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Evaluation of Reliability for the Tensile
Strength of the Flexible Pavement System
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Abstract

The flexible highway pavement is a layered structure. The safety of the pavement
is a function of the load induced by traffic and the layer strength of asphaltic concrete
mixture. Therefore, the probabilistic approach was applied to the pavement system to
evaluate the reliability. Monte Carlo simulation technique was used for the reliability
study. Data used were colleted from the field or literature. A critical tensile strength
for each layer was estimated based on a target reliability from the simulation. The
critical strength was evaluated by comparing the stréngths with the actual surface
distress. The result shows that the critical strength estimated in the probabilistic app-
roach 15 vahd for the current highway COIldlthn
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1. Introduction

The asphaltic concrete of flexible pave:
ment is under stress condition due to axle
loading applied to the pavement. The stre.
ngth of the pavement should be strong
enough to stress induced by the traffic
loading. However, there has been no critical
value of strength that can be applicable to
each layer of mixture in the flexible pave-
ment. This study is theréfore intended to
introduce an approach to determine an accep-
table value of tensile strengfh for the flexible
pavement using probabilistic concepts.

The pavement'is a layered structure that
consists of several layers(from subgrade to
surface course) with different thickness. The
layer strength is random wvariable and the
stress under axle ‘loading in the pavement
is also random variable depending on traffic
condition and layer geometry. Using the
first random variable as the resistance of
structural member and the second as the
load effect, a probabilistic study is conducted
to evaluate the reliability of the strength
of the pavement in highway.

Data for each variable are collected from
field and literatures. The field data used
in this study are from Interstate Highway
85 in South Carolina, United States of Ame-
rica. The coring was conducted every half
mile of each lane for 70 miles, except for
the portion of portland-cement-concrete
{PCC) pavement, resulting in a total of
over 400 cores‘®, Probability distribution
and parameters for each variable were
determined using appropriate statistical me-
thods. Using the probability distributions
together with subordinate factors, the layer
stress and the layer strength were deter-
mined by simulation. Reliability of the
pavement was evaluated by comparing the

,

strength. The critical strength value of each
layer was determined based on a certain
level of probability of failure. As a practical
consideration, the critical value was evalu-
ated based on the field condition of the
pavement.

To apply the probabilistic analysis conce-
pts to the flexible pavement system, the
following assumptions were made in this
study. The failure of any layer in a flexible
pavement system will cause a functional
failure (serviceability failure) of the pave-
ment structure, Among other factors, failure
of the pavement layer is a function of the
layer strength and the stress applied to the
layer by vehicle loading. Therefore, failure
of any layer was defined in this study to
occur when the stress due to traffic loading
exceeded the strength in the layer.

2. Basic Concepts for Reliability Evaluation

The first step toward evaluating the reli-
ability of a structure is to decide the load
and resistance parameters. If the load and
resistance are random variables, X, a
functional relationship among them can be
defined as a limit state eqation®®:

Z=g( Xy, Xay oreeer » Xu) (D
The failure surface can then be defined as
Z=0 and failure occurs when Z<0. The
probability of failure, Py, is givin by integr-
ating the joint probability density function

(PDF) of X, fi(xy, Zgyereers , X)), over the
region where g( ) <0.
Pf:.r"'ffx(xly Tgy +renee 3 xn)dxly
ATy oreeee , dz, 2

The reliability of a structure, P,, is then
described as

P,=1-Py €)]
The mean and variance of Z in equ. 1 can
be evaluated by Taylor series as @

Z 22 g( &y, Kgy venees ) @
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and

e [*é g(“a%%?) (%)Cov X, Xi)]
&)

Where, COV(X;, X;) is covariance of X; and
X;. Equations 4 and 5 are generalized forms
for the mean and variance based on first-
order, second-moment approximation.

, A measure of safety can be evaluated by
introducing a parameter §, called reliability

index, as
_Z
p=— ®

Equ. 6 is a generalized expression of relia-
bility index, and the failure region is the
distance measured by o, and 8 from the
mean, Z.

The monte Carlo simulation technique can
be used to estimate the probabilistic char-
acteristic of the relationship Z in equ. 1.
The Monte Carlo simulation approach con-
sists of drawing samples of the independent
input variable according to their probability
density function and then feeding. them into
the model g( ). The sample statistics thus
obtained would give the  probabilistic char-
acteristics of the random variable Z©®, If
the g( ) value evaluated is less than zero,
a failure occurs.

