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EXECUTIVE SUMMARY

To date, the majority of the detour drainage structures built in Colorado was either undersized or
oversized. Currently, CDOT has no uniform statewide procedure to size detour drainage structures and
permanent hydraulic structures using existing methodologies may result in failures. The design approach
varies from one hydraulics engineer to another and from region to region. This report presents the
development of detour drainage structure design procedure by the Colorado Department of
Transportation. The main objective of the study is to develop a statewide detour drainage structure design
procedure that also considers environmental impacts and mitigation measures.

To assess the current methodologies used by CDOT and other highway agencies, literature searches, as
well as a series of 3 surveys were conducted. Two of the surveys were aimed at CDOT personnel while
the third survey was conducted nationally. In general, DOTs do not use risk-cost methodology for
temporary detour structures. The general consensus from these surveys is that detour drainage structures
are designed using runoff discharges with 2-year or 5-year return frequencies and construction is carried
out during low-flow season. Selection of dry periods requires the use of a certain level of common-sense
risk analysis.

In this study, two detour drainage structure design procedures were developed: the Nonlinear Risk-Cost
Analysis (NRCA) procedure and the Rational Detour Drainage Structure Design (RDDSD) procedure.
These procedures approach the problem from two different angles. The NRCA procedure expresses risk
and cost in terms of the return period through a complex functional relationship. By setting the derivative
of this function to zero, a return period that minimizes costs is determined. In contrast, the RDDSD
procedure assigns the return period based on risk factors such as highway importance, user delay,
environmental considerations, accessibility, and other factors and computes the most cost-effective design
discharge by using monthly distribution of flows.

The NRCA procedure, which is based on determining a return period that minimizes costs, provides an
analytical solution to the complex detour drainage design procedure. The NRCA procedure is developed
using current cost data for culvert materials and sizes commonly used in detour drainage structures.
Using the NRCA with the aid of a spreadsheet, the return period and the corresponding discharge can be
readily determined. The drainage structures can then be designed using traditional methodologies
including culvert software, equations, or nomographs.

In the Rational DDSD procedure, a return period for the detour drainage is selected from a tabulated list.
This list reflects the importance of highway functional classification (e.g., Interstate, 4-lane highway, 2-
lane highway), user delay (high and low daily traffic), environmental concerns (can be mitigated or not),
social (hospitals, schools, fire stations, etc.) and economic issues, and accessibility (alternate routes exist
or not) aspects of the design. By adopting a unified design frequency for different situations, the risk
aspect of the detour drainage is addressed. The RDDSD procedure takes advantage of the monthly
distribution of runoff during the limited service life of the project to achieve a cost-effective design.
Computation of the monthly peak 24-hr runoff from ungaged streams and watersheds requires estimation
of 24-hour peak precipitation and the corresponding runoff. Design aids in the form of extensive tables
(alphabetically ordered hard copy or electronically searchable) are provided for estimating monthly 24-
hour peak precipitation for the 550 precipitation stations across Colorado. Information from these tables
can be input directly into NRCS’s TR-55 method to obtain monthly peak 24-hr runoff. These tables were
prepared using a computer program that was developed for the project to perform Gumbel extreme value
analysis. The input for the program was the entire daily precipitation data for Colorado at 550 stations
since 1920. Rational DDSD procedure can be used to determine the adequacy of existing drainage as
well as in designing new drainage structures. By selecting different starting dates for the construction, the
most cost-effective structural design can be determined. If there is no flexibility in the selection of
starting date, the highest runoff discharge computed during the service life of the detour structure must be
used to address higher risk of failure.
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IMPLEMENTATION PLAN

The products from this research study are:
1. Detour drainage structure design procedure that is applicable on a statewide basis;

2. Development of a methodology that implements the detour drainage structure design procedure as an
engineering tool; and

3. Documentation and training material for the methodology.

The approach for putting this research into practice is to find ways to implement findings of this research
into CDOT projects. Inclusion of the research study into CDOT’s Drainage Design Manual as a chapter
is one of the immediate means of implementation. This will allow immediate access to the methodology
by practitioners and will make the methodology part of CDOT design process.

The findings of the research will also be disseminated through professional societal meetings,
presentations, and development of journal publications. The research team members will jointly prepare
conference and professional societal journal articles that will disseminate the knowledge to the
engineering community.

CDOT and Hydrau-Tech, Inc. will maintain the websites. The final report for the project will be made
available through these websites. The methodology developed from this research will be made available
for downloads in order to implement the results of this study. FHWA and AASHTO will be notified of
the research results and they will be asked to provide links to the CDOT and Hydrau-Tech websites for
nationwide dissemination.

It is anticipated that the results of this study will be adopted by cities, counties, and by other states where
detour culverts are required during construction projects. Training courses provided to the CDOT
engineering community and to the general consulting engineering community can be further used as an
implementation tool. Appropriate training materials should be developed and made available to hydraulic
designers. These materials can be used in training classes to introduce the new procedure to the CDOT
engineering community and other practitioners involved in the design of highway drainage structures. In
these classes, engineers will be trained to apply the model in their actual design work.

It is expected that the implementation plan will require minimal commitment from CDOT in terms of
resources. This plan will have cost-saving impacts on the design costs of detour drainage structures,
provide uniformity in design approach, and mitigate environmental impacts.
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1. INTRODUCTION

1.1 Background

The Colorado Department of Transportation (CDOT) builds many roadway drainage structures over
waterways including rivers, creeks, gulches, arroyos and small streams. During project construction, it is
necessary that the existing traffic flow be maintained with minimum disruptions. This is accomplished by
building a temporary roadway crossing upstream or downstream of the structure under construction
(Figures 1.1 through 1.3). These roadway crossings require building of temporary drainage structures
(temporary bridges, concrete box culverts, culvert pipes, etc.) across the stream during the construction of
the permanent drainage structures. A detour drainage structure is a temporary structure used to handle
stream flows for a short period of time usually in the order of a few months. Existing design guidelines
are inadequate for developing appropriate detour drainage structure designs.

Figure 1.1 Construction of detour drainage
structure. Three 60-inch pipes in Prairie Ditch under
detour (CDOT Region 5).

Figure 1.2. Construction of detour drainage
structure. Three 60-inch pipes under Prarie Bridge
detour (CDOT Region 5).

Figure 1.3.  Detour drainage structure. Prairie
Bridge and 60-inch pipes (CDOT Region 5).
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To date, the majority of the detour drainage structures built in Colorado was either undersized or
oversized. Currently, CDOT has no uniform statewide procedure to size detour drainage structures and
use of existing methodologies can result in the design and construction of detour drainage structures that
are readily susceptible to failure such as the one shown in Figures 1.4 through 1.6. The design approach
varies from one hydraulics engineer to another and from region to region. This report presents the
development of a detour drainage structure design procedure specifically tailored for use by CDOT on a
statewide basis.

Figure 1.4. View of failed Pinon Bridge detour
drainage structures on Fountain Creek. Spring
2004 (CDOT Region 2).

Figure 1.5. View of failed Pinon Bridge detour
culverts on Fountain Creek. Spring 2004 (CDOT
Region 2).

Figure 1.6. View of failed Pinon Bridge detour
on Fountain Creek. Spring 2004 (CDOT Region
2).
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1.2 Problem Statement

In 1987, CDOT sponsored a research study entitled “Development of a Risk Cost Methodology for
Detour Culvert Design” to develop and implement a standard detour culvert design procedure. Presently,
this procedure is not being used as a standard design method the way it was intended. The software that
came along with the procedure was using an old PC-DOS environment, which is incompatible with
today’s modern software technology. The findings of this past research study need to be updated to
include investigation and analysis of the latest available information. A new research study with a revised
scope to develop a statewide detour drainage structure design procedure that also addresses environmental
impacts and mitigation measures are needed in CDOT.

Figure 1.7. Most economical culvert size from cost analysis.

In general, it is possible to express the annual cost of a hydraulic drainage structure in terms of a control
variable such as pipe size using risk analysis. In this process, the initial cost of the structure, associated
damages, and maintenance costs are plotted against pipe sizes (Figure 1.7).  Smaller pipes are
characterized by smaller initial costs but higher associated damage risk costs. The sum of the initial cost,
damages, and maintenance costs provide the total cost for the structure. For any condition, there exists a
pipe size for which the total cost is a minimum. The total cost evaluation process, in general, is
accomplished through the evaluation of the risk integral by applying the trapezoidal rule. Although, the
process is simple, the acquisition of damage cost data is labor intensive and time consuming. This mode
of analysis is generally carried out for large projects. In the 1987 CDOT study, a different approach that
minimized the cost function was employed. The initial cost, damages, and the total cost were expressed
in terms of the return period and the derivative of the cost function was set to zero. The resulting
expression was a nonlinear function of the cost-to-damage ratio and the return period. For each cost-to-
damage ratio, the resulting function was solved to obtain the return period of the event. In order to arrive
at an analytical solution in the 1987 study, various simplifications in functional relationships were made.
Unfortunately, these simplifications, although they seem reasonable, limited the usefulness of the study.
The simplifications included:

Cost was linearly related to capacity; and
Cost of detour culvert failure was limited to the cost of the permanent structure itself.
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In the present study, functional relationships were developed to overcome the limitations due to
simplifications listed above.

1.3  Objectives
The objectives of this research are identified as:
Development of a detour drainage structure design procedure that is applicable on a statewide basis;

The methodology will use a risk-cost analysis procedure and will enable the hydraulic designers to
determine the appropriate size of the temporary detour drainage structures during the construction of
permanent drainage structures.

To accomplish these objectives, three major categories of enhancements to the current risk-cost design
procedure are needed:

Data source consideration enhancements;
o Addition of new drainage structure sizes,
o Addition of new pipe materials, and

o Current pricing information for different materials that can be used in detour drainage
structures.

Procedural improvements through derivation of functional relationships; and

o Inclusion of other cost items such as user’s cost and cost of environmental impact
mitigations, and

o Use of more general and more accurate non-linear relationships or functions in the
formulation of objective cost functions. These functions will improve the usefulness of
predictions.

Computational enhancements.

