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Abstract: An interim drainage structure provides a short service during the construction months of the permanent
drainage structure. This study presents a risk cost approach by which the design flood for an interim drainage struc-
ture can be derived from the capacity of the permanent structure, cost-capacity ratio, cost-damage ratio, and con-
struction months during a year. To accommodate various construction periods in a year, the design capacity for such
a temporary drainage structure can be adjusted according to the monthly rainfall or runoff distribution at the project
site. Design charts were produced for the break-even economic condition using the Gumbel distribution for annual
maximum analysis. Similar solutions were also achieved using the Exponential distribution for annual exceedance
analysis. Design methodology presented in this paper provides an objective basis for selecting construction months
and sizing the interim drainage structures.

INTRODUCTION

According to the cost data published by the Colorado Department of Highways (Cost Estimates 1986-1992) approxi-
mately one dollar out of four was spent for drainage structures in highway constructions. This is also true at a na-
tional level. During the construction of a permanent highway drainage structure, it often requires a temporary culvert
to maintain the continuity of traffic flow and runoff flow. In general, an interim drain only serves through a construc-
tion period less than a year in most cases. Design of such an interim drainage structure must begin with the decision
on the selection of design flood. The temporary nature in an interim phase and the potential flooding risk make this
task difficult. Due to its short service, the cost of an interim drainage facility should be kept as economical as possi-
ble. However, the failure of an undersized interim drainage structure may cause as much damage, in terms of traffic
loss, as losing the permanent structure.

Drainage design criteria set forth for the selection of design flood frequency are based on the importance
and costs of the highway under design. For instance, the roadway design manual published by the Colorado De-
partment of Transportation recommends that a 100-year flood be used to size drainage crossings under an urban
freeway while a 25-year flood is used for sizing drainage crossings under a two-lane rural highway. These design cri-
teria are developed for permanent structures, but not suitable for temporary drainage facilities because of the risk and
cost considerations. From the risk point of view, "the larger, the better." , whereas from the cost point of view, "the
smaller, the better." Preferable to rigid design guidelines is an approach in selecting a design flood frequency that
achieves an optimal design using risk-cost analysis. To avoid the difficulty in cost and damage assessment in dollars,
this study presents a risk-cost approach using the cost-damage ratio, cost-capacity ratio, and relative occurrence
probability as decision variables. Although the method was calibrated with cost data from the State of Colorado, these
nondimensional ratios may be applied in other regions.
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Figure 1. Optimization of Total Cost for Drainage Strucure
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DEVELOPMENT OF RISK-COST METHODOLOGY

Based on the fact that the cost of a drainage structure increases with respect to its capacity, the cost of installing a
drainage culvert, C, can be related to its capacity, Q (Collier et al. 1988) as:

C=F0Q )

in which F(Q) = a functional relationship between the cost and capacity of a highway drainage structure. Cost data
published by the Colorado Department of Transportation (CDOT) from 1986 to 1992 indicated that many major drain-
age structures were constructed with reinforced concrete box culverts (CBC) and their interim drains were built with
used corrugated metal pipes (CMP) to pass the 2- or 5-year event, depending on the on-site judgment. During an in-
terim phase, a temporary culvert will only serve for several months. Guo (1985) concluded that the capacity of a tem-
porary culvert is expected not to exceed a ten-year flood in most cases. Within such a narrow solution domain, the
cost ratio between two culverts may be related to their capacity ratio. In this study, a linear relationship is adopted as

Cqg q

cr — 0Q (2)

in which Cq = cost of the interim culvert, C, = cost of the permanent drainage structure, q = interim culvert capacity,
Q = capacity of the permanent drainage structure, a= the cost-capacity coefficient. Analysis of cost data published by
CDOT indicated that the cost-capacity coefficient varies between 0.35 and 0.57 (Guo, 1985 and 1987). Of course,
the cost ratio in Eq 2 can also be described by other nonlinear forms as long as they fit local cost data.

One of the primary drawbacks to many risk-cost procedures is the degree of difficulty in capitalizing the
monetary damage resulting from a failure. The seriousness of any traffic delay is proportional to the highway site,
traffic volume, availability of alternate routes, and the overall importance of the route. As far as the losses due to the
discontinuity of traffic are concerned, we may conservatively consider that the failure of an interim drainage structure
may result in the same amount of damage as that incurred in the failure of a permanent structure. Consequently the
total loss of losing an interim drainage structure versus that of a permanent structure differs only in the cost of the
structures themselves. The chance of failure of an interim culvert can be assessed by the joint probability that in-
cludes: (1) the exceedance probability, Pr,, of having a flood exceeding the capacity of the interim culvert, and (2)
the occurrence probability, Pm,, of such a flood to occur during the service period of the interim drain.

