 KN) equivalent single axle load applications. The relationships are
determined by testing material specimens in the laboratory under realistic temperature and
loading conditions. The two primary distresses in pavement systems are namely;

1. Fatigue Cracking, and

2. Permanent Deformation

A detailed look at the determination of these two common modes of distresses for
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flexible pavements is included.

(a) Fatigue Failure
A model based on dissipated energy concepts has been used for modeling fatigue
cracking in asphalt. The details for this model can be found in Chapter 6 .

(b) Permanent Deformation (Rutting)

A detailed review of various rutting models available is provided in Chapter 5 of this
report. Details regarding the asphalt concrete rutting model developed at NCSU is also
provided in Chapter 7. This model utilizes the layer strain approach to determine rutting in

ac layers.

8.1.4 Traffic Analysis

An estimate of the traffic in terms of 18-Kip (80 KN) Equivalent Single Axle Load
(ESAL) is needed in the fatigue models. Mixed traffic is converted to 18-Kip (80 KN) ESAL
to maintain uniformity over different methods and to allow determination of loading
conditions for laboratory specimens.

In this study it was noticed that distress measurements made for the North Bound
Lane and South Bound Lane showed significant variation, indicating the existence of other
variables than just ESALs in determining pavement performance. In order to be able to use
data from both the North Bound and the South Bound lanes, a correction factor was applied
to the ESAL count. A detailed study on the field data revealed that the performance of
flexible pavements is affected by both the traffic loading and the changing environment(age
factor).Thus, a composite indicator was developed in this study which utilizes both the traffic
and the age information with appropriate weighting factors. This indicator, so-called

corrected number of 18-kip (80 KN) ESAL applications, is calculated from the following:
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CN = 04TM + 0.6N (8.1)

where

CN = corrected number of 18-kip (80 KN) ESAL applications,
TM = elapsed time in minutes, and

N = number of 18-kip (80 KN) ESAL applications.

The weighting factors of 0.4 and 0.6 were determined on the basis that the
performance curves in SBL and NBL should superpose one another if corrected weighting

factors were used. Details regarding this can be found elsewhere (Kim, N., 1994).

8.1.5 Calibration
The process of calibration is performed to relate lab determined pavement lives to
those observed in the field. All mechanistic models, utilize some form of analytical-empirical
prediction models. These models need to be calibrated. By "calibration,” we mean a "shift”
factor that needs to be incorporated into the prediction model. This is inevitable,t considering
the large number of uncertainties that exist in the design process. These uncertainties, develop
from three separate problems, namely;
(a) Variation due to traffic or design factors:
Variance occurring from sampling errors in estimating traffic factors.
(b)  Variation due to inadequacy of design approach:
This could arise due to certain simplifying assumptions used in the design
process, or due to omission of certain design factors.
©) Variation due to climactic factors:
Inability to accurately model climactic changes and their effects on design
variables could cause increased uncertainties.
Despite our improved efforts to model this variability, a certain amount of inherent
variation will continue to exist. These make the use of a calibration factor imperative and
unavoidable. It should be also noted that calibration factors are dependent upon the prediction

model, testing method, and the laboratory loading history. For example, the longer the rest
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period, the greater is the fatigue life. This would result in smaller calibration factors for
fatigue cracking than those suggested in this study. Therefore, any proposed calibration
factors on fatigue cracking and rutting of asphalt concrete layers suggested are limited to the

performance prediction models, testing methods, and the laboratory loading histories used in

a given study.

Fatigue Model Calibrati
The fatigue model needs to be calibrated based on observed fatigue cracking results.

The calibration factor is in essence a multiplication factor. Based on Miners hypothesis, the
pavement is determined to have failed when the Damage index equals a-factor of 1.0. This
stage can be defined in terms of various levels of fatigue cracking (such as 10%, 15% etc.)
based on the definition of “failure” or “time for overlay”, as stipulated by the particular
transportation agency. The time to failure thus obtained by the laboratory model needs to be
adjusted based on specific failure levels observed by the transportation agency. Equation 8.2

given below clearly indicates the role of the calibration factor.

Nepew= CF X Ny (8.2)

fimeas) -

where
N measy = DUmber of cycles to failure as measured in the field

N{ ey = number of cycles to failure as predicted in the lab

CF = calibration factor
Ruttine Model Calibrati

The calibration process for rutting is fairly simple. Based on rutting observed in the
laboratory and those actually observed in the fields, multiplication factors need to be

introduced to calibrate the laboratory models to yield realistic rutting estimates.
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8.1.6 Pavement Life |
Pavement life can be evaluated based on either Fatigue Cracking criteria or the

Rutting criteria. Evaluation based on both of these conditions are detailed below.

Fatieue Life Evaluati

The evaluation phase consists of fatigue life estimation, that is, estimation of the
cumulative damage induced in the trial pavement, by the loading anticipated during the design
life. A structurally efficient pavement is one for which the cumulative damage during the
fatigue life is estimated to be exactly one. If d; is the damage induced'by one application of
the ith load to the pavement in the jth physical state, and if that load is repetitively applied to

the pavement in that state, then d; can be estimated to be as follows:

where N; represents the number of applications to failure. It is known that the
magnitudes of traffic loads and the physical state of the pavement continuously vary for in-
service pavements. Therefore, obviously, N; cannot be directly measured. It is therefore
treated as an estimated or derived quantity that is usually related to the level of applied strain.
The traffic forecast yields an estimation of n;, the predicted number of applications of
load I on the pavement in state j during the design life. The total cumulative predicted damage

D, during the design life is then estimated as follows:

D= Ejzz' d;;n;;= ZjZi

n, .
1]
N..
17
The pavement is considered failed when D equals or exceeds one. The above equation
represents the well-known hypothesis of linear summation of cycle ratios, also called Miner's

hypothesis. It has been routinely used in the design of aircraft structures. Previous laboratory
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investigations have indicated the validity of Miner's Hypothesis under randomly varied loads
when the physical state is held constant. Research conducted at the University of Nottingham

confirms the validity of these assumptions even when the physical state is varied.

Rutting Failure -Evaluati

Rutting in pavements has been generally attributed to the development of permanent
strains in the various layers. This has been linked with measured vertical com[;ressive strains
and used to calculate rutting. In this research, having noticed that almost all rutting occurred
in the AC course, a different approach was adopted. The testing configuration used for
arriving at the model parameters were developed after a critical study of the various confining
stresses, and temperatures developed at the various depths in the AC layer. The rutting model
utilizes a database approach. Depending on the depth and nature of the AC layer, typical
coefficients are chosen and rut depths computed. Coefficients have been provided only for
materials tested at NCSU, although similar coefficients can be obtained for newer materials.

Details regarding this method are provided in Chapter 5.

8.2  Design Software

Computer programs for the design of flexible pavement systems are not easily
accessible to the design community. Many multi-layer models are presently available, that help
to calculate pavement response parameters. These are useful to the research community, but
for the pavement engineer, whose ultimate aim is to select final thickness, these are of little
help. Non-mechanistic methods like the AASHTO design, because of their easy usability, can
be programmed using a spreadsheet. However, the method is more empirical than
mechanistic. Other packages released by academic and research organizations alike, that
profess to help in this respect, are very few and come with their share of problems. Any
program that utilizes a mechanistic approach needs to have a comprehensive methodology
that goes with it. The models need to be calibrated to conditions that the engineer would
encounter. It is therefore, almost an impossible task for any design agency to be able to utilize

a computer program directly without conducting detailed studies into the applicability of the
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various performance prediction models built into the system. Even systems that avouch to
have clearly mechanistic or fundamental models, which could be universally applicable, still
require a specific testing protocol. If the design agency does not possess the capability of
adopting the required testing protocol, or if it chooses to obtain the parameters from a
different testing setup, the whole model would have to be declared void. For example, widely
varying moduli values can be obtained, based on whether the testing is performed on
diametral or beam specimens. Also, failure criteria may be different for different agencies.
Further, most programs do not allow a user friendly interface for the designer to try out
various design options. With all this in mind, the Department of Civil Engineering at NC State
University, developed a computer program that could be used by the NC Department of
Transportation for the design of flexible pavement structures. Figure 8.2 shows the flowchart
of the adopted procedure called NCFLEX. The performance models were calibrated for
different types of section designs, based on a long term study of test pavements in North
Carolina.

The program was written in Fortran ( MICROSOFT VER. 5.0). To make it amenable
to later changes, the code was written in a modular manner. The actual code is provided in
the APPENDIX A. Essentially the program reads in data from a file, and outputs
information regarding the time to failure of the pavement. Two different forms of distress
were studied in this study, namely fatigue and rutting. The program outputs the fatigue and
rutting predictions as a function of time. The program also allows for user specified increases
in the thickness of given layer so as to arrive at a final design value that satisfies the necessary
design criteria. This process is carried out in an iterative manner. The criteria checked for are
minimum design years, minimum design ESALS, and maximum allowable rutting. The
program is stopped on reaching any of the above design criteria. The program is available in
two versions - a DOS version and a microsoft WINDOWS version. Detailed explanations
regarding the actual use of the program can be found in the NCFLEX design manual (Satish,
S., 1996). A chart for the various important computational modules present in the program
are shown in Figure 8.3. Complete details regarding the program, its features etc., can be
obtained from the NCFLEX design manual (Satish, S., 1996). Only the important features of
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these modules used in the program are discussed below. The names of the modules are"

descriptive of the nature of task performed.

(1) BEGIN

Allows the user to start the program. The names for input and output files are handled
in this routine.
(2) DATAIN

Opens the required data file, and reads in input parameters, like layer moduli, layer
Poisson ratios, layer thicknesses, estimated traffic, growth factor for traffic etc. A clear
description, of all the variables involved are explained in the Software Users Manual. The

layer moduli used in this study are included in Table 8.1.

3) WESS .

Calculates the pavement response parameters at various locations. Strains calculated
at the bottom of the AC layer are used in the fatigue model. This module is adopted from the
WESS analysis package.

4  TRAFIC

Initial traffic estimates are used along with the growth factor to estimate increased
traffic counts for every following year. For fatigue life computation, a corrected ESAL count
is used rather than the input traffic estimate. This correction is applied to deal with lane

distribution of traffic and pavement aging.

(5) FATIG
Fatigue cracking was considered as one of the important distress mechanisms
observed in this project. Two laboratory fatigue models were developed in this research

study. These Models are detailed in Chapter 5. These models were used to predict the number
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Table 8.1 Layer moduli used in the calibration studies.

Layer Type Spring Summer Fall Winter
HDS 1.05x10° 0.67x10° 0.60x10° 0.35x10°
HDB 1.30x10° 0.85x10° 0.80x10° 0.50x10°
HB 1.20x10° 0.75x10° 0.70x10° 0.40x10°
ABC 30,400 30,400 30,400 30,400
CTB 995,200 995,200 995,200 995,200
CSSB 207,600 207,600 207,600 207,600
LSSB 61,000 61,000 61,000 61,000
Subgrade 14,200 14,200 14,200 14,200

Note: HDS = Asphalt surface course
HDB = Asphalt binder course
HB = Asphalt-stabilized base ciurse
ABC = Aggregate base course
CTB = Cement-treated base course

CSSB = Cement-stabilized subbase
= Lime-stabilized subbase

LSSB
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of cycles to reach fatigue failure. Fatigue computation was made over 4 seasonal periods in

each year. The details regarding calculation of the damage index, as used by NCFLEX is

provided in the following page.

L i ation of D Ind 0o Miner's Hypothesi
1. In the procedure developed, the year was divided into 4 seasons. Traffic estimates
were made for each season.

2. Knowing the material properties for different seasons and the various structural

thicknesses, an estimate of strain (at the bottom of the AC layer) for each of the 4 seasons

was made.
3. Using Miner's hypothesis, the damage for each season was obtained.

n

d = _.x.l
Xy

ny
where
d,, = damage for season x and year y
X = season Number, 1 to 4
y = year Number , typically 1 to 35
N; = number of applications to failure (as determined in the lab)
n; = estimated traffic (Number of 18-kip (80 KN) ESALs)

The Cumulative damage is given by

D =d, +dp+d;3+d +dy Hdpt.

or expressed mathematically;
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D=3, %,

nxy
er

where D = damage index

and x, y, Nj, n; continue to be defined as shown above.

Failure Criteria for Fatigue Crack

As explained earlier, the pavement was considered to have failed when the Damage

index equaled or exceeded 1. This is in line with the basic concept of the Miner's Hypothesis.

libration for Fatigue Cracking Mode

The computer program NCFLEX was subject to multiple-runs using material
parameters that mimic field conditions. For each run a different calibration factor was used.
For each of these runs, the predicted life of the pavement was compared with the actually
observed life. The Calibration factor adopted was one for which the predicted fatigue life
equaled the observed life.

The Calibration factors obtained for various test sections using the following fatigue
performanée model is shown in Table 8.2 As can be seen from the Table 8.2, a clear trend
is visible, that distinguishes calibration factors for ABC sections and those obtained for full
depth AC sections. As a significant spread is noticed, even within a particular design category,
an ANOVA analysis was carried out to determine the relevant factors that affect the
Calibration factor. Table 8.3 shows a statistical analysis performed on the calibration factors..

A satisfactory model (R square = 0.94) was obtained for the following predictive equation.

C F = 223.495 - 24.81 Limel + 5.344 RTACBS + 104.932 SECTYPE
- 6.467 THICBS - 40.878 THICAC

where

CF = calibration factor
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Table 8.2 Calibration factors obtained for the fatigue model using data available from
US 421 test sections.
Section Layer 1 Layer 2 Layer 3 Layer 4 Fatigue
No. Thickness | Thickness | Thickness | Thickness Calibration
(inches) (inches) (inches) (inches) Factor

1 2 1.5 12 150
23 2 1.5 12 100

2 2 12 7 200
24 2 12 7 200

3 3.25 3 8 30
16 2 3 8 75

5 2 1.5 8 7 100
17 2 1.5 8 7 200
7 2 1.5 55 28
20 2 1.5 55 36

9 2 3 4 20
22 2 3 4 27
11 2 55 7 4
14 2 5.5 7 5
12 2 1.5 4 7 18
13 2 1.5 4 7 13
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Lime 1 = 1 for lime treated subbases and O for cement treated subbases

RTACBS = ratio of asphalt concrete surface thickness to base course thickness
SECTYPE _. = 1 for aggregate base course and O for Full depth

THICBS = thickness of base course

THICAC = thickness of AC course

Such a regression equation is a useful tool in deciding the calibration factors for
pavements different (different in structural thicknesses) from those used in the test study. In
the program the user is given the added flexibility of changing the calibration factor for
fatigue. Early failure of CTB sections, made it difficult to calibrate the models for CTB
sections. It is advisable that the user use an external calibration option in this case. This
regression was found to be most accurate for sections structurally similar to those used in the
study. Large variations in structural thicknesses from those used in this study could make this
equation untenable. In such cases, based on other studies (Shook et al., 1982) fixed values

of 100 for aggregate base course and 20 for full depth sections are suggested.

(6) ACRUT
The permanent deformation module used is not completely mechanistic in the
traditional sense of the term. It utilizes results obtained from laboratory testing and traffic

estimates to provide an estimation of ac rutting.

Calibration for P Def o0 Model
As rutting was primarily noticed in the AC layers, an alternative model, was used that

applies a calibration factor to measured rutting. A single calibration factor of 1.5 applied to
the rutting computed for the top 2 inches (5.08 cm), was decided upon, for all the sections
included in this study. For the remaining depths a factor of 1 was used. The rutting equation
along with the calibration factor is shown below. Detailed description of the model used, and
the computation involved is provided in chapter 5 (Section 5.2.2.1). The proposed rutting

performance prediction model for the asphalt concrete layer is given below:
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RD = Z (A)aN") (k)
i=1

where

RD = total cumuiative rut-depth

A = calibration factor for i-th layer
(A, =1.5,A, =10)
a,b, =experimentally determined regression constants from i-th layer
h, - =i-thlayer thickness
N = number of load repetitions, and
n = total number of layers
Failure Criteria for P Def .

The pavement is expected to have failed due to rutting when the rutting reaches a level
of 0.5 inches (1.27 cm). In the test pavements used for calibrating the model, such high levels
of rutting was not noticed and the pavements had to be overlaid prior to rutting failure, due

to high levels of fatigue cracking.

(7) STOP

Allows the user to end the program.

8.3  Design examples

Design examples for the prediction of fatigue life and rutting are provided in the
NCFLEX design manual. Sample Input and Output files are provided in Tables 8.4 (a) and
8.4 (b).
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Table 8.4(a) Sample input file for NCFLEX program

FILENAME
Rk RR Rk

SEC1

DATE&TIME
xR RERRK
12- 3-1995 @ 13:24
LAYER# [D NU THICK.IN SLIP

FTITIITrr e e R 322 R RE R R SR 2 222 2 2 b L] L g

1 1 35 2.00 1.
2 2 .35 1.500 1.
4 . 12. L.
3 8 35 000 + tll Fatigue calculated over 4 seasons
5 8 SEMI-INFIN
LAYER MODULIJ] '
SEASON 4 8 8

-grpapanpnpnpeprperrr e T T I TR RIS L RS 22 S 2SS 22 L A

6§0.00 600000.00 800000.00 30400.00 14200.00 14200.00
42.00 1050000.00 1300000.00 30400.00 14200.00 14200.00
58.00 670000.00 850000.00 30400.00 14200.00 14200.00
74.00 350000.00 500000.00 30400.00 14200.00 14200.00
OTAL NUMBER OF ESALS/YEAR
ERERRBRREREARRRRREERRERRRREERRRRRRRR LS

150000
TRAFFIC ANNUAL GROWTH FACTOR

ARRREEERRERRRKRERERERRKRRRERRRRRREERERE R &

1.0

STRAIN AT THE BOTTOM OF LAYER # »

st 28 200 200 300 300 90K o0 200 200 2 2 0t e 20k 2 30 30 a0 a0 ok 20 e ke o o e e e ok o ok 2 ok J Increment any one laycr ata lime for
2 : arriving at thickness design

FATIGUE EQUATION PAR

IITTIIPI R RS S E L 22 22 2 2 2 2 22

ID TEMP PHI(DEG)

a2 e ok ok o 2k 2k K

VOIDS(%)

g 2(2)% fgzgg 6.00 | For é)n:)e'm?l calibration of fatigue
2 58.00 25.00 use 0.0 in input.
2 7400 30.00

3 Design criteria - Minimum Design Life

- Minimum Design ESALs

- Maximum Allowable rutting
Need to choose a minimum of 1 out of the three.To
skip any one criteria enter 0.0

RUTTING COEFFICE

MIN DESIGN LIFE MIN DESIGN ESALS MAXIMUM ALLOWABLE RUTTING (inC

SEBRBEEEAEERAERBRE FEABEXREXRERXAEBRES LR BXEBASBEBAXEREEE AR X B LSS EERRE

0 0.0 5
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Table 8.4(b) Sample output file from NCFLEX program.

PROJECT TITLE

T T

SEC 1

DATE&TIME

FE——— T

12- 3-1995 @ 13:24

LAYER# D NU THICK.,IN SLIP

r—————— e P PP PR PSS Lt L L L Input data
1 1 35 2.000 1.
2 2 35 1.500 1.
3 4 35 12.000 1.
4 8 40 .000 1.
5 8 40

P

LAYER MATERIAL ->ID
HDS->1 HDB->2HB ->3ABC->4CIB->5
LIME_SUBGRADE -> 6 CEMENT_SUBGRADE -> 7 SUBGRADE -> 8

MODULI MODULI MODULI MODULI
~ SEASON 1 SEASON 2 SEASON 3 SEASON 4
LAYER:1 600000.00 1050000.00 670000.00 350000.00
LAYER:2 800000.00 1300000.00 850000.00 500000.00
LAYER:3 30400.00 30400.00 30400.00 30400.00
LAYER:4 14200.00 14200.00 14200.00 14200.00
LAYER:5 14200.00 14200.00 14200.00 14200.00

LAYERID-->1248
Hl H2 H3 H4 FAT.LIFE(MONTHS) ESALS TO FAT.

2.00 1.5012.00 .00 24 .60E+06

2.50 1.5012.00 .00 36 .89E+06

3.00 1.5012.00 .00 48 12E+07

3.50 1.5012.00 .00 72 A8E+07

4.00 1.50 12.00 .00 96 24E+07

4.50 1.5012.00 .00 138 35E+07

5.00 1.5012.00 .00 192 ' A49E+07 Runjng of ac ]aycrs - based on a
5.50 1.5012.00 .00 . 255 68E+07 maximum desig-n life of 20 years Or a

Hl H2 H3 H4 RUTLIFE ESALS TORUT MAX.R maximum rut depth of 0.5 inches

2.00 1.5012.00 .00 20 61E+07
2.50 1.5012.00 .00 20 61E+07
3.00 1.5012.00 .00 20 .61E+07
3.50 1.5012.00 .00 20 61E+07
4,00 1.5012.00 .00 20 G1E+07
450 1.5012.00 .00 20 .61E+07
5.00 1.5012.00 .00 20 GBLIE+07
5.50 1.5012.00 .00 18 S5E+07
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CHAPTER 9 |
VARIABILITY IN FIELD MEASUREMENTS AND
COMPUTATION OF RELIABILITY

Variability is an important fact of life when dealing with laboratory and field data.
Also, varying assumptions in the predictive models used induce additional uncertainties. All
these necessitate the need for calibration studies to correlate the various predictions with
actual field observed results. Assumptions used at various junctions of the pavement design
process are dealt with in the respective chapters. This chapter will iook at the variability
existing in field data and methods to account for these in the design process.

Spatial as well as seasonal variability exists in data obtained from field measurements.
While spatial variability describes the variation of pavement material properties over distance,
seasonal variability describes the variation of properties over time. Due to the sufficiently
large data base assimilated during the conduct of this project, data is available to study the
variation in the backcalculated stiffness measurements. This chapter is divided into two
different sections dealing with - (1) the nature and extent of seasonal variability observed and,
(2) a suggested approach (methodology) to handle the pavement design problem from a

probabilistic standpoint.

9.1 Variability in Measurement of In-situ Material Properties
9.1.1 Literature Survey of Variability in Design Inputs

In recent years, Long Term Pavement Performance (LTTP) sites have been set up to
precisely monitor the performance of various test sites, and to draw statistical conclusions by
reducing large amounts of similar information. One such study was conducted in Kentucky
to evaluate the long term pavement performance of several pavement sections. The test was
conducted by the Kentucky Transportation Center along with the state Department of
Transportation (Allen et al.,1994). A total of 20 sites were monitored, throughout the state,

seven of which were included in the LTTP program commissioned by the Strategic Highway
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Research Program. Although the express concerm of this study was to monitor performance,
testing on these sites yielded valuable information regarding variability. This study found a
high degree of variability in subgrade modulus within each test site with coefficients of
variability as high as 75 percent. The study also found a large amount of variability in
backcalculated moduli (testing done using a Road Rater) within a 500 foot test section.
Isada (Isada, 1966) conducted a series of deflection tests monitoring two pavement
sections over a period of two years, during which he noticed a seasonal variation of about

70% in the maximum deflection under an impulsive loading.

9.2  Observed Variability in Data Obtained from US421 Test Sections

The following sections deal with the seasonal variation observed during the different
testing cycles. Observed variation in temperature and stiffness during the different testing
periods are provided, along with a'statistical analysis of the variation.
9.2.1 Analysis of Temperature Variation During Different Testing Periods

Table 9.1 shows a statistical analysis of temperature data obtained during the different

testing periods. Figure 9.1 shows a graphical representation of temperature variation.