The improvement for computational environment includes the development of a simple mathematical
model that can be solved by using manual calculators or computer-based application such as MS-
Excel spreadsheet.

1.4 Research Tasks

The tasks delineated for the development of CDOT’s new detour drainage structure design procedure
included:

Task 1. Perform a literature search and develop a detailed research study plan;
Task 2. Conduct meetings with CDOT employees and perform surveys of CDOT;
Task 3. Develop a new design procedure;

Task 4. Develop and test the model for detour drainage structures; and

Task 5. Provide documentation and training materials.

The accomplishments in each task are presented in the following sections. These tasks cover all aspects
of the research and were followed closely in the execution of the study.

1.5 Accomplishments

151 Task 1 Accomplishments
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This task consisted of identifying the current practice for detour culvert design within CDOT and
nationwide through a literature search. In conducting the literature search, the study team contacted the
American Association for State Highway and Transportation Officials (AASHTO), the National
Cooperative Highway Research Program (NCHRP), the Federal Highway Administration (FHWA) and
other state DOTSs to examine the methodologies adopted by various agencies.

The tasks carried out for the literature search included:

Reviewed current practices within CDOT and nationwide employed by various state transportation
agencies in designing, constructing, operating and maintaining detour drainage structures;

Reviewed current CDOT procedures and specifications that relate to the design, construction,
operation and maintenance of detour drainage structures taking note of various environmental impacts
and mitigations (water pollution and erosion control measures, fish and wildlife, wetlands, etc.) being
used;

Reviewed literatures on fundamentals of risk analysis theory that can be used as basis of the detour
drainage structure design approach to be developed; and

Formulated a strategic plan for the design, investigation, and implementation of the research study.

152 Task 2 Accomplishments

In this task, meetings with CDOT employees were conducted and CDOT and other state DOT personnel
involved in the design, construction, and maintenance of detour drainage structures were surveyed. The
CDOT employees surveyed were identified by the CDOT Senior Hydraulic Engineer and by members of
the study panel. Accomplishments for Task 2 included:

Developed and sent a survey questionnaire to CDOT personnel to determine current practices and
specifications that they use to design, construct, operate and maintain detour drainage structures;

Met with key CDOT personnel (design, construction, hydraulics, maintenance, bridge, environmental,
materials, cost estimating, etc.) to obtain information on the design, construction, operation and
maintenance of detour structures;

Contacted CDOT region hydraulic engineers and other state DOTs to gather information on their
first-hand experience with detour drainage structure design procedures;

With CDOT assistance, performed an inventory of the CDOT usages of detour drainage structures;
and

Developed and sent a CDOT approved survey questionnaire to other state DOTSs to determine current
practices and specifications that they use to design, construct, operate and maintain detour drainage
structures.

153 Task 3 Accomplishments

In this task, new design procedures were developed for detour culverts. These procedures considered
risk-cost analysis as well as the limitations due to relevant environmental requirements that must be
complied with.

The accomplishments for this phase of the study were:

Identified concerns and shortcomings including environmental issues (water pollution and erosion
control measures, fish and wildlife, wetlands, etc.) in the current CDOT design procedures and
proposed possible solutions;

Summarized pertinent literatures and sources of data (e.g., hydrological data applicable to Colorado)
and used this information to address CDOT needs and concerns;
5
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Identified cost-effective, feasible, and appropriate methods to design adequate detour drainage
structures;

Developed a process to evaluate and select alternative detour drainage structure designs; and

Developed a new design procedure that incorporates consideration of environmental impacts and
mitigations.

The research team examined the CDOT database for cost factors related to permanent and temporary
drainage structures corresponding to different materials and sizes and developed a methodology using
risk-cost analysis. The approach considered the monthly distribution of runoff in arriving at the risk
factors for each construction period to determine the optimal period to use in the culvert design.

154 Task 4 Accomplishments

This task developed a mathematical algorithm that provided the appropriate size and type of detour
drainage structure using the methodology developed in Task 3.

To accomplish Task 4, the following were performed:
Various hydrologic data pertaining to Colorado were digitized and tabulated;
Various CDOT cost data pertaining to previous years were digitized and tabulated;

Most-current cost data for various pipe materials obtained from various suppliers were digitized and
tabulated,

Various regional rainfall distribution data were digitized and tabulated for final documentation; and
Documentation for various approaches is being prepared for journal publications and the final report.
155 Task 5 Accomplishments

In this task, documentation was developed for the conceptual model and the mathematical procedure
implementing the methodology.
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2. REVIEW OF CURRENT METHODOLOGIES AND
LITERATURE SURVEY

A bibliography from a comprehensive literature survey including library searches and surveys of CDOT
and other State DOTSs is given in the references. This literature survey has shown that there are currently
only two methodologies available for the design of detour drainage structures. These include Guo and the
Buchberger methods. In this chapter these methodologies are presented in detail, and their deficiencies
are critically reviewed. Additionally, AASHTO recommends the use of 2-year return frequency flows for
sizing detour culverts (1999).

2.1 CDOT and Nationwide Hydraulic Engineers Survey Results

As part of the effort to review the current methodologies, the following three questionnaires addressed to
various practitioners were developed:

Questionnaire for CDOT Hydraulics Engineers;
Questionnaire for CDOT Construction, Operation, and Maintenance Personnel; and
Questionnaire for FHWA and other state DOTs
Appendix | provides all three sets of questionnaires. Replies to the questionnaires are summarized below.

Results of Survey of CDOT Hydraulic Engineers

What methods do you use for detour drainage computations?

a. HEC-RAS

b. HY-8

c. Culvert Master

d. Buchberger method

e. Table of return periods and culvert sizes

If no detour structures are used, what other provisions are made to maintain traffic?

CMP for 2-yr return period
Note on plans and specifications
Close road and traffic detoured
Low-water crossing

Notes

Traffic detour

g. Phased construction.

hDO o0 TP

What are the important factors other than peak flow, return period or frequency of occurrence (ADT,
importance of stream, emergency access, environmental considerations, etc.)?

a. Relative cost

b. Constructability
c. Season

d. Low-flow season

What are the problems that you have encountered or anticipate?

a. US Army Corps of Engineers 404 Permitting
b. Location
c. Defining risk
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d. Methods too conservative
e. Overtopping due to insufficient design
f. No criteria

What type of pipe materials do you normally use for detour drainage structures?

a. CMP
b. HDPE
c. CPP
d. CSP

Risk Prioritization Survey Results (Nationwide State DOTs Responses)

Table 2.1 presents a list of selected probable risk elements (negative or adverse impacts) associated with
failures of detour culverts. Based on the average score of the limited number of responses from highway
engineers, the most common concern is traffic jam. This is followed by concern on the formation of sink
hole, abutment failures, risk to property, flooding, environment, access problems, earthwork cost, and
public perception. The last column is the ranking based on the mode, the value of the scale with the
greatest number of occurrences. In this case the top concern is the abutment failure and the least concern
is the public perception.

Table 2.1 Risk elements prioritization results from responding state DOTSs.

Scale of 1-10 (1=highest concern,

Risk Elements 10=least concern) Average | Rank | Mode
Traffic Jams 112 |4 4|1 |7 |2 |4]4|1 3.0 1 4
Sink Hole 213 |23|-18|4|5|1]|2 3.3 2 2
Abutment Failures 71111 -14|5|1|5]|7 3.6 3 1
Risk to Property 3|4 |5]|5]2(10|]1|3|2]3 3.8 4 3
Flooding 415132 -19|13]|2|3]|4 3.9 5 3
Environment 5/10| 6 7|3 3|7 |6]6|5 5.8 6 6
Access 6| 6 | 3|64 |6 |6|9|7]|6 5.9 7 6
Earthwork Costs 8| 718 |8,6|2|8[8]9]|8 7.2 8 8
Public Perception 91919195 |5]|19]7|8]9 7.9 9 9

2.2  Available Methodologies
2.2.1 Guo’s Method

Dr. James Chwen-Yuan Guo developed this method under a CDOT research project in 1987. According
to this procedure, the total cost of detour drainage structure failure, Cy, is expressed as
8
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C; =C, +C, (Eq. 2.1)

where Cq and C, are the costs of detour drainage structure and damage associated with the failure of the
structure, respectively. In the procedure, a return period is determined by minimizing the total cost
associated with the failure of the detour drainage structures. Mathematically, this approach is achieved by
setting the derivative of Ct with respect to the return period, T, equal to 0.

dc, _ dG, + ac, =0 (Eq. 2.2)
dT dT dT

By expressing, Cq4 and C, as functions of detour structure discharge capacity, g, return period, T, and the
cost of permanent structure, C,, Eq. 2.2 becomes

dc, _an dq_ PD

- p =
res o dr (Tz) 0 (Eq. 2.3)

where: Q = flow capacity through the permanent structure; D, = damage due to the failure of permanent
structure; a= a coefficient representing the slope of the linear cost-capacity function; and P = probability
of having a flood exceeding the detour drainage capacity during its service life. In Eq. 2.3, it is assumed
that the failure of a detour structure may result in the same amount of user delay costs as that incurred in
the failure of permanent structure. Solving for the derivative of capacity with respect to return period
yields,

PQ

aT?

da _ D,
= (D) (Eq. 2.4)

p
The next step is to relate g to the return period, T. According to flood frequency analysis, a flood
discharge, q, with a return frequency of T can be statistically related to its mean, q, and standard
deviation, S, according to:

q=q+K; S (Eq. 2.5)

where a= average discharge; S=standard deviation; and Ky = frequency factor from Gumbel extreme
value distribution (assuming infinite sample size) given by:

K, = ﬂ[0.5772 +1In (In(L)} (Eq. 2.6)
4 T-1

Taking the derivative of q in Eq. 2.5 with respect to return period T, and equating it to Eq. 2.4 yields

P 6,as 1
T=2
T

C

—) (=) (Eq.2.7)

Q T vt P
[In(T_l)(T 1)}

The coefficient a was determined through extensive cost data analysis of CDOT installations.