Assuming that the interim culvert will fail when a flood exceeds the design capacity and the two events men-
tioned above are independent, the expected damage due to traffic discontinuity associated with the failure of an in-
terim culvert can be written as:

CrZPTPmDp (3)

in which C, = expected damage due to the failure of the interim culvert, D, = losses due to the discontinuity of traffic.
When the interim culvert is designed to pass a flood with a frequency of T-year, then the exceedance probability, Pt ,
is:

Pr== )

The occurrence probability, Pr, of having such a flood during the construction months can be approximated by either
the monthly rainfall distribution or the monthly runoff distribution normalized by its annual amount. This normalization
process produces an approximation of monthly occurrence probability curve whose total area is unity. For instance,
when the interim culvert is to serve from the i-th month to j-th month in a year, the occurrence probability, P, can be
estimated as:

k) APy
Py

Pm:

g

fori=1to0 12, j=i+m, and m<12 (5)

Guo's Interim Culvert 2



in which APy = the k-th monthly average rainfall or runoff amount, i = the beginning month of the construction, j =

the end month of the construction, m = the construction span in months, and Po= the annual rainfall or runoff
amount. Dealing with a large or rural watershed, caution shall be taken when a monthly rainfall distribution is em-
ployed because of the pronounced hydrologic delay between rainfall and runoff.

By definition, the total risk cost of an interim culvert can then be written as (Corry et. al. 1981):
CT = Cd + Cr (6)

in which Cy = total risk cost for an interim culvert. Substituting Eq's 3, 4, and 5 into Eq. 6 yields:

PmD
CT:(Z%Cp+PTPmDP:(l%Cp+ Tp

@)

As illustrated in Figure 1, the least total cost in Eq 7 can be achieved in terms of the selection of return period ,T,
which is the design flood frequency for the interim culvert. Mathematically, the first derivative of Eq 7 for the least cost
must be equal to zero. Therefore, we have

dq QPm Dp

dT T aT? Cp (8)

Eq. 8 implies that the solution can be achieved by identifying the optimal slope on the flood peak discharge-
frequency curve. In other words, to reduce the risk of failure encourages the engineer to use a larger culvert, how-
ever, to install a culvert greater than the optimal size will experience a diminishing return (Guo and Urbonas, 1996),
(Urbonas et. al., 1996). According to the flood frequency analysis, the variable, q, with a return period, T, can be sta-
tistically related to its mean and standard deviation (Chow et. al. 1988):

q=Qm+KsS 9)

in which Qm= mean flood discharge, S = standard deviation of the flood variable, and Kr= frequency factor of the
flood variable. Values of Qn, and S can be determined by the frequency analysis when runoff data are available near
or at the project site. If the field data are not available, flood prediction methods may be used to estimate flood mag-
nitudes. With any two known flood magnitudes, Eq. 9 can be simultaneously solved for mean and standard deviation.
Taking the first derivative of Eq. 9 with respect to the variable, T, yields:

dq dKt

dT — ¥ dT (10)
Substituting Eq. 10 into Eq. 8 yields:

dKt PmQ E

daT = aSTZ Cp 11)

Eq 11 applies to any probability distribution as long as it fits the runoff data. Runoff data used in the hydrologic peak
flow frequency analysis can be structured as either annual maximum series, or annual exceedance series. Applica-
tion of Eq 11 to these two types of data series is discussed as follows:

(a) Annual Maximum Series
The Gumbel distribution may be considered. Its frequency factor is defined as (Chow et al. 1988):

Kr = “2-{0.5772+In [+ ]} 2

in which 7 ! P=a constant equal to 3.1416. and In = the natural logarithmic function. Taking the first derivative of Eq.
12 with respect to T yields:

oKy _ 6 1
v = 7 In[%hTfl)T 13)
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Substituting Eq. 13 into Eq. 11 yields:

(14)

%} (15)

(b) Annual Exceedance Series
The Exponential distribution is considered. Its frequency factor is defined as (Chow et al. 1988):

K = “=~(InT-05772) o)

Taking the first derivative of Eq 16 with respect to T yields:

dkr /6
aT — =

L
T 17)

Substituting Eq 17 into Eq 11 yields a linear relation as:
_pT1Se
Pm=BT5; (18)

The cost to damage ratio in Eq's 14 and 18 can be determined by economical and social considerations. For in-
stance, if the failure of the interim culvert is not tolerable for the site, a conservative design can be achieved by using
a smaller ratio of Cp/Dp. On the other hand, a higher damage ratio is suggested to be unity because it is the break-
even point. Although the cost to damage ratio in Eq's 14 and 18 relies on the engineer's judgment, it provides an ob-
jective basis for comparisons among alternatives. For instance, when the construction is to be in a rainy season, Eq's
14 and 18 will suggest a higher T because of a higher occurrence probability, Pn. Eq 15 also indicates that the value
of B is inversely proportional to the design discharge of the permanent structure. As a result, Eq's 14 and 18 rec-
ommend a larger interim culvert for a larger permanent bridge because of the higher potential damage associated
with losing the structure. In practice, the commencement of a construction phase is often not assured during the bid-
ding process, therefore a total of 12 possible construction periods in a year need to be developed for comparison.
Figures 2 and 3 are produced using Eq 14 for obtaining the design flood frequency, T, when B, Pm, and Cy/D, are
specified.