Let Ny be the number of simulation cycle
when g( ) is less than zero and N is the
total number of simulation. Then, an estj-
mate of the mean probability of failure
could be expressed as

Pf:T ¢))

The accuracy of equ. 7 can be estimated in
terms of its variance, which depends on the
number of simulation cycles N.

3. Variables for Reliability Study
There are many variables to be considered
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for reliability analysis of highway pavement
system. However, the layers under base
course, such as$ compacted subgrade, natural
soil foundation and etc., ‘as shown in Figure
1, are assumed in a sound condition and
are not considered as aifactors to be analy-
zed. Some portion of the siitface is seal coat.
Since the seal coat is a thin asphalt surface
treatment used to Waéte:rﬂnrmof and: improve
the texture of an asphalt wedring surface,
it was not counted ds a structural layer.
The tack coat is a very light application
of asphaltic materials to ensure a bond
between ‘the surface course and the binder
course. The prime cost is an application of
low-viscosity cutback to an untreated base
prior to placement of the asphalt pavement
W Thicknesses of ‘tack coat and prime
coat were negligible. A typical core that
was taken from I-85 is illustrated in Figure
2.

Major variables used for the reliability
study were the radial stresses and the
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Fig. 2 Typical Cores Taken from 1-85, SC.

tensile strengths of the top 3 bituminous
layers. Since the radial stress is a function
of the axle load and layer thickness, the
axle loads on the given highway and the
layer thickness were used for simulation of
radial stress. Raw data for each variable
were tested to choose its best-fit distribution
model before goodness of kit test*”, Stat-
istical parameters and probability distribu-
tions for each variable were then determined
using a computer program for both Chi-
Square and K-S goodness of fit tests at a
5% level of significance®®,

Data for layer thicknesses were measured
from field (cores’®, Since the layers under
the base course are usually not asphaltic
concrete mixture, as mentioned earlier, the
thickness of layer one, two and three were
used to determine probability distributions
for layer thickness. The probability distri-
butions for layer thickness determined for
the three layver are shown in Figure 3,
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Traffic data for axle loads was obtained
from the state highway department and
from truck weight data published by FH
WAU®, Since the stress due to light vehi-
cles such as passenger car is negligible
compared to the stress due to heavy vehicles,
only the probability distribution of axle loads
for heavier vehicles was needed to be deter-
mined. The probability distribution for axle
load used in this study is illustrated in Fi-
gure 4.

3.1 Radial Horizontal Stress

Radial stress at a certain layer is a fun-
ction of axle load and layer thickness, both
of which are random variables. Radial hor-
izontal stress(RHS) in a pavement layer is
calculated based on Boussinesg theory®?®,
According to Boussinesq one layer theory,
stresses in the pavement is dependent on
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the magnitude of load, the depth and radial
distance from the load point, and net depen-
dent on the property of the transmitting
medium®®, Since the layer properties (re-
silient modulus) are sometimes significantly
different among layers, however, all the
layers of the flexible pavement structure
can not be regarded as homogeneous. Ins-
tead, considering some layers, which show
identical characteristics, as one layer is more
reasonable, According to Omer“® who an-
alyzed resilient modulus for highway pave-
ment materials in this vicinity, "there was
no significant difference in resilient modulus
between binder and surface course. The
resilient modulus ratio of binder course to
asphalt-cement-stabilized base course was
also close to one“?, In other words, top 3
bituminous layers were identical. Therefore,
Boussinesg equation can be applied to find
a stress at any depth within the pavement
portion(top 3 layers in this study).

The load at the surface of the flexible
pavement is assumed to be distributed over
a circular area of tire contact. The actual
value of radius, @, of tire contact area
depends upon the magnitude of axle load.
However, since only heavy vehicles are tre-
ated in this study, one value of a(5 inches)
was used for all heavy vehicles.

As the Boussinesq equations were origin-
ally developed, the pavement is considered
as homogeneous, isotropic and elastic®®® as
mentioned previously. The following Bous-
sinesq equation was used to obtained radial
horizontal stress.

