ZHANG, ZHU 293

RELIABILITY ANALYSIS OF CHINA'S HIGHWAY
CONCRETE PAVEMENT DESIGN PROCEDURE

Guodong Zhang

Tongji University,

This paper presents the application of relia-
bility concepts to China's current highway con-
crete pavement design procedure. The fatigue
life of slab is assumed to follow two-parameter
Weibull distribution and theoretical reliabil-
ity formula is derived by using "interference
theory". First-order approximation method is
used to obtain the mean and variance of fatigue
life from the means and variances of design
parameters. Reliabilities are calculated at
various traffic levels, variability Ilevels,
and slab thicknesses. Sensitivity analysis
upon the results shows that pavement design
reliability is significantly influenced by fac-
tors such as traffic, concrete modulus of rup-
ture, slab thickness, and level of material
variability. A probabilistic design procedure
is developed by introducing a reliability fac-
tor in the present design process.

Pavement structures are of non-deterministic
nature. Large random variabilities and uncertain-
ties of almost every measurable parameter are asso-
ciated with pavement design, construction, and per-
formance. However, current highway concrete pave-
ment design practices in China are deterministic
in that all design factors are assumed to be exact
quantities. To partially account for the uncer-
tainties, several empirical safety and judgement
factors have been applied in forms of reducing the
working strengths of materials and magnifying the
computed stresses. This traditional design method-
ology has two drawbacks: first, the variable nature
of the design parameters is not quantitatively tak-
en into account, ignoring the fact that the actual
pavement performance is strongly influenced by the
variability; second, the empirical safety factors
are chosen based on personal judgement and experi-
ence without directly considering the magnitude
of the uncertainties involved, which will generally
result in an overdesign or underdesign.

Many researches have been carried out in apply-
ing reliability to pavement design since early
1970's (2, 5), and many design procedures have been
revised into probabilistic procedures. The appli-
cation of reliability concepts to pavement design
is an essential step toward improving the existing
deterministic procedure to a more realistic one.
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In this paper, reliability analysis is made
for current highway concrete pavement design pro-
cedure in China. And the developemnt of a probab-
ilistic approach is presented.

Current Procedure

Present highway concrete pavement design speci-
fication in China adopts an analytical approach
(8). It takes the fatigue cracking in the slab
as the critical damage condition, and the design
is based on the criteria of flexural stress due
to combined effects of repeated traffic loading
and thermal gradients. The design process is il-
lustrated in Figure 1 and can be summarised as the
following:

1. Collect traffic related parameters, and cal-
culate accumulative applications of equivalent
standard axle load(ESAL) during design life through
traffic conversion and prediction model.

2. Choose and evaluate parameters about pave-
ment structure, materials, and environment, such
as slab thickness, h, concrete modulus of rupture,
MR, concrete modulus of elasticity, Ec, resilient
modulus of subgrade, Es, and the annual equivalent
fatigue thermal gradient, Tgy.

3. Estimate the loading stress ¢p by means of
stress nomograph with given standard axle load,
slab thickness h, and relative stiffness Ec/Es.
Compute the equivalent fatigue warping stress o,
through a series of equationms.

4, Use the following fatigue equation to obtain
the allowable loading stress [og,] from o: and n:

——————— = 0.944 - 0.0768 (1 - R) log n @9

where R = 0¢/(0p +0¢ ). Compare the allowable
stress, [0pl, with computed stress, op' (multi-
plied by dynamic factor and safety factor). If
the difference is more than 5 percent, repeat the
analysis with a new pavement structure until [oplis
about the same as Op'.