Equation 2.7 can be solved numerically by a trial and error procedure to obtain the value of T that
satisfies the equation.
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2.2.2 Discrepancies with Guo’s Method
There are several discrepancies with the Guo’s method. They are:

Derivations contained an algebraic error where the C,/D, ratio in Eq. 2.7 is transposed as
D,/Cp(inverse ratio) in the 1985 and 1987 studies;

The cost-capacity relationship shows poor correlation due to the assumption of linear relationship
between pipe capacities and cost; As a result, for the range of a values that describe the relationship,
wide range of return periods are obtained;

In deriving cost-capacity relationship no differentiation was made between types of installations,
locations, etc; Some of the scatter analyses in item 2 above were due to this factor;

The damage risk associated with the failure of a detour drain is related to damage caused by the
permanent structure failure rather that the damage caused by the failure of detour structure. As a
result, D, in Eq. 2.7 should be replaced by losses due to failure of detour structure, Lg;

Since data on the magnitude of (C,/D,) ratios were not available, selection of this variable is left to
the user. Recent studies have shown that ratios of cost of permanent structure to damage cost due to
culvert failures may be in the order of 200-400 (Perrin and Jhaveri, 2004); and

The study assumes that (C,/D,) = 1 is the economic break-even point. Since total damage due to the
failure of a detour structure has nothing to do with the cost of permanent structure, (in some cases
permanent structure may not even exist) setting this ratio equal to 1 has very little significance from
economic standpoint.

2.2.3 Buchberger Method

The Buchberger method is used by some of the CDOT regions to design detour culverts. The method was
developed in late 1980’s by Dr. Steven Buchberger to overcome difficulties in obtaining applicable data.
The documentation on the methodology is very limited. Basically, the method computes the monthly
distribution of peak 24-hr rainfall. The monthly runoff is then computed using U. S. Natural Resources
Conservation Service’s (NRCS) (formerly U.S. Soil Conservation Service, SCS) TR-55 method. Basic
steps in Buchberger method for the computation of the detour drainage structures can be summarized as:

Compute monthly peak 24-hour precipitation values for different return frequency events (2-, 3-, 4-,
5-, 10-year events, etc.);

Compute corresponding monthly peak runoff values using NRCS’s TR-55 method;

For the selected construction period, determine the maximum discharge (try all possible combinations
with different starting dates);

For each construction interval, determine culvert pipe sizes for different return frequency events (2-,
5-, 10-, 25-year);

Use judgment and select an appropriate return frequency that results from all possible combinations.
Details of the individual steps are explained further in the following discussion.

Step 1- Compute Monthly Peak 24-Hour Precipitation

In Buchberger method the 24-hour peak precipitation for different regions of Colorado is computed for
different months of the year using approximate values. The computation involves the following steps:

a. Using NOAA maps for Colorado (Figures 2.1 through 2.5), determine the 5-, 10-, 25-, and 50-
and 100-year rainfall values for 24-hr event;

b. Plot the rainfall values on Gumbel Extreme Value Distribution graph paper (Figure 2.6);
10
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Determine the mean (2.3-year) rainfall;

Determine the average standard deviation, S_r , for the fitted Gumbel distribution using

Sre) = (I5—Tp3)/ Ks (Eq. 2.8)

Srao) = (Fo — Tp3)/ Kao (Eq. 2.9)

Sr(zs) = (Fos — To3) Kas (Eq. 2.10)
and

S, = [ Srs) + Sraoy*+ Srees] /3 (Eq. 2.11)

where Ks, Ky, and Kys = variable Gumbel frequency factors corresponding to the 5-, 10-, and 25-
year quantiles using an arbitrary sample size of 25, respectively.

Determine the average monthly distribution of rainfall using the chart provided by the Colorado
State Planning Division, 1957, at selected stations in Colorado (Figure 2.7). Interpolate for
stations not listed among the 50 locations for the state.

Determine the average 24-hr peak rainfall for each month of the year, Ty, by assuming

Fi=r . /2 (Eq. 2.12)

pi monthly

Calculate the peak monthly precipitation for different recurrence intervals from

ri =Ty +Kp S (Eq. 2.13)

r

where K; = frequency factor for T-year quantile of the Gumbel model; and ry; = peak monthly
24-hr precipitation for month i.

Step 2 — Compute Peak Runoff From NRCS Method (TR-55)

In this phase of the Burchberger procedure, the peak runoff corresponding to the 24-hour peak monthly
rainfall is determined using the NRCS TR-55 method*.

* The symbols used in this step are taken from TR-55 manual and do not necessarily represent the same
definition of other identical symbols used in other parts of this report.

The procedure involves the following steps:

Compute runoff, Q, in inches from

Q=(P-1L)*/[(P-1)+S] (Eq. 2.14)
11
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where I, P, S = Initial abstraction, rainfall (= rr), and retention in inches, respectively.
Compute Time of concentration, T,
From T, vs. unit peak discharge (qu) curves for different 1,/ P ratios, determine qy
Express drainage area in square miles, An
Determine a pond and swamp factor, Fp

The peak discharge, g, in cfs is given by

B =0AnQF, (Eq. 2.15)

Step 3 — Determine the Maximum Discharge for the Construction Period

To determine the most economical detour drainage structure, the peak discharge for the construction
period is determined by considering different combinations of potential construction periods within a year
with different start-up months. For construction periods spanning more than one month, for each of the
potential construction periods, monthly peak runoff discharges are computed. The maximum monthly
peak runoff value is selected as the design discharge for that service period. The service period with the
smallest runoff discharge is selected for the most economical design.

Step 4 — For Each Construction Interval, Determine Culvert Pipe Sizes

For each construction interval, culvert pipe sizes for different return frequency events (2-, 3-, 4-, 5-, 10-
year, etc.) are determined for further cost analysis. In pipe capacity computations to pass the maximum
runoff for the interval, single or multiple pipe options are considered. The cost for each option is
determined.

Step 5 — Use Judgment and Select an Appropriate Return Frequency

The return frequency is selected based on the importance of the structure by using engineering judgment.
In Buchberger method, no criteria are set for selecting the return period.

12
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Figure 2.1 Isopluvials of 100-year 24-hour precipitation in tenths of an inch for the State of Colorado.
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Figure 2. 2 Isopluvials of 25-year 24-hour precipitation in tenths of an inch for the State of Colorado.
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Figure 2.3 Isopluvials of 10-year 24-hour precipitation in tenths of an inch for the State of Colorado.
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Figure 2.4 Isopluvials of 5-year 24-hour precipitation in tenths of an inch for the State of Colorado.
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Figure 2.5 Isopluvials of 2-year 24-hour precipitation in tenths of an inch for the State of Colorado.
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Figure 2.6 Gumbel probability paper used by Colorado Department of Transportation.

18



Detour Drainage Structure Design

Figure 2.7  Distribution of monthly rainfall across Colorado (Colorado State Planning Commission, 1957).
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2.2.4 Deficiencies Of Buchberger Method
There are several theoretical deficiencies in the Buchberger method. They include the following:

There is no justification for using an arbitrary sample size of n=25 in selecting variable Gumbel
frequency factors;

Benefit of estimating variable frequency factors, Kr, is not clear since n=25 is arbitrary;

There is no theoretical basis for the assumption of “the monthly average 24-hour precipitation is half
of the monthly precipitation.”  Analysis using rainfall data from different topographic regions of
Colorado shows that there is no correlation between monthly rainfall and monthly average 24-hour
precipitation. However, it appears that a correlation exists between monthly precipitation and the
average monthly “peak’ 24-hour precipitation. Figures 2.8 and 2.9 show the summary rainfall
distribution plot for Denver, Stapleton International Airport for the period of 1948 through 2003 and
at Aspen for the period 1934 through 2003. While multiplying the monthly average 24-hr
precipitation by 0.5 (one-half), as assumed by Buchberger method works in Denver area, in the
mountainous regions (Glenwood Springs, Aspen, Vail) this factor is close to 0.35 (one-third);

Monthly Distribution of Precipitation at Stapleton International, Denver (1948-2003)
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Figure 2.8 Monthly distribution of precipitation at Stapleton International, Denver, for 1948-2003.

20



Detour Drainage Structure Design

Monthly Distribution of Precipitation at Aspen (1934-2003)
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Buchberger method makes an assumption that the 24-hr standard deviation denoted as Sy, is constant
throughout the months and applies Sy in computing peak flows for every month. The standard
deviation is not a constant but varies with each month.
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2.3 Cost Data

The cost data obtained during the period of August through October 2004 for a linear foot of galvanized
corrugated metal pipe (CMP), polyvinyl chloride (PVC) pipe, polymer coated metal pipe, high-density
polyethylene (HDPE) pipe, and concrete pipe are presented in Table 2.2. Several large culvert-pipe
manufacturers provided this cost data to the research team as a guidance. The quoted prices do not reflect
exact bidding prices but are meant to be relatively competitive prices for Colorado Department of
Transportation and, where not indicated, include transportation costs. Figures 2.10 and 2.11 show the
current pricing data for Colorado that indicates a competitive market for different pipe materials that can
be used in detour culverts. In general, for small pipe diameters the difference in unit prices between
different pipe materials is minimal; for pipe diameters greater than 42 inches, the corrugated metal pipe is
the cheapest and the concrete pipe is the most expensive alternative.

Table 2.2. Pipe diameter sizes (inches) and unit prices ($ per linear foot) of galvanized corrugated metal
pipe (CMP), polyvinyl chloride (PVC) pipe, polymer coated metal pipe, high-density polyethylene
(HDPE) pipe, and concrete pipe (August-October, 2004)

Polvmer Concrete | Concrete

Diameter | Galvanized | Galvanized-2| PVC Co)r:lte d HDPE | Concrete (Carder) | (Carder)
(inches) | (Contech) | (Contech) |(Contech) (Contech) (ADS) (Rinker) |Class5 RCP| FOB
Zonel plant

18 10.9 8 8.5 8.4 7.6

24 12.0 14.7 12 15.0 13 8.0 11.3 9.9

30 155 19.1 18 19.4 21 17.0 21.8 19.9

36 19.0 24.2 25 23.8 25 23.0 30.9 28.3

42 22.0 28.6 27.5 34 30.0 45.7 41.9

48 25.0 32.0 313 45 42.0 60.1 55.7

54 38.0 49.6 47.5 58 60.5 70.2 63.7

60 42.0 54.0 52.5 70 79.0 89.0 80.4

72 56.0 74.2 70.0 130.7 137.0 127.8

96 80.7 92.1 100.8 234.0 250.0 223.9

144 130.0 161.6 162.5 386.0 359.9
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Cost (dollars/ft) Cost versus Diameter
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Figure 2.10 Comparative costs of different pipe materials (August-October 2004)
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Figure 2.11 Comparative costs of different pipe materials (August-October 2004)
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3. NEw DESIGN METHODOLOGIES

In this study two different approaches were developed for the design of detour drainage structures.
Philosophically, these two methods differ in their approach in determining the design discharges through
the return period selection. The first method computes the return period to minimize capacity
requirements while the second method assigns return periods based on the economic and environmental
risks associated with the site and computes corresponding design discharges for different construction
seasons using Gumbel extreme value frequency analysis.