9.2.2 Analysis of Seasonal Variability in Backcalculated Moduli

Varying environmental conditions, coupled with the shortcomings in the techniques
of backcalculation of moduli, cause considerable variability in the computed values of in-situ
stiffness of the different layers in the pavement structure. Different back-calculation programs
yield varying modulus values, depending on the nature of the algorithms used. Molenaar
(Molenaar, 1994) states that backcalculation of layer moduli can still be regarded as some
kind of an art. A single backcalculation procedure could produce different moduli values
depending on the seed moduli input by the user. Also, stiffness values are dependent on
temperature and moisture conditions. Table 9.2 (a)-(c), shows the variation of backcalculated
moduli for aggregate base course, cement treated base corse, and full-depth ac sections
measured during different seasons (varying temperature, and moisture conditions). Assuming

the integrity of the backcalculated moduli values, a statistical analysis can be performed to
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Table 9.1

Surface and air temperature measurements..
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Table 9.2(a)  Statistical parameters of backcalculated moduli for aggregate base
course sections.

: Temperature
Backcalculated Moduli (ksi) (Fahrenheit)
Section # AC Layer | Base Subbase | Subgrade | Air Surface
1 Average | 4734 15.01 5.21 76.4 86.3
Std. Dev_ | 239.8 4.16 1.93 10.90 15.44
C.V. 0.51 0.28 0.37 0.14 0.18
2
Average | 502.6 47.16 188.27 18.02 77.2 86.3
Std. Dev_ | 2429 7.85 65.23 6.91 12.03 15.18
C.V. 0.48 0.17 0.35 0.38 0.16 0.18
3
Average | 297.5 14.15 6.67 77.9 85.2
Std. Dev__| 161.3 5.33 1.24 14.21 17.27
C.V. 0.54 0.38 0.19 0.18 0.20
5
Average | 671.22 27.94 273.11 22.45 75.55 85.11
Std. Dev | 569.82 4.92 97.39 2.19 17.66 24.99
C.V. 0.85 0.18 0.36 0.097 0.23 0.29
16
Average | 782.8 48.46 14.16 75.5 79.7
Std. Dev_ | 478.50 5.9 2.4 15.88 14.63
C.V. 0.61 0.12 0.17 0.21 0.18
17
Average | 625.44 33.26 103.62 18.52 72 85.33
Std. Dev | 442.07 9.63 66.01 1.59 17.42 26.11
C.V. 0.71 0.29 0.64 0.09 0.24 0.31
23
Average | 507.22 13.48 5.17 75.78 86.22
Std. Dev_ | 291.85 4.22 1.50 14.85 18.13
C.V. 0.58 0.31 0.29 0.19 0.21
24 v
Average | 635 38.71 56.25 9.65 71.88 79.63
Std. Dev_ | 368.36 5.34 16.54 241 15.76 17.37
C.V. 0.58 0.14 0.29 0.25 0.22 0.22
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Table 9.2(b) Statistical parameters of backcalculated moduli for cement treated base
course sections.

Temperature
Backcalculated Moduli (ksi) (Fahrenheit)
Section # AC Layer | Base Subbase Subgrade Air Surface
8 Average | 754.5 281.8 103.73 17.15 66.71 76.67
Std. Dev | 427.55 73.74 38.89 4.9 14.42 19.62
C.V. 0.57 0.26 0.37 0.28 0.22 0.26
10
Average | 547.78 2301.6 97.03 17.35 73.9 84.1
Std. Dev | 494.12 388.13 | 22.21 1.27 15.6 24.43
C.V. 0.90 0.17 0.23 0.07 0.21 0.25
15
Average | 706 865.06 62.73 20.82 72.83 75.4
Std. Dev | 411.20 250.47 5.37 1.93 12.12 15.74
C.V. 0.58 0.29 0.09 0.09 0.17 0.21
18 ’
Average | 607.89 399.26 17.45 70.2 82.7
Std. Dev |-385.18 106.11 4.37 18.18 27.16
C.V. 0.63 0.27 0.25 0.26 0.33
19
Average | 361 1114.2 63.48 14.82 83.67 92.83
Std. Dev | 185.44 256.35 10.33 2.12 7.09 15.73
C.V. 0.51 0.23 0.16 0.14 0.08 0.17
21
Average | 779.5 228.52 18.09 76.11 84.55
Std. Dev | 498.35 4.4 2.15 13.64 17.02
C.V. 0.64 0.19 0.12 0.18 0.20
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Table 9.2(c) Statistical parameters of backcalculated moduli for full depth ac

sections.
- Temperature
Backcalculated Moduli (ksi) (Fahrenheit)
Section # AC Layer | Base Subbase | Subgrade | Air Surface
7 Average | 528.6 7.61 69 79.56
Std. Dev_ | 257.21 1348 17.33 19.45
C.V. 0.49 0.46 0.25 0.24
9
Average | 459.9 6.89 75.8 88.67
Std. Dev_| 327.67 3.29 15.08 20.84
C.V. 0.71 0.48 0.19 0.24
11
Average | 391.56 55.68 12.43 74.11 74.5
Std. Dev__| 234.55 42.65 3.33 134 33.02
C.V. 0.6 0.77 0.27 0.18 0.44
12B
Average | 693.22 25.02 124 60.33 79.33
Std. Dev_ | 421.62 8.26 4.17 2242 24.23
C.V. 0.61 0.33 0.34 0.37 0.31
12A
Average | 897.66 19.37 14.32 674 76.33
Std. Dev__| 561.56 1.5 3.5 16.8 26.15
C.V. 0.63 0.39 0.24 0.25 0.34
13B
Average | 204.88 9.45 8.24 74.67 84.56
Std. Dev_ | 110.73 347 1.70 17.05 20.95
C.V. 0.54 0.37 0.21 0.23 0.25
13A
Average | 638.9 14.61 11.99 72.8 81.6
Std. Dev_{ 373.8 5.94 3.39 16.75 19.99
C.V. 0.59 0.41 0.28 0.23 0.24
14
Average | 572.7 30.19 9.24 72.3 81
Std. Dev | 278.17 7.22 2.55 15.87 18.65
C.V. 0.49 0.24 0.28 0.22 0.23
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determine the variation in the different layer moduli with the different seasons. Mean,
Standard Deviation and Coefficient of Variation of the moduli values (for the different test
sections) are provided in Tables 9.2 (a)~(c). Information useful for selecting stiffness values
based on the data (Table 9.2 (a)-(c)) can be garnered from further analysis as detailed in the
following page.

\sisof Seasonal Variasion in AC Backcalculated Modul

Any variation in the stiffness values for similar mixes is essentially based on the
temperature at which the measurements were obtained. This arises from the visco-elastic
nature of asphaltic materials. Backcalculation in this study was performed using MODULUS
4.0. During this analysis, the asphaltic layers were grouped into one layer, i.e. the surface and
binder were treated as one layer of asphaltic concrete, in spite of the different mixes used.
This is essential in backcalculation involving pavements with very thin asphalt courses.
Detailed explanations for these can be found in Section 4. Hence, the ac moduli arrived at is
essentially a composite ac moduli. Due to the nature of the specific backcalculation
procedure used in this study, composite ac moduli for layers lesser than 4 inches (10.54 cm)
in depth were selected based on a temperature-moduli relationship present in the MODULUS
4.0 program. Any variation in backcalculated moduli obtained in such a case was solely
because of temperature differences. This also ruled out computation of variability in
backcalculated ac moduli within a test section as the variability obtained in FWD deflection
measurements were not reflected in the ac moduli backcalculated. For sections with ac
courses deeper than 4 inches (10.54 cm), although ac moduli were backcalculated using more
rigorous backcalculation principles the backcalculated values for ac course obtained using
MODULUS 4.0 were essentially the same.

Figure 9.2 shows spatial variation in FWD measured peak deflection for aggregate
base course section measured during March 1992. The coefficient of variation are shown in
parentheses. Section 24 and Section 7 are similar in design and appear to show comparatively
lower levels of variation (C.V. lesser than 10%). Coefficient of Variation along Section 16

was as high as 68%. Peak deflections corrected to temperature (68 F) is shown in Figure 9.3.
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The peak deflection measurements were corrected based on estabhshed AASHTO
procedures. It would be expected that with effective temperature correction, the deflections
would be a function of only pavement condition. In spite of the temperature correction, it
appears that the August readings for the different Sections appears to be the maximum. This
indicates that the correction for temperature has not been totally successful. Figure 9.4 shows
backcalculated moduli for aggregate base course sections corrected to 68 degree F. The
correction procedure adopted was based on a moduli-temperature correction procedure
developed at North Carolina State University. The relation developed was specific to this

project and is provided below:

0.0153 x (T, ,-68) x MR
MR ;=100 * Tna 69 x Mind

where
MR ; = Resilient modulus of AC layer at 68 °F
T g
MR _, = Resilient modulus of AC layer at T .

= Temperature at the mid-depth of AC layer

As noted in Figure 9.4 a general trend in decreasing stiffness (stiffness corrected for
temperature) with time, indicates the weakening of the pavement.

The corrections adopted in this section were performed only to illustrate the need for
temperature correction and for illustrating the effectiveness of temperature corrected
deflection/moduli in predicting pavement performance. These correction procedures were
not adopted in the presentation of the various results in this report, as season sensitive moduli
(moduli measured during different seasons) were required for the purpose of analysis. The
correction procedure for the resilient modulus has been verified for the results of this study
only. Other correction procedures are available for correcting the modulus of AC layers for

temperature effects.
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Deﬂéction data obtained from FWD testing was used to backcalculate the moduli. A

summary of the backcalculated moduli is included in Chapter 4. Subgrade moduli varied
within each test section and between test sections. As FWD backcalculation was conducted
primarily in the vicinity of the sensors in each test section, data from these specific regions of
each test section was used to study the variability of these subgrade moduli for different
seasons. A method is suggested below to pick up representative subgrade and aggregate
moduli for four different seasons. The method suggested, utilizes a statistical approach. The
method can also be uséd to obtain a stiffness estimate within user specified levels of
reliability. Although, the data presented here may be typical for the sections tested, the
methodology is useful for selecting unique values of subgrade or aggregate base moduli
based on seasonal considerations. This would be useful for a designer attempting to select “a
given seasonal value” for the modulus of any given pavement layer to be utilized in the design.

Subgrade moduli values for different test sections were normalized by season to the
maximum backcalculated subgrade modulus for that season. Table 9.3 shows partial results
from normalization performed on subgrade moduli, for the season extending from December
to February. The normalization was performed for all 24 test sections. It is common practice
to use this normalization practice over an entire project length of raoadway. This was done
for a total of 68 data points. The percentage of data points in each 10 percent increment of
the maximum backcalculated subgrade modulus was determined as shown in Table 9.4.
Subtracting the numbers in colurmn 3 (cumulative distribution) of Table 9.4 from 100 percent
yields the percent reliability of design. The results of the calculation for subgrade moduli are
shown in Figure 9.5(a). For example, if the designer wished to obtain a subgrade modulus
value for the period of Dec-Feb at a reliability level of 80 percent, a subgrade modulus value
that is approximately 30 percent of the maximum subgrade modulus would be used (30% of
23 = 6.9 KSI ). Similar computation was performed to obtain the moduli of aggregate base
for different seasons and at different reliability levels. The results for these calculations are

shown in Figure 9.5 (b).
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Table 9.3 Partial results for computation of Normalized
Subgrade Modulus during December - January
Backcalculated Subgrade Normalized Data
Moduli (ksi)
8.5 0.37
13.8 0.60
8.8 0.38
22.0 0.96
20.10 0.87
22.90 1.00 (*)
12.80 0.56
15.60 0.68
12.20 0.53
19.10 0.83
18.70 0.81
18.90 0.82
14.30 0.62
10.80 0.47
17.60 0.77
12.50 0.54
23.00 1.00
15.90 0.69
18.30 0.80

(*) Normalization performed based on a mximum backcalculated value of 22.90

ksi
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The combined probability of a successful design (design reliability) is the product of
the md1v1dual design reliabilities of the various design factors (ac stiffness , base stiffness,
subgrade stlﬂ’ness ) involved. For example an overall design reliability of 60 percent for the

project can be obtained in the following manner.

|A percent ac modulus reliability x B percent base modulus reliability x C percent Subgrade

modulus reliability = > 60 percent overall design reliability

:1.e. AxBxC = 60 for various combinations of A,Band C.

This method of computation of reliability based on individual reliabilities is useful
when design is performed based on simple design charts, but for mechanistic methods, a
more involved method may be neceésary. Nevertheless, figures 9.5(a) and (b) can be used to
arrive at estimates of stiffness (at desired levels of reliability) to be used as input parameters
for more involved methods of pavement design. A detailed look at the various concepts
involved with reliability and its application from a mechanistic pavement design standpoint

is discussed in Section 9.5.

9.3  Seasonal Variability in Strain and Stress Measurements for US421 Test Sections

Figures 9.6(a) show the mean (computed over different seasons) and coefficient of
variation observéd for strain at the bottom of the ac layer for aggregate base course and full
depth sections. It can be seen that the coefficient of variation (C.V )for the ABC sections are
around 40 percent or less, whereas the C.V for full depth sections are considerably higher
than 50 percent. It is therefore possible to assume ranges of strain values for ABC sections
with a higher degree of reliability as opposed to assuming them for full depth sections. The
strain values measured are a function of the materials used in the pavement and the depth of
the asphalt cover.

Figure 9.6(b) shows the mean (computed over different seasons) subgrade stress in
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ksi. Unlike for the strains, the C.V. for stresses is not dependent on the type of pavement. The

C.V. is limited to a maximum of 40 percent for all 24 test sections.

9.4 Sensitivity of Modified Shell Fatigue Model to Variation in Asphalt Modulus

and Thickness

Field backcalculated moduli for the asphalt concrete were chosen from trips made
during the months of October to March. The data was grouped into two groups based on
measurements made during October to December (temperature of 65F) and measurements
made during January-March (temperature of 78F). Mean and standard deviations of the
moduli during these periods were determined. Strain at the bottom of the AC layer were
computed for section 1 for both these groups independently, by varying the surface moduli
by one standard deviation on either side of the mean. During this process the AC thickness
was also varied from a value of 3.25 inches to a maximum of 3.75 inches. Therefore for each
period (say, OCT-DEC) a total of nine data points were obtained. Fatigue estimates were
made using the fatigue law illustrated in equation 6.28.3 in Chapter 6. This fatigue

relationship is shown below:

Nf = 623x10 —3(¢)l.363(ei) -4.813
(8) 1% (sind) ***exp(0.101V,~0.046T)

where

N¢ = number of cycles to failure

P = energy Ratio

€, = initia] Strain (Strain @ 200th cycle)
S, = initial Stiffness

o, = phase Angle

\Y% = voids
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T = AC temperature

Computation for fatigue was performed treating only the stiffnéss and strains as
varying, while the remaining factors were assumed constant. Computations were performed
using a specially written program capable of repeated calculation of the strain and fatigue
lives using various combinations of AC moduli and AC thicknesses. The results are shown
in Figure 9.7. the lines shown represent computation made with similar surface moduli, but
varying thickness measurements. It can be seen that in the OCT-DEC data set, fatigue life
decreases with increasing stiffness, whereas for the FEB-March data set, fatigue life decreases
with decreasing stiffness. This happens due to the interplay between the variables of stiffness
and strain in the fatigue equation. The apparent decrease in fatigue life for increasing stiffness
estimates during the OCT-DEC trip is minuscule and may be treated as almost constant. This
shows that the model is more sensitive for stiffness changes greater than 30 ksi. As the data
used to generate the plot was based on statistical variations observed in field measurements,
it indicates the variation in fatigue lives that can be observed using the model developed at

NCSU.

9.5 Reliability Analysis - An Introduction
The ways in which civil engineering systems fail, the occurrence and frequency of
failure, demonstrate considerable difference between idealized and actual systems. The failure
of a system is assessed by its inability to perform its intended function adequately on demand
for a period of time under specified conditions. The measure of success is called "reliability”.
It is thus evident, that any meaningful scale of success or failure must be addressed in
probabilistic terms due to the inherent variability and lack of determinacy of civil engineering
systems. Probabilities of failure are the most significant indices of reliability. Being objective,
and quantifiable they lend themselves as effective tools for comparisons of the risk of failure
of different systems.
- Any attempt at reliability analysis requires the computation of the mean and the
standard deviation of requisite variable (distribution of the variable) being studied, based on

available information on the distribution characteristics of related variables. The next section
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details available methods to determine the distribution of any random variable.

9.5.1 Methods to Determine Distributions of Random Variables

Several methods have been developed which provide the distribution of random
variables. These can be categorized as follows:

¢)) Exact Methods

(2) First Order, Second-Moment (FOSM) Method

3) Point Estimate Method (Harr,1987)

1) Exact Methods

The exact methods are usually computer-oriented and require several numerical
integrations. In these methods, the probability distribution function must be known for the
component variables associated with a random variable. Numerical integration and Monte
Carlo methods are included in this category.

The Monte Carlo method requires the probability distribution functions of all
component variables to be completely known. The method uses a hit-or-miss procedure,
where the density function of the desired random variable is obtained by using large sets of
random numbers, that model the distributions of the input random variables, in a series of
simulations. Harr (Harr,1987) has shown how the randomly generated inputs can be
associated with the assumed distribution of the independent variables. He has also shown
examples of the number of simulations to achieve a particular level of reliability. It is
important to realize that the number of simulations or trials increase in proportion to the

power of the number of independent variables.

(2) First-Order Second Moment (FOSM) Methods

The FOSM methods result from the truncation of the multivariate expansion of
Taylor's series about the expected value of the variables. Only first-order (linear) terms are
retained. The method is computationally intensive as it requires the evaluation of partial

derivatives. This becomes quite impossible, when most relationships are given in the form of
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charts or graphs.

3) Point Estimate Method (PEM)

The difficulties using the FOSM method were ameliorated by the use of Rosenblueth's
point estimate method (PEM). The method is simple and based on the finite difference
procedure. Unlike the Taylor series expansion that required the knowledge of each term in
the function and the existence and continuity of the first and second derivatives, Rosenblueth's
PEM can be used directly to determine the mean and variance of any function without
knowing its formulation. To reiterate, the Rosenblueth's method does not make use of the
Taylor series, but instead uses calculated values of the function of x and y at different points,
with each calculated value weighted to produce estimates of the expected value and variance
of the function. The Rosenblueth method can be used to determine the probabilistic solutions
from the deterministic solutions. Any deterministic design method can be easily converted to
a probabilistic method solely, based on a number of deterministic solutions. Consider a
function f(x) on which conditions of existence or continuity of first and second derivatives
have not been imposed. Then, Point estimates of the function (for one variable) can be used

in an expression for the expected value:

E(g(x)) = 2 (8(x), + g(x).)
This expression expanded to multiple variables (m):
E(2(X)) = 1/2™ (8(X)spapast -t (X)) for M variables
M M
The total number of variables involved in the above equation is 2M. The values of the
function f (x) at the + and - levels correspond to the mean value of the first variable x plus or

minus the associated standard deviation of the x variable.
9.5.2 Pavement Design - A Probabilistic Perspective

The area of pavement design provides a classical case study for the complexities

involved in incorporating a rigorous probabilistic approach in the design of pavement systems.
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It also clearly indicates the importance of such an approach in the design considerations. For
long, pavement design has primarily been conducted at an empirical level. The factors that go
into the design of a pavement system are very many, and the variables involved have large
variances. The discussions in this chapter will pertain to the probabilistic considerations in the
design of flexible pavement systems. Several definitions for design reliability have been
provided by various agencies. An example from the AASHTO guide , defines reliability in the
following manner: "Reliability is the probability that the pavement will perform its intended
function over its design life and under the conditions encountered during operation.”

The important factors that go into the design of a road system are:
(a)  Material properties:

Elastic Moduli, Thickness, Poissons ratio,
(b)  Environmental conditions:

Temperature, Moisture, Amount of rainfall
(c) Loading Conditions:

Nature of the load, Axle configurations, Tire pressures

The AASHTO method of pavement design evolved from field tests run in Illinois in
the early 60's, and to date provides the most widely recognized pavement design procedure.
Over the years, wide ranging improvements in computational power and material testing
equipment have taken place. Specific failure mechanisms for various pavement types have
been identified and explained. All these have necessitated the move towards a mechanistic
design framework. By mechanistic, the pavement engineer obviously refers to a mechanistic
empirical procedure. |

In analyzing a pavement structure in probabilistic and reliability terms, the expected
value and variance of a function (such as the computed stresses, strains, or load repetition)
should first be determined, and the reliability of the design (fatigue life) can then be evaluated.
The next section provides a framework for designing pavements under a probabilistic

framework.
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9.6 Proposed Framework for Designing a Pavement under Probabilistic
Considerations |
To understand this, one needs to understand the mechanistic design procedure. The

easiest way to understand this complei procedure is to study the flow chart shown in Figure

8.1 (chapter 8). The design involves a structural analysis model at its core which calculates

the pévement response to a certain loading condition for a given set of layer properties. As

is evident, there is variability involved in each of the modules. The pavement engineer is
interested primarily in variation caused in the most significant design parameter due to
changes in material parameters (stiffness, thickness, loading,...).

The two most significant design parameters for flexible pavement design are:

(a) Strain at the base of the asphalt layer: This strain has to be minimized to decrease
the level of fatigue cracking. This occuré due to the constant application of load which
tends to fatigue the asphaitic course.

(b)  Stress at the top of the subgrade: This is to minimize rutting or permanent

~ deformation. With increasing stress on the subgrade, depressions are caused along the
wheel path which could lead to loss of steering control and Hydroplanihg.

Test sections are designed based on available material and the stress and strain levels
are computed using a multi-layer elastic or visco-elastic theory. The strain levels are used to
compute the predicted service life (number of cycles to failure). A novel approach would be
to carry out this entire computation under a probabilistic framework. Due to the complexities
involved in a rigorous probabilistic formulation, one simplified approach, would be to use
Rosenblueth's Point Estimate Method (sec 9.31(3)) . The actual procedure to determine a
proababilistic estimate of strain is explained in the following pages. The whole process can
be programmed so as to minimize the time and effort taken to consider the large number of
computations.

From the elastic layer theory, we understand that the strain at any given location in
the pavement structure due to the passage of a load can be expressed as a function of the
parameters like load, stiffness, Poissons ratios and thicknesses. Mathematically strain can thus

be expressed as:
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Strain at the bottom of ac layer=  f(P,el,e2,hl,v;,v;) fora2 layer pavement with an ac

layer over a subgrade.

where

P = Load on the Pavement

el = Layer 1 Moduli

e2 = Layer 2 Moduli

hl = Layer 1 Thickness

v, = Poissons ratio for Layer 1
v, = Poissons ratio for Layer 2

Based on the discussion on point estimate method, the following equations are useful
to the solution of our problem (calculating the probabilistic estimates of mean and variance

for the strain value at a specified depth).

E(e)= V2 (e, + €") for one variable

E(eM)= 1722 (¥, + €V, + €~ + €") for two variables

E(eM= 1/2M (€N +.....4+4 €¥__) form M variables

M M

These expressions are the same as those used to explain the Point Estimate Method.
The total number of terms to calculate the expected value of a function € (strain computed
using a multi-layer elastic program ) which has M variables is 2™, and if € represents the
function f (x) then N is the power of the function and takes on values of either 1 or 2. For
N=1 in the above equation, we obtain the first expectation of the strain.

An example of computation for a 2 layer system is given below. The input
information from Table 9.5(a) can be input into a linear elastic layer program (WES 5,
ELSYM, BISAR etc..) to find the strain at the bottom of the asphalt surface course. Instead

of using the mean values of the input parameters, the added flexibility of changing the input
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Table 9.5(a) Sample input used for 2 layer system used in PEM computation.