The above design methodology is deterministic
in nature. All the design parameters are assumed
to be exact quantities, and a unique pavement sys-
tem is obtained for the unique set of input vari-



294 SESSION 4A: PAVEMENT DESIG

N AND ECONOMIC ANALYSIS

¥

Traffic Related Parame
Parameters Struc

and Environment

ters of Pavement
ture, Materials,

Traffic conversion

prediction model thermal stress loading stress
curve curve

|

|Prediction I ESAL Thermal Stress| |Loading Stress
Ot Op
_____________ [ x dynamic lfactor

(curve)

Allowable Loading Stress
[op]

x safety factor

Magnified Loading Stress
ap'

[

End

adjustment of slab thick-
ness or other parameters

Fig.l Flow chart of current design process

ables. The reality is, however, that various kinds
of variations exist in design parameters: there
are variations due to material property (such as
concrete modulus of rupture), inavoidable construc-
tion deficiencies (such as slab thickness), and
forecasting uncertainties with traffic load and
environmental conditions (such as predicted ESAL
applications). Moreover, there are performance
deviations (lack-of-fit) due to the inability of
the design equations to predict precisely the mean
performance of replicate projects, which may be
attributed to deficiencies in the experimental de-
sign and/or data analyses from which the design
equations were derived. These variabilities are
not directly taken into account in current design,
and the safety factor is only a partial considera-
tion. To make the design more realistic, probab-
ilistic concepts should be applied so that the va-
riations and uncertainties can be identified and
quantitatively evaluated, thus more optimum design
can be achieved by designing a pavement at a speci-
fic level of variability and a desired level of
reliability.

Reliability Application to Pavement Design

Definition of Reliability

Pavement design reliability is defined to be
the probability that the pavement will provide ade-

quate service under the encountered load and envi-
ronmental conditions over the period of time for
which it has been designed. This definition only
conveys general meaning for the subject. '"Adequate
service" may have different meanings according to
the design criteria and the controlling critical
damage condition in different design methods. Pave-
ment failure occurs when the specified distress
appears or the specified value of serviceability
drops below its terminal level, which means that
pavement can no longer maintain adequate service
(provided that pavement ' serviceability is mainly
influenced by that distress or value) and repair
maintenance or replacement is needed.

For China's current highway concrete pavement
design procedure, in which fatique cracking caused
by repeated traffic loading and fluctuating thermal
warping stresses is the critical damage condition,
reliability can be defined to be the probability
that fatigue fracture will not occur in the slab
under given load and environmental conditions dur-
ing its intended design life.

The above definition is much more specific than
the first, but is still not enough to be used for
reliability calculations. For practical reliab-
ility evaluation, the number of ESAL applications
as related to fatigue cracking is chosen as the
"performance indicator", and reliability can be
written as:

R=P (N >n) (2)
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where N is the number of ESAL applications which
the pavement can withstand before fracture, i.e.
the fatigue lifej;and n is the predicted total number
of ESAL applications which will be applied to the
pavement . Reliability is expressed as a percent-
age, which hints statistically that R% of the slabs
that would exist along a pavement project would
be expected to remain uncracked at the end of the
intended design life if they have the same design
and the traffic is applied to all.

Both N and n are random variables as shown in
Figure 2. The fatigue life, N, varies tremendously
between different slabs because of the random na-
ture of the design parameters on which it depends.
While uncertainties exist in estimating the number
of ESAL applications that will travel over the
pavement, i.e. there is a difference (forecasting
error) between predicted and actual n. The esti-
mated accumulative ESAL applications, n, which will
be applied to the pavement, is a negative factor
or "load effect" upon fatigue cracking; while the
fatigue life, N, which is the ability the pavement
possesses , can be regarded as the '"resistance'
against fatigue cracking. As illustrated in Figure
2, the density functions of N and n have an overlap
(interference area), which is a function of the
probability of failure. '"Interference theory" (4)
can be applied to calculate the reliability:

+00
=1 -[ £a(n) Fy(n) dn (3)

where f, is the probability density of n, and Fy
is the distribution function of N. Pavement design
reliability can now be calculated with equation 3
if we know the probability distributions and the
statistical parameters of N and n.

