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DISCLAIMER

The contents of this report reflect the views of the authors who are
responsible for the facts and the accuracy of the data presented heréfn. the
contents do not necessarily reflect the official views or polices of the
Washington State Transportation Commission, Department of Transportation or
the Federal Highway Administration. This report does not constitute a

standard, specification, or regulation.



~ - . ASPHALT CONCRETE MODU!LUS-TEMPERATURE..
RELATIONSHIPS AND PAVEMENT DISTRESS MODELLING

INTRODUCTION

Generally, pavement failure develops gradually over a span of time.
This span of time is defined as pavement life cycle. Most fairly sound
pavement sections deteriorate with time in an orderly progress of defects,
i.e. as traffic loads, environment, and other factors act upon the pavement
system, the pavement responds with stress, strain, deformation and other
types of behavior. When this behavior reaches a 1imiting response value
during the pavement life cycle, distress results. The serviceability loss
can occur as a result of the accumulation of a single type of distress or a
combination of several types (i.e. fatigue cracking, rutting, low temperature
cracking, etc.).

Fatique cracking has been indentified as the predominant type of dis-
tress in the United States [13]. Cracks alone do not cause pavement
failure. In the case of Washington State, it has been found that there is
1ittle or no correlation between the progression of distress and the
detericration of ride. Even though extensive longitudinal or alligator
cracking exists, the pavement still rides well. Only when the pavement
begins to break up does it demonstrate poor rideability [29].

This report is a satellite study of the Development and Implementation
of the overlay design study which is performed jointly by the University of
Washington and Washington State Department of Transportation. Figure 1 shows
the general concept of the Study. There are two mainfolds to this report.

First, to establish a reliable relationship between asphalt concrete
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resilient modulus and pavement temperature. Second, to examine the state-of-
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STIFFNESS-TEMPERATURE RELATIONSHIP

oo Asphialt cement and asphait concrete mixtures “behave as elastic -

materials at Tow temperatures and as visco-elastic materials at elevated
temperatures. Hence, the stiffness of asphalt concrete is defined as a
function of time and temperature [i.e. S = f(t, T)]. Both of those factors
play amajor role in the behavior of asphalt pavement. The importance of
asphalt stiffness comes from the fact that all rational pavement design
procedures are based on material characteristics suchas stiffness and
Poisson's ratio. In addition, a literature review reveals that stiffness
plays a major role in determining the fatigue and rutting behavior of asphalt
concrete pavement.

At short loading times or low temperatures or both, mixfure stiffness
approaches a constant value and is analogous to a modulus of elasticity. As
the time of loading and temperature increase, stiffness decreases. Only the
temperature effect will be considered here. In this report, the term
stiffness (S), modulus of elasticity (E), and resilient modulus (MR) are
used interchangeably.

A rational method for establishing a relation betweeh temperature and
asphalt moduli for the State of Washington is by collecting asphalt concrete
specimens from different environmental areas and test them at different
temperatures. Since this is not feasible at the present time, the goal
in this section is to pool available and reliable information pertinent to
the relationship between resilient modulus and temperature in the State of

Washington and to compare this with other published criteria.



Stiffness-Temperature Relationship in the State of Washington

Data for the Stiffness-Temperature (S-T) relationship were collected
from Washington State University (WSU) test track [1 and 5], Sulphur Extended
Asphalt Study [2], the Frost Study [4], the Long Term Monitoring (LTM) sites
study [3], the SR 270 highway pavement performance report [40], and the
pavement testing for SR 12 report [41].

Figure 2 shows a group of stiffness-temperature curves. The curve
labeled (WSU) was obtained from data reported in References 1, 2 and 5 (these
references represent the findings of two separate researach projects). This
curve represents the S-T relationship for cores sampled from the WSU test
track in two different studies. It is interesting to note that data from
both studies fell in a single stiffness-temperature relationship.- This might
be due to the fact that both mixes are WSDOT Class B, and the pavement
testings were conducted under similar environments.