2 Layer System

Mean Modulus (psi) Coefficient of Variation
Layer 1 (Asphalt) 1000000 0.1
Layer 2 (Subgrade) 9000 0.1

Mean Thickness (inches) Coefficient of Variation
Layer 1 (Asphalt) 20 0.1
Layer 2 (Subgrade) infinite

Mean Load (pounds) Coefficient of Variation
Load 30000 0.1
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parameters in a manner dictated by its variance is made use of.

To reduce the number of computations, variations of Poissons ratio of pavement
materials are neglected. The independent parameters that are considered but uncertain are
Wheel Load (P), elastic modulus and thickness of the asphalt layer (el and h1), respectively,
and the elastic modulus of the subgrade (e2). Thus it is now a four parameter problem. The
total number of terms needed to compute the expected value of a function (strain) is 2"

(2* = 16). N would take values of either 1 or 2 (2 if we need both mean and mean square

values).

If P represents the mean load value of 30,000 1b., then
P, = 33000 and P =27,000
Based on the notation shown earlier
€, =f(P,el, ,e2,hl)
= £ (33000, 1100000 , 8100, 18 )

Thus 16 (2*) different strain values can be found based on various combinations (Table

9.5(b)).

The variance is found using the formula:

V(X) = E[X?] - E*[x].

The standard deviation is obtained by taking the square root of the variance. Thus, we
now have the mean and standard deviation of the strain. The choice of probability distribution
may be a function of mathematical convenience, such as normal or log-normal distributions.

The distribution (for strain) in this case is assumed to be normal.
9.6.1 Computation of Mean and Standard Deviation of Strain for US421 Test

Sections

Table 9.6 shows the mean and standard deviation for moduli values encountered in
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Table 9.6 Mean and standard deviation of moduli ( 3 seasons) for 4 sections .-
Season Section Moduli (ksi)
ACLayer | Base | Subbase | Subgrade
Oct-Dec 1
Mean 209.33 13.73 343
Std. Dev. 36.17 2.68 1.33
23
Mean 484.67 14.63 597
Std. Dev. 115.28 5.86 1.67
12B
Mean 778.33 25.43 14.90
Std. Dev. 118.71 7.71 2.83
13B
Mean 215.67 11.50 8.97
Std. Dev. 84.51 4.10 1.35
Mean Feb-March | 1 544.00 13.43 5.00
Std. Dev. 122.38 241 1.20
Mean 23 520.33 11.80 3.80
Std. Dev. 239.04 2.55 0.73
Mean 12B 810.33 28.40 12.10
Std. Dev. 413.25 10.60 2.62
Mean 13B 196.00 8.47 8.47
Std. Dev. 24.99 0.21 0.21
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Table 9.6 Mean and standard deviation of moduli ( 3 seasons) for 4 sections
(cohtd).
Season Section Moduli (ksi)
ACLayer | Base | Subbase Subgrade
May-Aug. |1
Mean - 204.50 13.10 3.15
Std. Dev. 43.50 3.10 1.55
23
Mean 213.50 16.00 5.25
Std. Dev. 27.50 0.60 0.05
12B
Mean ‘ 112.50 2120 | 6.60
Std. Dev. 7.50 3.20 0.60
13B
Mean 83.00 5.85 5.70
Std. Dev. 5.00 045 0.60
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sections 1, 23, 12B and 13B, during three different seasons. Sections 1 and 23 are similar
in design and so are Sections 12B and 13B. Based on these and assumed values of variation
in thicknesses, the mean and standard deviation, for the strains for each of these sections
during the different seasons is calculated. A partial list of these computations for Section 1

is shown in Table 9.7.

9.6.2 Computation of Probabilistic Estimates of Fatigue Life for US421 Test Sections

For a given the strain value, a plethora of empirical as well as mechanical
relationships exist to arrive at the fatigue life of the pavement structure. It is now possible to
predict a reliability level for every value of strain used to predict the fatigue life. Strain
repetitions are calculated for the specific failure mode from strain values corresponding to
different reliability levels.

Considerable research on fatigue cracking has been performed in recent years to yield
mechanistic relationships linking fatigue life to strain. Based on the concepts of dissipated

energy, a fatigue model of the following form was developed at North Carolina State

University.
N;=f(2Vv, t.€S",sind)

where

€ = Strain at the bottom of the asphalt layer.

S = Stiffness Modulus.

(0} = phase angle.

¥ = Energy ratio

t = temperature

\% =voids

N; = number of cycles to fatigue.

Details regarding this model can be seen in Chapter 6. If variation in phase angle,

energy ratio, and void ratios were to be neglected, then fatigue life can simultaneously be
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Table 9.7 Partial results obtained using PEM for section 1 (variation of strain
due to variation in input parameters). '
El H1 E2 H2 E3 H3 E4 H4 E5 STRAIN
173160 3.25 16410 11,75 10500 O 10500 O 4760 0.000503
245500 3.75 16410 1175 10500 0 10500 0 4760 0.00044
245500 3.75 11050 1175 10500 O 10500 O 4760 0.000545
173160 3.25 11050 11.75 10500 O 10500 0 4760 0.000662
173160 3.25 11050 11.75 10500 0 10500 0 4760 0.000662
245500 3.75 11050 11.75 10500 0 10500 0 4760 0.000545
245500 3.75 16410 11.75 10500 O 10500 O 4760 0.00044
173160 3.25 16410 11.75 10500 O 10500 0 4760 0.000503
173160 3.25 16410 1225 10500 O 10500 O 4760 0.0005
245500 375 16410 1225 10500 O 10500 O 4760 0.000437
245500 3.75 11050 12.25 10500 0 10500 0 4760 0.000542
173160 3.25 11050 12.25 10500 0 10500 0 4760 0.000659
173160 3.25 11050 12.25 9500 0 10500 0 4760 0.000659
245500 375 - 11050 1225 9500 0 10500 0 4760 - 0.000542
245500 3.75 16410 12.25 9500 0 10500 0 4760 0.000437
173160 3.25 16410  12.25 9500 0 10500 O 4760 0.0005
173160 3.25 16410 11.75 9500 0 10500 0 4760 0.000503
245500 3.75 16410 11.75 9500 0 10500 0 4760 0.00044
245500 3.75 11050 11.75 9500 0 10500 0 4760 0.000545
173160 3.75 16410 11.75 9500 0 9500 0 4760 0.000491
173160 3.75 11050 11.75 9500 0 9500 0 4760 0.000628
245500 3.75 11050 11.75 9500 0 9500 0 4760 0.000545
245500 3.25 11050 11.75 9500 0 9500 0 4760 0.000586
173160 3.25 11050 11.75 9500 0 9500 0 4760 0.000662
Strain (Mean) = 0.000544
Strain (Std. Dev)=  7.96E-05
(Oct-Dec) Data
Mean Swd-Dev Mean C.V.

El(psi) 209330 36170 Hitin) 35 0.07

E2(psi) 13730 2680 H2(in.) 12 0.021

E3(psi) 3430 1330 H3(in) O 0

E4(psi) 3430 1330 H4(in) O 0

ES(psi) 3430 1330
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obtained along with strain estimates.

9.6.3 General Formulation of Reliability for Different Probability Density Functions
The reliability factor, Z, may be computed for any probability density function by

using the following steps:

¢)) Find the mean, p.

(2)  Find the variance 0.

(3)  Find the area beneath the probability density function, from its lower limit, to the
maximum acceptable upper limit, X, This area is the reliability level, R.

@) Calculate the reliability factor, Zg, from

Xmax—u
R o]

The computation of Zg is illustrated in Figure 9.8. The reliability factor can be
computed for any probability density function, p(x). The risk of failure is 1.0 minus the
reliability.

9.6.3.1 Computation of Reliability based Strain and Fatigue Lives for Section
1 (US421 Test Section)

Figure 9.9 shows a reliability strain curves for Section 1. Three curves for three typical
seasons are shown. These curves were plotted based on data provided in Table 9.6 (a)and (b).
The Point Estimate Method was utilized to derive the reliability strain relationships. Based
on Figure 9.9, for variations in seasonal temperatures, different values for strain at the bottom
of the ac layer can be chosen based on user specified levels of reliability. Fatigue Lives

obtained using these estimates along with the strain values are shown in Figure 9.10.
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97 RELPAV - A Program for Computation of Fatigue Life in a Probabilistic

Framework.

A Program called RELPAV was developed to carry out the computations for the
Point Estimate Method and to develop the reliability-strain and the reliability-fatigue life
curves. This program was developed as an analysis tool, and has not been incorporated into
the design procedure. The code for the Point Estimate computation utilized the Hamilton
Walk algorithm to generate the various permutations and combinations required (section
9.6). Due to the large number of combination runs recjuired, the program requires
considerable time to run even with a 486 processor. Structural analysis was carried out using
WES 5 (see Section 4.3). Figure 9.11 shows & flow diagram for the computation of the
distribution parameters of strain and fatigue lives using the Point Estimate Method. The
FORTRAN code for the program is provided in the appendix.

This methodology for RELPAYV although simple to use in individual cases. is difficult
to incorporate into a regular design method. It has therefore not been incorporated into the
NCFLEX system. Other probability based programs, carry out probabilistic-based
computation only at the levels involving computation of fatigue, rutting, PSI etc. These
methods do not carry out probabilistic based computation during the determination of
pavement responses like strain or stress, as these parameters are not evaluated based on
simple equations, but require a more involved analysis. The RELPAV program was
developed as an analysis tool in this project, and can be used to evaluate the variation that
can be obtained in the response parameter (strain at the bottom of the ac layer) due to
variation in input layer properties. It performs fatigue computation based on stiffness
(estimate for the entire year) and thickness estimates for the various layers. The NCFLEX
program although deterministic in nature utilizes 4 seasonal estimates of the stiffness of the

different layers thereby accounting, in its own way, for seasonal variability.
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STIFFNESS
(Ei)+ = E mean + E std.dev

(Ei)- = E mean - E std.dev
FORi=1TOS5

THICKNESS
(Hi)+ = H mean + H std.dev
(Hi)- = H mean - H std.dev E1+,H1- E2- H2- E3- H3+,E4+ H4+ ES-

FORi=1TO4

E1+,H1+,E2-H2+ E3+,H3+,Ed+ Hé+ E5-

E1+ H1- E2- H2+,E3+,H3+ E4+,H4- ES-

POISSONS RATIO N | = ..,

H --------------------------
FORi=1TOS 24N COMBINATIONS

LOAD [P1,P2P3 P4 PS | INPUT : Any one Combination

! Y

MULT! - LAYER ELASTIC ANALYSIS
WES 5

Y

RESPONSE (K)
FOR K= 1 TO 22N

MEAN AND STD.DEV ™ FATIGUE UFE
OF RESPONSE
L
MEAN AND STD.DEV]
OF FAT. LIFE

Figure 9.11  Flow diagram illustrating the sequence of computational
steps involved in the Point Estimate Method.
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CHAPTER 10 |
COMPARISON OF DIFFERENT DESIGN METHODS

This chapter deals with performance prediction of US421 test sections using existing
design methodologies. The AASHTO, VESYS, and the Asphalt Institute method are used in
this study. Due to non availability of comprehensive data specific to the application of these
design methodologies, assumptions had to be made regarding certain parameters. These
assumptions have been mentioned in the respective sections. The various methods used are

dealt below.

10.1 AASHTO Design Method

The design procedure recommended by the American Association of State Highway
and Transportation Officials (AASHTO) is based upon the results obtained from extensive
testing of AASHO Road test sites in Ottawa, Tlinois in the late 1950's and early 1960's. It
was the first time a functional concept to failure was introduced above the traditional
concepts of structural failure. The functional concept stated that the function of any road was
to safely and smoothly carry traffic from one point to another. Non compliance with the above
stated objective, meant that the pavement system had failed functionally. To quantify such a
functional concept, several additional concepts were introduced. The concept of serviceability
was introduced. Serviceability was quantified using a term called PSR, or the present
serviceability index. The PSR was a rating given to the pavement on a scale from one to five,
based on the observations of a select panel of qualified individuals. A later correlation was
made relating the PSR to various physical measurements of the pavement. This was called as

PSI, or the present serviceability index.

PS1i=5.03-1.91log (1+SV)-1.38RD?-0.01(c+p)"" (10.1)

where

SV= slope variance, a measure of longitudinal roughness
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RD = average rut depth
c&p= area of cracking and patching per 1000 square feet

Perférmance was introduced as a time related function of serviceability. It indicated
the ability of a pavement to satisfactorily serve traffic &er a period of time. Using the above

concepts, the following expression for the design of flexible pavements was developed:

log (P -P,)/(P,-1.5)
0.4+1094/ (SN+1)3-1°

loth18=9 .36log (SN+1)-0.20+

+log(1/R)+0.372(S,-3.0) (10.2)

where

Wi = total load applications at time t of an 18 kip single axle load
SN = structural number of the pavement

P, = initial serviceability (t=0)

P, = serviceability at end of time t

= soil support value

The total equivalent 18-kip single axle load applications (W,,s) is defined as the total
traffic volume expected to pass a point or over a roadway section during a given traffic
analysis period (t) adjusted for lane and directional distribution and converted to equivalent
18 kip single axle load applications.

The Structural Number (SN) is an index number derived from analysis of traffic,
roadbed soil conditions, and regional factors that may be converted to thickness of variable
pavement layers through the use of suitable layer coefficients related to the type of material
being used in each layer. The SN is the variable in the AASHTO equation reflecting the actual
structural design of the pavement.

The P, value or the terminal serviceability index is the lowest serviceability level that
will be tolerated before reconstruction becomes necessary. The regional factor (R) is used to

adjust the structural number of the flexible pavement structure for climatic conditions. The
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soil support value (S;) is an index number that expresses the relative ability of the subgrade
to support a given traffic level on a particular flexible pavement structure.

Luhr (NCHRP) developed a simplified performance equation to predict the number
of allowable 18 Kip single-axle load applications for each pavement condition using computed

subgrade strains obtained from the AASHO road test data.

log, N, =2.15122 -597.622(¢ ) - 1.32967log o(€,,)

+log,(PSI-TSD/2.T1'"* (10.3)
where
Nx = number of weighted applications of axle load X before the pavement
reaches a specified terminal serviceability index (TSI)
€y = subgrade compressive strain due to axle load X
PSI, = initial Present Serviceability Index
TSI = terminal Serviceability Index

This equation, presented by Luhr, makes use of a subgrade compressive strain

parameter (€,) which is obtained from a mechanistic analysis of any pavement system.

10.1.1 AASHTO Analysis of US421 Test Sections

The following section describes the AASHTO method of determining failure times.
The analysis is performed on data obtained from the US421 test sections. The traffic
estimates from the weigh-in-motion instrumentation were used to determine the number of
ESALSs that caused failure. Failure due to fatigue cracking was defined as a cracking level of
15 percent of total area, based on the criteria suggested by the North Carolina Department
of Transportation. To compare this failure time with those predicted by the AASHTO (1986)

method, computations for the number of ESALS to failure of the different sections were
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performed. The various steps used in this computation are described below:

¢)) Layer coefficients for the various layers were determined based on a survey of
literature available on this topic (AASHTO, 1961). Table 10.1 shows some values for layer
coefficients that can be used.

(2)  Structural number computétions were performed as detailed in the 1986 AASHTO

guide.

SN = al*m1*hl + a2*m2*h2 + a3*m3*h3 + a4...
where
a = layer coefficients

h = thickness of the layers, and
m= drainage Coefficient

In this analysis, no use was made of the drainage coefficient. The structural numbers

so obtained are shown in Table 10.2.
3 The method requires the use of an effective roadbed soil resilient modulu's rather than
a single estimate of resilient modulus as obtained from the lab. Table 10.3 shows a sample
worksheet (AASHTO,1986) for estimating the effective roadbed resilient modulus. A year
is divided into a number of periods during which different roadbed soil resilient moduli are
specified. The shortest time period is half a month. These seasonal moduli can be determined
from correlations with soil moisture and temperature conditions or from non destructive
deflection testing. The relative damage can be obtained from the vertical scale or computed
from the equation provided. The average relative damage is then computed, from which the
effective roadbed soil resilient modulus can be obtained.

For applying this procedure in the analysis of the test sections in the report, a modified
approach had to be taken. Backcalculated subgrade modulus was available for various
months, but not necessarily for all the 12 months of the year. Damage factors were calculated
for each of these modulus values, averaged and an effective resilient modulus was computed.
The conversion from average resilient modulus (My) to damage factor, back to an effective

roadbed resilient modulus value was performed using the AASHTO recommended equation
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Table 10.1 Layer Coefficients for the evaluation of Structural Number (AASHTO,

1961).
PAVEMENT COMPONENT COEFFICIENT
Surface Course
Roadmix (low stability) 0.20
Plantmix (high Stability) 0.44
Sand asphalt 0.40
Base Course
Sandy gravel 0.07
Crushed stone 0.14
Cement-treated ( no soil cement) 0.14
Compressive strength at 7 days
650 psi or more 0.23
400 - 650 psi 0.20
400 psi or less 0.15
Bituminous - treated
Coarse graded 0.34
Sand asphalt 0.30
Lime-treated 0.15-0.30
Subbase Course
Sandy gravel 0.11
Sand or sandy clay 0.05-0.10
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given in Table 10.3. Table 10.4 gives the effective roadbed resilient modulus values for the
various test sections. Notice that the value so obtained is not just an arithmetic mean of the

various moduli values obtained from various seasons.

(4)  With the requisite parameters available, the number of ESALS to failure is obtained

from the following equation.

log(P,-P)/(P,-1.5

W, 5=Z*Sy+9.36l0g(SN+1)-0.20+

0.4+1094/(SN+1)*"! (10. )
+2.32log(Mp)-8.07
where
Wy = total load applications at time t of an 18 kip single axle load
SN = structural number of the pavement
P, = initial serviceability (t=0)
P = serviceability at end of time t
= normal deviate for a given reliability
Mg = effective roadbed soil resilient modulus
S, = standard deviation

In this analysis a P, value of 4.2, P, value of 2.3, Z, value of -1.645 and a S, value of
0.35 were used.
(5 Th entire process is fairly straight-forward and could be easily done with a
spreadsheet. The entire design process can be readily programmed using a spreadsheet. This

is a convenient way to carry out repetitive computation to check the feasibility of various

designs.

10.1.2 Comparison of AASHTO Predicted Failure Times with Observed Distress

From Figure 10.1 the following points can be noted:

(1)  The AASHTO method predicts an unreasonably high life to failure for section 5. This
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Table 103  Worksheet template for estimating effective roadbed soil
resilient modulus (AASHTO, 1986).

Roadbed __
Sod Relative % -3 - 008
Month Moduius. Damage. = -
M, (o8 u, =
—— .01
a—
20.000 0.0 20 et
Jan 1
3=
20.000 0.01 -
Feb. a
bn =
2.500 1.5 b
Mar. -:—
—— -m
4,000 0.51 0
. . =
n° — 10
4,000 0.51 = m I
May :‘ eme— :.
7.000 0.13 3 —_ g2
June § L § ? <
s o X
3000 N g T T =
July - .13 § i s 2
: % & 3
Ave. - AL 3 4 -
7.000 0.13 2 —f— 10 -
S . : 9.
eDt. 3 = &
« - 8
7.000 0.13 = H
Qct . . ‘ e g
4 000 05" g
Nov p——
-+ 5.0
20.000 0.01 I
Dec —
. — 00
Summanon: Zu' - n E
| a— 13.0
Aversge: ;' - :“l - 3n = 0.
12

Effective Roadded Soil Resihent Moduius. M, tps)) = 5.000 (corresponds 1o u)
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Table 104  Effective subgrade modulus values computed for
US 421 test sections using AASHTO method

Section Effective Modulus (psi)
Number AASHTO METHOD
1 3463.832
23 8742.243
2 14790.69
24 7832.446
3 6300.026
16 13394.8
5 22117.61
17 18306.82
4 20457.53
18 15349.43
6 10188.24
21 17668.7
8 12370.63
19 14339.16
10 17207.25
15 20510.13
7 5592.552
20 13270.52
9 4713.268
22 10501.74
11 11079.61
14 8170.922
13 9644.438
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can primarily be correlated to the combination of a high value obtained for the structural
number (3.71) as well a high effective resilient modulus value of 22117 psi.
(2)  Itis noticed that for most sections, the life to failure as predicted by AASHTO method
is much higher than the 15% fatigue life as modeled at NCSU. This is acceptable considering
that the AASHTO defined failure is a PSI based approach that takes into consideration factors
that include fatigue, rutting, roughness, slope variance etc. Failure of the pavement was
defined in this project as a cracking level of 15% over the entire area of the test section.
3) For sections 1,3,7 and 9, the AASHTO predicted number of ESALS to failure is lower
than the 15% fatigue life limit modeled by NCSU. Sections 1 and 3 are aggregate base course
sections. Sections 7 and 9 are full depth AC sections. All four sections do not have a
stabilized subbase layer.
@ The AASHTO design of these test sections made use of subgrade modulus values as
measured by the FWD, and have been averaged as per AASHTO procedures to yield the
effective subgrade resilient modulus. Due to this, different effective subgrade resilient moduli
were obtained for sections with similar designs, and even similar subgrades. It is widely
believed that the backcalculated subgrade moduli may sometimes over-estimate the moduli
by as much as a factor of 3. Lack of information regarding the moisture conditions during
the various months of the year made it impossible to accurately predict subgrade moduli
values in the laboratory for the various seasons. It was felt that in such a case, the method
used in this analysis might serve as a bettér means to arrive at seasonal subgrade moduli.
The reasons for the differences between the predictions made using the AASHTO
method and the observations are therefore many. The AASHTO guide due to its empirical
nature, does not seem to be adequately capable of handling various climatic and structural
differences. In the decisions made to overlay the pavement, no separate functionality
concepts ( PSI, roughness, etc.) were considered. In the local practice, fatigue cracking seems
to be the most important criteria in deciding when a particular pavement would be resurfaced.
Although, the comparison between these two methods are difficult to make
considering the widely different methodology they adopt, the analysis reiterates the

importance of the various factors used in the design methodologies. The designer should
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therefore exercise whatever method he chooses with caution, and understand the numerous

pitfalls.

10.2 VESYS

The VESYS program was developed under the sponsorship of the U.S. Federal
Highway administration (FHWA) by a number of prestigious academic institutions, consulting
firms and Highway agencies. The program utilizes a two step mechanical-empirical modeling
approach. Figure 10.2 illustrates the major components of the VESYS program. The
program is composed of 4 major interactive models; primary response, general response,
damage and performance. Several versions of the program, have been released to date.
VESYS-IIM (1976) considered only a three layer system, but beginning with VESYS-
G(1977) up to eight layers may be accommodated. Using VESYS-5(1987), the effects of
tandem and tridem axles on the pavement may also be examined. The structural analysis
component is essentially a visco-elastic adaptation of a layered elastic analysis. Prediction of
damage considers individually the three primary distresses entering the AASHO PSI equation
(rutting, cracking, and roughness), and employs calculated responses due to a static or a pulse
load. This is done in a probabilistic fashion rather than a deterministic fashion, in order to
account for inherent variability in material input parameters, traffic distributions, climatic
factors, etc. The VESYS output consists of means and variances of the three primary

distresses, and of the combined PSI values.