S,= pQuA-+C+(1—2u)F) (8)
where, S, ; radial horizontal stress(RHS)
i pressure at tire-pavement contact
¢ i poisson’s ratio
A,C and F ; one-layer elastic function
values.
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The value for p can be obtained by divi-
ding the weight on a wheel by contact area.
An appropriate value for Poisson’s ratio can
be obtgined from experiment or from the
literature. Since poisson’s ratio was not obt-
ained from the cored specimens in the pro-
ject, a value of 0.35, which is widely acce-
pted for asphaltic concrete, was used. The
values of A,C and F are tabulated in refe-
rence as functions of depth and offest dist-
ance in radii(z/e and r/2)“, The radial
stresses at the bottom of each layer were
determined by simulation. Probability distri-
butions for the simulated radial stresses are
depicted in Figure 5,

Rodie’ Stress {psi)
(ESTA S S S 3
Fig. 5 PDF for Radial Stress

Maximum radial stress due to a single
wheel occurs at a point along the vertical
line beneath the geometric center of the tire
imprint (load point). Maximum radial stress
due to dual wheels oc¢curs either at a point
beneath the load point or at a point beneath
the point halfway between the two tires.
At a point beneath the midpoint of the two
tires of dual wheels, radial stress is duplic-
ated by the loads of the two wheels. Radial
stress at this point is sometimes greater
than the stress at a point vertically beneath
the load point when the depth is greater
than the clear distance between the two
tires. Therefore, the absolute
radial stress at the two points were comp-
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ared and the larger was used as the max.
imum radial stress. Many trucks are equi-
pped with tandom axles. Since the clear
distance between tandom gears is at least
48 inches®®, however, no stress duplication
occurs between tandom wheels at the asph-
altic concrete layers, total depth of which
is generally less than half the clear distance.

3.2 Tensile strength

Tensile Strength of the pavement layer
was used for layer strength (resistance) in
reliability evaluation. Tensile strength was
measured for cored specimens from [-85 by
the indirect tensile strength (ITS) test. The
indirect tensile strength test is one type of
strength test used for stabilized materials.
This test involves loading a cylindrical spe-
cimen with a compressive load the diameter
of the specimen. This results in a relatively
uniform tensile stress acting perpendicular
to and along the diametral plane of the
applied load, resulting in a splitting failure
generally occurring along along the diam-
etral plane®V, This fajlure mechanism is
therefore assumed to be the same as the
failure pattern occurring by radial stress in
the pavement layer under the traffic loading.

The indirect tension test was conducted
on the cored specimens after slicing the cores
by layer in the laboratory. The testing room
condition was at 25°C and also the specimens
to be tested was kept at the same temper-
ature. Load was applied vertically, using a
Marshall testing machine at a rate of 2
inches per minute, through 0.5-inch-wide
curved metal strips on the top and bottom
of the specimen®®, Since ITSis 15% greater
than tensile strength, an estimate of the
tensile strength was determined by dividing
ITS by 1.15. This result was used as the
layer strength. Probability distributions of
ITS for each layer are shown in Figure 6.
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4. Reliability Analyses of the Layer Stren-
gth

The probability distribution for indirect
tensile strengths was used for simulation of
the layer strength (Resistance, R), and the
probability distributions for layer thickness
and axle for simulation of the radial stresses
(load effect, L) on the layer. Table 1 shows
the probability distribution for each variable
and corresponding parameters.

The reliability for the strength of the
laver was analyzed by comparing the layer
strength and the radial horizontal stress at
the bottom of the layer. Limit state function
for this two variable problem is Z=R—L=
0. The values for probability of failure (Py)
for each layer were Shown in Table 2. The
first column of Ps value in Table 2 were
obtained by 5,000 cycles of Monte Carlo
simulation(15, 18). since both R and L do not
folllow normal distribution, second column
of Py value by the equation, A=(R—S)/
Vog+or?, for normal variates” showed
much difference compared with those by
Monte Carlo simulation (where, R and op
were obtained by dividing g and ¢ of ITS
by 1.15 as explained in Section 3.2 of this
paper, and S and ¢, are ¢ and ¢ of RHS,
respectively). Sometimes, a method for tr-
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Table 1. Probability Distributions and Their Par-

ameters
Variable Distribution Parameter
Layer Strength(ITS)
Surface Course Lognormal £#=53.40 psi
0=19.49 psi
Binder Course Lognormal #=70. 14 psi
¢=33. 62 psi
Base Course Normal p#==96. 42 psi
0==29.47 psi
Axle Load Weibull* a=0
b==2784. 7 lbs
c=26.9
Layer Thickness
Surface Course Lognormal #=1.29 inch
o=10.24 inch
Binder Course Normal u==1.47 inch
¢=0. 30 inch
Base Course Normal #=5. 52inches
o=0.74 inch
Radial Stress
Surface Course Weibull* a= (.61 psi
b=17.70 psi
c= 2.42
Binder Course Weibull* a= (.39 psi
h=10.71 psi
c= 2.59
Base Course Weibull* a== (.06 psi
b= 4.50 psi
c= 2.34