The group of curves labeled LTM represent the S-T relationship for LTM
sites (Sites 1, 3, 5, 6 and 8). Data for the LTM sites were furnished by the
Washington State Department of Transportation (WSDOT) and reported in
Reference 3. Pavement cores from the LTM sites were tested at only two
temperatures (40 and 77°F). Therefofe, a group of parallel curves to the WSU
test track curves were drawn through the LTM points to extrapolate the rela-
tionship.

In general, the S-T relationships for the LTM sites are higher than the
WSU test track curve. Many factors can influence the shape of the stiffness-
temperature relationship, some of these factors are: 1) the age hardening of

the asphalt cement,i.e, asphalt pavement in the LTM Sites has been exposed to
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the environment for a longer time than the WSU test track asphalt pavement,
and 2) the different test equipment used to measure the resilient modulus.

In the LTM study, the material properties were also reported. This can
be used to generate more stiffness-temperature points using the Shell
nomograph. The Shell nomograph as modified by McLeod [6] was used. To use
such a nomograph, viscosity of asphalt cement at 275°F and the Ring-and-Ball
temperature are needed. Neither the viscosity at 275°F nor the Ring-and-Ball
temperature "ywas reported in Reference 3. Therefore, the viscosity has been
estimated from the standard viscosity-penetration chart and the Ring-and-Ball
temperature estimated from Heukelom's bitumen test data chart (refer to
Appendix A). The intention was to develop a stiffness-temperature curve for
each LTM site. But since the viscosity values at 275°F and the Ring-and-Ball
temperature were approximated and the accuracy of the nomograph is less than
the differences between the S-T relationships for the LTM sites, it was
thought that an average curve using the mean values of the LTM material
characteristic would give a better representation. The curve developed from
the Shel1l nomograph is also shown in Figure 2. It is obvious that this curve
is significantly higher than the laboratory result for the LTM sites. The
promising side of this argument is that the curve developed utilizing the
Shel1 nomograph and the LTM sites data can be used to define the slope of the
S-T relationship for extreme temperatures in Washington State. It is obvious
that the slope of this curve is comparable with both LTM sites and WSU test
track curves, especially in the mid-temperature range.

Figure 3 depicts the stiffness-temperature relationship for the AASHO
Road Test as reported in Reference 8. Three of these curves represent
different test load frequencies (1, 4 and 16 Hz). As loading time decreases

(the frequency increases) the resilient modulus increases. The other curve
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represents the relationship of stiffness and temperature as used by Finn and
others in developing the distress prediction model (PDMAP).

Comparing the AASHO Road Test results with Washington State relation-
ships reveals a high similarity, especially with the WSU test track results.
This is due to the fact that both pavements were new énd were subjected to
continuous load repetitions until failed. On the other hand, the LTM sites'
curves are generally higher than the AASHO curves but have nearly similar
slopes. In the comparison analysis, one should bear in mind the different
testing equipment used to measure the resilient modulus. But generally
speaking,the results of the two studies are very comparable.

Figure 4 shows the S-T relationship for three highway pavements in
Chelan County in Washington State. Data for these three highway sections,
namely SR 97, SR 2 MP 159.6, and SR 2 Sunnyslope, were reported in the frost
study [4]. SR 2 MP 159.6 in fact is a bituminous surface treatment. It
should be mentioned here that these data were backcalculated from in-situ
deflection measurements.

