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OPTIMAL DESIGN OF HIGHWAY DRAINAGE STRUCTURES 

Yeou-Koung Tung', A.M. and Yixing Bao2 

ABSTRACT 

Hydraulic design of a bridge or culvert using a risk- 
based approach is to choose among the alternatives the one 
associated with the least total expected cost. In this 
paper, the risk-based design procedure is applied to pipe 
culvert design. The effect of the hydrologic uncertainties 
such as sample size and type of distribution model on the 
optimal culvert design parameters including design return 
period and total expected cost are examined in this paper. 

INTRODUCTION 

The basic functions of highway drainage structures are: 
(1) as hydraulic facilities to safely convey floods across 
highways under all but severe flooding conditions, and (2) 
as portions of the highway to move highway traffic freely 
over stream channels. There are two general types of 
drainage structures: bridges and culverts. 

The design of highway drainage structures involves both 
hydraulic design and structural design. Hydraulic design of 
a highway drainage structure consists of analyses of the 
hydraulic performance of the structure in conveying flood 
water across the roadway and determinations of the most eco- 
nomical design alternative. The investment cost is depen- 
dent on the environmental conditions such as the location of 
the structure, geomorphic conditions, the soil type at the 
structure site, type and price of construction material, 
hydraulic conditions such as slope of the stream bottom, and 
flow conditions, recovery factor of the capital investment, 
labor and transportation costs. 

In reality, the investment cost also involves various 
uncertainties. However, the consideration of the uncer- 
tainties in the investment cost is beyond the scope of this 
paper. 
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OPTIMAL RISK-BASED DESIGN PROCEDURE 

Because the risk cost associated with the failure of 
hydraulic structure can not be predicted from year to year, 
a practical way is to quantify it using an expected value on 
the annual basis. The annual total expected cost (ATEC) 
associated with a highway drainage structure is the sum of 
the annual installation cost and annual expected flood 
damage cost which can be expressed as 

(1) ATEC(qc) = FC(qc) *CRF + E(Dlqc) 
in which FC is the first or total installation costs, CRF is 
the capital recovery factor, and E(D) is the annual expected 
damage cost (the second cost). 

Mathematically, the optimal risk-based design problem 
can be stated as: 

Minimize ATEC(qc) = FC(qc) *CRF + E(D( 4,) (2) 

( 3 )  

EVALUATIONS OF ANNUAL EXPECTED FLOOD DAMAGE COST 

An important task in risk-based design is to evaluate 
the annual expected damage cost. The conventional risk- 
based design computes the annual expected damage by 

( 4 )  

where q, is the flow capacity of a hydraulic structure 
subject to random flood loadings following a probability 
density function (PDF) of f(q) and D(qlqc) is the damage 
function. 

Note that Eq.(4) considers only the inherent hydrologic 
uncertainty due to the random occurrences of flood event. 
It does not consider hydraulic and economic uncertainties. 
A perfect knowledge about the probability distribution of 
flood flow is assumed. This is generally not the case in 
reality . 

I Since the occurrence of streamflow is random, the 
statistical properties such as the mean, standard deviation 
and skewness of the distribution calculated from a finite 
sample are also random. Therefore, the flood magnitude of 
a given return period calculated from sample statistics is 

I 

i Q x 
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also a random variable associated with its probability dis- 
tribution instead of being single-valued presented by its 
"average" as commonly done in practice. 

To combine the hydrological inherent and parameter un- 
certainties, the annual expected damage cost can be written 
as 

(5) 

in which h(q,,) is the PDF of Q,,. An investigation on the 
effect of sample size and distribution type on the annual 
expected damage cost is made by Bao et al. (1987). 

SAMPLING PDF OF FLOOD MAGNITUDE ESTIMATOR 

Computing the annual expected flood damage using Eq.(5) 
requires the distribution of the flood magnitude estimator 
Q,, which is estimated as 

in which 6 and S are the sample estimators of the mean and 
standard deviation, respectively, and K is the frequency 
factor for a TR-year event. QTR is a ran&m variable resul- 
ting from the combined effe_cts of all hydrologic parameter 
uncertainties involved in Q, S, and K,,. Therefore, for a 
given return period, Q,, is associated with a probability 
density function h(q,,). 

For a normal population, Johnson (1940) showed that 6 
(QTR - Q ) / S  has a noncentral t-distribution with a noncen- 
trality parameter 6 = zTR f i  with (n-1) degree of freedom, 
where z,, is the (1-l/TR) -th quantile of the standard normal 
random variable and n is the record length. For Pearson 
type 111 or log-Pearson type 111 distributions, Stedinger 
(1983) derived an expression to approximate the quantile of \ 
the distribution of Q,,. 

4 

I 
APPLICATION TO OPTIMAL PIPE CULVERT DESIGN / t 

/ The problem is to design a circular culvert under a two7 
lane highway. The data used in this numerical example are 
from Corry et al. (1980) . The example aims at investigating 
the sensitivity of the optimal design parameters to (1) the 
hydrologic parameter uncertainty, (2) the length of stream- 
flow records, and ( 3 )  the distribution model of flood flow. 
Uncertainties in hydraulic, structural, and economic aspects 
are not considered. 

The estimated sample mean and sample standard deviation 
for the flood flow are 47.9 and 71.9 cfs, respectively. The 
skew coefficient of streamflow for the original scale and 
log-transformed scale are assumed to be 0 . 5  and 0.2, respec- 
tively. The damage function D(q) used is 

4 5 4, 

in which anax is the flood magnitude corresponding to the 
maximum damage Dmw. 

Because of the complexity of the objective function, 
analytical solution to the optimal culvert design problem is 
difficult. Therefore, optimum search technique using Fibo- 
nacci search is efficient for this single-decision variable 
optimization problem (Sivazlian and Stanfel, 1974). 

RESULTS AND DISCUSSION 

With Dm,=$928, the optimal design frequency (TR*), the 
associated least annual total expected cost (LATEC) , the 
optimal annual first cost (FC*), and the optimal annual 
expected flood damage cost (SC*) for different record length 
(n) and streamflow probability distributions are shown in 
Table 1. The values in the columns for n=5-100 are calcu- 
lated by considering hydrologic parameter uncertainty, while 
the values in the column with n=m were calculated without 
considering hydrologic parameter uncertainty. 

It is observed that when the record length is short, say 
n<40, the optimal second cost decreases as the record length 
increases but the optimal first cost increases for a longer 
record length. The behavior resulting from varying the 
optimal first or  second cost is primarily determined by the 
geometry features of the FC and SC curves. 

Comparing the two design methods, the value of the LATEC 
without considering parameter uncertainty is always smaller 
than the one with considering parameter uncertainty. This 
shows that the negligence of the hydrologic parameter uncer- 
tainty could lead to underestimation of the total expected 
cost. 
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The value of LATEC decreases as the record length 
increases. This is expected since the effect of hydrologic 
parameter uncertainty involved in estimating the second cost 
diminishes as the record length for streamflow gets longer. 
The difference in LATEC values calculated by the two 
methods, with n>20, is only about 3% for any of the four 
probability distributions considered. 

Examining the TR* values in Table 1, the difference in 
TR* between the two methods is less than 20% in most. cases. 
However, there does not exist the same consistent tendency 
as with the LATEC discussed above. Furthermore, the value 
of TR* fluctuates as the record length increases, although 
in most cases, when the record length is longer than 60 
years, the difference in TR* between the two methods becomes 
smaller. Therefore, when TR* is considered as a criterion 
in the comparison of the two design methods, it is difficult 
to conclude which method tends to be more conservative. 
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