DESIGN SCHEMATICS FOR A BRIDGE REPLACEMENT PROJECT

The existing bridge, Number N-10-C, is located at State Highway 160 and the South Fork River near Creed, Colo-
rado. The bridge is 165 feet long and has a skew angle of 32 degree to the centerline of the river. This bridge was
built in the early 1930's and is to be replaced with concrete culverts. It will take three months to complete the con-
struction. As a four-lane highway in a rural area, the replacement bridge is designed to survive a 50-year flood. The
mean and standard deviation of the annual maximum peak runoff series collected near the site were derived to be
1516.6 cfs and 754.4 cfs respectively. The magnitude of a 50-year flood is then determined to be 3472 cfs.

The USGS Water Resources Data for Colorado provide monthly runoff records from 1961 through 1997 near the pro-
ject site. The monthly average runoff rates are listed as follows:

Month Jan Feb | Mach | April | May | June | July | Aug | Sept | Oct Nov Dec
Runoff in cfs 56 62 453 574 11,550 | 1,470 | 770 375 284 198 89 75
‘APK/PO‘ 0.010 | 0.011 | 0.027 | 0.101 | 0.274 | 0.260 | 0.136 | 0.066 | 0.050 | 0.035 | 0.016 | 0.013

Table 1. Flood Occurrence Probability Approximated by Monthly Runoff Distribution
The sum of these monthly runoff rates, P,, is 5656 cfs which is then used to normalize the monthly runoff rates to ob-
tain the approximate flood occurrence probability distribution. Applying Table 1 to the construction period from April
through June as an example, the value of Py, in Eq 5, is:

Pm =0.101+0.274+0.260=0.635 (19)
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This approximation can be interpreted as a chance of 63.5% to have a flood exceeding the culvert capacity within
these three months in a year. Substituting a value of 0.5 for the cost-capacity ratio into Eq 15, we have B = 0.0847.
Substituting the values of B and Pn, into Eq 14 results in a recommended capacity of 6.6-year flood for the interim
culvert when C,/D, =1.0 (see Figure 2). Table 2 is the summary of design floods for 12 different construction periods
in a year for C,/Dp=1.0.

The value of 1.1 represents that the recommended return period <=0ne year.
The construction period is three months.

Table 2. Recommended Design Flood Frequency for Various Construction Periods.
However, considering that this project site is in a rural area, the failure of an interim culvert only results in a replace-

ment cost for the interim culvert, i.e. D,=Cq4. Under this assertion, aided by Eq 2 with a=0.5, the cost-damage ratio is
estimated as:

(20)
It is expected that the ratio of Q/q is greater than unity. To be conservative, the ratio of C,/D, = 2.0 can be

used to develop alternatives. As shown in Figure 3, the design flood for the same construction period as that from
April to June is reduced to a 2.9-year flood when C,/Dp=2.0.
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Figure 2. Design Flood Frequency For Sizing an Interim Culvert with Cp/Dp=1.0
Using Gumbel Distribution
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Figure 3. Design Flood Frequency For Sizing an Interim Culvert with Cp/Dp=2.0
Using Gumbel Distribution

CONCLUSIONS

A risk-cost method was developed to size interim drainage structures by minimizing the total risk cost, including con-
struction cost and expected failure damage. The size of an interim drainage structure can be related to the capacity
of the permanent drainage structure, construction months in a year, culvert cost-capacity ratio, and cost to damage
ratio. This design procedure is computerized into the model of Interim Culvert Risk Analysis, i.e ICRAM, for design
convenience. Both cost-damage ratio and cost-capacity ratios are two dimensionless parameters, and form the deci-
sion making framework. Although the economic break-even concept suggests that the cost-damage ratio be unity,
ICRAM allows engineers to apply different cost-damage ratios in response to the social and economic considerations.
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The optimization procedure derived in this study is inclined to recommend a larger interim culvert for a larger perma-
nent structure, or a lower cost-capacity ratio.

The design frequency for an interim culvert using the Gumbel distribution can be obtained through an itera-
tive process, whereas the solutions using the Exponential distribution are explicit and linear. Design charts are de-
veloped for the C,/D, ratio of one and two using the Gumbel distribution. However, Eq 11 is applicable to any prob-
ability distributions as long as they fit the local runoff data. In case of lacking the analytical solutions for the selected
probability distribution, a numerical finite difference approach can be used to identify the gradients as described in Eq
11. As demonstrated in the design example, ICRAM can develop up to 12 design alternatives for the project, one for
each construction period in a year. This approach provides an objective basis for selecting design storm event and
construction period as well.
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