The BISDEF computer program was used to backcalculate the resilient
modulus values. BISDEF is a layered elastic computer program which can be
used to determine the resilient moduli of pavement layers and the stresses at
any point in the pavement structure from deflection measurements. The
resilient moduli as reported in the frost study were associated with surface
temperature. Since temperature at the mid-point of the asphalt concrete
layer would be a more representative temperature than the surface temperature
for correlation purposes, the calculated stiffness-temperature relationships
were corrected for the temperature of the mid-point of the asphalt concrete
layer. The Southgate procedure, as reported in Reference 9, was used (see

Appendix B). The required input for this procedure is the surface tempera-



10

==Y SR97, T =26 in.

i . N - - e . s . - e

10

Resilient Modulus MR (psi)

10

= -~ ® SR2MP 159.6 T = 1.8 in.  —
= " @ SR 2 Sunny Slope T = 6.2 in. |
" _ s '"]““"”""” . i_"“'* B X -
B DO e = ——
;_ = _:_:g‘.
~i -= 1_ -

40 50 60 70 80 90
Temperature °F

Figure 4.. Resilient Modulus - Temperature Relationship
as Developed Using BISDEF Computer Program.

10

100



ture and the previous five day mean air temperature. The latter was obtained
from Reference 10.

The frost study data can be divided into two groups as shown in Figure
4, One is for thin asphalt concrete layers and the other for thick asphalt
concrete Tayers. The two highway pavements SR 79 and SR 2 MP 159.6 can be
considered as thin asphalt layers since their thicknesses are 2.6 in. and
1.8 in., respectively (SR 2 MP 159.6 is BST). Highway SR 2 Sunnyslope has a
thickness of 6.2 in. It is obvious that most of the resilient moduli in the
frost study were measured in a narrow temperature range (35-55°F) as shown in
Figure 4. Thus, this imposes some limitation on defining the slope of the
S-T relationship.

Comparing the results of the frost study with the LTM sites result shows
that resilient moduli of highway SR 97 and SR 2 MP 159.6 (thin AC layers)
compare very well with the LTM sites moduli. Highway SR 2 Sunnyslope has a
significantly lower intercept and flatter slope than the LTM sites. This is
attributed to the fact that Highway SR 2 has severe alligator cracking. Such
cracks increase the surface deflection measurements which in turn decrease
the calculated resilient modulus. In addition, these cracks cause the slope
of the relation to become flatter (i.e., less temperature suéceptible), since
the severely cracked surface acts like a granular material.

In using layered elastic theory and deflection measurements to predict
layer elastic moduli (as in BISDEF computer program), some limitations should
be considered [3]:

1. The mathematical model for BISDEF computer program (as the case in

other layered elastic theory models) does not account for cracking
in the pavement section. If a pavement section is in a distressed

condition (i.e. cracked) the deflection measurement would be
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higher, which results in lTow BISDEF moduli prediction.

2. A better moduli prediction can be obtained for a thick pavement
than a thin pavement section.

3. There is a difference in loading conditions between the field and
the laboratory. While asphalt concrete is not particularly
stress-sensitive, it does exhibit a small stréss-sensitive
tendency at high temperatures.

Figure 5 is a general stiffness-temperature relationship for class B
asphalt concrete mix in Washington State. Data for this figure were collected
from the following studies : the SR 270 highway pavement performance study
[40], the SR 12 highway pavement study [41], the LTM sites study and the
sulphur extended asphalt labortory study [43]. Data for these studies were
pooled together and modeled using regression analysis. Figure 6 gives a
statistical description of the data used in the analysis. Different
regression models were tried and the following model gave the best fit
according to R-squared and standard deviation:

Tog MR = 6.47210 - 0.000147362(T)2

" or

Mg = 10[6-47210 - 0.000147362(T¥ ]

where
MR = asphalt concrete resilient modulus, psi,
T = temperature,oF'

In addition, Figure 5 shows the 90 and 95 percent prediction confidenges for
the stiffiness-temperature relationship. Table 1 presents the resilient
modulus,and the 90 and 95 percent prediction intervals for a range of pave-
ment temperatures. This table was calculated from the previous regression

model (data and complete analysis is presented in Appendex C).

12
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Table 1.

Stiffness-Temperature Prediction Table.
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Table 1.