10.2.1 VESYS Analysis of US421 Test Sections

Four sections were chosen for conducting a detailed VESYS analysis. Section 1 and
3, both aggregate base course sections and section 7 and 9 both Full depth AC sections were
chosen, for further analysis. Test results (material properties) for materials and gradation
similar to those used in the test sections were used in the analysis. The data regarding the
material properties was adapted from a study conducted earlier by Malpass (Malpass.G.,
1994). The following conclusions can be drawn from the analysis of the results. The material
properties that served as input for the VESYS program are shown in Table 10.5(a)-10.5(d)
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Figure 10.2  Flow chart for VESYS method.
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Table 10.5(a) Average seasonal pavement temperature (used as input in the VESYS

analysis)

Season Average Temperatﬁre 3]
Winter 40

Spring 70

Summer 100

Fall 70

Table 10.5(b) Resilient moduli values (used as input in the VESYS Analysis)

Average Pavement Temperature

40 (F) 20 (F) 100(F)
Surface Mixture Mr (psi) 1,494,000 271,000 49,900
Base Mixture ~ Mr(psi) 3,770,400 700,400 72,500
Binder Course ~ Mr(psi) 1,880,000 323,000 59,100
Aggregate Base Mr(psi) 27,000 26,000 29,000
Subgrade Soil  Mr(psi) 4,000 3,000 9,000
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Table 10.5(c) Mechanistic properties -K1 and K2 (used as input in the VESYS analysis).

K1 K2
Surface Course Mixture 2.15x10-3 1.84
Base Course Mixture 1.87 x 10-15 6.91
Binder Course 1.95x 10-7 3.75

Table 10.5(d) Mechanistic properties Alpha and Gnu (used as input in the VESYS

analysis).
Average Pavement Temperature
- 40 (F) 20 (F) ~ 100
Surface Course Mixture Alpha 0.183 10.565 0.623
Gnu (x107) 7.095 35.79 33.50
Base Course Mixture Alpha - 0.232 0.415 0.624
Gnu (x107?) 3.490 15.30 21.40
Binder Course Mixture Alpha 0410 0.620 0.690
Gnu (x107%) 9.0 50.0 38.0
Aggregate Base Course Alpha 0.810 0.840 0.870
Gnu (x107) 10.0 10.0 5.0
Subgrade Alpha 0.850 0.850 0.720
Gnu (x107) 160.0 160.0 40.0
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10.2.2 Comparison of VESYS predicted Distress with Observed Distress
A comparison of the VESYS analysis of the test sections and actually observed

condition of the pavement is presented below.
(1)  Comparison of rutting

The rutting prediction for three sections (1,3 and 7) is shown in Figure 10.3. It can
be seen that maximum rut depths were noticed for section 3, followed by section 7 and then
by section 1. It can be observed from the figure that VESYS over-predicts rutting for all the
three sections. It must be noted, that the NCSU model takes into account rutting from the AC
layers only in accordance with field observed rutting. It seems-quite obvious that the VESYS
model is taking into account factors such as aggregate base course and subgrade rutting in

its rut depth computation.

(2)  Comparison of fatigue life
The fatigue models for both the NCSU and for the VESYS model are based on

Miners Hypothesis. A cumulative damage ratio is computed for each year or season based on
observed and predicted number of ESALs. In the NCSU model it is hypothesized that the
pavement layer is considered to have failed in fatigue cracking when the Damage Index ratio
equals 1. The VESYS program works on the hypothesis that a Damage Index of 1 refers to
crack initiation at the bottom of the AC layer, and that one must consider factors such as
crack propagation etc. Therefore the VESYS calculated DI values may be greater than 1.
Damage Index (DI) computation for some typical sections by both the NCSU method and the
VESYS method are shown in Figures 10.4 and 10.5 respectively. The VESYS program also
computes the area cracked per 1000 square feet by assuming the damage ratio to be normally
distributed.

A = 1000[1-probability(C <= 1)]
The pavement cracks when C >1, so that the expression within the brackets is the percentage
of area that cracks. Figure 10.6 shows the area cracker per 1000 square feet as calculated by
VESYS
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(3)  Computation of PSI using VESYS
The computation for Present Serviceability Index (PSI) used in the VESYS program

is based on the following formula.

PSI = PSI, -1.91 log(1+SV) - 1.38 RD?- 0.01 (A)*

where
PSI, = initial serviceability index,
SV = slope variance in 10° radians
RD = rut depth in inches
A = area cracked in sq.f/1000 ft*

Figure 10.7 shows the decrease in PSI with time. Default values were used for SV and
PSI, in the computation of PSL. As roughness and slope variance measurements were not
made during the NCSU study, it was not possible to determine actual PSI measurements for
the US421 test sections and hence comparisons between predicted and observed PSI was not

possible.

10.3 Asphalt Institute Method

Since 1955, the Asphalt Institute (AI) has published nine editions of its Thickness
Design Manual (MS-1). The ninth edition (shook et. al., 1981) successfully incorporated both
mechanistic (analytical) and empirical state of the art information into a useful and reliable
design methodology. Similar to most mechanistic design methodologies the AT method
utilized fatigue and rutting design criteria to evaluate the life of the pavement. The fatigue life
is evaluated using stiffness estimates of the asphalt concrete and the strain in the layer. The
next section provides a comparison of the fatigue life estimates obtained using the Al method
and those obtained using the dissipated energy method developed at North Carolina State

University.
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10.3.1 Comparison of Fatigue Life Predictions using Asphalt Institute Method and
Predictions Made using the Modified Shell Approach Developed at North
Carolina State University

Like most analytically based design procedures, the Al method uses the tensile strain
at the underside of the asphalt bound materials for determination of fatigue. The Al method
utilizes a fatigue criteria developed by Finn et. al. (1977) with minor modifications to reflect

changes in both the asphalt content and air void content.

N=184(c) X [4.325x10'3(e,)'3'291(E *) 0854 (10.5)
where
N = number of 80 KN (18-kip) equivalent single axle loads
€, = tensile strain asphalt layer (in./in. or mm/mm)
E* = asphalt mixture stiffness modulus, psi
c = function of air voids, Vv, and asphalt volume, V,,

where the correction factor is determined from:

c = oM
where
v,
M=4.84] -0.69]
Vv+Vb
Vy = volume of asphalt
Vv = volume of air voids

The value of c is equal to I when V,=11.1and V, = 5%. In the computations used
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for the comparison a c value of 1 has been assumed. Figure 10.8 shows a comparison between
fatigue lives predicted using the above model and the equation 6.28.3 (chapter 6). It can be
observed that a reasonable match is obtained for sections 1, 16 and 17 (differences of 16, 28
and 28%), whereas for sections 9, 7 and 12 the fatigue life predictions by both methods differ
by 50-100%. Sections 1, 16 and 17 are aggregate base course sections, whereas sections 7,
9 and 12 are full depth asphalt concrete sections. It can be seen that the calibrations used for
the Shook equation remains constant irrespective of the design type (depends only on binder
volume and volume of voids), whereas the calibration used in the US421 study and in this
comparison are specific to the given sections. Also the c factor in Shooks equation was
obtained from laboratory fatigue data adjusted to provide an indication of approximately 20
percent or greater fatigue cracking. It can be seen that the Asphalt Institute model

consistently over-predicts the fatigue life.
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CHAPTER 11
CONCLUSIONS AND RECOMMENDATIONS

11.1 Conclusions

This research dealt with a field study to compare different designs for flexible

pavements. Also, based on extensive field and laboratory testing, a comprehensive design

procedure for mechanistic design of flexible pavements was developed. A computer program

NCFLEX was developed that would assist the pavement engineer in designing flexible

pavements based on fatigue and permanent deformation criteria.

Conclusions relating to various topics, culled from comprehensive observations and

analysis performed over a period of 10 years are presented in the following subsections. The

conclusions drawn will be dealt under the following broad subheadings:

(a)
(b)
(d)
(c)
(e)

Field instrumentation, testing, and comparison of the different designs.

Laboratory testing and modeling.

Field variability and reliability computations.

Mechanistic design methodology-Theory and Applications.

Comparison of AASHTO, VESYS and Asphalt Institute design methods with the

observed data from the US 421 test sections.

11.1.1 Field Instrumentation, Testing, and Comparison of the Different Designs

Instrumentation

(1)

(2)

The stress and strain gages, and the multi-depth deflectometers for the most part
performed satisfactorily. The moisture gages could not be calibrated, and hence only
an approximate idea of the moisture content in the base and subgrade could be
obtained from field data.

Traffic data obtained from Weigh-in-Motion was considerably erratic, with periods

of missing data. Nevertheless, such data can be more valuable than those obtained
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3)

C))

with the conventional means.

Non destructive test measurements made using the FWD were utilized in several
ways. ananly they were used to backcalculate the pavement layer stiffness. The
process of backcalculation, its usefulness and limitations are explained in detail in
Chapter 4 of this report. Also methods to utilize the surface deflection measurements
from the FWD to explain the condition of the pavement were also detailed. Methods
to compute Surface Curvature Index, Base Curvature Index, and Base Damage Index
were detailed along with the relevance of these parameters. It was noticed that
although the Base Damage Index was low for CTB sections in comparison to
Aggregate Base Course sections, it did not explain the early deterioration of the CTB
sections. These measurements were more useful in determining the condition of a
pavement, when used among paveménts with similar structural layers.

Response predictions made using WESS - a multi-layer elastic analysis program was
compared with the pavement responses measured from the field instrumentation. For
ABC sections, this comparison showed that the multi-layer elastic program
over-predicted the tensile strain at the bottom of the asphalt concreté layers. The
predicted stresses were less accurate than the predicted strains and deflections for
ABC sections.

A major problem in predicting the responses from the multi-layered elastic
theory for the CTB sections was the significant underestimation of the tensile strain
at the bottom of the asphalt concrete layer. Deflections at different depths and
stresses at the top of the subgrade were however over-predicted. The discrepancy in
the measured and predicted strains was mainly due to the inability of the analysis
models to account for the effects of severely deteriorated cement-treated-base
courses.

The prediction of the responses for the full-depth asphalt concrete pavements
is a function of how accurately the influence of temperature has been taken into
account. Both stresses and strains were over-predicted by the multi-layer elastic

theory. The predicted stresses do not adequately indicate the influence of subgrade
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&)

(6)

(N

(8)

stabilization on the stresses at the top of the subgrade. Measured values of stresses
however indicate a lowering of stresses on top of the subgrade due to stabilization;
althbugh, this decrease is difficult to isolate from any decrease due to the presence
of a stiffer layer (black base) above the subgrade.Inspite of some shortcomings in the
elastic layer analysis it is felt that such an analysis affords the most convenience, when
compared with visco-elastic and finite-element approaches.

The MDD rutting evaluation from the test pavements showed that the most pavement
rutting was confined to the asphalt concrete layer. Furthermore, the major portion
of the pavement rutting stemmed from the upper part (top 3.6 inches (9.14 cm)) of
the asphalt layer.

A method for validation of back-calculated moduli using multi-depth deflectometers
is provided. This method, valid for sections instrumented with MDD's, makes use of
the discrepancies between the measured deflections and the predicted deflections.
Regardless of the ection type, surface deflections were predicted very accurately.
The relationship between the air temperature and pavement temperature was
developed from the temperature data measured during the field tests.

Measured responses (strains, stresses, and deflections) for the FWD and 18-kip (80
KN) truck at 55 mph correlated well, irrespective of the design type. This would
suggest that the FWD loading with 9-kip (40 KN) weight could be used to
approximate the pavement response under a standard 18-kip (80 KN) axle load with
dual wheels.

(10)

The effects of base type and the stabilized subgrade layer on the fatigue performance

were noticeable. Generally, full-depth asphalt pavements showed the best fatigue
resistance, and the fatigue performance of the pavements with cement-treated base
was the worst. The fatigue performance of aggregate base course sections was
significantly improved when the subgrade was treated with cement or lime.

Subgrade stabilization clearly showed a stiffening effect as they reduced the average
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(11)

vertical strains in the subgrade. In comparing sections with and without subgrade
stabilization, it was shown that subgrade stabilization decreased the average vertical
strains in the asphalt layer. This could minimize the amount of rutting. Subgrade
stabilization may not influence rutting to a large extent in sections with thick asphalt
concrete layers where rutting maybe primarily confined to the ac layers.

Base stabilization decreased average vertical strains in the base although this
is not very apparent with the cement treated base course sections which exhibited
considerable block cracking. Base stabilization decreased the average vertical strains
in the subgrade. The most effective form of base stabilization for this purpose was
cement stabilization. Stabilization of the base layer using asphalt decreased the
average vertical strains in the subgrade to a lesser extent compared to cement
stabilization.

The effect of replacing a 12-inch (30.48 cm) thick aggregate base course with
a 5.5-inch (13.97 cm) thick asphalt concrete base course indicated that the structural
capacities in both cases were nearly the same, as a comparison of average vertical
strains in the subgrade yielded similar values. On a similar note, comparisons of
Sections 3 and 9 indicated that a 4 inch (10.16 cm) thick asphalt concrete base was
equivalent to 8 inches (20.32 cm) of aggregate base course.

For sections without any stabilization, a 1.5-inch (3.81 cm) increase in the AC
layer thickness with 4-inch (10.16 cm) reduction of the base layer thicknéss increased
the average vertical strains in the base layer and in the subgrade. This is to say that
a pavement section with a 3.5 inch (8.9 cm) AC layer and a 12 inch (30.48 cm)
aggregate base layer (Section 1) is not equivalent to a pavement section with a 5 inch
(12.70 cm) AC layer with a 8 inch (20.32 cm) aggregate base course (Section 3).
The most commonly encountered distress types were longitudinal cracking, fatigue
cracking, patching, and rutting. Sections with cement treated base course, regardless
of subgrade stabilization, performed the worst. This could be attributed to the
cracking of the CTB layers that manifested themselves as reflective cracks on the

surface. Although CTB sections did exhibit extensive cracking, calculation of Base
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Damage Index (BDI) for the various sections proved that the structure by itself was -
considerably sound. Nevertheless, such extensive cracking necessitated early overlays.
For ABC sections, subgrade stabilization considerably enhanced their performance.
Sections with cement-stabilized subgrade performed relatively better than lime-
stabilized sections. Comparisdn of moduli values clearly indicate that the cement-

stabilized subgrades were much stiffer in comparison to the lime-stabilized subgrades.

11.1.2 Laboratory Testing and Modeling

New performance prediction models for fatigue cracking and permanent deformation

(rutting) of asphalt concrete layers were developed through extensive field tests and various

laboratory material characterization. Within the limits of this study, the following principal

conclusions regarding fatigue tests on AC specimens can be drawn:

(1)

)

3

Diametral fatigue test is a practical tool for evaluating the fatigue performance of
asphalt concrete.

The maximum total horizontal deformation values of 0.01, 0.02, and 0. 10 inch (0.25,
0.51, 2.54 mm) were found to be appropriate failure criteria at 32, 50, and 68°F (0,
10, and 20°C), respectively, for all the mixtures studied in this research.

The dissipated energy concept has been applied to modeling of fatigue cracking using
two different approaches: (I) Internal Damage Ratio growth method which accounts
for the damage growth throughout the entire fatigue life and (ii) modified Shell
method which relates the dissipated energy at early cycles to the fatigue life

The study on permanent deformation (rutting) of asphalt concrete layers resulted in the

following conclusions:

4)

(5)

(6)

The repetitive axial loading test with confinement was developed as a means of
characterizing the rutting performance of asphalt concrete.

A new laboratory test protocol was developed based on the study of the field data.
This protocol divides asphalt layer(s) into three categories depending upon the depth.
Different temperatures and vertical stress levels were used in these areas.

The layer-strain theory was applied to predict the rutting of the entire asphalt concrete
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11.1.3
¢))

€3]

3)

11.14
(1

layers.

Field Variability and Reliability Computations

Seasonal variation in the backcalculated values for the various layers in different test
sections was observed. The variability in the ac modulus was primarily due to
temperature variation and loss of support. The underlying layers experience varying
seasonal moduli values due to different moisture conditions during different seasons.
The performance prediction models used in this study were affected more by the
variation in the ac layer moduli than the variation in the base and subgrade moduli.
To account for the changing moisture conditions affecting the moduli values of the
aggregate base course and subgrade during different seasons, a reliability based chart
was created to select stiffness values for the aggregate base course and subgrade
values at specified levels of reliability for different seasons. These charts may be used
when conditions similar to those observed in the study are experienced. In other cases,
based on the methodology provided in this study, similar charts can be created for use
in the design process.

A methodology using the Point Estimate Method has been provided, wherein one
can predict the variability in fatigue life using available data on variability in layer
properties. The application of the following method has been demonstrated in Chapter
9. This methodology could be used to develop design charts for selecting layer

thicknesses based on varied levels of reliability.

Mechanistic Design Methodology-Theory and Applications

In order to aid the pavement design process, a mechanistic based computer program
(NCFLEX) was designed based on the experience garnered from the field testing
carried out during the course of this project. NCFLEX is an analysis and design
program for flexible paverment systems that allows the user to design systems that are
similar to those employed in this study. The program is generic, and with additional

calibration data from further studies, it can be used to design pavements composed
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11.1.5

of materials different from those used in this study. The program iteratively alters
thickness of any given layer to arrive at a design that satisfies criteria based on fatigue

and rutting. The program is a microsoft windows based program and hence is user-
friendly.

Based on the comparison between the field and tﬁe predicted performances,
calibration (shift) factors were proposed for the fatigue prediction model and for the
rutting model. Different fatigue calibrations factors are suggested based on the
structural design of the pavement. A value of 1.5 is used as the calibration factor for

the rutting model for all flexible pavement designs used in this study.

Comparison of AASHTO, VESYS and Asphalt Institute Design Methods with
the Observed Data from the US 421 Test Sections

Comparison with AASHTO Analysi

(1

3

It is noticed that for most sections, the life to failure as predicted by the AASHTO
method is much higher than the predicted fatigue life based on a failure criteria of
15% fatigue cracking. This disparity can be explained based on the fact that the
AASHTO defines failure based on the serviceability concept that takes into
consideration factors that include fatigue, rutting, roughness, slope variance etc.,

whereas failure as defined in this study was based only on fatigue and rutting.

For sections 1 and 3 (ABC sections), and sections 7 and 9 (full depth ac sections),
the AASHTO predicted number of ESALS to failure was lower than the 15% fatigue
cracking limit adopted by the North Carolina Department of Transportation to
indicate failure.

Although the AASHTO method is a comprehensive method for pavement design,
because of its non-mechanistic nature, the method does not provide adequate
quantifiable information on rutting and fatigue. Nevertheless, it incorporates

concepts such as serviceability that are not available with the NCFLEX method. From
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the standpoint of the practice followed by the North Carolina Department of
Transportation, overlay decisions are based primarily on fatigue and rutting levels
reached, and hence a mechanistic design program like NCFLEX could prove to be
very useful.

- omparison with VESYS Analysi

(D

(2)

Computation of rutting for sections 1, 3 and 7 were performed using VESYS. Itcan
be seen that maximum rut depths were observed for section 3, followed by section 7,
and then by section 1. A comparison of rutting for sections 1, 3 and 7, with field
measured rut depths, indicated that VESYS over-predicted the rutting. The VESYS
method computes total rutting based on rutting experienced by all layers including the
aggregate base course and the subgrade. However, the field testing (with the help of
the multi-depth deflectometers) suggested that almost all the rutting occurred in the
ac layers only. This could account for the discrepancy in the prediction of rutting by
VESYS.

Fatigue computation and calculation of PSI (Present Serviceability Index) values for
various US 421 sections were performed utilizing the VESYS method. Although, the
NCFLEX program can provide estimates of fatigue and rutting, the method cannot

be used to determine serviceability parameters like PSI.

ormoasison with the Asphalt Institute Method

Predictions made using the Asphalt Institute fatigue model were compared with the

calibrated model developed using the US421 data. A comparison of fatigue lives computed

by both the methods indicate a reasonable match for aggregate base course sections

(differences in fatigue life predictions of 16-28%), whereas, for full-depth sections the fatigue
life predictions by both methods differ by 50-100%. For full depth sections the Al method

over-predicted fatigue lives as compared to the calibrated fatigue model used in this study

11.2 Recommendations

Further research is recommended in the following areas to improve the performance

prediction procedure of flexible pavements. A few recommendations are listed below:
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D

(2)

3

(6)

(7

(&

Tt is recommended that when using strain and stress gages in the field, a large number
of them should be employed to take into account any possible failure, and to increase
the confidence in the readings obtained.

This study was limited to only three conventional asphalt concrete mixtures (HDS,
HDB, and HB). Additional asphalt concrete mixtures made up of modified asphalts,
large stone mixes, etc. should be included in further studies. A broad representation
of the roads in different geographical locations with varying materials and
environmental conditions will aid in developing a good data bank for establishing
calibration factors (for performance prediction models) for future pavement design.
Cement treated pavements showed very early signs of distress . This was attributed
to the thin ac cover provided. Further work is needed to accurately model CTB
pavements, considering the damage mechanisms are very much different than for full
depth and aggregate base course sections.

Nondestructive testing techniques should be used for evaluating the pavements. Also,
improvements in the correlations developed between actual laboratory test values and
field measurements (measured using nondestructive testing techniques) will aid in
the development of a more practical, economical, and realistic design procedure for
new pavements.

An extensive database of calibration factors need to be developed so as to make the
fatigue model universally acceptable. Use of factors such as healing when
incorporated into the fatigue model, could help in decreasing the calibration factor by
accounting for a portion of the uncertainty in shifting from laboratory observation to
actual field conditions.

The rutting model utilized in this study accounts for rutting in the ac layer only. This
was in agreement with observed rutting in the field and as validated by the MDDs. For
sections experiencing rutting in all the layers it would be necessary to consider other

rutting models that can explain rutting in the non ac layers.

354



10.

LIST OF REFERENCES

AASHTO. (1986). AASHTO pavement design guide. American Association of State
Highway and Transportation Officials, Washington D.C.

Allen, D.L., and R.C. Graves, Variability in measurement of in-situ material
properties. The Fourth International Conference on the Bearing Capacity of Roads
and Airfields,1994, Vol 2, pp.989-1006.

Barksdale, R.D., "Laboratory Evaluation of Rutting in Base Course Materials,”
Proceedings, Third International Conference on the Structural Design of Asphalt
Pavements, Vol.I, London, 1972.

Barksdale, R.D., "Compressive Stress Pulse Times in Flexible Pavements for Use in
Dynamic Testing," Proceedings, Highway Research Board, Vol.345, 1971.

Barksdale, R.D. and J.H. Miller II, "Development of Equipment and Techniques for
Evaluating Fatigue and Rutting Characteristics of Asphalt Concrete Mixes," School
of Civil Engineering, Georgia Institute of Technology, 1977.

Bazin, P. and J.B.Saunier, "Deformability, Fatigue and Healing Properties of Asphalt
Mixes," Proceedings, Second International Conference on the Structural Design of
Asphalt Pavements, University of Michigan, 1967.

Berry, HK., and R.C. Panuska, (1987)."Manufacture of an accelerated loading
facility (ALF)- Executive summary." FHWA/RD-87/07. Federal Highway
Administration. Washington, D.C.

Bohn, A.O., R.N. Stubstad, Anders Sorensen, and Per Simonsen, "Rheological
Properties of Road Materials and their Effect on the Behavior of a Pavement Section
Tested in a Climate Controlled, Linear Track Road Testing Machine," Proceedings,
Association of Asphalt Paving Technologists, Vol.46, 1977.

Bonnaure, F.P., G.Gest, A. Gravois, and P. Uge, "A New Method of Predicting
the Stiffness of Asphalt Paving Mixtures,” Proceedings, Association of Asphalt
Paving Technologists, Vol.46, 1977.

Bonnot, J., "Asphalt Aggregate Mixtures," Transportation Research Record 1096,
Transportation Research Board, 1986.