N n

Figure 2 Probability densities of N and n

Probability Distribution of Fatigue Life

In some previous reliability analyses made for
pavements (2, 5), fatigue life, N, was assumed to
be lognormally distributed. This assumption makes
the calculation of reliability very convenient.
But the critical damage condition adopted in these
design methods is unacceptable serviceability, not
fatigue cracking,i.e. fatigue life as used in those
analyses means the number of load applications that
a given pavement can withstand to a specified mini-
mum serviceability index. As pointed out by many
researchers (6, 7), the hazard function, which is
defined as the probability of failure after surviv-
al through n cycles, decreases with increasing life
in the case of lognormal distribution. This fact
is generally contradictory to the expected fatigue

behaviour of concrete as cracking is concerned.

The Weibull distribution was found heuristical-
ly by Swedish engineer W. Weibull in 1939, and was
later shown to be the third asymptotic distribution
of smallest values by Gumbel. Its distribution
function is given by the following (when minimum
life is assumed to be zero):

Fy(n) =P (N <n) =1 - exp[- (—g—)6 ] (4)

where N is random variable denoting fatigue life;
n stands for value of N; B is shape parameter, and
0§ is scale parameter.

Weibull distribution can be obtained under phy-
sically valid assumptions which bear the similar
mechanism as fatigue damage. The hazard function
of Weibull distribution is increasing when the
shape parameter, 8 , is smaller than one. It is
assumed in this paper that the fatigue life of con-
crete pavement slab follows two-parameter Weibull
distribution.

As to the estimated traffic , n, some pave-
ments have shown premature failure because of un-
foreseen traffic loadings. On the other hand, some
pavements have lasted longer than expected because
of an overestimation of the traffic loadings. It
is assumed that the forecasting error in predicting
the accumulative number of ESAL applications is
normally distributed.

Knowing the probability distributions of N and
n, reliability can therefore be expressed as (4):

R = P(N >n) (5)
R e (”'““) b 1-expl (- )81}
-°q/2m
= %0,1(1- -£-) - ————j expl -n®- 5%y - L12]ay

V210 70
where &y, stands for the standardnormalfunction,
U and o is respectively the mean and standard error
of n, B and 6 is respectively the shape parameter
and scale parameter of N's Weibull distribution.

Variance Model

Since N is assumed to follow two-parameter Wei-
pull distribution , the probability function is
uniquely defined by its shape parameter, 8, and
scale parameter, 6. These two parameters can be
obtained from the mean and standard deviation of N,
which depend on the variability of the factors that
influence them. N is the function of several de-
sign variables:

= f (h, MR, Es, Ec,......) (6)

where h is the slab thickness, MR is the concrete
modulus of rupture, Ec is the concrete modulus of
elasticity, and Es is the resilient modulus of sub-
grade.

Theoretically, the mean and variance of a vari-
able that is a function of several random variables
can be determined by evaluating the integrals of
the joint probability distribution of all the ran-
dom variables. But this is rather difficult, and
several approximation methods have been developed.
Among these methods is the first-order approxima-
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tion method. A function of random variables may
be expressed in terms of the Taylor series expan-
sion evaluated near the variable means:

f (R1sXpyeeesXn) = £ (R1,Xpse..,Xn)+

+ gﬁxi - ii)ggf- <. *R (7N

where R is the residual.

In the case of first-order approximation, the
mean and variance of the variable may be derived:

E {f(xl 3X2 5. -,xn)} = f(;(l s X2, °°’;<n) (8)
no 93
02 {E(X1,X2 4...,%n)} =i§'(—§£; )P
n n 3f of
ILo(SE- 2t 0
+i='l jzl(axi x1=§j )(axJ Xi=)—('j) pl_] (9)
j#i

where E and 0 stands for mean and standard devia-
tion, and pjjis the covariance of x;i and xj.

It should be noted that equations 8 and 9 are
in most engineering cases good approximation. This
method have been compared elsewhere (1, 2) with
simulation results ( <+ 10%) and results by Rosen-
blueth point-estimation method ( <% 5%). Because
of its relative ease in use and the complexity of
equation 6, the first-order approximation method
is adopted in this analysis as the variance model.