Stiffness-Temperature Prediction Table (Cont.).
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To put the results in perspective, the rates of moduli change with
temperature were calculated and plotted. Figure 7 shows the rate of change
of stiffness with temperature for WSU test track results, AASHO Road Test
results, and the Shell nomograph results. These ratios were calculated by
normalizing the resilient moduli with respect to resilient modulus at 77°F.
Also shown in the same figure, a relationship developed by Witczak [11],and
Hudson and Kennedy [12] for comparison purposes.

Mathematically speaking, the rate of moduli change with temperature can
be expressed as § (Et)/GL As can be seen, this ratio is a 1ittle bit higher
in the case of WSU test track results. And it can be assumed equal in the
other cases; especially at mid-range temperatures. Regardless, Figure 7
shows a very good comparison between the different studies.

To relate the stiffness-temperature composite curve (Figure 5) with the
stiffness-temperature correction curve (Figure 7) Table 2 was developed.
Table 2 numerically compares the two methods of predicitng the asphalt con-
crete resilient modulus for a range of temperature. The resilient modulus at
77°F from Table 1 was chosen to be the base value (Mp = 396,635 psi). This
value then corrected for other temperatures using the correction factor from
Figure 7. Table 2 shows a very good agreement between the two methods.

In conclusion, Figures5 and 7 are very useful charts for examining the
effect of temperature on resilient modulus in Washington State. Figure 5
could predict the asphalt concrete resilient modulus with no previous
information. In addition, Figure 7 (curve 4 in Figure 7) which is developed
using the LTM sites data and utilizing the Shell nomograph can be used to
define the resilient modu]us-temperatufe relationship if only one point is

known.

17



: - 1) WSU Test Truck
R e — i 2) Witczak (Ref. 11) and Hudson
10.0 —— and Xennedyy (Ref. 12).
—— 3) AASHTO Road Test

Shell Nomograph(LTM Sites Data)

-—
o

Correction Factor (ET/E77)

20 40 60 80 100 120
TEMPERATURE , °F

-Figure 7. Resilient Modulus Correction Factor.

18



-T Chart

R

Comparison Between the Composite M
and the Correction Factor Chart.

Table 2.

o
v v O
o0 —
© C
+ O X O € A Gl B e
i Cd e e ~r ~Q
(O aa] feo 170 B R
m cfl A“n [aa) [Cn T ¢4 o er
. - . - -
Q e~ 4oy [T
-1
oA i M
i L - - -
L~ L e o4 U -
JES® [pox 525
= £ O 131 © o o
Y= o [{= B o} "W o~
L M“ r. N £ s
ol
@
P N
g e ged
- o (3 € SR
= S — . T €O o=
~— << €> <o Mo o
nw - o~ L I v o
~ g~
! > < <
O 5 S S 282
©_o_wv|333 228
P E S <D [T I = e ]
-~ 00O w (o 0w
SOEEL |333 P
' D B LF)
m-_l_l - . L] - -
Do > €D €3 D ¢
— 9 «r " (0 O

19



Reasons behind recommending curve 4 ° (in Figure 7) include:
1. It is more conservative at high and low temperatures,
2. It is equal to other models in mid-range temperature, and

3. It was developed based on Washington State material characteristics.

Summary

The stiffiness-temperature relationship is an important element of
pavement design. There are at least three procedures to establish such
relationships: 1) a direct procedure or laboratory testing, 2) indirect
procedures such as backcalculating the resilient modulus from in-situ deflec-
tion measurements, and 3) the Shell nomograph.

The recommended correction factor nomograph was developed using the LTHM
sites and the Shell nomograph. This nomograph was compared with other docu-

mented models and gave almost identical results.
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DISTRESS

Generally, there are three principle distress modes in flexible pave-
ments, Two of these are traffic associated distress and the third mode is
environmental associated distress. Namely, these distress modes are: fatigue
cracking, permanent deformation (rutting) and Tow temperature cracking.

Fatigue in asphalt pavement is caused by the repetitive application of
traffic loads which induce stresses and strains sufficient to cause damage
and thus loss of serviceability. Usually fatigue cracking is initiated in
the lower fiber of the asphalt concrete layer due to the accumulation of
tensile strain and extended through the asphalt blanket.