3.1 Nonlinear Risk-Cost Analysis with User Costs

This method utilizes the nonlinear risk-cost analysis with user costs. It is based on the previous CDOT
research study and makes improvements and corrections to the derived mathematical functions. This new
method also considers the user costs due to traffic delays.

3.1.1 Nonlinear Cost Function

It is possible to express the cost of detour structures as a function of diameter by the relationship
Cq = f1(Dy) (Eq. 3.1)

Similarly, the cost of permanent drainage structures can also be expressed as
C,="1,(D,) (Eq. 3.2)

where Cq and C, are the costs of detour and permanent drainage structures respectively; Dq and D, are the
diameters of detour and permanent drainage structures respectively. The cost ratios of the detour drainage
structures and permanent structures can be related to diameter ratios using a flow equation such as
Manning’s equation to capacity ratio as shown in the following relationship:
C f, (D
C—d=—fl§Dd)) - a(%)S’8 (Eq. 3.3)
P 2 p

In more general terms, the relationship can be expressed as

Cq Q.\b

—=a(=>) (Eq. 3.4)

C, Q

where g and Q are the capacities of the detour and permanent structures respectively; a and b are the
coefficients of cost-capacity ratio relationship. Cost associated with detour drainage structure failure, C;,
is given by

c, =T5Ld (Eq. 3.5)

where P = the probability of failure within the service period of detour structure; T = return period
associated with the detour drainage structure design; and Ly = damage cost due to failure of detour culvert
including user delay, environmental factors, and other costs. The total cost of detour drainage structure
failure, Cy, is then

C; =C, +C, (Eq. 3.6)

The objective of minimizing the total costs associated with failure of drainage structures with respect to a
given return period can be mathematically expressed as
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dT

C b
dd%=a—bpdi+ —(—) 0 (Eq. 3.7a)
QP dT CaT T
or as
dC ac _ PL,
T_=_pr(bqb1)d —( d) 0 (Eq. 3.7b)

Solving for the derivative of capacity with respect to return period,

b
da_ Loy

Eq. 3.8
a7 c, abTZbl) (Eg. 3.8)

The design capacity for the detour drainage structure can be expressed as

q=q+K;-S (Eg. 3.9)

where a= average discharge; S = standard deviation; and Ky = frequency factor from Gumbel extreme
value distribution. Taking the derivative of g in Eq. 3.9 with respect to return period T gives

dq dK;
-5 T Eqg. 3.10
dT dT (Eq )
From Eqgs. 3.8 and 3.10,
dKy _(_ PQ" Ly Eq. 3.11
dT _(abTZqu‘l)(C ) (Eq.3.11)
Using the definition of the Gumbel frequency factor, Kr, as:
K, = -6 0.5772+1In (|n(L) (Eq. 3.12)
V4 T-1

The derivative of Ky with respect to T becomes

dK —4/6 -1 PQ
= ;F = ~(b7sq bl)( o) (Eg. 3.13)
In(——)-T-(T-1
[n(T_l) ( )}
From combining Egs. 3.11 and 3.13,
Ezﬁ abSq"™ 1

2Py (Eq. 3.14)

)
T 7 Q° T Ld
[In(_l__l) (T 1)}
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Combining the known values as the parameter B,

«/_abSC

(—) (—) (Eq. 3.15)

Eq. 3.14 becomes

P o s 1
T
[In(T—l)‘(T —1)}

(Eq. 3.16)

In evaluating Eq. 3.16, the determination of several parameters is needed.

[]

The probability, P, of a discharge occurring within service period of months i to j used in the
derivations given above can be approximated by the ratio of average total precipitation occurring
during service months to average annual precipitation. It is given by the relationship

i
P= zp—m (Eq. 3.17)

where Py, P, = average monthly precipitation (or runoff) for the month m and annual precipitation (or
runoff) respectively. The term P, is determined by summing monthly precipitations (or runoff) using

12
P,=> P, (Eq. 3.18)
m=1

The parameter b in Eq. 3.16 relates the cost of drainage structures to capacities according to Eq. 3.4.
For circular pipes, the flow capacity expression for inlet control is given by (HDS-5, FHWA)

M
H[‘)’V _ K{A[?O_S } (Eq. 3.19)

where HW= headwater depth; K, M = experimental coefficients. For corrugated metal pipes, HDS-5
provides K= 0.519 and M=0.64. Using these values along with the CDOT practice of using a
headwater to depth ratio, HW/D=1 gives

1 1/0.64 Q
— =—— Eqg. 3.20
(0.519) AD®® (Eq )
and solving for Q yields
Q =2.187D** (Eg. 3.21)

For Galvanized CMP, the cost per linear foot is shown in Figs. 2.13 and 2.14 and is given by
(Contech, Aug. 2004)

Cy=6.24 D; (for D<42”) (Eq. 3.22)

Cq4=9.96 D; (for D>42") (Eq. 3.23)
Substituting D from Egs. 3.22 and 3.23 into Eq. 3.21,

Q = 2.187 (Cy4/6.24)*° (Eq. 3.24)
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or,
Cy=4.56 Q™ (for D<42”) (Eq. 3.25)
Cy=7.27Q% (for D>427) (Eq. 3.26)

Similar results can be obtained for the concrete pipes with the same exponent b = 0.4 value in cost-
capacity relationships.

The resulting cost capacity equation for concrete pipes (commonly used in permanent structures) is:
C,=15.27Q" (Eq. 3.27)

[ For a CMP detour pipe along with an RCP permanent structure, Eq. 3.4 becomes

So _08a(Ly0¢ (for D<a27) (Eq. 3.28)
C, Q
g—d ~0.29 (%)0-4 (for D>42") (Eq. 3.29)

p

Egs. 3.27 and 3.28 show that for the two types of pipe materials, the value of parameter a ranges
between 0.29 and 0.84 (0.29< a <0.84). An average value of 0.56 may be used for a.

In the nonlinear risk-cost method of solution, Eq. 3.16 can be solved for the return period T using iterative
solutions by hand computations, spreadsheet programs, or dedicated mathematical models. When
simplified, this method reduces to Guo’s approach where:

[1 b =1 (linear cost-capacity function);
[l Cp/Ld = 1, (cost of detour structure failure is equal to cost of permanent structure)

[l Cp/Dp =1 (damages due to permanent structure failure is equal to cost of permanent structure).

Steps in determining the return period for which costs are minimum include:

C
1. The cost of permanent structure to cost of damages due to detour failure, the (L—p) ratio, is
d

chosen.
2. Compute P from Egs. 3.17 and 3.18.
3. Compute B~ from Eq. 3.15 using values of a=0.56 and b=0.4 from Eqgs. 3.25, 3.28, and 3.29.

4, Assume a trial T.

5. Compute the ; ratio.

1
[In(TT_l)-cr —1)}

P . N
6. If the computed T from Step 6 is equal to B. q°* , the trial T is accepted.

7. Otherwise, steps 4 to 6 are repeated.

8. In using a spreadsheet, for steps 4 through 7 series of T values can be chosen. Corresponding
residual values are computed from
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1
[In(TT_l)-(T —1)}

The T value that makes the function equal to zero is the solution. The functional values can also
be plotted to determine the solution visually.

F(T):TE—&qb_l (Eq. 3.30)

3.1.2 Traffic Delay Cost Computations
One of the major issues in solving equation 3.16 is the selection of the ratio of the cost of permanent

structure to the cost of damages due to detour failure, (%). In general terms, the cost of permanent
d
structure, C,, can be estimated with relative ease. However, the cost of damages due to the failure of
detour drainage structures, Lg, is a function of many variables including the cost of structures themselves,
user delay costs, the cost of building the embankment, environmental impacts and mitigation measures,
and numerous other items (see questionnaires in Appendix 1). Estimation of all the cost items for a
comprehensive risk-cost analysis is tedious and time consuming and is not warranted for temporary
drainage structures. However, past studies (Perrin and Jhaveri, 2004, Young, 1990) have shown that for
risk analysis purposes, estimation of user delay costs is relatively straightforward means of approximating
total losses on major roadways. Perrin study (Table 3.1) has shown that on major roadways the damage

. _ L, . C . : :
cost to permanent structure cost ratio for culvert failures, C—d (inverse of L—p) estimated by including
p d
only the user delay costs, is in the order of 200-400. Therefore, in most cases including only the user
delay costs in estimating total damages would suffice to determine the level of risk associated with detour
structure size selection. In this section computation of user delay costs is presented.

The cost of user delay (D,) during the culvert’s installation is computed based on the following factors
(Perrin and Jhaveri, 2004):

(1 Annual Average Daily Traffic (AADT) on the roadway;

Average increase in delay or congestion to each vehicle per day, t in hours;
Number of days the project will take (d);

Average rate of person-delay in dollars per hour (c,);

Average rate of freight-delay in dollars per hour (cy);

Percentage of passenger vehicles traffic (vy);

Vehicle occupancy factor (ve); and

O o o o o o O

Percentage of truck traffic (vy).
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TABLE 3.1 Summary of failure case study information (J. Perrin, Jr. and Chintan S. Jhaveri, 2004).