* a=location factor, b=scale factor,
c==shape factor (20)

Table 2. Statistical Parameters and Failure Pro-
bability of Fach Layer

ITS RST Pg*
g ol pg|loe | D] @

Surface Course |53. 40[19. 49/16. 31| 6.9 |0. 02100. 0495
Binder Course {70.14/33.62] 9. 90| 3. 94/0. 00120. 0415
Base Course 90.4229. 47, 4. 04; 1.81)0. 0008/0. 0019

Layer

* (1) by simulation of 5,000 times,
(2) by normal approximation.

ansforming non-normal variables to normal
is used to find reliability of the system
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with non-normal variates. Since the method
is still an approximate approach, however,
it is not easy to see the accuracy level of
the results obtained thereby. This problem
is theirefore solved by Monte Carlo method
because 1st, probability distributions for each
variable are known (no assumption) and 2nd,
high speed computer facility was available.

In general, when the probability of all
variables are known, Monte Carlo method
gives more accurate Py than any other
approximate solutions as long as the number
of cycle is valid®, The. level of reliability
{accuracy) in the results of Monte Carlo me-
thod is up to the number of cycle. In cal-
culating Py for layer 1 using Monte Carlo
method, fluctuation in the value of Py was
leveled off approximately at 4000 to. 5000
cycles. Fewer numbers of cycle than for layer
1 were required to get consistent results for
layer 2 and 3.

Required number of cycle can also be de-
termined using an equation by Harr®, N
=(C(1—C)(ha,2)*/eD)™, where C is the pro-
bability of being correct in N trials, ¢ is
allowable error in estimating C, « is level
of significance and actually. the same as ¢,
hose =0 '(1—a/2) where @( ) is standard
normal - function, and s is the number of
variables used in determining C. For exam-
ple, let us see the valid number of simulation
for layer 1. If a 95% of reliability is regired
in determining Py, then, a=g=0. 05, C(=Py)
=0, 021(Table 2), k. =0'(0.975)=1.96 in
standard normal table, and m=2(resistance
and load effect). N=(0.021(1—0,021)1, 963/
0, 05%)2==098, Therefore, approximately 1000
times. of simulation will give 95% of relia-
bility in its result in this particular case.

From the simulation results, it is shown
that the reliability of the surface course is
lower than any other layers. The radial



stress in the surface course, which is located
in shallow depth and has direct contact
with high-pressure tires, is highest among
3 layers(as shown in Table 1). This high
stress has induced a failure of mixture
bonding force in the surface course faster
than in other layers. Direct contacts of tires
with surface course also give more damages
on the surface course than lower layers(14).
Those stresss mechanisms may cause the
strength of surface course to be weakend
faster than any other layers. This type of
failure (functional failure) of pavement str-
ucture. In this study, the serviceability fail-
ure should be differently interpreted from
the structural failure that bridges or build-
ings might experience, collapse or catastro-
phic events.

A graphical illustration, for example, for
Ps of layer 1 is shown in Figure 7. Change
of reliability(1—P;) by change of ITS for
each pavement course are shown in Figure
8. A critical value of indirect tensile stre-
ngth for the surface course for a certain
level of reliability was then obtained for
the given traffic conditién. Since it is known
that Py of functional failure for most of the
engineering problems is 10-%(7), a critical
value of ITS for each pavement course can
be obtained by the computer simulation.
Critical values by 5000 cycles of simulation
are approximately 65 psi and below 40psi
for layer 1, layer 2 and layer 3, respecti-
vely, as can be seen in ITS for the reliability
of 0.99 in Figure 8. If the variance of the
distribution is assumed the same, a prob-
ability distribution for tensile strength with

an acceptable Py can then be determined
as shown in Figure 7 (where P;=0,01).

According to historical data about this
section of highway, the highway was const-
ructed early 1960s and recycled in surface
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approximately 5 years ago. The base course
is still strong enough to sustain the applied
load. The strength of binder course is also
acceptable with its current condition. Howe-
ver, the surface course has been reached a
serviceability failure stage by the reliability
analysis. The surface course, which has
served for 5 years, is considered losing its
serviceability under current traffic condition,
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leading to a functional failure of the pave-
ment structural system.