Permanent deformation or rutting is the result of cumulative permanent
deformation or plastic flow in one or more of the constituent layers of the
pavement. The surface deformations are caused by a combination of densifica-
tion (a decrease in volume) and shear deformation (plastic flow with no
volume change). Rutting appears as a longitudinal depression in the wheel
path area due to intensive load applications [20].

Low temperature or transverse cracking is caused when tensile stresses
induced by frictional resistance of the underlying layer to thermal contrac-
tion of the surface layer exceeds the tensile strength of the surface
material [14].

Table 3 summarizes the material properties that have a great influence
on the distress type. Since fatigue cracking is the main form of distress in
Washington State and the Washington State Department of Transportation Pave-
ment Management System (WSDOT PMS) uses cracking as the primary criteria in
indentifying pavement distress, the discussion here will be limited to

fatigue distress. Other types of distress are discussed elsewhere [8, 14,

15, 16, 17, 18, 19].
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Table 3.

Distress and Material Properties.

MATERIAL PROPERTIES

DISTRESS TYPE

Fatigue Rutting Low-Temperature
Cracking Cracking
1) Mp of AC 1) Mg of AC 1) Coefficient of Thermal
LAYER LAYER Expansion for AC
2) Mg of Base 2) Mg of Subgrade 2) Stiffness Modulus for
Materials Soil AC
3) e¢ of AC 3) Permanent De- 3) et of AC
formation for
AC Surface

4) Void Content

4) Permanent Defor-
mation for Sub-
grade Soil
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Fatigue

There are several different design procedures available to consider
fatigue distress. Generally speaking, these procedures range from laboratory
developed criteria to criteria developed primarily from performance studies
of existing pavements. Some procedures are indentified as "phenomenological”
which, in essence, form an empirical relationship between an applied stress
or strain level to observed repetitions to fracture or failure. Others are
called "mechanistic" which are based upon continuum fracture mechanics.

There are two schools of thought in the assessment of the state-of-the-
art of fatigue distress. Both of these are design oriented. One is the
"safe fatigue design procedure", and the other is the "prediction of pavement
systems future performance" [28]. Since the former is a simp]e and easy
procedure to employ, most of the available literature deals with this type of
design. The latter procedure might be described as the ultimate design
procedure. In order to specify a procedure that can predict future pavement
performance, the interaction of initial fracture, rate of crack propagation,
subsequent distress-to-performance relationships, and a failure level based
on functional concepts all should be considered in a complete fatigue
subsystem.

In the phenomenological procedure, it has been found that the tensile
strain at the bottom of an asphalt layer is a good determinate of damage
induced by traffic load repetﬁtions. Furthermore, some researchers [8, 38]
found that adding a stiffness term to the fatigue equation gives a better
correlation. The advantage of such a term is that it makes the model more

sensitive for the asphalt concrete temperature; but does not identify the

variations in the strain value itself. Usually Miner's summation is used to
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account for the strain variation [39]. The general relationship used to
represent the fatigue response is of the form:

Ne = ky(17eg)¥1 (1/E)K2
where N¢ is the number of repetition or application to failure, e is the
repeatedly induced tensile strain, E is the asphalt concrete resilient
modulus, and ki, kp and k3 are fatigue parameters or regression éonstants. A
summary of fatigue parameters ky and k, as reported for a variety of design
mix conditions are presented in Reference 20. For conventional asphalt
mixtures values of ky generally range from 1020 to 1073 while values of ko
range from 2.5 to 6.5 [21]. Some researchers have demonstrated that the two
fatigue parameters are not independent of each other and there is a very
strong correlation between them.

The fatigue model is most affected by the value of ko, since it is an
exponential term. A Tow k, value produces a steep fatigue line and a high ko
value producesa flat fatique line as shown in Figure 8. This chart was
developed by holding all variables constant and varying the value of kp in
the Finn,et al. model [8] (assuming no correlation between k; and ky).  This
figure indicates that values of ko below 3 produced a steep fatigue line and
values above 4 produced flat curve compared with the models in the literature.