Location 1-:70-CO | 1-480-0H | SR 79 | s400 syt | 70 -CO | Prudenvill o 6N
OH Eisenhower | e-Ml
30" 73"x55"
Pipe Size / Type 66" CMP | 60" CMP 72" CMP 60" CMP ellipse, 30" CMP
CMP
CMP
Costs of 4,200,000 | 384,000 | NA 48,000 45,000 95,000
Replacement ($)
Length (ft) 85-100' 50' 50' 40' 50" 40'
Days 49 8 6 5 7 6 1
Impacted AADT 20950 16760 4920 19338 1257 5100 45000
Delay 120 min 60 min 20 min. | 20 min. 30 min 20 min 240 min
User Cost ($) 4,046,000 | 3,079,000 | 290,000 | 693,000 220,000 249,000 5,033,000
Total Costs ($) 8,246,000 | 3,463,000 741,000 265,000 344,000
Age (yrs) 35-60 60 30+ 20 30 30 25
$18,000- | $15,000 -
Normal S0yr 50 Yl NA i:ézlgo4o_()2-o NA NA NA
Replacement cost | $30,000 - | $28,000- 100 r
100 yr 100yr y
Total  Emergency | , 554 500 | 384,000 NA 47,800 45,000 95,000 NA
Replacement Cost
ERF (Emergency
Replacement 140 14 NA 4 NA
Factor)
Number of 1 1 3 4 5 2 3
Replacements
Emergency
Replacement 4,200,000 | 384,000 NA 192,000 90,000 190,000 NA
Installation Costs
(2003 $)
User Delay Costs
forall 4,046,000 | 3,079,000 | 870,000 | 2,772,000 | 440,000 498,000 15,099,000
Replacements
(2003 $)
Total Costs for
100-yr Horizon 8,046,000 | 3,463,000 | NA 2,964,000 | 530,000 688,000 NA
(2003 $)
Estimated Cost to
change to 100 year | 12,000 13,000 NA 6,200 4,500 6,200 NA
pipe (2003 $)
Benefit/ Cost Ratio | g71 266 NA 478 118 111 NA

All cost rounded to nearest $1,000
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Perrin and Jhaveri provide a mathematical expression to compute total user delay costs that includes the
factors listed above as

n

Du= D [AADT* t* di *(Cuc™ Vi * Vot + Crc* Vi) (Eq.3.31)

k=0
Using Eq. 3.31, Table 3.2 provides user delay cost estimates per day for different AADT levels. In these
computations the following parameter values were used:
cv = $17.18 per person-hour of delay
cr = $50 per freight-hour of delay
vy = 97% vehicle passenger traffic
Vi = 3% truck traffic
[1  vehicle occupancy factor = 1.2 persons per vehicle

0 A B

User delay costs from this method can be used in estimating total damage due to failure of detour
drainage structures.

Table 3.2 User delay costs per day for different AADT’s.

AADT Increased Delay Level
Level
10 min 20 min 30 min 1-hour 2-hour

5,000 $ 17,915 $ 35,829 $ 53,744 $ 107,488 $214,975
10,000 $ 35,829 $ 71,658 $ 107,488 $ 214,975 $429,950
20,000 $ 71,658 | $ 143317 | $ 214975 | $ 429,950 $ 859,901
30,000 $ 107,488 $ 214,975 $ 322,463 $ 644,926 $1,289,851
50,000 $ 179146 | $ 358,292 | $ 537,438 | $ 1,074,876 $ 2,149,752
75,000 $ 268,719 $ 537,438 $ 806,157 $ 1,612,314 $ 3,224,628
100,000 $ 358,292 $ 716,584 $ 1,074,876 $ 2,149,752 $4,299,504

* Rates from (reference)

3.1.3 Use of Nonlinear Risk-Cost Analysis (NRCA) Method

Once the return period that minimizes costs is determined following the NRCA Method, the
corresponding design discharge is defined for different months of the year. This discharge is used in
culvert pipe size computations following CDOT procedures. Section 3.2 and examples given in Chapter
4 illustrate details of these computations as well as provide types of applications of the method.
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3.2 Rational Detour Drainage Structure Design Method Using Monthly Peak Runoff from
Gumbel Extreme Value Analysis and Risk Factors

The second approach to designing detour drainage structures is a rational method. In this method, a
return period for the detour drainage structures is selected based on the importance of the site, the
availability of alternate routes, environmental considerations, and other factors. Then, using the selected
return frequency, detour drainage structures are sized to pass peak flows at different construction periods
to take advantage of low-flow seasons. The procedure is based on the estimation of monthly peak 24-
hour runoff corresponding to different recurrence frequencies (2-, 5-, 10- and 25-year). In the Gumbel
extreme value analysis, monthly average peak 24-hour runoff (or rainfall) and the corresponding standard
deviation are used. In computing the monthly peak 24-hour runoff for sizing the detour drainage
structures, the following steps are taken:

USGS, Water Resources of Colorado maintains daily streamflow records at numerous locations in the
state (Figure 3.1). If there is a continuous record available on the stream where the detour structure is
planned, Gumbel extreme value analysis using monthly peak 24-hour flows is carried out. Depending
on the selection of return frequency for the detour drainage structures, monthly peak 24-hr streamflow
values are computed for 2-, 5-, 10-, or 25-year frequency events (details given below for
precipitation).

If there are no continuous records available on the stream, the design discharge must be computed.

a. In the presence of a daily precipitation data station in the near vicinity, the monthly
distribution of average peak 24-hour precipitation is determined. The monthly runoff is then
computed using NRCS’s TR-55 method. In the absence of precipitation data station in the
near vicinity, an averaging process (arithmetic mean, Thiessen polygon, inverse distance,
Kriging, or other) can be used to combine information from multiple precipitation data
stations. There are over 500 precipitation stations distributed across the State of Colorado.
Data from these stations were used in the present analysis. These stations cover the vast
majority of the state and were found adequate for the purposes of this study. The basic steps
in the proposed new method for sizing detour drainage structures can be summarized as:

o Select a return frequency for the design using the guidelines provided in Section 3.3 that
is applicable for the project site, environmental considerations, and other factors;

o Compute the monthly peak 24-hour precipitation for the selected return frequency (2-, 5-,
10-, or 25-year);

o Compute the corresponding monthly peak runoff using NRCS method,;

o For the selected construction period, determine the maximum runoff discharge (try all
possible combinations with different starting dates); and

e For each construction interval, determine culvert pipe sizes for the design frequency
event (2-, 5-, 10-, or 25-year).

b. In the absence of daily precipitation data at the station or in the near vicinity, or in the case of
short data records, the USGS regression equations developed for Colorado can be used to
estimate peak 24-hr streamflow for different frequency events (2-, 5-, 10-, 25-year events) for
the 5 different regions of Colorado. Unfortunately, USGS regression equations do not
distribute these peak flows into months. An additional approximation to distribute peak
flows to months is needed. This may be accomplished by applying multiplication factors for
each month according to relative distribution of average monthly precipitation at or near the
site.
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Figure 3.1 USGS, Water Resources of Colorado gaging stations across the state.
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Table 3.3 US Geological Survey regression equations for the 5 regions of Colorado.
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Details of the individual steps for computing monthly distribution of 24-hr peak flows for the case where
precipitation data is available at a station are presented below.

Step 1- Compute Average Monthly Peak 24-Hour Precipitation

The procedure to determine the average peak 24-hour precipitation using the daily precipitation data from
a station consists of the following:

At a given precipitation data station for each year;

0 Sum daily rainfall values for each month to compute monthly precipitation values, and
0 Determine the peak 24-hour rainfall value for each month.

Repeat previous step for each of the years in the period of record;

Determine the mean precipitation for each month of the year and compute the corresponding standard
deviation using the relationships:

(Eq. 3.32)

(Eq. 3.33)

where ri = mean total precipitation for the month i for N years of record,; rji = total precipitation for

the month i and for the year j; N = number of years of record; S_,, = standard deviation of the total
precipitation for the month i for N years of record.

Determine the mean peak 24-hr precipitation values for each month of the year by averaging monthly
peak 24-hour precipitation values for the period of record and compute the corresponding standard
deviation:

rpi = (Eq. 3.34)

(Eq. 3.35)

where rpi = mean peak 24-hour precipitation for the month i for N years of record; rji = peak 24-

hour precipitation for the month i and for the year j; N= number of years of record; fp, = standard
deviation of the peak 24-hour precipitation for the month i for N years of record.
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Determine the 2-, 5-, 10- and 25-year peak 24-hour precipitation r;;, for each month of the year from

r = E+ fm K, (Eq. 3.36)
and
K, = ﬂ{0.5772 + In(ln (L)ﬂ (Eq. 3.37)
V4 T-1

where a and Srpi are as defined previously, T is the return period (2, 5, 10, and 25), and Ky is the

corresponding Gumbel extreme value frequency factor.

IMPORTANT: As a part of the model development, a statistical analysis model was created to
access the National Weather Service data at over 500 stations across Colorado. Items A through E
in Step 1 were performed at every station, and the results were tabulated. The results are given in
Appendix IV for all the stations across Colorado in alphabetical order.

Step 2 — Compute Peak Runoff from NRCS Method (TR-55)

In this step, the peak runoff corresponding to the 24-hour peak monthly rainfall is determined using the
NRCS TR-55 method *. This step includes the following tasks:

a. Compute runoff, Q, in inches from
Q=(P-1)*/[(P-1)+S] (Eg. 3.38)

where 1, P, S = Initial abstraction, rainfall (= ry), and retention in inches, respectively.

b. Compute time of concentration, T
c. From T, vs. unit peak discharge (q,) curves for different 1,/ P ratios, determine q,
d. Determine drainage area in square miles, A,
Determine a pond and swamp factor, Fp
f. Compute the peak discharge, gy, in cfs using the relationship:

Op = Qu An Q I:p (Eq. 3.39)

Step 3 — Determine the Maximum Discharge for the Construction Period

To arrive at the most economical detour drainage structure, the peak discharge for the construction period
is determined by considering different combinations of potential construction periods within a year with
different start-up months. For construction periods spanning more than one month, for each of the
potential construction period, discharges for individual months falling within the range are computed.
The maximum of the monthly peak runoff values is selected as the design discharge for the duration of
that period. The minimum of runoff discharges among candidate periods is selected as the optimum
design discharge.
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* The symbols used in this step are taken from TR-55 manual and do not necessarily represent the same
definition of other identical symbols used in other parts of this report.