355



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Brown, S.F. and C.A. Bell, "The Prediction of Permanent Deformation in Asphalt
Pavement," Proceedings, Association of Asphalt Paving Technologists, 1979.

Brown, S.F. and C.A. Bell, "The Validity of Design Procedures for the Permanent
Deformation of Asphalt Pavements," Proceedings, Fourth International Conference
on the Structural Design of Asphalt Pavements, Vol.I, Ann Arbor, 1977.

M. Burmister,” The General Theory of Stresses andﬂDispiécemen.ts in Layered Soil
Systems”, Journal of Applied Physics, August 1944.

Byrd, L.G., and RL. Hutchinson,(1985)."Pavement Testing conference."FHWA/RD-
86/078, Federal Highway Administration, Washington, D.C.

Chomton, G. and P. J. Valayer, "Applied Rheology of Asphalt Mixes, Practical
Applications," Proceedings, Third International Conference on the Structural Design
of Asphalt Pavements, London, Vol, 1972.

Chou, Y.J., J. Uzan, and R.L. Lytton, “Backcalculation of Layer Moduli from
Nondestructive Pavement Deflection Data Using the Expert System Approach. In
Nondestructive Testing of Pavements and Backcalculation of Moduli,” Special
Technical Publication 1026, American Society for Testing and Materials, 1989, pp.
341-354.

Chua, K.N. , “Evaluation of Moduli Backcalculation Programs for Low-Volume
Roads. In Nondestructive Testing of Pavements and Backcalculation of Moduli.,”
Special Technical Publication 1026, American Society for Testing and Materials,
1989, pp. 398-414.

Chou,Y.T., "Probabilistic and Reliability Design Procedures for Flexible Airfield
Pavements - Elastic layered mathod”, Final report for Department of the Army, US
Army Corps of engineers, Washington, D.C. 20314-1000,September 1987.

Christison, J.T., D.W. Murray, and K.O. Anderson.,1972, " Stress prediction and low
temperature fracture susceptibility of asphalt concrete pavements,” Proceedings,
Association of Asphalt Paving Technologists, Vol 41, pp-494-523.

Claussen,A.IM., J.M. Edward, P. Sommer, and P.Uge, 1977, "Asphalt Pavement
Design - The SHELL Method,"Proceedings, 4th International Conference on the
Structural Design of Asphalt Pavements, Vol 1, pp.39-74.

Dukatz, E.L.Jr., "Aggregate Properties Related to Pavement Performance,”
Proceedings, Association of Asphalt Paving Technologists, Vol.58, 1989.

356



22..

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Fairhurst, C.E., Y.R. Kim, and N.P. Khosla, "Resilient Modulus Testing of Asphalt
Specimens with ASTM D 4123-82," Proceedings, RILEM Fourth International
Symposium, Budapest, Hungary, 1990.

Finn, R.N. and C.L. Monismith. Asphalt Overlay Design Procedures, NCHRP
Synthesis of Highway Practice #1 16, Transportation Research Board, Washington,
DC, 1984.

Finn, F.N., C. Saraf, R. Kulkarni, K.Nair, W.Smith and A.Abdullah, ” The use of
Distress Prediction Subsystems for the Design of Pavement Structures,” Proceedings,
Vol 1, Fourth International Conference on the Structural Design of Asphalt

Pavements, pp. 3-38, 1977.

Freeme, C.R., J.H. Maree, and A.-W. Viljeon, "Mechanistic Design of Asphalt
Pavements and Verification Using the Heavy Vehicle Simulator,” Proceedings, Fifth
International Conference of the Structural Design of Asphalt Pavements, Vol.I, Delft,
The Netherlands, 1982. '

Frocht, M.M., "Photoelasticity,” Vol.2, John Wiley and Sons, New York, 1957.

Hadley, W.O. and H. Vahida, "Fundamental Comparison of the Flexural and Indirect
Tensile Tests," Transportation Research Record No.911, Transportation Research
Board, Washington, D.C., 1983. '

Harr, ME. Reliability-Based Design in Civil Engineering, McGraw Hill, N.Y. 1987.

Harvey, J.,"Asphalt Concrete Specimen Preparation Protocol SHRP Project
A-OO3A," Technical Memorandum 90-4 Prepared for SHRP, Institute of
Transportation Studies, University of California, Berkeley, 1990.

HRB,1952. Final Report on Road Test one MD,Special Report 4, Highway Research
Board. _

HRB,1955. The WASHO Road Test,Part 2;Test Data, Analysis and Findings, Special
Report 22, Highway Research Board.

HRB 1962. The AASHO Road Test, Report 5;Pavement Research;Report 6;Special
Studies; and Report 7;Summary Report,Special reports 61E,61F,and 61G,Highway
Research Board.

Highway Research Board, "The AASHO Road Test," Special Report 73," Publication
No.1012, Washington, D.C., 1962.

357



34.

35.

36.

37.

38.

39.

40.

41.

43.

Hillel, D. Soil and Water: physical principles and processes. Academic Press, Inc.,
New York, N.Y. 1971.

Hofsira, A. and A.J.G. Klomp, "Permanent Deformation of Flexible Pavement under
Simulated Road Traffic Conditions,” Proceedings, Third International Conference on
the Structural Design of Asphalt Pavement, Vol.1, 1972.

Huang, Y.H., "Pavement Analysis and Design," Prentice Hall, New Jersey, 1993.

Huhtala, M., Risto Alkio, Jari Pihlajamiki, Marku Pienimiki, and Pekka Halonen,
“Behavior of Bituminous Materials under Moving Wheel Loads,” AAPT, February
1990, Albuquerque, New Mexico.

Toannides, A.M, “Mechanistic Performance Modeling: A Contradiction in terms,”
Proceedings of the 7th International Conference on Asphalt Pavements, Vol 5, 19992.

Isada, N.M., “Detecting Variations in Load Carrying Capacities of Flexible
Pavements,” NCHRP Report No. 21, Highway Research Board, Washington D.C.,
1966. :

Kennedy, T.W. and W.R. Hudson, "Application of the Indirect Tensile Test to
Stabilized Materials,” Highway Research Board Annual Meeting, 1968.

Kennedy, T.W., "Characterization of Asphalt Pavement Materials Using the Indirect
Tensile Test," Proceedings, Association of Asphalt Paving Technologists, Vol.46,
1977.

Kenis, W.J., "Predictive Design Procedures- A Design Method for Flexible Pavements
Using the VESYS Structural Subsystem.” Proceedings, Fourth International
Conference on the Structural Design of Asphalt Pavements, Vol.I, Ann Arbor, 1977.

Khosla, N.P., "Investigation of Premature Distress in Flexible Pavements," Research
Report 17845, Center for Transportation Engineering Studies, North Carolina State
University, Raleigh, NC, June 1984.

Khosla, N.P. and M.S. Omer, "Characterization of Asphalt Mixture for Prediction
of Pavement Performance,” Transportation Research Record No.1034,
Transportation Research Board, Washington, D.C., 1985.

Khosla, N.P., Y.R. Kim, S. Satish, and N. Kim, "A Comparative Study of
Performance of Different Designs for Flexible Pavements," Interim Report, Research
Project No.23241-87-1, Department of Civil Engineering, North Carolina State
University, June 1992.

358



45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Khosla, N.P. and S.J. Zahran,” The Role of Modified Asphalt Binders in the
Performance of Pavements,” Center for Transportation Engineering Studies, Research
Report 23241-87-2, 1989.

Kim, N., "Effect of Temperature and Mixture Variables on Fatigue and Permanent
Deformation of Asphalt Concrete," Master Thesis, North Carolina State University,
1991.

Kim, N., “Development of Performance Prediction Models for Asphalt Concrete
Layers,” Doctoral Dissertation, Department of Civil Engineering, North Carolina
State University,1994.

Kim, Y.R., N.P. Khosla, and N. Kim, "Effect of Temperature and Mixture Variables
on Fatigue Life Predicted by Diametral Fatigue Testing,” Published in 1991 Annual
Meeting of the Transportation Research Board, 1991.

Kim, Y.R., N.P. Khosla, S. Satish, and T. Scullion. Validation of Moduli
Backcalculation Procedure Using Multidepth Deflectometers Installed in Various
Flexible Pavement Structures. Published in the Symposium Proceeding on
Nondestructive Deflection Testing and Backcalculation for Pavements,
Transportation Research Board, 1992.

Kim, Y.R., N. Kim, and N.P. Khosla, " Effect of Aggregate Type and gradation on
Fatigue and Permanent Deformation of Asphalt Concrete,” Published in 1992 ASTM
STP 1147, 1992.

Kim, Y.R. and Y.C. Lee, "Characterization of Damage Growth in Asphalt
Concrete," Final Report Submitted to Texas A&M Research Foundation, Department
of Civil Engineering, North Carolina State University, December 1992.

Langsner, G., T.S. Huff, and W.J. Liddle, "Use of Road Test Findings by AASHO
Design Committee," Highway Research Board Special Report 73, Washington, D.C.,
1962, pp.399-414.

Lenngren, C.A. Relating deflection data to pavement strain. Transportation Research
Record 1293

Little, D.N., J.W. Button, and H. Youssef, "Development of Criteria to Evaluate
Uniaxial Creep Data and Asphalt Concrete Permanent Deformation Potential,”
Published in 1993 Annual Meeting of the Transportation Research Board, 1993.

Lytton, R.L. Backcalculation of Pavement Layer Properties. In Nondestructive
Testing of Pavements and Backcalculation of Moduli. Special Technical Publication

359



56.

57.

58.

59.

60..

61.

62..

63.

65.

66.

67.

1026, American Society for Testing and Materials, 1989, pp. 7-38.

Lytton, R.L. and D. Zollinger, "Modelling Reliability in Pavement”, presented in the
72nd Annual Meeting, Transportation Research Board, Washington D.c., January
1993.

Malpass, G. Use of Ground Tire Rubber in Asphalt Concrete Pavements. PhD Thesis,
North Carolina State University, 1994.

Mahboub, K. and D.N. Little, "Irnproved Asphalt Concrete Design Procedure,”
Research Report 474-1F, Texas Transportation Institute, 1988.

Mathew, J., " Variation of Resilient Modulus with water content and applied stress for
different soils at constant compactive effort”, Report, Department of Civil
engineering, North Carolina State University, Dec. 1994.

McLean, D.B., "Permanent Deformation Characteristics of Asphalt Concrete," Ph.D.
Dissertation, University of California, Berkeley, 1974.

McRae, J.L., "Gyratory Testing Machine,” Technical Manual, Engineering
Developments Company Inc., Vicksburg, Mississippi. :

Moavenzadeh, F. and J.F. Elliat, "A Stochastic Approach to Analysis and Design of
Highway Pavements," Proceedings, Third International Conference on the Structural
Design of Asphalt Pavements, Vol.I, London, 1972.

Molenaar, A.A.A. State of the Art of Pavement Evaluation. Keynote address
presented at the Fourth International Conference on the Bearing Capacity of Roads
and Airfields, 1994, Vol 2,pp.1781-1801.

Monismith, C.L., J.A. Epps, and F.N. Finn, "Improved Asphalt Mix Design,"
Proceedings, Association of Asphalt Paving Technologists, Vol.54, 1985.

Monismith, C.L., K. Inkabi, C.R. Freeme, and D.B. Mclean, "A Subsystem to
Predict Rutting in Asphalt Concrete Pavement Structures,” Proceedings, Fourth
Intemational Conference on Structural Design of Asphalt Pavements, Vol.I, Ann
Arbor, 1977.

Monismith, C.L. and A.A. Tayebali, "Permanent Deformation (Rutting)
Considerations in Asphalt Concrete Pavement Sections,” Proceedings, Association

of Asphalt Paving Technologists, Vol.57, 1988.

MTS Reference Manual, "810 Material Test System,"” Job #948.04, Vol.1,2,3 of 3,

360



68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

1989.

Nair, K., W.S. Smith, and G.Y. Chang, "Characterization of Asphalt Concrete and
Cement-Treated Granular Base Courses,” Materials Research and Development,
Technical Report, Oakland, California, 1972.

Nunn, M.E., "Prediction of Permanent Deformation in Bituminous Pavement
Layers," Research Report 26, Transport and Road Research Laboratory, 1986.

OECD, Strain Measurements in Bituminous Layers, Road transport research, Swiss
federal office of Highways, Berne 1985.

OECD Full-Scale Pavement Test. Report prepared by an OECD Scientific Expert
Group, Organisation for Economic Co-operation and Development, 1991.

Ong, C.L., D.E. Newcomb, and R. Siddharthan. Comparison of Dynamic and Static
Backcalculation Modulus for Three Layer Pavements. Preprint from 1992
Transportation Research Board Annual Meeting, Washington, D.C., 1992.

Paterson, W.D.O. and A.D. Chesher, "On Predicting Pavement Surface Distress with
Empirical Models of Failure Times", Transportation research Record 1095.

Pavement accelerated loading facility (ALF), design, construction and development -
Mechanical and structural aspect. (1985). Department of Main Roads, New South
wales, Australia.

"Predictive Design Procedures, VESYS Users Manual An Interim Design Method
for Flexible Pavements Using the VESYS Structural Subsystem,” U.S. Federal
Highway Administration, Washington, D.C., January 1978.

Pronk, A.C. and P.C. Hopman, "Energy Dissipation: the Leading Factor of Fatigue,"
Conference Proceedings, The United States Strategic Highway Research Program-
Sharing the Benefits, London, 1990.

Quintus, HL.V., J.B. Rauhut, and T.W. Kennedy, "Comparisons of Asphalt
Concrete Stiffness as Measured by Various Testing Techniques,” Proceedings,
Association of Asphalt Paving Technologists, Vol.51, 1982.

Rada, G.R, C.W. Schwartz, M.W. Witczack, and S. Jafroudi, Analysis of climate
effects on performance of unpaved roads. ASCE.

Raithby, K.D. and A.B. Sterling, "The Effect of Rest Periods on the Fatigue
Performance of a Hot-Rolled Asphalt under Reversed Axial Loading," Proceedings,

361



80.

81.

82.

83..

84.

85.

86.

87.

88.

89.

90.

91.

Association of Asphalt Paving Technologists, 1970.

Rao Tangella, S.C.S., J. Craus, J.A. Deacon, and C.L. Monismith, ”Summary report
on fatigue response of asphalt mixtures”, Report TM-UCB-A-003A-89-3, Institute
of Transportation Studies, Berkeley, California, 1990.

Road Note 29, A guide to the structural design of pavements for new roads, Third
Edition, Road Research laboratory, Department of Environment,London 1978.

Road Note 31, A guide to the design of Bitumen Surfaced Roads in Tropical and Sub-
Tropical Countries,Third Edition, Road Research laboratory, Department of
Environment, Department of Transport,London 1977.

Roberts, FL., P.S. Kandhal, and E.R. Brown, "Hot Mix Asphalt Materials, Mixture
Design, and Construction,” NAPA Education Foundation, Maryland, 1991.

Romain, J.E., "Rut Depth Prediction in Asphalt Pavements,” Proceedings, Third
International Conference on the Structural Design of Asphalt Pavements, Vol.Il, Ann
Arbor, 1972.

Rosenblueth, E."Two point estimates in Probabilities”, Applied Math Modelling,
1981.

Rosenbueth, E., “Point Estimates for Probability Moments”, Proceedings, National
Academy of Sciences, Mathematics, Vol. 72, No. 10, pp. 3812-3814, 1975.

Ruth, B.E. and G.K. Olson, "Creep Effects on Fatigue Testing of Asphalt Concrete,”
Proceedings, Association of Asphalt Paving Technologists, Vol.46, 1977.

Saal, R.N.J., and P.S. Pell, kolloid Zeitschrift MI, Heft 1, pp. 66-71, 1960.

Satish, S. “NCFLEX version 1.0 - a Windows Based Computer Program for the
Design and Analysis of Flexible Pavement Systems”. North Carolina State University,
1996.

Sousa, J.B. and J. Craus, "Summary Report on Permanent Deformation in Asphalt
Concrete," Institute of Transportation Studies, University of California, Berkeley,
1990.

Sousa, I.B., R. Taylor, and A.J. Tanco, "Analysis of Some Laboratory Testing

Systems for Asphalt-Aggregate Mixtures," Transportation Research Board Paper
No.91-0743, 1991.

362



92.

93.

94.

9s5.

96.

97.

98.

99.

100.

101.

102.

Sousa, J.B., "Dynamic Properties of Materials for Pavement Design,” Ph.D.Thesis,
University of California at Berkeley, 1986.

Sebaaly, Peter E., Anderson, David A., and Tabatabaee, Nader (1989). "Performance
of Full Scale Pavement Under Accelerated Loading.", ASCE, VOL 115, NO. 4
(1989).

Schmidt, R.J., "A practical Method for Measuring the Resilient Modulus of
Asphalt-Treated Mixes," Highway Research Board Annual Meeting, 1972.

Scholz, T., "Evaluation of Cold In-Place Recycling of Asphalt Pavement in Oregon,”
Master Thesis, Oregon State University, 1989.

Scullion, T., R.C. Briggs, and R.L. Lytton. Using the Multidepth Deflectometer to
Verify Modulus Backcalculation Procedures. In Nondestructive Testing of
Pavements and Backcalculation of Moduli. Special Technical Publication 1026,
American Society for Testing and Materials, 1989, pp. 90-101.

Scullion.T., J. Uzan, and M. Parades. A microcomputer-based backcalculation
system. Transportation Research Record, No. 1260, Transportation Research Board,
1990, pp. 180-192.

Scullion, T., J. Uzan, J.I. Yazdani, and P. Chan. Field Evaluation of the Multi-Depth
Deflectometers. Research Report 1123-2. Texas Transportation Institute, September
1988.

Shook, J.F., F.N. Finn, M.W. Witczak, and C.L. Monismith. Proceedings, Fifth
International Conference on the Structural Design of Asphalt Pavements held at The
Delft University of Technology, The Netherlands, August 23-26, 1982, Vol. I, pp. 17-
44

Shook, 1.F., F.N. Finn, M.W. ‘Witczak, C.L. Monismith.”Development of The
Asphalt Institute Thickness Design Manual (MS-1), Ninth Edition”, Research Report
Number 81-2 (RR-81-2).The Asphalt Institute, College Park, Maryland.

Southgate, HF. and R.C. Deen, “Temperature Distribution within Asphalt Pavements
and its Relationship with Pavement Deflections”, Highway Research Record 261,
Transportation Research Board, Washington, D.C., 1969.

Strategic Highway Research Program (SHRP), "Distress Identification Manual for the
Long-Term Pavement Performance Studies,” SHRP LTPP/FR-90-001, National
Research Council, 1990.

363



103.

104.

105.

106.

107.

108.

109.

110.

111

112.

113.

114.

Stubstad, R.N., N.P. Khosla, and W.W. Wynn. Construction of Fully Instrumented
Test Pavements in North Carolina. CRREL Symposium. Proceedings on State of the
Art of Pavement Response Monitoring Systems for Roads and Airfields, West
Lebanon, N.H., 1989.

Tayebali, A.A., G.M. Rowe, and JB. Sousa, "Fatigue Response of Asphalt-
Aggregate Mixtures," Proceedings, Association of Asphalt Paving Technologists,
1992.

Tayebali, A.A., J.A. Deacon, and C.L. Monismith, "Modeling Fatigue Response of
Asphalt-Aggregate Mixtures,” Proceedings, Association of Asphalt Paving
Technologists, 1993.

Terrel, R.L. and 1.S. Awad, "Laboratory Considerations," Proceedings, Association
of Asphalt Paving Technologists, 1972.

Thompson, M.R. "Environmental factors and pavement systems," Construction
Engineering Research Laboratory Technical Report, March, 1970.

Thompson., M.R. and R.P. Elliot, 1985.” ILLIPAVE - Based Response Algorithms
for Design of Flexible Pavements,” Transportation Research Record 1043, TRB, pp.
50-57.

Thrower, E.N., "Methods of Predicting Deformation in Road Pavements,”
Proceedings, Fourth International Conference on the Structural Design of Asphalt
Pavements, Vol.I, Ann Arbor, 1977.

Thrower, EN., S. Mortazavi, and J.W. Dorgill, "Methods for Predicting Permanent
Deformation in Flexible Pavements,” Contractor Report 38, Transport and Road
Research Laboratory, 1986.

Timoshenko, S. and J.N. Goodier, "Theory of Elasticity,” 2nd Edition, McGrawHill,
New York, 1951.

Turnbull, W.J., and R.G. Ahlvin, “Mathematical Expression of the CBR Relations”,
Proceedings, 4th Internationsl! Conference on Soil Mechanics and Foundation

Engineering, Vol. 2, pp. 178-180, 1957.

Uge, P. and van de Loo, P.J., "Permanent Deformation of Asphalt Mixes,"
Koninklijke/Shell-Laboratorium, Amsterdam, 1974.

Ullidtz, P., Pavement Analysis, Elsevier Science, New York, 1987.

364



115.

116.

117.

118.

119.

120.

121.

122.

123.

Ullidtz, P. and R.N. Stubstad, “Analytical-Empirical Pavement Evaluation Using the
Falling Weight Deflectometer,” Transportation Research Board, TRR #1022,
Washington, DC, 1985.

van de Loo, P.F., "Creep Testing, A Simple Tool to Judge Asphalt Mix Stability,"
Proceedings, Association of Asphalt Paving Technologists, Vol.43, 1974.

Van Cauwelaert, F.J., D.R. Alexander, T.D. White, and W.R. Barker. Multilayer
Elastic Program for Backcalculating Layer Moduli in Pavement Evaluation. In
Nondestructive Testing of Pavements and Backcalculation of Moduli. Special
Technical Publication 1026, American Society for Testing and Materials, 1989, pp.
171-188.

van Dijk, W., "Practical Fatigue Characterization of Bituminous Mixes," Proceeding,
Association of Asphalt Paving Technologists, Vol.44, 1975.

van Dijk, W. and W. Visser, "The Energy Approach to Fatigue for Pavement Design,"
Proceeding, Association of Asphalt Paving Technologists, 1977.

Von Quintus, H.L., Scherocman, J.A., Hughes, C.S., and Kennedy, T.W., " Asphalt
Aggregate Mixture Analysis System (AAMAS)," NCHRP Report 338, 1991.

Yapp, M., R.G. Hicks, and B. Connor. Development of an Improved Overlay Design
Procedure for the State of Alaska, Department of Transportation and Public Facilities,
Fairbanks, Alaska, 1987.

Yoder, E.J. and M.W. Witczak, "Principles of Pavement Design," 2nd Edition, John
Wiley and Sons, New York, 1975.

Zahran, S.J., "A Mechanistic Evaluation of Modified Asphalt Paving Mixtures,"
Ph.D. Dissertation, North Carolina State University, Raleigh, NC, 1988.

365



APPENDIX A

TEST SECTION PROFILES AND GAGE INSTALLATION

366



apeibqng

(uasaid gan «)

CTPUE 4] UON0dg |y 2m3l

mAJ.\.:_ 9Ll

joyouy

ajdnooounsayl O

sajawojoayaa widaa-nnw [

ajdnosowsayy o
B Josuag 3INSION ‘113D ainssaid I10S
U 6°8¢
: ajdnogousay] g J0SU3S aimsion D4

ajdnosowiaul 3 aben ujeas ov 3

U 8'Gl

ap—

S e O
LO®
R ]

l.r'

LS
Aa-v

lr

130110
I‘P.

3

e "o,
-
Seh T 0D
A
(eﬂ.l
Teh
’
LI

Y Y v
. . .
o ] tﬁ . Lﬂ Al -

Tety Te 0 T e T

1) )

o, o,* o,*
v ot VTt e

~ed Tr® T e

3 3

) >,
“-

e ten .-.7

0mmm c.mmohmm< .:_ w—

Eo v .
Lo .....