Fatigue Models

The fatiqgue relationship has received a tremendous amount of research
in the past 20 years. Most of the reported research has dealt with
identifying the effects of design mix variables on fatigue performance or the
development of a prediction model for design purposes. Most of the fatigue
studies have been based on laboratory testing, with very little attempt to

correlate results with pavement performance. Thus, there is a considerable
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amount of literature to determine fatigue cracking, but very little knowledge
regarding the prediction and progression of cracking in actual pavements.

Representative fatigue curves are shown in Figure 9. These curves were
reported by Pel1 and Brown [22, 23], Monismith,et al. [24], Kingham [25],
Austin Research Engineers (ARE) [26], Majidzadeh [30], and Finn,et al. [8].

Pel1 and Brown [22, 23] have performed extensive laboratory
fatigue studies. Most of the work has been concentrated in the constant
stress mode. From their studies, they concluded that the most important mix
variables affecting the fatigue 1ife were the binder content and degree of
mix compaction. Various shift factors ranging from 20 to 100 have been
suggested by Pell and Brown. The Pell and Brown model in Figure 9 represents
a laboratory fatigue curve adjusted to field conditions (a shift factor of 20
was used).

Monismith and others have conducted extensive laboratory studies
relative to the effects of mix properties upon fatigue behavior of bituminous
mixes. It has been found that the two most influential parameters affecting
the fatigue life were the mix stiffness and air void content. The mix
stiffness was found primarily to affect the slope of the fatigue relation-
ship. Mixes with higher stiffness have flatter slopes than mixes with lower
stiffnesses.

Kingham has developed a fatigue criteria based upon an extensive multi-
layered elastic analysis of the AASHO Road Test. Kingham found that the
fatigue relationship is influenced by the test temperature. In addition, it
has been found that there is a Qnique strain-1ife relationship for each test
temperature. The final fatigue model as developed based on a terminal
serviceability 1e9e1 of P = 2.5, is:

log ¢ = 1.2458 - 0.67296 log E - 0.0065461 log N¢ - 0.034001 log E log N¢
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where :

~
[

asphalt concrete tensile strain,

E = asphalt concrete resilient modulus,

N¢ = number of Toad applications until failure.

The fatigue criteria developed by Austin Research Engineers (ARE) 1is
also based on data from the AASHO Road Test. Twenty-seven sections which
included traffic repetitions and predicted tensile strains were analyzed.
The final fatigue model is as follows:

Ne = 9.7255 x 10-15 [¢] 5-16267
where N¢ is the number of weighted 18-kip axle loads prior to Class 2
cracking. The distress model developed by Majidzadeh and others [30] for the
FHWA-RII overlay design procedure is also based on AASHO Road Test data.
Contrary to the FHWA-ARE model, the stress dependency of the subbase and
subgrade layer were consider in developing this model. The final fatigue

model 1is:

Ng = 7.56 x 10712 (¢)4-68

Although both the FHWA-ARE and the FHWA-RII fatigue models were derived from
the same distress data, Majidzadeh suggested that the latter model fits the
data significantly better.

The development of a fatigue performance model 1is dependent upon two
factors. First, the representative performance 1ines for laboratory data
must be correlated. Thus a shift factor should be developed to provide a
compatible relationship between the laboratory and actual field observation.
The model developed by Finn,et al. was based on a laboratory developed
fatigue curve and in-situ pavement performance obtained from AASHO Road Test

data. The Monismith laboratory fatigue model was modified and shifted to
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account for crack progression in the asphalt layer. The shift factors were
developed from field observations. The original laboratory fatigue model is
as follows:

lTog N = 14.82 - 3.291 log (e/1076) - 0.854 Tog (E/103).