Step 4 — Determine Culvert Pipe Sizes for Each Construction Interval

For each construction interval, culvert pipe sizes for different return frequency events (2-, 5-, 10-year) are
determined for further cost analysis. In calculating pipe capacities that will pass the maximum runoff for
the interval, single or multiple pipe options are considered. The cost for each option is determined.

Step 5 —Select an Appropriate Return Frequency

The return frequency is selected based on the importance of the structure, location, environmental
considerations, and other factors according to the proposed criteria provided in the following section.

The final selection of the detour drainage structure sizes is made by comparing results from steps 4 and 5
through matching the flow carrying capacity of the structure with the return period for the drainage
structures. It is proposed that where added costs are minimal, the next larger size structure should be
selected to compensate for uncertainties in the frequency analysis.

3.3 Proposed Values for Return Frequencies

Table 3.4 lists the recommended design frequencies for detour drainage structures across streams. It
should be noted that these return frequencies correspond to monthly peak 24-hr values and should not be
confused with the 2-, 5-, and 10-year annual peak flows. As the upper limit, the size of detour structures
should not be larger than the permanent structures.

Table 3.4 Table of detour culvert design frequencies.

Drainage Type Frequency
Multilane Roads - including Interstate

In Urban Areas 10-year

In Rural Areas 10-year

For sites with schools, hospitals, or fire stations affected;
If there are alternate routes to access facilities 5-year
If no alternate routes 10-year

Two-Lane Roads

In Urban Areas 10-year
In Rural Areas
ADT <2000 2-year
ADT > 2000 5-year
Environmentally Sensitive areas: (see notes 1 and 2)
Notes:

For those sites with environmental concerns, use the following guidelines for sizing detour drainage structures:

1. For construction equipment crossing a stream with a drainage area of less than one square mile and a construction season
of less than one year, the designer shall refer to: “CDOT Erosion Control and Stormwater Quality Guide, Chapter 5,
Section 5.9, General Pollution Prevention Section GP 2: Temporary Stream Crossing.”

2. For streams with threatened and endangered species and class 1 coldwater, the detour structure shall span from bank to
bank over the stream above the ordinary high-water.
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Figure 3.2. Construction of detour culverts
on US Highway 50 by John Martin
Reservoir in CDOT Region 2 within
environmentally sensitive areas.

Figure 3.3 Use of geotextiles for the
temporary protection of wetlands during
construction of detour culverts on US
Highway 50 by John Martin Reservoir in
CDOT Region 2.

Figure 3.4. Construction of detour culverts
within environmentally sensitive areas on
US Highway 50 by John Martin Reservoir
in CDOT Region 2.
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4. EXAMPLE APPLICATIONS

In this chapter, several examples are presented to demonstrate the application of detour drainage structure
design procedures developed for the study. The first example uses the risk-cost analysis method to
determine the return period for a given construction season and calculate the design flow data. The
second example uses the computed peak 24-hr runoffs for a given site to determine the adequacy of
existing detour drainage structures. Finally, the third example uses computed peak 24-hr runoffs and
Gumbel extreme value analysis to design detour drainage structures.

4.1 Nonlinear Risk-Cost Analysis (NRCA) Method — Example No. 1

An existing old bridge located on Colorado State Highway 160 at South Fork River near Creede,
Colorado will be replaced. The new bridge proposed for the four-lane highway in a rural area is designed
to pass the 50-year flood. During construction of the new bridge, a detour culvert will be required for the
months of July, August, and September. The required return period, T, and the design flow for this
culvert need to be determined.

For the project site at Creede, the mean runoff discharge, a and the standard deviation, S, are 1,516cfs

and 754cfs respectively. The magnitude of the 50-year flood that is used to design the new bridge is
determined to be 3,472cfs.

The probability of a flood occurring during the construction period, P, can be approximated by the sum of
occurrence probabilities of runoff during the construction months of July, August, and September. The
US Geological Survey, Water Resources Data provides daily runoff records for South Fork River near
Creede. The computed average monthly runoff values are 770cfs for July, 375cfs for August, and 284cfs
for September. The monthly runoff values can be normalized by dividing each average monthly runoff by
the sum of average monthly runoffs (5,656cfs) for the whole year to represent occurrence probabilities of
runoff for each month. The probability of a flood occurring during the construction period, P, is the sum
of these occurrence probabilities.

P=0.136+0.066+0.05 = 0.252

A summary of the spreadsheet computations to determine the appropriate return period for the design of
detour culvert is presented in Table 4.1. The function, F(T), given in the last two columns of this table, is
the residual given by Eq. 3.30. Table 4.1 also presents the results of Guo’s (1987) approach in the last
column. In the computations given in Table 4.1, parameters defining cost-capacity function according to
Eq. 3.4 were selected using a=0.56 and exponent b=0.4 as recommended in section 3.1.1 guidance. Table
4.1 computations were performed using total damage cost to cost of permanent structure ratio of 1
(Cy/Lg=1) to compare the results of proposed methodology with Guo’s (1987) approach.

Results of computations shown in Figure 4.1 indicate a return period of 4 years using the new risk-cost
analysis and a design frequency of 3 years with Guo’s approach. Considering the fact that the proposed
detour structure would service a four-lane highway and that the construction season has high percentage
of runoff occurrence probability, the selection of 5 (4 years rounded off to 5) years appears to be
reasonable.

Figure 4.2 presents the scenario where the damage costs are twice the cost of permanent structure
(Cy/Lg=0.5). It is expected that for higher risk of damage costs, the return period for the detour structure
should be greater. Figure 4.2 confirms this statement. The computed return period is 10 years.

38



Detour Drainage Structure Design

Function, F(T), Value

Function, F(T), Value
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Figure 4.1 Return period computations using risk-cost method for Cy/L4=1.
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Figure 4.2 Return period computations using risk-cost method for Cp/Ld = 0.5.
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Table 4.1 Summary of return period, T, computations according to procedure in section 3.1.1

2.0
2.2
24
2.6
2.8
3.0
3.2
3.4
3.6
3.8
4.0
4.2
4.4
4.6
4.8
5.0
5.2
54
5.6
5.8
6.0
6.2
6.4
6.6
6.8
7.0
7.2
7.4
7.6
7.8
8.0
8.2
8.4
8.6
8.8
9.0

a

0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56

B

0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4

S

754.4
754.4
754.4
754.4
754.4
754.4
754.4
754.4
754.4
754.4
754.4
754.4
754.4
754.4
754.4
754.4
754.4
754.4
754.4
754.4
754.4
754.4
754.4
754.4
754.4
754.4
754.4
754.4
754.4
754.4
754.4
754.4
754.4
754.4
754.4
754.4

Q

3472
3472
3472
3472
3472
3472
3472
3472
3472
3472
3472
3472
3472
3472
3472
3472
3472
3472
3472
3472
3472
3472
3472
3472
3472
3472
3472
3472
3472
3472
3472
3472
3472
3472
3472
3472

Kr

-0.16427
-0.05968
0.031848
0.113336
0.186834
0.253807
0.315345
0.372282
0.42527
0.474829
0.521382
0.565276
0.606804
0.646209
0.6837
0.719456
0.753631
0.78636
0.817762
0.847941
0.876988
0.904986
0.932009
0.958122
0.983386
1.007853
1.031573
1.05459
1.076944
1.098674
1.119812
1.140391
1.16044
1.179984
1.199049
1.217658

q

1516
1516
1516
1516
1516
1516
1516
1516
1516
1516
1516
1516
1516
1516
1516
1516
1516
1516
1516
1516
1516
1516
1516
1516
1516
1516
1516
1516
1516
1516
1516
1516
1516
1516
1516
1516

Q

1392.073
1470.974
1540.026
1601.501
1656.947
1707.472
1753.897
1796.85
1836.824
1874.211
1909.33
1942.445
1973.773
2003.5
2031.783
2058.757
2084.539
2109.23
2132.92
2155.686
2177.6
2198.722
2219.108
2238.808
2257.866
2276.324
2294.219
2311.583
2328.447
2344.84
2360.787
2376.311
2391.436
2406.18
2420.563
2434.601

9/Q

0.400943
0.423668
0.443556
0.461262
0.477231
0.491783
0.505155
0.517526
0.529039
0.539807
0.549922

0.55946
0.568483
0.577045
0.585191

0.59296
0.600386
0.607497

0.61432
0.620877
0.627189
0.633272
0.639144
0.644818
0.650307
0.655623
0.660777
0.665778
0.670636
0.675357

0.67995
0.684421
0.688778
0.693024
0.697167

0.70121

P

0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25

F(T)
Molinas
-0.0302628
-0.0262931
-0.0222612
-0.0184377
-0.0149106
-0.0116946
-0.0087757
-0.0061289
-0.0037268
-0.0015427

0.00044784
0.00226663
0.00393294
0.00546362
0.00687335
0.00817496
0.00937964
0.01049717
0.01153613
0.01250406
0.01340759
0.01425261

0.0150443
0.01578728
0.01648568
0.01714318
0.01776307

0.0183483
0.01890155
0.01942522
0.01992149
0.02039233
0.02083952
0.02126471
0.02166938
0.02205488

F(T)
Guo
-0.02724
-0.02047
-0.01436
-0.00892
-0.00408
0.000232
0.004082
0.007536
0.010647
0.013462
0.016019
0.018351
0.020485
0.022445
0.024252
0.025921
0.027469
0.028907
0.030247
0.031498
0.032669
0.033768

0.0348
0.035771
0.036688
0.037553
0.038372
0.039148
0.039884
0.040583
0.041248
0.041881
0.042485
0.043062
0.043613

0.04414
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4.2 Rational Detour Drainage Structure Design (RDDSD) Computation for Verifying Capacities
of Existing Culverts — Example No. 2

In this example, detour culvert pipe size for Spring Creek diversion downstream of Circle Drive, City of
Colorado Springs, CO will be checked for capacity to pass runoff flows using the proposed Rational
Detour Drainage Computation Method.