’9:37117
3 2
xﬂ.ncevo

Sety o tet e D
»
:B.o

Set et e D

) »

o, ,* ©,° © . %

»
PERCINE RO S

SeD Teh e D

o,* o *

. ou nroq N

4..10.:..0.;..0.;sou; o.‘..o~:...o ...v.;..oua— , ) ...w-
..Oroxu'-..lro..-eo..o_—o:oroxopuan-xo., ..tpo..oro..o— RIS I I REIMC IR AN I Lot 0.

/.30137;19.’01. rD " r D —..0110;..*:..0117 17,59;&7.17;17.
2 ) > 3 > 3 » » ] ’ »

/u“u..?u“’Q:Qvu“aﬂ i.— .U:Nanv- -.l-‘N ‘—1OC=N L ul |=N.|~ s.-.Q:N...- 7..~-.7-.17~.

. o, ,° ©,° o
- LR »QP.. e e - . ._‘ A T
4.39139:39139 ‘—91191..” ..9 10u —-.Oiso.os ~eD Tl 19‘774.?-...7....7-
> ) b 3 >

cn_....apo..cro..o’n Yo . L%t L% .q.‘o.o LR

3 b - 3 -
L% ." o ,* _©° o,* ©

“ »
..7...7...7117417‘ 5 “rh T e D r0O " r O
’ ' » -:- » ) » ’ 3
Lo 0, 0" o,* e« o0,° o, ,* o .9.° e ,"
~ ~

- - 4 -
P TR s BRI ) R s T 6 “rD T r D
1]

b 3 3 2 2 > 3
MG *9[79130'19:10%«[1711 SeD T r0 17-\7417539.17.
| |

s L

367



(quosaid QAN #) pIPUR 4T UONOAS TV 2m3Li

W ‘ul L'gl ajdnosouwsaul. O

104dU
1 youy sojwojoayea uidag-wnw [

ajdnosowsdyl o)
6 m ) 10SUIG 3INISION ‘13D ainssaid oS
apeibqns

ajdnosowsayy '3 JOSU3S anision D4

"ul L'8¢ 4 ajdnooownsay) B abeo ulens Jv c
(z uonoas ui Auo)

vlh)))yibbbbﬁb,vb)t »bb)»ihb)rnbbininib'.
Attt AT A A A A s s A 8 4 s . '))ittvbiinlbtb)ltbiv
D)')D))))i’i))))))) PO A

B e A I T T T Pt . 4 R L T
a s A aa & a A AN el e e T T e
.Oﬂuﬂ.—m NGl Atatatatatat
a PR LR Aaaaaa Pl e LI LI
~ A A B s A A AN .)')"'D”’)’. a n & A A A A "D..I"."‘
'."”,)’,’,”.".’ .)”.',’..’."...’I).’ ’I"’,."’)') ”".’I"I
- - aa DblIDD)’D)')))ﬂi))ll)b‘))))‘)))b))))'v)')b))t’lil)r
a%a § 2.0 »....g»»...»...».....»~...».........;.»..».»......,....
- . H - PR e I T T I vb)tb)v..b)t..)»));ntrr)n»n'bo:))»)-
P T TG TC I I IR PR N IR I I S bbbv.tbbt’b)))r»r)»):»ry»sv»'bv aAa s A
P T TG IV T aa s as - a a s a aga & an A s s ..v..-brb.»r..)vny»»»y:»):i))hhr
IR R R :_@n—....._....:.H......,.,..,.........,....,.....
Rl e T I T TG TR aAaa H ata e a ala s aaaa s buh»:)»»prt):»:)»b»»)»»»b»vubt
R T T T I T R a a iﬁl))))))vrs))hb»b»n))b)pbt)))»rv)»v-n'r'byOb
P N T T TG T T T ATt A A aTa ala & & s e )....:bh»)....:rt»»»»»v:;vur.tv)v»»h
P N T et MatataTaTa A A A A A )>'t)v:))))»>-t>»)r’>:'vv»rb»»tbirbb»
- 24 Y Y Y T Y Y Y Y y Y Y t Y ¥ Y T P o Y
.:o..n(e..otOro..e’ota_.t ° (e—o:a.o:cro:o—oca-t..n’-—ne_.o..:—.:o.-...-—‘x:.c..a..x:_ I R
7-19‘703’9..19}13‘. 79aﬁ-faﬁo:sOl.—VAso)-._-laOAng 10110;37.59137.19110‘
. ? . ? . ? . ? 3 2 > 3 3 u—ou b —~ 3 ) > b ] b . ? >
(9-. xa-.tﬂ.. sarlcﬁ»o o, i ic-otapoce-lterocn iop-to—c..eao..o-.‘.. .o..ﬂ.t..e- L]
711741?1?7‘17:17.. ?.13.17119119..911?11 R IR R R S
. ? .2 o ! 3 » 3 3 ) 3 b b 3 b H] ] ) )
L2 ..e..(epu..u-OKO—' o, ..e-u..u-o::.c..e—ote c..n-o..a.-.c—nleott‘—_...e_-tu
7.17.17‘17.’.4,’71.. .J.17,S-J.37.37:.7.?7.3.—477137 P TR -
.’ . ? ) ’ ’ g ] ] ) ) rA|.41 ) )3 3 ) )
el gseg-co °. R e n e S SRRy RTINS ¢ : _ T
o e T Ltety et 7...9..&&@.@,..9...7.&“” d sooﬁhﬂ.
. . ) ] ] ) )
.
ajebaibby ‘w1 gL |:: MBSREIE. 2B BRSO ERiM et R R
o - M“T ¢ 0;37;17;39:394,943711 SeDd T D 39.30:10110110 O = [}
oao-uco- . ? . ? . |, . ? . ! . ? . . ? ’ ] ) ’ 3 » ) ) » » ] ) ’ .
- L) v ..Br Lo (Q-. o . LY Lo L9 LAY (Qr (Dr.(ﬂr.cG..tﬂr.t rl(er'..ﬁy :Orc..sr.(ﬂrllcro_-o Olo-OlQ-c—lG-ini
7....7137)-.7,17.3?.. 7...7,..?:17A17:—.?J..94..-—:‘.7:1 7:57:79:30179;10:-.0‘ 0:-.0:....‘10:
o~eouau- . ? L ? . L2 ] . 2 L ? ] . ? 3 b » ] ) 3 ) » » ’ ? 3
L S ¥ L% L% LAY L .9 0, 0" 0. LAY (:-oxe_oz ‘¥ ..a-o.-e_—..D—'leann—a-otoun..._o..c.O.;e.o;o-o..
9113:37117:3?:!74. [\ 430.30,.10.30..19...?. ...7.17;..0:19;..7.10:..04 D teB Telg el
0 oo . ? . ? . ? . L2 LI D 3 ) -:— ] b ) > 3 ) ’ » ] —- »
A T L] W Lo o, - c—w-n co_nso.-te—o- ' o..o.-..o.o..o. ..o'nuu—-..eucc.r-... - os.-oc.
7.’9.’7.17.7741.,... AT H 7.37.-.74.-7.17‘ 7.37.57,1_1.57.37.1,.17. AR ) T
] 2 ) ) » ) ) ) » ) ’ ’
. . » o o

e« o, L]

(pz uonaas uy Auo)

?
LS
(]

368



apesbqns

(yuasaid AN »)

i

9] PUB ,£ UONAS €V 2m3L]

ulgeL
joyouy

>
2

o,
w o

»

eseg

3
..aro

T .0

PRI

S, TeD e D
2 3

b

e D

.
0 ® 0 (" _ %

.

T V.0 .

e e D
3

o *_ 9 ,* X

139530137110:,9 e

-

e ®d TFrD T 0D

» »

A RN B
] ’

o, o,* o, ,°

Siefa166

k)

LAV RS

'

ARG ]

T

o .

v

“

)

)
a * |0
ug
PEEIIR I

e T e D
’

e 0o,° o,°*

e e
v

o, o

T

aidnosouwsauyy O

sajawojdayaa widaa-mnw O
ajdnooowsdyl o
1 J0SUIS ANISION ‘19D ainssaid 110S

" 6°CC ajdnogownsay '3 JOSuag AIMSION D4

ajdnoosowsayy g abeo ujeals oV (]

WO

o ~° - e “PrG e T rb T
R T B DRI
o, LTaTLet

6,% 0. * %%

eyt

369



g1 pue p uondas 'V am3ig

aidnosousayr O

ajdnosounsdyy o
. % 10SUdS INSION ‘I1IRD ainssaid |10S

ajdnodoway] g 10SUdS amsion D4

ajdnosowuayy g abeo ulens v (o

apeibqns

I‘VNNQNN“‘N““\\\\\“\ L4 L4 L4 ‘V‘V‘\!\\\\‘\‘ “\\\!\\““\“-
attl/rlvtlrlrlfltllttzlz LAY W YA 1111/i¢ﬁ/4111:¢ INENANE NN YA A )
\\s\\\\.\\\\\\\\\\\\\\\\ ’ ’ N4 AT RR RN PAC NN PAPAPAAVAV N VN A SN
.rzr/tl1tlllll//lrtfrlr1 RSSO N VA YL VA YA SR ) YL A AV S A A ISASESESENE N YA WA U Y U DA DA )
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ P AR AR
-ltt/fllll/llllitllt/trt QAN U v v v s IYAYAYAYA YA JA A
\\\\\\\\\\\\\\s\\\\\\\\\\\\\\\\\s\\\\\\\ PR RN
.r:tt:tlllllltlllilt//zl ISASESESAMANC Y Y N Y YA A YA SR DA ) ‘. DAYATAYA YA U TR A 3
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\s\\\\\\\\\\ \\~ \\\\ﬂN ﬂN\\ ﬂN ﬂhN.\\\\\\\\s.
a.th./r/tllltlrtllrlr;tr; IRASESESENENENENE N N Y YA YA YA TS AP N (AN N LY LN IRYAY LAY ~ INENANA YA Y YA A )
Pk DN A SO EN e e w2 2 0 A IR R A AURARIR S AR PN AV IR N AR AR
Qmu &QQ lP—QE -: .y t/rr////1111111/11111111111//11 t/rltflirllrrftttlftlp'll'llal
.
\\\\\\\\\\\\\\\\\s\\\\\\\\\\\\\\\\\\\\\\ VAN RN VAN PR AN
- v.11//111/}//11//1/1;1;11/111/1rf YRR YA YA Y ATV VN [SENE YA LAY NN YA A
PN RN R RN \\\\\\\\\\\\\\\\\\\\\\\\\\\\s\ TR PN NS P AL AR NN R
z;:z'ttll.’lltlltlzzz///z IASESCSEC NN YN YA YA JA YA A WE /41014ltllttlttlt:tl:/ffal/tl
\\\\\\\\\\\\\\\\\\\\s\\\\ Y4 AT NN PR PR PAT AR PR AN
AT T A v v s NANANANENA Y WY A N NN NN LA YAYA YA YA S (SENANA N A AN YA YA YA )
AN AN A N RN NN ’ ’ PN, PPN N NN AR N NN
IESENEYENE YA YA N N N YA A A TR A ) ISENE YA SN YA
\\\s\\\\\\\\\\\\\\\\\\\\
/tzztllllt////lfallllll: ISESCE YN S
AAPAPAFIAIIA NN N R NN 200 0 1 s
M M W ww e = (AR NN

lapuig JV ‘ulG'L4

370



L1 pue ¢ uondds SV am3t ]

ajdnooounsaul O

ajdnosownsayl o
% JOSU3S AINISION ‘I1RD 2I1nssaid 110S

ajdnodowsay] B 10SU3S aimsion D4

ajdnosowayy g abeo uens v (o

apeibgng

”.9"'!))".)))))»))))) e A A A A AAMAAMDNAAALAL

PP el e e N S T TG T T TS P A M A AN GASASLAANANA

P e e e T TG TG TG L T I PRal it e P A W LT O LS b
)))h))b)h))it)l)i))))’))))l))Db)))b)'b’)

atata Attt A TATATA A A A A A A A n A s Re ’))i))l)b)l)))):”)b))l
)))DDD)!))DDDD)D’))DO)D)))ib))'l)‘))bb’l

Rl e N T T T I I T S SR PR e Y YT TG

epeiBang POZIeqeIS UL Lofmiii il

a'a A A A AAAARASAMALAAANANANAL AL oA A DB A AAL A AAAR AN

)D’)'l))))t))ibl))l))"ib)))))))’l))))bb

WAt A AT TA A A A A a A e a4 4 aa as o a A A AL A AL LA AAAaAA

i)b))I)ID’DD))U)D))))))):)))))')))’)b)i)

Attt TA A TATA A A s e s s a A e aa s R e Y T TG T SR g PP PP A N
))7)'))?’))))»)))’.—”?))t)li))ibb’b)ﬁt)l )Di’)b)’))))il))t:bbiibb))bbl»))))

Rl e S N T T VT T T FE T el R A YL TCTE T L S i D)i))vD))I)))b)))))D))))l)b’briltti)r’
))D)b)&l)l’b))D))).D)’b)?))l))”i”)))’h.

)))))D':l))))DD‘.DD))D))))')DD))))’D)»bibi)»b.
v U, U

Lo u .l..dr!..ﬂ-trc.u..e_....u..... —....c.ctu-l..d—lcuoc..a_—lcd..i..u.l—d—I..u—uﬁuﬁd‘u'c..cr_—..ﬂ_l..ﬂ-l..—-l..c.l..d
0417.39.37.’?417.’7.1? ..7.57...7.-,741?1:7‘19117457.37...7130;3 Se ey AR TN
> > » > ’ » ’ » 1 » » ] » ) » . ’ ’ » »
e o,% 0o,° o,° 6,0 _o0,° ©0,% 0,°, .o:ero..ero..orc..or- e.—o —oro o, ,* o

Ty o, rT.9

.‘.7.’7.
¥ »

-

- v » . . - [ o,* 0,.°* ‘e.oto.c|=
0130J37137.17139.174..7 P A R - TR - T - T Se et
> 2 b y > 3 b ] ) > > b b} ] y - ] . !
.:o—oto.a:e-o(e-ocu.n&o-o:e_o.. .n..a.o..e.-....ro..c—.:a . _9,*_0°.,*_°

7)17117..17..17417;97.’? 17.’7:’94’.941?..17157. Ce e S
P U D " 2 PR DR DR » » » ’ ) » ) .o-.a e 'a
m mm - . ,'car-..oro...ur'..opo:nro..efctcr LA Y
om“mm““ oh < :-Q 17119.30:19139117130:1 AR L A
. - . . . - . " 3 b b] ] b ) bl 3 . o ?
.l°P"ﬂ’l(ﬂnl(ﬂ—l(°—0(°-.l°-.- —"°—.‘°P.‘5P"°—I(°P.(°P.iﬂ loa (ﬂ- lﬂ
9439.1?:37,37,17137.39 .30.19130.17.1?4194 N teh e
) e ? . ? o ! . ! . ? . ! .’ . ! . ! > . ? ’ ] )

e o© LIS o, o o o LI o . o, ,® O . o, o,% o0,* O

Jepuid Qv UG Ll T

2 \

371



(yuasaid AAN +)

1ZPUR L9 uonddg 9y amdLj

ul9'gL
loyosuy :

apeibqnsg

Y S S8 SULUITIR SIS SLITIIEUEARAENES
ISR YR IE YR U U W WA WA N N UL YA WA Y A A Y

~
rd

P AN A R NN RN IR, ’
A YA Y Y Y VYV YA YA YA S TR AR
AN A A N AN NN NI N A4 4
LYAYA YL Y YA YA YA YA YA ‘A VAVATLIATAY AR
T N NI A4 Qmmm PR A4 ’
LN YA WA WA WA WL WA N WA (YA YAYAVASA AT AR
VA A A AF AR SR Y A% 4 FAR AR AF S A 4 ’

.,
’
rd

i -]
Q
b
«
R

D

- o

i =

- Q@

£

)

o

£

n

AN

N AW
N

. N

ajdnosounsayy O
sapwoyaapag wdag-ninw [

ajdnooounsay] o
)p J0SUIS AIN|SION ‘|1I3D dINSSAI 110S
ajdnosoundyy 'g 10SudS INISION D4

ut L°0¢ ajdnosounsayy 3 abeo uesis oV 1

uL

PR A A
NN NN N N NN

A AN
»“I \ A AT
N

AVAYATA VA AN
I AN

372



(uasaid QAN +) 0T PUE 4L UONORS L'V 2M3L]

T.:_ £6L
oyouy

T

ajdnosousayl. O

sajpwoydayaa widea-ninw O

sjdnosousayl o
9 10SU3S JINISION ‘118D 8INsSAd 110

\ Ul ¥'Ee
J_u | ajdnooousay] 3 10SudS AINISION D4
ajdnosowsdyyl 3 abey ujesns ov 1

apeibgng

Ppui@ Ov US|

e

373



apeibqnsg

(uasaxd QA »)

61 PUe 48 Uonddg gV 2m3ij

uegtLL
J04duy

aidnosousayy O

sa1swola3yag widag-mnw [

ajdnoaounsayy
2 JOSUIS AINIS|ON ‘113D 3INSS3Ld |10S

o

\.:_ v'ee

"uy p°91

ajdnosounay] g 1osuag amysjoy P

ajdnoosounay) @ abeo ujens ov I

BRI a o
A A A AAAAASLALAAAALANaA a
VA A AN A anaaaaaan s ala 4
A A A A AAAMALAAAAAAAaAa -
RN R
A A A A AL A A AL AAanAa a

s o a aaaa afa 4

-apesbqn

a A a aaaaloa
a s s aaaalad
A A A aa A

-
’
AOATVTRITON TN TN
03020208020 02020 0 0 0 0 0 2 ke
DAYV WA O
.
[SLRNENLN RESENESENENENEN 36
\\\\\mm“m\\\\\\\ ’
—\r\l\l NS SN ~I\I\I\I\l\l\l\l I\t
(YA [SENESENENCNEN RN
N mﬂmm‘-—\\\\\\\ ’
ROCY A St RENERENENENA LY NE
O NN N NANWNNNIN KN
.
A0elis) i 6L
IN H N R34\
IR R RN RN NRA
AUV NN
TN N
[SENENENAN \
PAPIAVAY) p2

LR A AR
AR YA SA AR Y ]
LIS uh

i

LR SR SN 4
Qvl’ll/l/

2 707 7
1/’1/'“
\\\\\\\\\\\\\\-.

NN NN NN LA NN NN NN RN NN P NN NN NN .
L N N N N N N N N N N N N N S N N N N N VAN SN N YA NaTATN NN, NI VN s
N A N N N N A NN R N N A R A AN AN AN NN NN
AN N N N N N N N N N N N N N N N N N Y e NG P LN NN Y LAY AN

moN\\\\\\\\\\\ AN ANNANN TN

\\\\\\\\\\\\\\\\\\\\nc—

A . YA YA A N N N N N

’ :—vn\\\\\\\\\.\ .
i

\ AA AR A WA A WA N A A A )

VAR AR AN A AN AR AR AR AR 2N 4

.

i

374



(uasaxd QAN +) TTPUB 46 UONDDS 6V amdi]

375

MAJI.:_ G'8L
ioyouy

apeibgns

aidnosousayy O

sajpwoydapag widag-minw [

L . ajdnosowsayy
\ ur9'ee 1B 10SU3S 3INISION ‘II3D 3INSSALd (105 ©

ajdnosowsay) % sosuag ansiony P

ajdnosouusayy % abey uens ov

;9JeUNg gy "ul N. &

Y77/777777777777777779777777777777777




G1 pue ] uUoudxds QI'Vy am3if

aidnosousayr O

ajdnosounsayl O
1 10SUAS JINISIOW ‘113D dINssald HOS

ajdnosowdy) 1B 10SUIS AINIS|ON D4

ajdnosowsayy 1 abeo uens ov O3

apeibqng

A S AAMAAAMAAAANGAGALAASLANAAAAA A A AAMAAARAL LA A A A A A AGAMNAAMAAMSL LS AAALL
AraarA A M AL S MAAASLAALAAAALAAA A M A A A S AASsAAA A A A MM ASNASLAAAAAAA
h)”)b))bii))))Ii)))il)!)t)bt!))ib)tb))) A A A AL SAAAMASL LA AN

a A A B AAMNAALAMARAAAAAAALAAAA A A A AL AALAAAANAANAL AN A A A MM AMMAMLALLANA
)))D.’))D))OD)’))l’)))’b)b)’))))tl’))))s A A A A AAMAAAALASLAA
PR e M I L T T T L I PR R R I A A B A G AAAS A As A

)b'b)bb)bbb)’))lb)bb))))D)IDD)’))D)))))) P N N T L

A A A A M AAMNAMAAAAAASAALAAAL A A A AAAAAAANAALAAA A A A A AN AA AL AA ALl AL
b))))’b)'))r)))))))>))b‘)bDb)D)l>D) A A A A A A S AL A A AN

A A A AMAAAAALAAARALAAANLALAALAAAA A A A S AAAMAAAAALAAAAA A A A AAAA s AAn
i)b)))l))))))’)i)t)b))b))b))t))))’t)l»)) A A A A A A& A A A AL

A A S A M AAGANAMAASAALAAAALLAA A A A AAAASALANAAAAAS A A A A AALLArAa

A A B O DO AGAAGASALAAALAAAAALNAAAL A A AAASLAANAAAN A s aaa

A A A AAAAAMAAAALAAALAAALAAAALA RPN RN )Ilt))ib)lbb"'blh"bb.ii))Dilblh

\\\\\\\\\\\\\\\\\\\\\\\ VAT AT A A A N AR TN 2 2 2 7 4 PAE A N4 LR RRA
Illllllllll”ll’l’lll’l! ESA YA YA Y YA WL Y WA A YA A YA TR U A )
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
lllllll"’ll/”’ll’lll’l IIIII’III”IIIIIII —

SOAAAARLRNANNNN OO VN NN NN RS 1////1//111/111r-frt/tl/.-trr't'rﬁfltltllﬁfrl/lll
v

\\\\\\,\\\\\.\\.\\\\\\\\\.\\\\\\\\\\\\\\\\\\\\\

~ " . £ SN NN NN NN YA YA YA YA YA YA Yo YA YDA A A AP TN . et Ny . s S SN NN NN
Qmﬂ °“0h l:&EQ —x—— \\\\\\\\\\\\\\s\\\\\\\\\\\\\\\\\.\\\\\\\\\\\\\\\s\\\\\\\\\\~\\\~
M SN S S N N S N N N A YA YA YA YA YA YA A RRNARSARAESO TN SIS WSS Y0 TA YA YA YA JA DA JA A
st ¥ et B0 AP A A AN AN NN NN RN NN NN NN T4 ’ PN AR NN
AAVVAAVAVAAY YNV VATV LS IS N N N Y N N NN W YA A VA YA YL
\\\\\\\\\\\\\\\\\s\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ ’ s
’I’lll’ll"l'l’ll/’l’l’l II”III'/IIII’/'/’I"I» L)
PAPAPAPAI AT AP AP A A A A N N NI AR RN NS A A N AN N N A N N AN A AN A AR RS

lllllll'l’lll/’flll'll/l ll'll”lll’lt!IIIIII’I’I//II
\\\\\\NN\N\\\\\\\\\\\\\\\N\\\\\\\\\\\\\h\\\\\\\\\\

“ddpuid Jy “ul Gt

376



apeibqns

(uasaid AN ») p1 pUe L[] uondeg [V 2m3i]

‘U1 9°'¢L
0youy

ajdnoosounsayr O

sajawopdapaq wdea-nirw [

_ ajdnooouwsayL o
g 10SU3S INISION ‘IIRD ainssaid I0S

f m_a:oooEuoshdbomcom whs.m_os_VA
<“Zz__ug7ee

ajdnosowsdyl 3 abey uiens ov 3

-ul 7
e 12°GL

PRl e e e I T T L

PREPRIPREF A N A A R

-
-opeIbqNg it

P T T S I e

uiL

~
.........
<--pazijiqe

-

a a0 eFe § . .
RIS SRR RN
el
IR KR
l’.”'.”.,‘
Sl Telelela e
etatema ettt
RGN
”"","’.