Two fatigue relationships were developed. One to predict the number of
load applications (N¢) up to 10 percent, and the other to predict (Ng) for 45
percent cracking or more in the wheel path area. The final distress

prediction equations are as follow (Figure 10):

log Ne (< 10%) = 15.947 - 3.291 log (£/10°6) - 0.854 Tog (E/103)

16.086 - 3.291 log (£/107%) - 0.854 log (E/103)

]Og Nf (_>_ 45%)

Since the Finnset al. models were developed for conventional asphalt
lTayer thickness (4-6 inches), Craus,et al. [ 44] used a similar procedure to
derive fatigue models for thin asphalt concrete pavement. The new ki values
for Craus,et al. models are 15.87 for 10 percent or less areal cracking in
the wheel path and 15.988 for 30 percent or more. Craus,et al. chose the 30
percent crack level as criteria for the second model instead of 45 percent in
the Finn,et al. models.

E11iott and Thompson [39] discussed a numerical analysis to establish
appropriate values for the fatigue parameters (kjy, kp, and k3) based on the
AASHO Road Test data. The resulting model is as follows:

Tog Ng = 2.2340 -3.16 log &5, - 1.4 1pg Eac

For thicker asphalt concrete pavemént (pavements which have total
asphalt concrete and granular base thickness 6f 15 inches or greater)
the following model is recommended:

Tog Ng = 2.4136 -3.16 log €5 - 1.4.709.E__
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where:

= number of load applications until failure,

=
-4
1

™
|

ac = asphalt concrete tensile strain, in/in, and,

m
|

ac = asphalt concrete resilient modulus, psi.

Discussion

Due to the authors review of the literature and experience, it is
currently felt that the Finn,etal. model is the most acceptable fatigue model
The same conclusion has been reached by Witczak and Bell when they evaluated
the remaining life of the pavements using different fatigue models including
Monismith model (recall that Finn etal. fatigue model is based on Monismith
Laboratory fatigue model). Witczak and Bell stated that " the most
reasonable estimates of remaining life from elastic layered theory occurs
with the use of Monismith fatigue criterion." [42]. Futhermore, this model
allows for variations in mixture stiffness without excessive fluctuations in
the position of the fatigue prediction curves as is the case with other
models. The effect of stiffness fluctuation is more pronounced in the low to
mid range of the stiffness value as shown in Figure 11. Table 4 is a
numerical comparison between the models for a range of tensile strain.

Close examination of the Finn,etal. models indicates that pavement failure
occurs in three stages. The first stage represents the 1ife span of new
pavement until the initial crack (generally a longitudinal crack). The
second stage represents the 1ife span between initial cracking until 10

percent cracking in the wheel path area. The third stage represents the life
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Table 4. Numerical Comparison Between Fatigue Models.

Strain Levels
Researchers and

References
= 100 in/in = 300 in/in = 600 in/in

Pell and Brown 6.5 x 109 1.0 x 104 7.5 x 103
[22, 23]

Monismith,et al. 8.6 x 10° 2.3 x 104 2.4 x 103

[24]

Kingham 1.1 x 107 4.6 x 104 1.4 x 103
[25]

ARE [26] 4.4 x 10° 1.5 x 104 4.2 x 103

Majidzadeh [30] 4.0 x 107 2.3 x 10° 9.1 x 103

Finn, et al. [8] 1.1 x 107 3.1 x 105 3.2 x 104
10% cracking

Finn, et al. 1.6 x 10/ 4.3 x 10° 4.3 x 104
45% cracking

Elliott and Thompson 7.9 x 106 2.4 x 10° 2.7 x 104

[39]
El1i0t and Thompson 1.2 x 107 3.7 x 10° 4.1 x 104
[39]

thick pavement

(> 15 in)