5. Evaluation of Critical Strength Based on
Surface Distress

Pavement strength was related to the
pavement condition in the field. Among
many types of distress mechanism in the
flexible pavement, surface rutting was found
to be one of the most significant distress
mechanisms that were correlated with low
strength pavements. On the other hand,
most of the cores from sgites where cracks
had developed on the surface showed vertical
and/or horizontal cracks throughout the
cores. Most of - them fell apart while being
removed from the pavement. Even when the
cores were removed without breaking, they
were usually so weak that ITS values could
not be measured?®, Therefore, ITS values
used in this study did not include values
from cracked cores.

Since rutting is caused by consolidation
or lateral movement of the materials due to
traffic load, rutting results in a permanent
deformation in one or more of the pavement
layers or in the subgrade. This deformation
causes a logs of strength in the mixture,
leading to major structural failure of the
pavement‘>'®, The correlation of rutting
with the ITS values was statistically analy-
zed using the General Linear Model(GLM)
procedure in the Statistical Analysis System
(SAS)(11,18)  F.tests at the a=0.01 level of
significance were conducted in the analvses
of variances(ANOVA) for rut depth. A sig-
nificant differences in I'TS values was found
in the ANOVA.

The average ITS for the mixture from
the sites that were free from rutting was
81 psi and 95 psi for layer 1 and 2,, res-
pectively as Figure 9 shows. The average
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ITS of the same layer decreased as the
surface rutting increased. It was however
found that values of ITS for base course
was not depend on the significance of rutting
on the surface., Therefore, they were not
analyzed in this study. For the mixtures
from the minor-rutted (1/4 inch or less)
sites®®, the average ITS for surface course
was below the critical level that was deter-
mined by reliability study, but that for
binder course was above the level. For the
mixture from the medium-severity-level rut-
ting(1/2=1 inch)¢®, the strength for sur-
face course was below 45 psi and that for
binder course was reduced to below critical
level(50 psi). The reduction of ITS of the
surface course to below critical level came
when the rut depth was increasing from 0
and 1/4 inch. Since a rut depth less than
1/4 inch is an allowable distress condition(l,
9), the critical strength(65 psi) for surface
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course seems to be a reasonable level.

The strength of the surface would be
below critical level if the pavement showed
a slight depth of rutting on the surface. In
other words, as the strength of surface
course is reduced to below critical level, a
distress (rutting) seems to be occur on the
surface of pavement as a sign of the failure.
Consequently, the surface course will be
failed first among all pavement layers. The
failure of the surface course leads to a
failure of serviceability of the pavement,
initiating an entire faijlure of the structural
system of the pavement. Therefore, critical
strength for the surface course is more im-
portant indices for pavement stability than
the critical strengths for the other layers.
To maintain the pavement in a sound con-
dition in the field, therefore, monitoring
rutting is one of the important measures.
Because, if the ITS of mixture in surface
course stays above critical level, the pave-
ment will remain in safe(distress free) con-
dition.

6. Summary and Conclusion

It was shown that the probabilistic appro-
ach for structural analysis could be applied
to the pavement structure in this study. The
tensile strength of pavement layer was com-
pared with the radial stress induced by
traffic loading. A functional failure was
defined when the radial stress exceed the
tensile strength was measured from the
cored specimens and radial strength was
simulated based on the traffic distribution
and layer thicknesses. Data of each of those
variables were statistically tested to find a
best-fit PDF using Chi-Square and K-S tests.
Based on the probability of failure, 1072,
for functional failure, an acceptable tensile
strength of 65 psi for surface course and

50 psi for the binder course were estimated
at 25°C test condition. The field evaluation
based on the rut depth and ITS correlation
showed that there was almost no rutting in
the surface of pavement when the value of
ITS was approximately above 65 psi and
50 psi in the surface course and the binder
course, respectively.

Since the strength of binder course and
base course were well over the estimated
critical strength in this study, the strength
of the surface layer seems to be the most
important factor in indentifying functional
safety of pavement. Since the gross weight
of heavy traffic has been consistently incre-
ased in this section of highway for the past
decade, somewhat higher value of critical
ITS might be expected in the future of
service life. However, according to the cur-
rent strength and field conditions, the values
estimated and suggested in this study is
valid in the current stage.

The values are based on the assumptions
made with respect to the simple loading of
traffic. The accuracy of the value is depen-
dent on the correctness of the assumptions.
A number of study can be carried to obtain
a more appropriate value if traffic studies
were conducted for accurate traffic loading.
While it has been recognized that estimating
the performance of a pavement is very
complex problem, the procedure presented
in this paper is one of the possible meth-
odologies that can be applied to any section
of highway and traffic condition.
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