The mean and variance of N can be therefore
be calculated from the means and variances of the
parameters by the following:

E (N)

N{E(MR),E(h),E(Ec),E(Es),...... } (10)

N
o) = Grr)*+o?(m) + G202y + Gz

g2 glj_ 2432 élj_ . éll]_ .
02(Ec) + (BES) 0%(Es) + (BMR) (BEc

‘P MR, Ec 1

where p
MR, E

is the covariance of MR and Ec.

On the other hand , E(N) and o02?(N) can be ex-
pressed as the function of B and 6 from Weibull
distribution:

E(N)

e-r(-é- s 1) (12)

O*(N) = 0%[ T(-F- + 1) - T*(-5- + )] (13)

The above equations can be used to evaluate B and
6 from E(N) and o2(N).

Reliability Implementation and Sensitivity Analysis

Variances of Design Parameters

Almost every measurable parameter associated
with the pavement design process tends to vary in
a random manner. But only those parameters which
are important to the design and those which have
significant variances are treated as random vari-
ables in this paper. These include concrete modu-
lus of rupture, MR, slab thickness, h, concrete
modulus of elasticity, Ec, and resilient modulus
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of subgrade, Es.

The above parameters were measured in field
study during the construction of test pavement in
Shanxi Province. And data of these parameters
have been obtained from many construction projects
and laboratory results. On the basis of these
data, ranges of coefficients of variations of de-
sign parameters are suggested at three variability
levels as shown in Table 1. To give a better
indication of the overall range of variability,
the extreme high and low variabilities were used.
The values of CV are generally a little higher than
those used in foreign reliability analysis corres-
ponding to the present pavement construction level
in China.

Reliability Calculation

Knowing the means and variances of design para-
meters, the mean and variance of fatigue life, N,
can be obtained from the first-order approximation
model, the shape parameter g and scale parameter
g of N's Weibull distribution can be calculated
from equations 12 and 13. Together with the mean
and variance of predicted ESAL applications, n,
the pavement design reliability can be calculated
by numerical integration of equation 5.

Table 1 Suggested ranges of CV values
Design Variability Level
Parameters Low | Medium | High
MR 0.10-0.12 | 0.15-0.18 | 0.21-0.25
h 0.01-0.03 | 0.05-0.08 | 0.10-0.12
Ec 0.10-0.20 | 0.25-0.35 | 0.45-0.50
Es 0.10-0.15 | 0.20-0.30 | 0.40-0.55

Computer program was prepared for the calcula-
tion of reliability following the above process.
Different sets of design parameters were inputted
at four levels of traffic and three levels of vari-
ability. Considering the influence of concrete
modulus of rupture, two different values of MR were
used for each traffic level. The inputs are listed
in Table 2 (the inputted CV values are taken from
Table 1). And the computed reliability results
are shown in Figures 3 to 6 by thickness-reliabilty
relationship curves.

Table 2 Input parameters in reliability computa-

tion
Design Traffic Level
Parameters a-Heavy| Heavy | Medium | Light
Initial Traffic | 2500 | 1200 400 150
(ESAL per day)
Design Life 40 30 30 20
(years)
Dynamic Factor 1.15 1.15 1.20 1.20
MR (MPa) 4,5 5.0 4.5 5.0 4.0 4.5 | 4.0 4.5
Ec (x10° MPa) 28 31 28 31 27 28 27 28
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Fig.3 Slab thickness-reliability relationships

It should be noted that the above results are
obtained without considering the impacts of design
equations' lack-of-fit error because there is few
data which can be used to quantify this error.
The obtained reliabilities are valid only when the
design equations are assumed to be precise.

Sensitivity Analysis

A preliminary sensitivity analysis was under-
taken to examine the effects of design parameters
and their variations upon design reliability. The
CV value of one parameter was varied each time while
the other parameters kept constant and reliabili-
ties were computed (base values: heavy traffic,
medium variability, MR = 4.5 MPa, h = 24 cm). The
results are shown in Table 3.