Average 1.5 x 107 1.86 x 10° 1.86 x 104
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span between the 10 percent cracking until 45 percent cracking or more in the
wheel path area (Figure 12). Assuming the second stage needs "Ng" traffic
lToad repetitions to develop. The first stage needs 1/13 N¢ and the third
stage needs 1.38 Ng¢ to develop. In essence, it only takes 38 percent more
traffic loading for the cracking to progress from 10 percent to 45 percent or
more. In the Finn,etal.models, two shift factors were used. A factor of 13
was used to adjust the number of traffic repititions from initial cracking to
10 percent cracking and a factor of 18 for adjusting the number of traffic
repetition from initial cracking to 45 percent cracking or more. If Ng
represents the number of traffic repetition to 10 percent cracking in the
wheel track, 1/13 N¢ represents the number of load repetitions until the
initial cracking. The ratio of the two factors 18/13 (or ].38) represents
the additional traffic loading for the cracking to progress from 10 percent
to 45 percent or more.

Another view of the Finn,etal. model is by the Damage Index (DI). Where
DI is defined as unity in Miner's summation and the pavement is considered
failed. Thus, a predicted DI of unity corresponds to 10 percent cracking and
DI equal to 1.38 corresponds to 45 percent cracking. A representative curve
line can be drawn through the two points as shown in Figure 13. Rauhut and
Kennedy [27] have suggested the following equation be used in transforming
predicted Damage Index to percentage of areal cracking (Ac):

Ac = 0.19 e3.96 DI
Using this equation or Figure 13, the growth 1in areal cracking can be
predicted for a given Damage Index or level of traffic based on the Finn,
etal. model. Realizing the fact that the relation between crack progression
and number of traffic repetitions is exponential to the fourth power (Rauhut

and Kennedy equation) is critical to the design process. Most of the time
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distressed pavement should be rehabilitated before the distress severity
reaches 10 percent cracking. Once the distress level reaches this point the
structural integrity of the pavement will deteriorate very rapidly.

An essential part of the "Development and Implementation of an overlay
Design Study" is the definition of the relationship between pavement distress
and performance in Washington State. The establishment of such relationship
is considered a complex task. It is the consensus of researchers in pavement
design that one of the largest deficiencies in pavement design systems is the
absence of a reliable relationship of pavement performance to pavement dis-
tress.

Figure 14 demonstrates the complexity of relating distress to
performance or the relationship between pavement rating and traffic (the
assumption here is that pavement failure is based soley on fatigue). Figure
14 is a conceptual relationship that relates the pavement rating, percentage
Areal Cracking, (A.) Damage Index (DI), asphalt concrete tensile strain (&¢)
and number of traffic repetitions to failure (Nf). It is composed of two
parts. The first part ties pavement rating based on fatigue with Areal
Cracking (A.) and Damage Index (DI). The second part consists of fatigue
curves for initial, 10 percent and 45 percent or more cracking in the wheel
track.

For a given fatigue pavement rating score, one can read the Damage
Index and calculate the remaining life of the pavement. To find the number
of load applications until failure, the Damage Index is projected to a
prespecified strain level and extended to the fatigue line (either 10% or 45%
cracking depending upon the distress level). There the number of load

repetitions can be read.
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As mentidned before, Figure 14 represents the idea of relating distress
to performance. Further studies are needed to refine this conceptual
nomograph. Such a study includes:

1. a fatigue relationship for the State of Washington, and

2. the correlation between areal cracking and Damage Index.

Summary

The development of pavement performance models is dependent on two
factors. First the representative performance lines for laboratory data must
be correlated. Then consideration must be given to thebneed for a shift
factor to provide a compatible relationship between the laboratory and actual
field observations.

In this section, representative fatigue curves were discussed. The
Finn,etal. model was selected as providing the most reliable estimate of
asphalt concrete pavement life. This model expresses the fatigue 1ife as a
function of both the initial strain and the asphalt stiffness.

The relationship between distress and performance was also discussed
briefly. The fact that it only needs a 38 percent increase in traffic load
repetitions for the distress to progress from 10 percent cracking to more
than 45 percent cracking in the wheel path places a strain on maintenance

engineers.
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