A s A aa
a a aa
a A aaa

N
a

al a A

A A A A A A A A
F A a8 a a a8 a s s s s

‘adepIng )y

1

g5 DY UGS

EE\\\ V\\\&\ ZW % \.&

¢

377



epeibqng pazijiqels  “up L Jseie

€] pue 7l uondas g’y am3ig

ajdnooousdayl QO

ajdnoosowayj o
B J0SUIS INIS|ON ‘|19 3INSSAId |10S

_ ajdnooowsayy @ J0SUdS ANIS|oN D4

ajdnosounsayy g abey ujens oy I
apeibqnsg

A AAAAAMAMAAANALNANAAMAAN P b))))hh)):b))bbti.bll)).’hbbb)))b-ptvrbtbubltbibln
A A A A A A A A A A A A AAALAAALAALA a A A A A A ,”.”’,”.”,’)”',”)"I""" A A A A A A Aga A A A A A A A
A A A S & B A A AAALNLAAAAALAANAADNANANAAAAA "".)"."""D”"".’,)"”” A a a a & a afs A s s s aa a & A A & a8 a
A A A A A AAAAAAAAAAAANAAL ~ A & A & A a A A A& A A A )”‘.”’.’,’l”"”’.."”"”’. a a & a a a afla a A a s aa a
A A AamMALrANANSAAAGAAAMAAAnAAALALAAAa annana R e I N N I I R P Y L T T T N T T oo i e s
A S A A A A A A AAAAL A AL A A A An a~ & A A A a “a A A A A A A ".."’,”’.””’.”..'"”",’D s & a a aa aja s a s s aa
A A A A A A A AN AA A AAAL AN~ LAa ..."”)’.””"’"’l”"‘."".‘.’.’.” A A a a a a afjla a A A A s a A A A A A A A A
A M ABLAAMALAAAAMAAAANALAAAAAASA aaaaaa

- s e A A M A AAA NS AL a A A A A A Aaaa YR
-

A s aaaa a at® . a A A A aaa s s a s PR R - a a® a aa a s a s ac
.......»..»........»....»..........».»»..».H,». ..ﬁ....»»....... R A I PRy s R S
A A aaaa aa . a A A A s A a s s aa PN N IR

A S A A S AAAGAAAMAMASLAAALAAAMAAAMAANSLAMAAASLNAS

an A s aa A A A A ar s v)D)))))))I))))Ut))’))D))‘ibibbhtﬂ)biit)lb*bhb))b)i.

A A A AAAMLAAMAMAAAMNGAAAAAALAALSLAANALSA

A A S A A A AA A AL A A o A& A A A s A -
PPy P P S ST A S )

378



APPENDIX B
COMPUTER PROGRAMS (FORTRAN CODE)

B.1 NCFLEX.FOR

B2. RELPAV.FOR
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ncflex.for -

1/18

THIS PROGRAM - NCFLEX.FOR -IS WRITTEN' IN MICROSOFT FORTRAN.
THE PROGRAM NEEDS TO BE COMPILED ALONG WITH WES.FOR

INPUT -INFORMATION IS PROVIDED FROM AN EXTERNAL INPUT FILE
PROGRAM DEVELOPED BY SATISH SANKARAN**###ewsvawss

THIS PROGRAM IS EXPLAINED IN CHAPTER 6
THIS PROGRAM IS AN ANALYSIS AND DESIGN PROGRAM FOR
DESIGNING FGLEXIBLE PAVEMENT STRUCTURES

Ceesasevss s INITIALISATION OF VARIABLES**wreeveverse®

LOGICAL NEWOLD

COMMON /WESP/STRAINY, STRESSZ, STRAINZ

COMMON /FAT/ VOID,PHI,ZHI,LAY

COMMON /traf/ESAL_Y,TAGF,ESALF.ESALR,CSESAL.CYESAL

COMMON /STRUCT/P_TYPE, TEMP, N_SEAS

COMMON /LABL/FILE, TEXT, HLINE, CMDCHAR

COMMON /DIST/SDAMG,RD

COMMON /PDl/ID_LAYl.ID_LAY2,ID_LAYB.ID_LAY4,ID_LAY5

commen /out/depth,fat_period,fa:_traf,rut_period,rut_traf.np,
+RUT_MEAS

integer fat_period(SO),rut_period(SO),np
real*8 fat_traf(SO),rut_traf(SO),depth(4,50),RUT_MEAS(SO)

INTEGER ITER_INP(IO).LAy,lay_inc,FAT_LIFE/l/,RUT_LIFE/l/
REAL*8 R_LIMEl,RTACBS,THICBS,THICAC,SECTYPE,calib_fact
REAL*S STIFF(S.S),TAGF,CSESAL(3S,4),CYESAL(BS),FAT_ESAL/O./
REAL*8 H(4),U(S),LA(4),calibration,inc.RUT_ESAL/O./
INTEGER ESAL_Y,ESALF(35,4),ESALR(35),DES_LIFE
REAL*8 STRAINY(IS,IS).STRESSZ(lS,lS),STRAINZ(lS,lS)
REAL*S SDAMG(35.4).RD(JS),RUT_LIM,DES_ESALS.RUT_AMT/O./
CHARACTER*1 CMDCHAR
CHARACTER*72 FILE
CHARACTER*80 TEXT, HLINE
INTEGER P_TYPE,N_SEAS
REAL*8 PHI(4,4),ZHI(4,4).VOID(4.4),TEMP(4),T(4),A_RT(G),B_RT(G)
C"""""'t"t"it"""tti'
C FOR WES.FOR ANALYSIS
INTEGER L,L1,LS(50),IRQST
COMMON PROV(50,1,9),RES(50,1,9)
REAL®*8 J1(20),RESULTS(50,1,19)
REAL*8 A(20),P(20),LOAD(20),XC(20),YC(20)
REAL*8 XS(50),YS(50),25(50)
REAL*8 dev_stress.MR_icer,bulk_subbase.bulk_base

DATA A(1l) /4.00/,LOAD(1) /4500./,P(1) /90./

DATA A(2) /4.00/,LOAD(2) /4500./,P(2) /90./

DATA XC(1) /0.0/,YC(1)} /0.0/

DATA XC(2) /13.5/.YC(2) /0.0/

DATA L /2/,L1 /11/,LS(1) /1/.LS(2) /2/,LS(3) /3/
DATA LS(4) /4/,IRQST /1/7,28(0) /0.0/

DATA LS(5) /1/, Ls(6) /1/

DATA LS(7) /1/,Ls(8) /2/,LS(9) /3/,LS(10) /4/.LS(1l) /S/
DATA YS(S5) /0.0/,YS(6) /0.0/

DATA XS(5) /0.0/,XS(6) /2.0/

data np/l/

C....""""""'.""."'.""'t""'.""""

CALL BEGIN

CALL DATAIN(STIFF,H,U.LA,CALIBRATION,DES_LIFE.DES_ESALS,
oRUT_LIM,lay_inc.inc,A_RT,B_RT)
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.tﬁ'""""'.."""t""""'i"""""""""'..t"""".'

216 WRITE(*.*)’ MODULI -~ MODULI ~ MODULI ~ MODULI'
WRITE(*,*)’ GEASON 1 SEASON 2 SEASON 3 SEASON 4’
WRITE(8,*)’ MODULI  MODULI ~ MODULI ~ MODULI’
WRITE(8,*)’ SEASON 1 SEASON 2 SEASON 3 SEASON 4’

o WRITE (%, %) ' =mm=-mmecmommmmmemmmmm=o=o=cos=mem==oooo-===oos -
c WRITE (8 #) / mo=mm—-mmemmmm=m====mmm=c=sc—s===s=—sosossoooosoos :

DO 219 IK=1,5 :
write(*,218) IK, STIFF (IK,1) , STIFF (IK,2),STIFF (IK,3),STIFF(IK,4)
write(8.218)IK,STIFF(IK,1),STIFF(IK,2),STIFF(IK,3),STIFF(IK,4)
318 format (1x,’LAYER:‘,Il,£10.2,1x,£10.2,1x,£10.2,1x,£10.2)
219 CONTINUE
WRITE (¥, *) <= =mmm==mm=c===me====-ss===c=soooos=—oosooo=s ———--
WRITE (B, %)’ =mmemmmmm=m=mmc=mm==—=mc—s==—=oscoo==m=moommomons

c'tt't't"""""t'i".t't"tt""""'ti"tt'tt"t.'iit"'..'.i'.i

CALL TRAFIC(DES_LIFE)

232 call calfactor(H,CALIBRATION,calib_fact,lay_inc,inc)
DO 100 I=1,4 :
25(I) = 2S(I-1)+H(I}
XS(I)=6.75
YS(1)=0.0

100 CONTINUE
2S(5)=H (1)
2S(6)=H(1)
Do 105 i = 7,11
25 (i) = h(i-6)/2 + zs(i-7)
XS(I)=6.75
YS(I)=0.0
105 continue

DO 107 I=1,L1

107 CONTINUE

113 format(£6.2,£6.2,£6.2)

Do 175 I =1.4

CALL WES(STIFF(I,I).STIFF(Z.I).STIFF(B,I),STIFF(4,I).STIFF(5,I).
+H(1),H(2),H(3),H(4),U(l),U(Z).U(3),U(4),U(S),LA(I),LA(Z),
+LA(3).L.P.A.XC,YC,Ll,LS,XS.YS,ZS,RESULTS,IRQST)

DO 180 K=1,L1
WRITE(*, (24(/))")
write(*,*)*computation of strain in progress- PLEASE WAIT®

STRAINY (K, I)=RESULTS(K,1,17)
STRESSZ (K, 1)=RESULTS(K,1,3)
STRAINZ (K, I)=RESULTS (K,1,18)

178 FORMAT(IX.'ZPOSN'.2X,F5.2.2X,'STRAIN',ZX.EIO.4,2X,'STRESS':
+2X,F6.2)

180 CONTINUE

175 CONTINUE

CALL FATIG(STIFF,calib_fact,DES_LIFE,FAT_LIFE,FAT_ESAL)
CALL ACRUT(H,CYESAL,RUT_LIM.DES_LIFE,DES_ESALS,RUT_LIFE,

+RUT_£SAL.RUT_AMT.A_RT,B_RT)

depth(1l,np)=h(1)
depth(2,np)=h(2)
depth(3,np)=h(3)

depth (4.np) =h(4)
fa:_period(np):fat_life
fat_craf (np)=fat_esal
rut_period(np):rut_life
rut_traf(np):rut_esal
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RUT_MEAS (NP) =RUT_AMT

o WRITE(B,ZIO)ID_LAYI.ID_LAYZ,ID_LAYB.ID_LAY4.ID_LAYS
,WR;TE(',ZIO)ID_LAYl,ID_LAYZ,ID_LAY3.ID_LAY4,ID_LAY5
C write(8,212)h(1),h(2),H(3),H(4)

write(*,212)h(1),h(2) ,H(3),H(4)

210 FORMAT(2X, 'LAYER id -»'4%,I1,7X,I1,7X,11,7X,1I1,11X,1I1)
212 FORMAT (2X,’'LAYER THICK ->'2X,F6.3,2X,F6.3,2X,F6.3,2X,F6.3,2X,’
+SEMI-INFIN’) .

WRITE(*,215)FAT_LIFE, FAT_ESAL

c WRITE(8,215)FAT_LIFE, FAT_ESAL
WRITE (*,220)RUT_LIFE, RUT_ESAL, RUT_AMT
c WRITE(8,220)RUT_LIFE, RUT_ESAL, RUT_AMT

215 FORMAT(2X,‘'FATIGUE LIFE ->’,14, 'MONTHS’,2X,
+'FATIGUE ESALS ->',F11.2)

220 FORMAT (2X,’'RUTTING LIFE ->',I2, 'YEARS’,Z2X,
+'RUTTING ESALS ->*,F11.2,2X, 'RUTTING (inch)->',F5.2)

C wRITE(s")ltt'tt'i't'i"t'i"iitt"'titt't""t't"tii"ttttittl
IF (FAT_LIFE .GT. (DES._LIFE*12))THEN
GOTO 275
ELSE IF(FAT_ESAL .GT. DES_ESALS .AND. DES_ESALS .GT. 0.0)THEN
GOTO 275
ELSE IF( RUT_LIFE .LT. DES_LIFE) THEN
GOTO 275
. ENDIF
c READ(*,*)IJK
o] write(8,*)’'next pass’
C read(*,*)ijk
np=np+1
goto 232

275 call out_life
OPEN(9,FILE="junk")
close(9)

STOP
END

C"""""'t"""""""'.""""'."'i't'i

SUBROUTINE BEGIN
CHARACTER*72 INFILE,OUTFILE

¢947 WRITE(6, ' {1X,A,\)’) 'ENTER INPUT DATA FILENAME =
c READ(S, 1) INFILE
c FORMAT (A)

OPEN(7,FILE="flexinp.dat")
¢ 949 WRITE(G,’(lX,A.\)')'ENTER OUTPUT DATA FILENAME !
c READ(5,1)OUTFILE

OPEN(8,FILE=*flexout.dat")

[

c GO TO 980
2948 WRITE(6.’' (1X,A,\}") INPUT FILE DOES NOT EXIST!'!' TRY AGAIN!’
c GO TO %47
s 950 WRITE(6,' (1X.A.\)’) OUTPUT FILE ALREADY EXISTS!'! TRY AGAIN!’
¢ GO TO 949
¢ 980 RETURN
END

cttcucﬁﬁocntt"'t""t't"t""t"""'t"'"'t"t"'t"""""té..'

SUBROUTINE DATAIN(STIFF.H,U,LA,CALIBRATION, DES_LIFE,DES_ESALS,
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+RUT_LIM, lay_inc, inc,A_RT,B_RT)

COMMON /FAT/ VOID, PHI,ZHI,LAY

COMMON /traf/ESAL_Y,TAGF.ESALF,ESALR.CSESAL,CYESAL(35)
COMMON /STRUCT/P_TYPE.TEMP.N_SEAS

COMMON /LABL/FILE, TEXT, HLINE, CMDCHAR

COMMON /PDl/ID_LAYl.ID_LAYZ,ID_LAYB,ID_LAY4,ID_LAY5

REAL*8 STIFF(S,S),TAGF.CSESAL(35,4),CYESAL,A_RT(G),B_RT(G)
REAL*8 H(4),U(S).LA(4).calibration,inc,RUT_LIM,DES_ESALS
INTEGER ESAL_Y,ESALF(35,4),ESALR(SS).LAY,lay_inc,DES_LIFE

CHARACTER*1 CMDCHAR

CHARACTER*72 FILE

CHARACTER*80 TEXT, HLINE

INTEGER P_TYPE,N_SEAS

REAL*S8 PHI(4,4).ZHI(4,4),VOID(4.4),TEMP(4),T(4)
REAL*8 R_LIME1,RTACBS,THICBS, THICAC,SECTYPE

C""i"

9s
115

117
118

155

200

po 115 I =1,8

READ(7,95)TEXT

write(8,35) TEXT

FORMAT (A)

CONTINUE

READ(7,*)I1,ID_LAY1,U(1),H(1),LA(1)
WRITE(8,117)I1,ID_lAY1,U(1),H(1),LA(2)
READ(7,*)I1,ID_LAY2,U(2),H(2),LA(2)
WRITE(8,117)I1,ID_lAY2,U(2),H(2),LA(2)
READ(7,')Il,ID_LAY3,U(3),H(3),LA(3)
WRITE(8,117)I1,ID_1AY3,U(3),H(3),LA(3)
READ(7.,*)I1,ID_LAY4,U(4),H(4).LA(4)
WRITE(8,117)Il.ID_lAY4,U(4),H(4),LA(4)
READ(7,*)I1,ID_LAYS,U(5)

WRITE(8,118)I1,ID_1AY5,U(S)

WRITE(8,%) ' --=--=-==-======= ‘

WRITE(8,*) 'LAYER MATERIAL -> ID '

WRITE(8,*) ' =-====-==--========--=-coo---= '
WRITE(8, %) ‘HDS-> 1 HDB -> 2 HB -> 3 ABC -> 4 CTB_-> 5’
WRITE (8, *)*LIME_SUBGRADE -> 6 CEMENT_SUBGRADE -> 7 SUBGRADE -> 8
WRITE (8, %) ===-cm-===m==m=====-—c--s==s=——=-sc———=-—=socooms=s ’
FORMAT(BX,II,7X,Il.4X,F3.2,2X,F6.3,9X,F2.0)

FORMAT (3X,I1,7X,I11,4X,F3.2)

READ(7,95)TEXT
READ(7,95) TEXT
READ(7,95) TEXT
DO 155 I = 1,4
READ(?,')II.TEMP(I).STIFF(l.I).STIFF(2,I),STIFF(B.I),STIFF(4,I).
+STIFF(5,1)
CONTINUE
READ(7,95)TEXT
READ(7,95) TEXT
READ(7, *)ESAL_Y
READ(7,95)TEXT
READ(7,95)TEXT
READ (7. *) TAGF
READ(7,95)TEXT
READ(7,95) TEXT
READ(7,*) LAY
READ(7,95) TEXT
READ(7,95) TEXT
READ(7,95) TEXT
DO 2001 = 1.4
READ(?,')ID,TEMP(I).PHI(LAY.I).ZHI(LAY.I),VOID(LAY,I)
CONTINUE
read(7.95) text

383



B M ncflex.foxr = .. ..

- 516

READ(7,95) TEXT
READ (7, *)A_RT(1),A_RT(2
READ(7,*)B_RT(1) ,B_RT(2
read(7,95) text
READ (7,95) TEXT
read(7,*)lay_inc,inc
READ(7,95) TEXT
READ(7,95) TEXT
read(7,*)calibration
READ(7,95) TEXT
READ(7,95) TEXT
read(?,')DES_LIFE,DES_ESALS.RUT_LIM
CLOSE(7)
RETURN
END

ci'tti."'t"'t"t'it'.t"tt""tt"i'i'ﬁ.'t't'ttt.t't""tt"""

subroutine calfactor(H,CALIBRATION,calib_fac:,lay_inc,inC)

COMMON /PDl/ID_LAYl,ID_LAYZ,ID_LAYB,ID_LAY4.ID_LAY5

integer ID(S).ID_LAYl,ID_LAYZ,ID_LAY3,ID_LAY4,ID_LAY5,LAY_INC
INTEGER ILL/0/

REAL*8 h(4),cal_totlo./,lime_l/o./,sectypelo./,rtacbs,
+calib_fact,cal(5),INC,CALIBRATION

data cal(l)/0./,cal(2)/0./,cal(3)/0./,ca1(4)/0./,cal(5)/0./

ILL=ILL+1

IF(ILL .GE. 2)THEN
H{lay_inc)r=H(lay_inc)+inc
ENDIF

c WRITE(B,115)ID_LAYl,ID_LAY2.ID_LAY3,ID_LAY4,ID_LAYS
of WRITE(',115)ID_LAYl,ID_LAYZ.ID_LAY3,ID_LAY4,ID_LAY5
C write(8,116)h(1),h(2),H(3) H(4)
Cc write(*,116)h(1),h(2),H(3) H(4)

€115 FORMAT('LAYER id ->"4X,I11,7X,I11,7X,I1,7X,I1,11X,I1)
C116 FORMAT(’'LAYER THICK ->'2X,F6.3,2X,F6.3,2X,F6.3,2X,F6.3.2X,’
1€ +SEMI-INFIN')

id(1)=id_layl
id(2)=id_lay2
id(3)=1d_lay3
id(4)=id_lay4
1d(5)=1d_lay$

IF (ID(1) .EQ. 1) cal{l)=h(1)*(-65.099)
TF (ID(2) .EQ. 2) cal(2)=h(2)*(-65.099)
IF (ID(2) .EQ. 3) cal(3)=h(3)*(-0.477)
IF (ID(3) .EQ. 4) cal(3)=h(3)*(-0.477)
IF (ID(3) .EQ. 5) cal(3)=h(3)*(-0.477)
do 118 i=3,5
IF (ID(I) .EQ. 6) cal(4)=h(4)*7.158
IF (ID(I) .EQ. 7) cal(4)=h(4)*7.158
IF (ID(I) -EQ. 8) cal(4)=0.0
if (id(i) -eq. 6) lime_ 1=0
if (id(i) .eq. 7) lime_1=1.0
if (id(i) .eq. 8) lime_1=-1.0

118 continue
if (id(2) -eq. 3) sectype=-1.0
if (id(3) .eq. 3) sectype=-1.0
if (id(2) .eq. 4) sectype=1.0
if (id(3) .eq. 4) sectype=1.0

cal_tot=0.0
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do 120 i=1,4

cal_tot=cal_tot+cal(i)
120 continue

if(id(2).eq.2) then

rtacbs= ((h{1)+h(2))/h(3))

else

rtacbs=((h(1))/h(2))

endif

o] wrice('.')cal(l),cal(Z),ca1(3),ca1(4),cal_cot,rtacbs,lime_l,sectype

calib_fact=197.154+ca1_tot-32.948'1ime_1
++77.861*sectype+166.008*rtacbs

IF (SECTYPE .EQ. 1.0 .AND. CALIB_FACT .LE. 150.0)THEN
CALIB_FACT =150.0

ELSEIF (SECTYPE .EQ. -1.0 .AND. CALIB_FACT .LE. 15.0)THEN
CALIB_FACT=15.0

ENDIF

IF (CALIBRATION .GT. 0.0) CALIB_FACT = CALIBRATION

Cc write(*,*)calib_fact
c read(*,*)ij]
(o if(ijj .eqg. 10)then
Cc read(*,*)calib_fact
o endif

end

c""""""ﬁi"i"'"'t"'.t'"""i'.i'i"'i-'i""ﬁ"""ﬁ""""i

subroutine. TRAFIC(DES_LIFE)
COMMON /:raf/ESAL_XITAGF,ESALF,ESALR,CSESAL,CYESAL

INTEGER ESAL_Y.ESALF(35,4),ESALR(BS),DES_LIFE
REAL*8 TAGF,CSESAL(35,4),CYESAL(35)
REAL*8 CFE/0./,CRE/0./
DO 150 J=1, (DES_LIFE+10)
ESALR(J)=0.6*ESAL_Y+0.4%12*30°24*60
CRE= CRE+ REAL(ESALR(J))
CYESAL (J) =CRE
Do 152 I=1,4
ESALF(J,I) = (ESAL_Y/4)
ESALF(J.I)=0.6'ESALF(J,I)+0.4'3‘30'24'60
CFE=CFE+REAL (ESALF (J. 1))
CSESAL (J, I)=CFE

c WRITE(*,151)ESALF (J.I)
Cl151 FORMAT (1X,I6,\)
152 CONTINUE

ESAL_Y = ESAL_Y+(ESAL_Y'(REAL(TAGF)/100.00))
150 CONTINUE

C145 FORMAT(I6)
C146 FORMAT(IZ2)

END

C"'t'tt"'t"""""""t'tt'i"t"t""""'t".""i""Q'

SUBROUTINE FATIG(STIFF,calib_faCt,DES_LIFE,FAT_LIFE,FAT_ESAL)
COMMON /WESP/STRAINY, STRESSZ, STRAINZ

COMMON /FAT/ VOID,PHI,ZHI,LAY

COMMON /traf/ESAL_Y,TAGF,ESALF,ESALR,CSESAL.CYESAL

COMMON /STRUCT/P_TYPE, TEMP, N_SEAS

COMMON /DIST/SDAMG,RD
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REAL*8 RD(35),TEMP(4)

INTEGER P;TYPE,N_SEAS,DES_LIFE

REAL*S8 STIFF(S,S),TAGF,CSESAL(35,4),CYESAL(BS),FAT_ESAL

INTEGER ESAL_Y.ESALF(35,4),ESALR(35),LAY

REAL*8 STRAINY(lS,lS),STRESSZ(IS.IS).STRAINZ(IS,lS)

REAL*8 PHI(4,4),ZHI(4,4),VOID(4,4).T(4) .