The steps used in computations are given below.

1. Using precipitation data for Colorado Springs from Appendix A (reproduced in Table 4.2) determine
the peak 24-hour precipitation for Colorado Springs for 2-, 5-, 10-, and 25- year events.

Table 4.2 Summary of precipitation data for Colorado Springs Municipal Airport for 1948-2003 (from
Appendix A)

STATION NAME: COLORADO SPRINGS MUNI AP COUNTY: EL PASO LATITUDE: 38:49 LONGITUDE: -104:41
PERIOD OF RECORD: 1948 - 2003
MONTHLY DISTRIBUTION OF PRECIPITATION MONTHLY DISTRIBUTION OF 24-HR PEAK PRECIPITATION

1 2 3 4 5 6 7 8 9 0 11 12 1 2 3 4 5 6 7 8 9 0 11 12
AVE.: .29 .33 .89 1.34 2.12 2.09 2.89 2.80 1.20 .77 .46 .32 .15 .17 .39 .56 .81 .85 1.02 1.04 .53 .38 .24 .17
S.D.: .25 .37 .62 1.35 1.47 1.56 1.36 1.72 .97 .84 .50 .29 .15 .22 .31 .52 .56 .66 .70 .85 .39 .34 .21 .16
2-YR: .25 .27 .79 1.12 1.88 1.84 2.66 2.51 1.04 .63 .38 .28 .13 .14 .34 .47 .72 .74 .91 .90 .47 .33 .20 .14
3-YR: .35 .43 1.05 1.68 2.50 2.49 3.23 3.23 1.45 .98 .58 .40 .19 .23 .47 .69 .951.02 1.20 1.26 .63 .47 .29 .21
5-YR: .47 .60 1.34 2.31 3.18 3.22 3.86 4.04 1.91 1.37 .82 .53 .26 .33 .61 .94 1.21 1.33 1.52 1.66 .81 .63 .39 .28
10-YR: .62 .82 1.70 3.10 4.04 4.13 4.66 5.04 2.48 1.86 1.11 .70 .35 .46 .80 1.24 1.53 1.71 1.93 2.16 1.04 .83 .51 .37
25-YR: .76 1.03 2.05 3.86 4.87 5.00 5.42 6.01 3.02 2.34 1.39 .86 -43 .58 .97 1.54 1.85 2.08 2.32 2.64 1.26 1.02 .63 .46

For the 2-year event the monthly distribution of 24-hour peak rainfall is obtained from precipitation
data in appropriate station.

Jan Feb Mar | Apr. | May | Jun Jul Aug | Sep Oct Nov | Dec
013| 0.14| 034| 047| 072| 074| 091| 090| 047| 033| 020| 0.14

2. From SCS (DMJM Report, page A-15)
Drainage Area, DA = 5.46sq. mi.
Time of Conc., T, = 57.5min (0.96hr)
CN =81 (pg A-16, DMJM Report)

3. Runoff for inches of rainfall at CN=81 (page 61 of SCS, using rainfall from step 9)
Jan Feb Mar | Apr. | May | Jun Jul Aug | Sep Oct Nov | Dec
0.0 0 0 0.05 |01 002 (017 (013 |O 0 0 0

4. Calculate peak runoff from the equation

Q= (DA) (a) (R)
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Where: Q = peak flow for any return period; DA = drainage Area; ¢, = unit peak discharge per
square mile per inch of runoff; R = depth of runoff in inches.

With a time of concentration of T.=0.96 hr, for Eastern Colorado
dp = 400cfs/sq. mi./in. of runoff (SCS page 12)
5. Compute Q,

For January: Q, = (5.46) (400) (0.0) = 0.0. Similar calculations are performed as in the
preceding step for the other months.

i) For CN =81:
Jan Feb Mar | Apr. | May | Jun Jul Aug | Sep Oct Nov | Dec
0 0 0 12 218 | 44 371 [284 |0 0 0 0

ii) For CN = 83 (repeat steps 3-4):

Runoff for inches of rainfall at CN=83 (page 61 of SCS, using rainfall from step 1)
Jan Feb Mar | Apr. | May | Jun Jul Aug | Sep Oct Nov | Dec
0 0 0 001 |013 |004 |022 |017 |O 0 0 0

Q = (DA) (gp) (R) at T, = 0.96hr, g, = 420 cfs/sq. mi./in. of runoff
Jan Feb Mar | Apr. | May | Jun Jul Aug | Sep Oct Nov | Dec
0 0 0 22 284 | 88 480 371 |0 0 0 0

6. The design flows for a 3-month construction period are tabulated as follows:

Jan- | Feb- | Mar- | Apr- | May- | Jun- | Jul- Aug- | Sep- | Oct- | Nov- | Dec-
Mar | Apr May | Jun Jul Aug | Sep Oct Nov | Dec |Jan Feb

0.0 12 218 218 371 371 371 284 0 0 0 0

7. Conclusion

Since Spring Creek passes through the City of Colorado Springs and a reservoir is located upstream of
Circle Drive, the existing drainage structure carries runoff all year around. The capacity of existing CBC
under Circle Drive is 2,000cfs per DMJM-Spring Creek Report. Since computed flows are smaller than
the existing CBC, there is no need for additional detour culverts.

For the 2-year event the monthly distribution of 24-hour peak rainfall from the new method is given
below:

Jan Feb Mar | Apr. | May | Jun Jul Aug Sep Oct Nov Dec
0.13| 014| 034| 047| 072| 074| 091| 090, 047| 033| 0.20| 0.14

Corresponding results from the Buchberger method from (Appendix 3-Example 1) are tabulated as
follows:
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Jan

Feb

Mar

Apr.

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

0.04

0.09

0.28

0.54

1.04

0.74

1.19

1.14

0.44

0.14

0.09

0.04

It can be seen that the newly computed rainfall values are larger for drier months and smaller for wetter
months. This is due to the use of standard deviation calculated from actual precipitation data rather than
the constant value of 0.655 calculated in Buchberger method. The resulting discharges from the new
analysis are slightly smaller for the wet months and larger for dry months.

4.3 Rational Detour Drainage Structure Design (RDDSD) Computation for Culvert Sizing —

Example No. 3
DETOUR CULVERT PIPE S1ZE FOR CEDAR CREEK, EAST OF STERLING, CO.

1. Using average of precipitation data for Sedgwick and Fort Morgan given in Table 4.3, determine the
peak 24-hour precipitation for Sterling, Colorado for 2-year and 5-year events.

Table 4.3 Summary precipitation data for Sedgwick and Fort Morgan

STATION NAME:

SEDGWICK

PERIOD OF RECORD: 1920 - 2003

MONTHLY DISTRIBUTION OF

COUNTY: SEDGWICK

PRECIPITATION

MONTHLY DISTRIBUTION OF 24-HR PEAK

LATITUDE: 40:56 LONGITUDE:

-102:32

PRECIPITATION

1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
AVE.: .29 .35 .91 1.89 2.39 2.69 2.47 2.08 1.39 1.00 .55 .40 .19 .20 .44 .82 .87 1.06 1.12 .95 .64 .59 .32 .23
S.D.: .29 .34 .79 1.22 1.62 1.30 1.53 1.21 1.10 .80 .57 .36 .23 .17 .40 .59 .55 .54 77 .68 .46 .59 .39 .20
2-YR: .24 .29 .78 1.69 2.12 2.48 2.21 1.88 1.21 .87 .45 .34 .15 .17 .37 .73 .79 .98 .99 .84 .56 .49 .25 .19
3-YR: .36 .44 1.11 2.21 2.80 3.02 2.85 2.38 1.67 1.20 .69 .49 .25 .24 .54 .97 1.01 1.20 1.31 1.12 .76 .74 .41 .28
5-YR: .49 .60 1.48 2.77 3.55 3.63 3.57 2.95 2.18 1.58 .96 .66 .35 .82 .73 1.251.27 1.45 1.67 1.44 .97 1.01 .60 .37
10-YR: .66 .80 1.94 3.49 4.50 4.39 4.46 3.66 2.83 2.04 1.29 .86 48 .42 .96 1.59 1.59 1.77 2.12 1.83 1.24 1.35 .82 .48
25-YR: .82 .99 2.38 4.18 5.42 5.12 5.32 4.34 3.45 2.49 1.61 1.06 .61 .52 1.18 1.92 1.89 2.08 2.55 2.22 1.50 1.68 1.04 .60
STATION NAME: FORT MORGAN COUNTY: MORGAN LATITUDE: 40:16 LONGITUDE: -103:48
PERIOD OF RECORD: 1920 - 2002

MONTHLY DISTRIBUTION OF PRECIPITATION MONTHLY DISTRIBUTION OF 24-HR PEAK PRECIPITATION

1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
AVE.: .28 .21 .67 1.38 2.42 1.94 1.90 1.49 1.17 .80 .42 .26 .18 .12 .33 .63 .89 .76 .79 .66 .59 .42 .22 .17
S.D.: .32 .20 .61 .96 1.41 1.06 1.28 1.05 .96 .85 .43 .21 .27 .12 .32 .41 .52 .43 .63 .47 .49 .37 .23 .14
2-YR: .22 .18 .56 1.23 2.19 1.77 1.69 1.32 1.02 .66 .35 .23 .14 .10 .28 .56 .80 .69 .68 .58 .51 .36 .19 .15
3-YR: .36 .26 .82 1.63 2.78 2.21 2.23 1.75 1.42 1.01 .53 .32 .25 .16 .41 .73 1.02 .87 .95 .78 .72 .51 .28 .21
5-YR: .51 .36 1.11 2.08 3.43 2.71 2.82 2.24 1.87 1.41 .73 .42 .37 .21 .56 .92 1.26 1.07 1.24 1.00 .94 .68 .39 .28
10-YR: .70 .48 1.47 2.64 4.26 3.33 3.57 2.86 2.43 1.90 .98 .54 .53 .29 .74 1.16 1.57 1.33 1.61 1.28 1.23 .90 .52 .36
25-YR: .88 .59 1.81 3.18 5.05 3.93 4.29 3.45 2.97 2.38 1.22 .66 .68 .36 .92 1.39 1.86 1.57 1.96 1.54 1.50 1.11 .64 .44