Table 3 Influences of parameter variability on
reliability

CVQR) | R(%) | CV(h) | R(%) | GV(Ec) | R(%) | CV(Es)| R(%)

0.10 91.90 [ 0.01 | 88.04 [ 0.10 | 83.04 | 0.10 |86.84
0.13 89.76 | 0.03 | 88.01 [ 0.20 | 87.44 | 0.18 |86.84
0.16 86.84 | 0.06 | 86.84 [ 0.30 | 86.84 | 0.25 |86.84
0.20 83.70 | 0.09 | 85.61 | 0.40 | 86.23 | 0.38 |86.84
0.25 79.73 | 0.12 | 83.70 | 0.50 | 84.98 | 0.55 |86.83

From Figure 3 and Table 3, the following can
be observed:

1. Material variability has a significant ef-
fect upon the pavement reliability. The variabil-
ity makes the reliability decrease about 0.2 when
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it changes from low to high level and the traffic-
thickness-MR condition remains constant. Slab
thickness requirements increase as material vari-
ability increases over a constant reliability lev-
el, and this extra thickness is much larger when
the reliability level is high.

2. Reliability increases as thickness increases
over an unchanged traffic-variability-MR condition,
but the rate of reliability increase becomes slower
when reliability gets higher.

3. Concrete modulus of rupture is an important
factor influencing pavement reliability, especially
under thin slab thickness and low reliability lev-
el.

4. As to material variability, reliability is
most strongly influenced by the variations of MR,
followed by the variations of slab thickness, h,
and those of Ec. Reliability is nearly insensitive
to the variations of Es.

Probabilistic Approach

In developing a reliability-based procedure
for pavement design, reliability requirements of
the design should be selected for pavements serv-
ing different levels of traffic. The selection
should be made on the basis of cost- benefit ana-
lysis. Reliability levels listed in Table 4 is
tentatively suggested according to traffic levels
for the purpose of illustrating the development
of the probabilistic approach.

Table 4 Suggested reliability levels

Traffic Level | Design Reliability (%)

Extra-heavy 95
Heavy 90
Medium 85
Light 60

There are many ways to introduce reliability in
the pavement design process, such as through design
curves, factors, equations or tables. It will be
more convenient and more acceptable for the design
engineers if the probability-based method keeps
the same form and procedure with the present con-
ventional design method. A "reliability factor",
Fr, is introduced in this paper as the '"carrier" of
the reliability requirement. This reliability fac-
tor, though in similar form with safety factor be-
ing used in current specification, has completely
different meanings. Fr is obtainer from the fol-
lowing steps:

1. Calculate the thermal stress, 0t , and load-
ing stress, Op , from imputted design parameters
and their variances, thus obtain the mean and vari-
ance of fatigue life, E(N) and o*(N).

2. Calculate the allowable load stress [0p]
from 0y and n with equation 1.

3. Compute the design reliability, R. And the
reliability factor corresponding to that value of
reliability is given by: Fr = [op]/0p .

Values of Fr were calculated for different
traffic levels, variability levels and reliability
levels. The obtained rsults of Fr are shown in
Tables 5.

Table 5 Calculated reliability factors

Traffic Level

Variability ‘

Extra-Heavy | Heavy | Medium | Light
Low 1.20 1.15 1.10 1.00
Medium 1.30 1.25 1.20 1.05
High 1.50 1.35 1.30 1.12

The probabilistic design procedure will have
the same design process as illustrated in Figure 1,
except that the multiplying safety factor is re-
placed by the reliability factor, which is deter-
mined by traffic level , variability level and
reliability level.

Summary

In this paper, reliability analysis has been
made for China's current highway concrete pavement
design procedure by using interference theory and
first order approximation variance model. Tenta-
tive sensitivity analysis has been undertaken to
examine the effects of material variabilities upon
reliability. And a probabilistic design procedure
has been developed for the revision of current de-
sign specification. The main features of this pro-
cedure are:

1. Assuming the fatigue life of slab to follow
two-parameter Weibull distribution.

2. Introducing a reliability factor, which has
the same form with the existed safety factor, in
the design process.

The limitation of this research should be re-
corgnized that the lack-of-fit error of design e-
quations is not considered in the analysis. And
further work is needed for this error to be quanti-
fied and added to the total variance.
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