REAL*S8 STR(15,15),DAMG/0./,SDAMG(35,4)

REAL*S M, NFL_1(4),NFL_2(4),NF(4)

REAL*8 calibration,calib_fact

REAL*S R_LIMEI.RTACBS,THICBS,THICAC,SECTYPE

INTEGER J,I_COUNT /1/,I_EQN /1/,FAT_LIFE

REAL*8 EPS_TH,CORR_ST,EPS_REF /0.00018/,REF_STIFF /600032./
ct"'t'tQ"it"'i'ittt't"'t'"Q"tt‘t"ﬁt'tt'iﬁt'ttt"t"'tt""""
write(*,*)’'LAYER TO BE FATIGUED: ', LAY
write(8,*)'LAYER TO BE FATIGUED:',LAY

write(8,*) FATIGUE EQN:‘,I_EQN

WRITE(*,*) =-mmmm===——=—mmmmme=es=—=—-ccoe=-mmoeo—os========"
WRITE (8. #) ‘' =--=mmmm=m==c-m===mm===m==---ooe—o—ss=o—=co==oocooos
write(8,*) ' CALIBRATION :’,CALIB_fact

write(*,*) ‘CALIBRATION :',CALIB_fact

N N0 a0

write(*,*)® SEASON  MODULI STRAIN # OF CYCLES®
write(8,*)* SEASON  MODULI STRAIN # OF CYCLES®
WRITE (B . %)’ ===mmmm=m-mc=--=m=memm=mo——ccccocemme=-=oos-ooo=cc
DO 200 K = 1,4 '

STR (LAY, K) =ABS (STRAINY (LAY, K) )

M = SIN(PHI(LAY,K)*3.142/180)
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NFL_1(K)=(-5.078+(0.101*VOID(LAY,K))
++(-0.046*TEMP (K))
++{1.363*LOG (ZHI (LAY,K)))
++(-4.813*LOG(STR(LAY,K)))
++{-1.837*LOG(STIFF(LAY,K)))
++(-0.902*LOG(M}))

NF(K) = exp(NFL_1(K))*CALIB_fact

write(*,199)K,STIFF(LAY,K).STR(LAY,K),NF(K)
o} write(8,199)K,STIFF (LAY,K),STR(LAY,K),NF (K)

199 FORMAT(3X,I1,4X,E10.4,4X,E10.4,4X,E10.2)
200 CONTINUE

CO"""t't""t"'i"""'t"t""t
WRITE(*,*)’ FATIGUE LIFE ESTIMATION - MODIFIED SHELL METHOD’
WRITE(®,%)’ ===m====-=======-=====ccoso—s==—=o-ooos-ooo--=co
WRITE(8,*)’ FATIGUE LIFE ESTIMATION - MODIFIED SHELL METHOD’
WRITE (B, #)¢ ==---=====e=m==c-=-=c-cc—ce--s==s——c-==c—oc-co-oco-=--
WRITE(*.*)’ YEAR SEASON CSESAL DAMAGE’
WRITE(8,*)‘ YEAR SEASON CSESAL DAMAGE’
WRITE(8,*)' =====-==-==-=-=m-----o---~-=-===- ‘
damg=0.0
sdamg=0.0
I_COUNT=1
DO 400 J = 1, (DES_LIFE«1)
DO 395 I = 1.4
DAMG=DAMG+ ( (REAL (ESALF(J.I)))/(NF({I)})
SDAMG (J, I)=DAMG
c."""""'""'t""."."""""""'
WRITE(*,391)J,I,CSESAL(J,I),DAMG
of WRITE(8,391)J,1,CSESAL(J,I).,DAMG
391 FORMAT(3X,I2.8X,I1,3X,E7.2,3X,E10.4)
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IF(DAMG .GT. 1.0) GOTO 450
I_COUNT = I_COUNT + 1

395 CONTINUE

400 CONTINUE

c WRITE(*,¥) ' =---ccecemmmm=—=s==s=m===co-s====—e—ocos=-
c WRITE(8, %) '==--==mmmmm-=-====m===—cc-=====—=—c---==-

450 WRITE(*,*)
c WRITE(*,475) I_COUNT*3
c451 WRITE(8,475) I_COUNT*3

475 FORMAT (* FATIGUE CRITERIA: PAVMT FAILS IN ', I3’ MONTHS')
€480 WRITE(*,490)CSESAL(J,I)
c481 WRITE (8, 490)CSESAL (J,I)

490 FORMAT(’ FATIGUE CRITERIA: PAVMT FAILS AFTER ',F11.2)

c WRITE(*,*)’ CORRECTED ESALS’ v
c WRITE(8, %)’ CORRECTED ESALS’

WRITE(®, %) '=-mmmm==m=====mmm====ccecec=m—c=ccoo===oo

c WRITE (8, %)/ -=mmmm=mm-m-m=====m===—occo—s=—==scoo=====c

FAT_LIFE=I_COUNT*3
FAT_ESAL=CSESAL(J,I)

S00 CONTINUE
600 RETURN
END

C""'t"""i".""".""'""'i"-'"'."ﬁ't'..i't"ﬁ'.""""

SUBROUTINE ACRUT(H,CYESAL.RUT_LIM,DES_LIFE.DES_ESALS.RUT_LIFE.

+RUT_ESAL, RUT_AMT, A_RT,B_RT)
COMMON /PDl/ID_LAYl,ID_LAYZ,ID_LAY3.ID_LAY4,ID_LAYS
COMMON /DIST/SDAMG,RD

INTEGER RUT_LIFE,DES_LIFE

REAL*S D(6),A(G),A_RT(S),B_RT(G),HkS),RD(35),RD_1.RUT_ESAL

REAL*8 CYESAL (35) ,mul (6) , RUT_LIM, RUT_AMT, DES_ESALS
REAL*8 SDAMG(35,4)

DATA A(l)/l.S/.A(Z)/1.0/.A(3)/1.0/,A(4)/1.0/,A(5)/1.0/.A(6)/1.0/
DATA D(l)/O./,D(Z)/O./,D(B)/0./,D(4)/0-/,D(5)/.0/,D(6)/.0/

if(ID_LAY1l .eq. 1 .and. H(1) .le. 2.0) then
mul(1)=1.0
mul(2)=0.0
D(1)=H(1)
D(2)=0.0
elgse if (ID_LAYl .eg. 1 .and. H(1l) .gt. 2.0) then
mul (1)=1.0
mul (2)=1.0
D(1)=2.0
D(2)=H(1)-2.0
end if

if(ID_LAY2 .eq. 2 .and. (H(1)+H(2)) .le. 5.0) then
mul(3)=1.0

mul (4)=0.0

D(3)=5.0-H(1)

D(4)=0.0

else if (ID_LAY2 .eq. 2 .and. (H(1)+H{2)) .gt. 5.0) then

mul(3)=1.0
mul(4)=1.0
D(3)=5.0-H(1)
D(4)=(H(1)+H(2))-5.0
end if

if (ID_LAY3 .eqg. 3 .and. (H(1)+H(2)+H(3)) .le. 5.0) then

mul (5)=1.0

LA R A4
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mul (6)=0.0

D(5)=5.0-(h(1)+h(2))

D(6)=0.0

else if (ID_LAY3 .eqg. 3 .and. (H(1)+H(2)+H(3)) .gt. $.0) then
mul(S)=1.0

mul(6)=1.0

D(6)=5.0-(H(1)+H(2))

D(6)=(H(1)+H(2)+H(3))-5.0

endif

c WRITE(*,*)'RUT DEPTH PREDICTIONS - AC LAYER ONLY’

c WRITE (8, *)'RUT DEPTH PREDICTIONS - AC LAYER ONLY’

c wRIT‘E(eIQ)"'Q'ﬁ't't'tt't"""'ti'tifit'itttﬁ.ﬁiit"'i'
WRITE(*,*) ' YEAR CYESAL  RUTDEPTH (in)’

c WRITE (8,*) ‘' YEAR CYESAL  RUTDEPTH (in)’

c WRITE(*,?#) ' =-m=m-=-==ce====mm==e-cc—cec-s=—eom—ocoo== ’

c WRITE(B,*) ' -=mm===-—=--=-======-==cceecccsm-oo=--co== '

DO 700 J = 1,DES_LIFE
RD(J) = 0.0
DO 712 ip=1,6
RD_l:MUL(ip)'(A(ip)'A_RT(ip)‘(CYESAL(J)"B_RT(ip))'D(IP))
RD(J) = RD(J) + RD_1
712 CONTINUE
e Tt e R A L DA L A LA LA A RS S bbb
WRITE(*,699)J,CYESAL(J) ,RD(J)
C WRITE(8,699)J,CYESAL(J) ,RD(J)
6§99 FORMAT(1X,I3,4X,E10.4,.4X,F5.2)
IF (RD(J) .gt. RUT_LIM) GOTOC 710

700 CONTINUE
IF (RD(DES_LIFE) .LE. RUT_LIM)THEN
RUT_LIFE=DES_LIFE
RUT_ESAL=CYESAL (DES_LIFE)
RUT_AMT=RD (DES_LIFE)
RETURN
ENDIF :
910  WRITE(®,*)'===-=c--=m==s==c=m-—=ecccooocmmmmoooo=c== ’
c WRITE (8, %) '=-==m===-=com=ccsmmmmee=coc—mccea-==co=o- '
WRITE(*,715)J
WRITE(8,715)J
715 FORMAT (* RUTTING CRITERIA: PAVMT FAILS IN’,I2° YEARS')

0

WRITE(*,720)CYESAL (J)
WRITE (8,720)CYESAL (J)
720 FORMAT (' FATIGUE CRITERIA: PAVMT FAILS AFTER ‘,F11.2)
WRITE (*,*)‘ CORRECTED ESALS’
WRITE(8,*)' CORRECTED ESALS’
WRITE(%,*) ' -==---=c==e=m=e===me=mo—c-ec-=——=-coooooo ‘
WRITE (8, *) '===--==--=s===m=-e=e==c=coso—=mo=oceocoooc '

o 00 0

RUT_LIFE=J
RUT_ESAL=CYESAL (J)
RUT_AMT=RD (J)

750 RETURN
END

C"'."."""..'"""""'."'.""""""""""""""'t..

subroutine out_life

common /out/dep:h,fat_period,tat_traf,ru:_period,ru:_traf,np,
+RUT_MEAS
COMMON /PD1/ID_LAY1,ID_LAY2,ID_LAY3,ID_LAY4,ID_LAYS
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integer fat_period(SO),rut_period(SO),np,ID_LAYl,ID_LAYZ.
+ID_LAY3,ID_LAY4,ID_LAYS
real*s fat_traf(SO),rut_traf(SO),depth(4,50),RUT_MEAS(SO)

write(8,175)ID_LAY1,ID_LAY2.ID_LAY3,ID_LAY4

175 FORMAT(1X,'LAYER ID--»>',1X,Il1,1X,I1,1X,11,1X,11)
write(8,180)

180 format(3x.'Hl’.4x,'H2’,4x,'H3’,4X,'H4',3x,'FAT.LIFE(MONTHS)',
+2X, 'ESALS TO FAT.‘,/,60('-"))

do 200 i=1,np
write(8,190)depth(1,i),depth(Z,i),depth(3,i),depth(4.i),
+fat_period (i), fat_traf(i)

190 format(lx,f5.2,1x.f5.2,1x,f5.2.1x.f5.2,4x,i3,12x,e10.2)

200 CONTINUE

WRITE(8,210)
210 format(]x,'Hl’,4x,’H2’,4x,'H3',4X,’H4',3X,’RUT LIFE’, 2X,
+'ESALS TO RUT',2X,'MAX. RUT’,/,60('-"))
DO 300 I=1,NP
write(8,225)depth(1,i),depth(z,i),depth(B,i),depth(4,i),
+rut_period(i),rut_traf(i),RUT_MEAS(I)
225 format(lx,fs.z,lx,fs.z,lx,f5.2,lx,f5.2,4x,i3,Sx,e10.2,3x,F5.2)
300 continue
return
end
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THIS PROGRAM - RELPAV.FOR -IS WRITTEN IN MICROSOFT FORTRAN.
THE PROGRAM NEEDS TO BE COMPILED ALONG WITH WES.FOR

INPUT INFORMATION IS PROVIDED WITHIN THE MAIN PROGRAM
PROGRAM DEVELOPED BY SATISH SANKARAN®®eeeesvuweds

THIS PROGRAM WAS USED FOR THE VARIABILITY ANALYSIS USED IN CHAPTER 7
THIS PROGRAM IS ONLY AN ANALYSIS TOOL TO CALCULATE .
RELIABILITY BASED ESTIMATES OF STRAIN AND FATIGUE OF AC LAYER

C"."""'INITIALISATION OF VARIABLES'"""O"""
CHARACTER*72 FILE
CHARACTER*1 CMDCHAR
COMMON NF,var(25,25)
REAL*8 STIFF(5,5),des(3,25)
REAL*8 TEMP(4) ,MOIST(4),H(4).U(5),LA(4)
REAL*8 PHI,ZHI,VO1D,strain, NF,mod
INTEGER L,Ll.LS(SO),IRQST.1ayr,n.ikl,ik2,i_end,i_var(300,15)
COMMON PROV(50,1,9),RES(SO,1,9)
REAL*8S J1(20),RESULTS(50,1,19)
REAL*8 A(ZO),P(ZO).LOAD(ZO),XC(ZO).YC(ZO)
REAL*8 XS(50),YS(50),25(50)
real*s8 E1(3),E2(3),E3(3),E4(3).E5(3)
real*s8 T1(3),T2(3).,T3(3),T4(3)
REAL*8 STR_MEAN,STR_SIG,SUM.SSQ,nf_mean,nf_sig,nf_sum.nf_ssq
INTEGER I_NUMB

C*eveveessDATA FOR ELASTIC LAYER ANALYSIS****evt»#®
DATA A(1) /4.00/,LOAD(1) /4500./,P(1) /90./
DATA A(2) /4.00/,LOAD(2) /4500./,P(2) /90./
DATA XC(1) /0.0/,¥YC(1) /0.0/
DATA XC(2) /13.5/,YC(2) /0.0/
DATA L /2/,L1 /6/,LS(1) /1/,LS(2) /2/.LS(3) /3/
DATA LS(4) /4/,LS(5) /1/,LS(6) /1/,IRQST /1/
DATA LA(1) /1./,LA(2) /1./,LA(3) /1./

DATA XS(1) /6.75/,XS(2) /6.75/,XS(3) /6.75/,XS(4) /6.75/
DATA XS(S) /2.0/,XsS(6) /6.75/ -

DATA YS(1) /0./,YS{(2) /0./,¥S(3) /0./,YS(4) /0./,¥8(5) /0./
DATA YS(6) /0./

DATA STR_SUM/0./,STR_SSQ/0./I_NUMB/0/,nf_sum /0./.nf_sq /0./

Cereeenrr+STIFFNESS AND THICKNESS DATA ALONG WITH THEIR VARIABILITY***
data des(1l,1) /209330./,des(2,1) /36170.0/ )
data des(1,2) /3.5/,des(2,2) /.25/
data des(1,3) /13730./,des(2,3) /2680.0/
data des(1l.4) /12.0/,d8es(2,4) /.25/
data des(1,5) /10000./,des(2,5) /500.0/
data des{(1,6) /0./,des(2,6) /0.0/
data des(1,7) /10000./.des(2,7) /500.0/
data des(1,8) /0./,des(2,8) /0.0/
data des(1,9) /3430./.des(2.9) /1330.0/

DATA U(l)/0.35/,0(2)/0.35/,0(3)/0.45/,0(4)/0.45/.U(5)/0.45/

data kk=0

Ct"tt.i".'cm'rgs OUTPUT FILEtttttt-t
call begin
Ct't"t""'ttt'it""t""'t""
des(3,1)=des(1.1)

des (3,2)=des(1,2)

des (3,3)=des(1,3)

des(3,4z=des(1,4)
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des (3,5)=des(1,5)

des (3,6)=des (1, 6)

des (3,7)=des(1,7)

des (3,8)=des(1,8)

des (3,9)=des(1,9)

write(*,*) *layer to be fatigued®
read(*,*)layr

WRITE(*,*) "number of variables in pem*®
read(*,*)n

i_end=2**n

cessvesvaressSETS UP FOR POINT ESTIMATE METHOD®®*®@®*®
call PEM(n, i_var)

do 250 ikl=1l,i_end
do 225 ik2 = 1,n
WRITE(*,*) I_VAR(IK1, IK2)
if (i_var(ikl,ik2) .eq. 1) then
des(3,ik2)=des(1,ik2)+des(2.ik2)

else
des(3,ik2)=des(1,ik2)—des(2.ik2)
ENDIF

225 continue

28(1)=des (3,2)

25(2)=des (3,4)+Z5(1)

2S(3)=des (3,6)+25(2)

25(4)=des (3,8)+2S(3)

28(5)=ZS(1)

2S(6)=2S(1) .

WRITE(',')des(B,l),des(3,2),des(3,3).des(3,4),des(3,5),

+des(3,6),des(3,7).de5(3,8),des(3,9),ZS(1),ZS(Z),ZS(3).

+2S(4),28(5).25(6) .
CeewswrewssCALLS WES.EXE FOR DETERMINING LAYER STRAINS******

CALL WES(des(B,l),des(3,3)fdes(3,5),des(3,7),des(3,9),

+des(3,2),des(3,4),des(3,6),des(3,8),

+U(1).U(2),U(3),U(4).U(S).LA(I),LA(Z),

+LA(3),L,P,A,XC,YC,LI,LS,XS,YS,ZS,RESULTS,IRQST)

wrlte(t, t) ’ 'Qii'.'t"it".tﬁit'i.'tt""'l

WRITE(‘,')RESULTS(1.1,17),RESULTS(4,1,3)

I_NUMB=I_NUMB+1

strain = abs (results(layr,1,17))
STR_SUM = STR_SUM + ABS (STRAIN)
STR_SSQ = STR_SSQ + ABS (STRAIN) **2

if (layr .eq. 1) then
mod = DES(3.1)
else if (layr .eq. 2) then
mod = DES(3.3)
else if (layr .eq. 3) then
mod = DES(3,5)
endif
write(*,*) *mod===",mod

write(8,333)des(3,1),des(3,2),des(3.3),des(3,4),des(3.5),
~des(3,6),des(3.7),deS(J,S),des(3,9),
+STRAIN,RBSULTS(4,1,3).NF

nf_SUM = nf _SUM « nf

nf_ssQ = nf_sSsQ + nfre2

333 format(FS.O.',‘,F6.2.’,',F9.0,',',F6.2,',’,F9.0,','.
+F6.2,’,’,F9.0,’,',F6.2,',',F9.0,',',210.4.’,'.F4.2.',',210.4)
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250 continue
write(*,*)kk
WRITE(*,*) "STR_MEAN,STR_SIG®
STR_MEAN=STR_SUM/REAL(I_NUMB)
STR_SIG= ((STR_SSQ - (STR_SUM"z/REAL(I_NUMB)))/
+ (REAL (I_NUMB)-1))**0.5
nf_MEAN:nf_SUM/REAL(I_NUMB)
nf_SIG= ((nf_ssQ - (nf_SUM"ZIREAL(I_NUMB)))/
+(REAL(I_NUMB)-1))"0.5

WRITE(*,*) STR_MEAN, STR_SIG

WRITE (8,252) STR_MEAN, STR_SIG

'WRITE(*,*)nf_MEAN,nf_SIG

WRITE(8,252)nf_MEAN,nf_SIG
252 FORMAT(E10.4,E10.4)

ctt"""FATIGUE MODULE."""""'
caél fatigl(STR_mean,STR_sig.mod)
en

ceeessSUBROUTINES - BEGIN, PEM & FATIGL ARE GIVEN BELOW ****®"%%"%.

SUBROUTINE BEGIN
CHARACTER*72 INFILE,OUTFILE
1 FORMAT(A)
949 WRITE(S.'(1X,A,\)')'ENTER OUTPUT DATA FILENAME = '/
READ(S,1)OUTFILE
OPEN(B,ERR=950,FILE:OUTFILE.STATUS:’NEW')
) GO TO 980
950 WRITE(S,’(lX,A,\)’)'OUTPUT FILE ALREADY EXISTS!!! TRY AGAIN!’
GO TO 949 . )
980 RETURN ’
END
c"""".t't".".i'it""'t'."""t"tttt"'t"."'_
subroutine PEM(n,i_var)
logical MTC
DIMENSION IN(15)

integer n,i_var(300,15)
DATA NLAST/0/

I_end= 2**N
do 200 ikl=1,I_end
10 if(N .EQ. NLAST) GO to 15
20 M=0
MTC=.TRUE.
po 21 I=1,N
21 IN(I)=0
NCARD=0
NLAST=N
GO TO 100
15 IF (.NOT. MTC) GO TO 20
30 M=M+l
Mi=M
J=0
39 JaJ+l1
40 IF(MOD(M1,2) -EQ. 1) GO TO 60
S0 Ml=M1/2
GO TO 39
60 L=IN(J)
IN(J) = 1-L
NCARD=NCARD+1-2*L
MTC:NCARD.NE.I.OR.IN(N).EQ.O
100 do 150 ik2=1l,n
i_yar(ikl,ik2)=in(ik2)
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150
200

continue
continue
return

CQQg't"t"tt""'tt'ott't""attttt.'t"tt'ttt"tttﬁ.t

1000

subroutine fatigl (STR_mean,STR_sig, STIFF)

COMMON NF

REAL*8 VOID /6./,PHI /25./,ZHI /0.36/,T /42./,STIFF
REAL*8 STRAIN,STR,DAMG /0.0/,rel

REAL*S8 M, NFL_1,NF,ESAL_TOT /0./

REAL*8 FUDGE 7100.0/,STR_mean, STR_sig

INTEGER ESAL(35,4),J,I_COUNT /1/,layr

WRITE (*,*)‘FATIG EQN: NF = f (VOID, STIFF, TEMP, PHASE-ANGLE,
+ZHI,STRAIN) '

write(*,*)*stiffness =",stiff

do 1000 rel=3,-3.2,-0.2
STRAIN = STR_mean+(rel*str_sig)

STR =ABS(STRAIN)
M = SIN(PHI*3.142/180)

IF (I_EQN .EQ. 1) THEN

NFL_1=(-5.078+(0.101*VOID)
++(-0.046*T)
++(1.363*LOG(ZHI))
++(-4.813*LOG(STR))
++(-1.837*LOG(STIFF))
++(-0.902*LOG (M) ))

NF = exp (NFL_l)*FUDGE

WRITE(*,*)rel,strain,nf
WRITE(8,*)rel,strain,nf

continue
return
end
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