For the 2-year event, the monthly distribution of 24-hour peak rainfall is tabulated as follows:
Jan Feb Mar | Apr. | May | Jun Jul Aug Sep Oct Nov Dec
0.14| 010| 028| 056| 080| 069| 068| 058| 051| 036| 0.19| 0.15
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For the 5-year event, the monthly distribution of 24-hour peak rainfall is tabulated as follows:

Jan Feb Mar Apr. | May | Jun Jul Aug | Sep Oct Nov | Dec

03| 032 073 125 127| 145| 167 | 144) 097| 101| 060| 0.37

2. From SCS, determine peak discharge per inch of runoff, .
For Eastern Colorado, for the time of concentration of T.=7.5hr :
qp = 78cfs/sq. mi./in. of runoff (SCS, page 12)

3. Runoff for inches of rainfall at CN=70 (page 51 of SCS, using rainfall from step 1)
For 2-year recurrence interval:

Jan Feb Mar | Apr. | May | Jun Jul Aug | Sep Oct Nov | Dec

0 0 0 0 0 0 0 0 0 0 0 0

For 5-year recurrence interval:

Jan Feb Mar | Apr. | May | Jun Jul Aug | Sep Oct Nov | Dec

0 0 0 0.035 | 0.035 | 0.07 | 013 |007 |O 0 0 0

4. Calculate peak runoff for the 2-year and 5-year frequency events (Q, and Qs) from
Q = (DA) (a) (R)
Where: Q, DA, g, and R are as defined previously; and
dp = 78cfs/sq. mi./in. of runoff (SCS, page 12)

Compute Q-

For January: Q. = (22) (78) (0) = 0. Similar calculations are performed as in the preceding step
for the other months.

Jan Feb Mar | Apr. | May | Jun Jul Aug | Sep Oct Nov | Dec

0 0 0 0 0 0 0 0 0 0 0 0

Compute Qs:

Similar calculations are performed as in the preceding steps for the 5-year event.

Jan Feb Mar | Apr. | May | Jun Jul Aug | Sep Oct Nov | Dec

0 0 0 60 60 120 | 223 |120 |0 0 0 0
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5. Design flows for a 3-month construction period:

Jan- | Feb- | Mar- | Apr- | May- | Jun- | Jul- Aug- | Sep- | Oct- | Nov- | Dec-
Mar | Apr | May |Jun Jul Aug |Sep | Oct Nov | Dec |Jan Feb

0 60 60 120 | 223 | 223 |223 |120 |0 0 0 0

6. Determine number of culverts and pipe sizes to pass discharges from Step 5

Jan- | Feb- | Mar- | Apr- May- | Jun- Jul- Aug- | Sep- | Oct- | Nov- | Dec-
Mar | Apr | May |Jun Jul Aug Sep Oct Nov | Dec |Jan Feb

Q=0 | Q=60 | Q=60 | Q=120 | Q=223 | Q=223 | Q=223 | Q=120 | Q=0 | Q=0 | Q=0 | Q=0
48in | 4gin | 48in | 1-60" |1-60” |1-60” |1-60" | 1-60" |1-48” | 1-48” | 1-48” | 1-48”
(min) - (min) | (min) 154" | 1-54” | 1-54” (min) | (min) | (min) | (min)

Notes: i) Use maximum pipe size of 60 inches.
ii) At headwater to pipe diameter ratio of 1 (HW/D=1), discharge capacities are:
e For 60” corrugated metal pipe (CMP), Q = 125 cfs
e For54” CMP, Q = 95cfs
e For48” CMP, Q = 70cfs

7. Comparison with other methods.

For the 5-year recurrence, the monthly distribution of 24-hour peak rainfall from the new method is
tabulated as follows:

Jan Feb Mar Apr. | May | Jun Jul Aug | Sep Oct Nov | Dec

035| 032 073| 125| 127| 145| 167 | 144, 097| 1.01| 0.60| 0.37

Corresponding results from the Buchberger method from (Appendix I1- Example 2) are is tabulated as
follows:

Jan Feb Mar Apr. | May | Jun Jul Aug Sep Oct Nov Dec

094 | 0.92 114 162 | 204 204 | 182 1.67 142 | 1.09 122 | 092

It can be seen that the newly computed rainfall values are smaller than the values obtained in Buchberger
method. This is due to the use of standard deviations calculated from actual precipitation data rather than
the constant value obtained from Buchberger method. The resulting discharges from the new analysis are
smaller and therefore requiring fewer and/or smaller culverts.

45



Detour Drainage Structure Design

5. SUMMARY, CONCLUSIONS, AND GUIDELINES

To date, the majority of the detour drainage structures built in Colorado was either undersized or
oversized. Currently, CDOT has no uniform statewide procedure to size detour drainage structures and
existing methodologies resulted in failures such as the one shown in Figures 1.4 through 1.6. The design
approach varies from one hydraulics engineer to another and from region to region. This report presents
the development of detour drainage structure design procedure for the Colorado Department of
Transportation. The main objective of the study is to develop a statewide detour drainage structure design
procedure for CDOT that also addresses environmental impacts and mitigation measures.

In order to assess the current methodologies used by CDOT and other highway agencies, a literature
search, and a series of 3 surveys were conducted. Two of the surveys were aimed at CDOT personnel
while the third survey was conducted nationally. In general, most DOTSs that responded do not use risk-
cost methodology for temporary detour structures. The general consensus from surveys is that detour
drainage structures are designed using runoff discharges with 2-year or 5-year return frequencies and
construction is carried out during low-flow season. Selection of low-flow season indicates the use of a
certain level of common-sense risk analysis.

In this study, two detour drainage structure design procedures were developed: the Nonlinear Risk-Cost
Analysis (NRCA) procedure and the Rational Detour Drainage Structure Design (RDDSD) procedure.
These procedures approach the problem from two different angles. The NRCA procedure expresses risk
and cost in terms of the return period through a complex functional relationship. By setting the derivative
of this function to zero, a return period that minimizes costs is determined. In contrast, RDDSD
procedure assigns the return period based on risk factors such as importance, user delay, environmental
considerations, accessibility, and other factors; and computes the most cost-efficient design discharge by
using monthly distribution of flows.

The conclusions of the study are:
METHOD 1

The NRCA procedure which is based on determining a return period that minimizes costs
provides an analytical solution to the complex detour drainage design procedure.

The NRCA procedure is developed using current cost data for culvert materials and sizes
commonly used in detour structure drains.

NRCA procedure was implemented in a spreadsheet. The pricing information can be updated or
other materials and sizes can be added in the future to revise cost-capacity relationships with little
effort.

Using the NRCA through a spreadsheet, the return period and the corresponding discharge can be
determined easily. The drainage structures can then be designed using the traditional
methodologies including culvert software, equations, or nomographs.

Since NRCA analysis uses a single function in describing cost-capacity relationship,
discontinuities that exist are smoothed out. Such discontinuities exist when a given pipe capacity
is exceeded and an additional pipe must be introduced in order to accommodate the design flows.
This limitation can be resolved by introducing a piecewise continuous function for different
ranges of flows. However, this approach is not currently available.

METHOD 2

In the RDDSD procedure, a return period for the detour drain is selected from a tabulated list.
This list reflects the importance of highway functional classification (Interstate, 4-lane highway,
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2-lane highway), user delay (high and low daily traffic), environmental concerns (can be
mitigated or not), social concerns (hospitals, schools, fire stations), accessibility (alternate routes
exist or not) aspects of the design. By adopting a unified design frequency for different
situations, the risk aspect of the detour drainage is addressed.

The RDDSD procedure takes advantage of the monthly distribution of runoff during the limited
service life of the project to achieve a cost-efficient design.

Computation of the monthly peak 24-hr runoff from ungaged streams and watersheds requires
estimation of 24-hour peak precipitation and the corresponding runoff. Design aids in the form of
an extensive table (alphabetically ordered hard copy or electronically searchable) is provided for
estimating monthly 24-hour peak precipitation for the 550 precipitation stations across Colorado.
Information from these tables can be input directly into NRCS’s TR-55 method to obtain monthly
peak 24-hr runoff. These tables were prepared using a computer program that was developed for
the project to perform Gumbel extreme value analysis. The input for the program was the entire
daily precipitation data for Colorado at 550 stations since 1920. The tabulated output lists
summary statistics and monthly distribution of peak 24-hour precipitation with 2-, 5-, 10-, 25-
year return periods.

The RDDSD procedure can be used to determine the adequacy of existing drainage as well as in
designing new drainage structures. By selecting different starting date for the construction, the
most cost-efficient design can be determined. If there is no flexibility in the selection of starting
date, the highest runoff discharge computed during the service life of the detour structure must be
used to reflect risk.

The RDDSD procedure provides the engineer direct control on the design frequency and
therefore is the preferred method. The NRCA procedure can be used for verification and
sensitivity analysis.

GENERAL

The report presents the application of NRCA and RDDSD methods using sequentially ordered
steps. Examples to illustrate specific design problems are given to demonstrate step-by-step
application of the procedures.

There are numerous constraints hydraulic engineers must consider in selecting the number, types,
and sizes of culvert pipes. These include the maximum allowable headwater elevation and
headwater depth/culvert diameter ratio, placement of culverts in the channel (overbank or main
channel), etc. These issues must be resolved by hydraulic engineers using CDOT procedures.

As general guidelines, use the following:

o] For ease of design and cost efficiency, choose minimum number of culverts that can pass
the design discharge.

o] In general use the same types and sizes of culverts.

o] Use headwater-to-depth (HW/D) ratio of 1 for culverts with inlet control conditions.

o] If there is a limiting headwater elevation, increase the number of pipes or use horizontal
elliptical pipes.

o] Detour culverts are placed in embankments that are not designed for overtopping.

Generally, they do not have headwalls and other means of anchoring them. Therefore,
they should have enough overburden to keep them from floating.

o] For ungaged large drainage basins (100 square miles or larger), the lower 10-square-mile
area immediately upstream from the detour shall be used for runoff computations. This
reduction in area is recommended for dry streams in Eastern Colorado.
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