
Brigham Young University
BYU ScholarsArchive

All Theses and Dissertations

2007-03-13

Culvert Hydraulics: Comparison of Current
Computer Models
Elizabeth Anne Thiele
Brigham Young University - Provo

Follow this and additional works at: https://scholarsarchive.byu.edu/etd

Part of the Civil and Environmental Engineering Commons

This Thesis is brought to you for free and open access by BYU ScholarsArchive. It has been accepted for inclusion in All Theses and Dissertations by an
authorized administrator of BYU ScholarsArchive. For more information, please contact scholarsarchive@byu.edu, ellen_amatangelo@byu.edu.

BYU ScholarsArchive Citation
Thiele, Elizabeth Anne, "Culvert Hydraulics: Comparison of Current Computer Models" (2007). All Theses and Dissertations. 881.
https://scholarsarchive.byu.edu/etd/881

http://home.byu.edu/home/?utm_source=scholarsarchive.byu.edu%2Fetd%2F881&utm_medium=PDF&utm_campaign=PDFCoverPages
http://home.byu.edu/home/?utm_source=scholarsarchive.byu.edu%2Fetd%2F881&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarsarchive.byu.edu?utm_source=scholarsarchive.byu.edu%2Fetd%2F881&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarsarchive.byu.edu/etd?utm_source=scholarsarchive.byu.edu%2Fetd%2F881&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarsarchive.byu.edu/etd?utm_source=scholarsarchive.byu.edu%2Fetd%2F881&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/251?utm_source=scholarsarchive.byu.edu%2Fetd%2F881&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarsarchive.byu.edu/etd/881?utm_source=scholarsarchive.byu.edu%2Fetd%2F881&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarsarchive@byu.edu,%20ellen_amatangelo@byu.edu


CULVERT HYDRAULICS: COMPARISON OF CURRENT  

COMPUTER MODELS  

 

 

by 

Elizabeth A. Thiele 

 

 

 

 

A thesis submitted to the faculty of 

Brigham Young University 

in partial fulfillment of the requirements for the degree of 

 

Master of Science 

 

 

 

Department of Civil and Environmental Engineering 

Brigham Young University 

April 2007





 

BRIGHAM YOUNG UNIVERSITY 
 
 
 

GRADUATE COMMITTEE APPROVAL 
 
 
 
 
 

of a thesis submitted by 
 

Elizabeth A. Thiele 
 
 
This thesis has been read by each member of the following graduate committee and by 
majority vote has been found to be satisfactory. 
 
 
 
Date  Rollin H. Hotchkiss, Chair 

Date  E. James Nelson 

Date      Alan K. Zundel





 

BRIGHAM YOUNG UNIVERSITY 
 
 
 
As chair of the candidate’s graduate committee, I have read the thesis of Elizabeth A. 
Thiele in its final form and have found that (1) its format, citations, and 
bibliographical style are consistent and acceptable and fulfill university and 
department style requirements; (2) its illustrative materials including figures, tables, 
and charts are in place; and (3) the final manuscript is satisfactory to the graduate 
committee and is ready for submission to the university library. 
 
 
 
 
Date Rollin H. Hotchkiss 

Chair, Graduate Committee 

 
Accepted for the Department 

 E. James Nelson 
Graduate Coordinator 

 
Accepted for the College 

 Alan R. Parkinson 
Dean, Ira A. Fulton College of Engineering 
and Technology 





 

ABSTRACT 
 
 
 

CULVERT HYDRAULICS: COMPARISON OF CURRENT 

 COMPUTER MODELS 

 
 
 

Elizabeth. A. Thiele 

Department of Civil and Environmental Engineering 

Master of Science 
 
 
 

The hydraulic analysis of culverts is complicated when using hand calculations.  

Fortunately, several computer programs are available to assist in analyzing culvert 

hydraulics, some of which include HY-8, Fish X-ing, Broken-back Culvert Analysis 

Program (BCAP), Hydraflow Express, Culvert Master, Culvert, and Hydrologic 

Engineering Center River Analysis System (HEC-RAS).  While all of these programs can 

simulate the behavior of flow through a culvert, slightly different methodologies are 

utilized among the programs to complete a full hydraulic analysis, resulting in different 

predictions for headwater depth, flow control, and outlet velocities.  The purpose of this 

paper is to compare (1) the available hydraulic features and (2) the numerical solutions 

from the seven programs to manually computed values. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Four test cases were developed to test the accuracy of program results.  The 

headwater depths and outlet velocities were compared to those obtained through 

calculations based on culvert hydraulic theory outlined in the Federal Highway 

Administration publication, Hydraulic Design Series 5. 

Based on the results, Fish X-ing was unable to analyze culverts under inlet 

control, while Culvert incorrectly predicted inlet control headwater depths at low flow 

conditions.  Hydraflow Express struggled to predict correct outlet control headwater 

depths while BCAP had difficulty analyzing straight barrel culverts acting under outlet 

control.  Overall, HY-8, Culvert Master, and HEC-RAS produced accurate results most 

consistently. 
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1 Introduction and Purpose 

Culverts are structures designed to pass flow underneath roadways with minimal 

disturbance to surrounding areas (1).  Traditionally, design requirements included not 

exceeding policy headwater depths or outlet velocities.  However, more recent design 

considers the ability of fish to pass to upstream areas.  With these requirements, accurate 

analysis and design becomes quite important.   

The analysis of culvert performance can be solved through a series of hand 

calculations based on simplifying assumptions.  However, had calculations are tedious 

and prone to error, and as a result it became desirable to automate the calculations 

required to solve culvert performance.  The first aids in culvert analysis came from a 

series of nomographs published in the 1965 version of HEC-5, Hydraulic Charts for the 

Selection of Highway Culverts.  In the 1960’s the Federal Highway Administration also 

began using FORTRAN and other programs to automate culvert hydraulic computations, 

establishing a milestone in culvert analysis (2). 

Today, several computer programs exist to aid in solving culvert hydraulic 

problems.  The purpose of this research is to study seven of those programs, listed in 

Table 1-1, and compare the features and capabilities of each.  Test cases based on 

numerical hand calculations are used to compare headwater depths and outlet velocities 

produced by each program.  No laboratory experiments are utilized.  Based on the results 
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of the research, limitations are identified to help inform users of the strengths and 

weakness of the various culvert hydraulic programs. 

Table 1-1 Culvert Analysis Programs and Authors 

Program Author/Agency Domain Reference
HY-8 Federal Highway Administration Public (7) 

Fish X-ing US Forest Service Public (9) 
BCAP Nebraska Department of Roads Public (10) 

Hydraflow Express Intelisolve Commercial (11) 
Culvert Master Haestad Methods Commercial (12) 

Culvert Texas Department of Transportation Public (13) 
HEC-RAS US Army Corps of Engineers Public (14) 
 

Of the programs listed in Table 1-1, HY-8 and HEC-RAS were compared in a 

study by Ahmed Kassem, Ahmed A. Sattar, and M. Hanif Chaudhry (3).  In this study, 

the two programs were compared for the purpose of developing a procedure to assist in 

software selection.  As a result of the variety of programs available to assist in culvert 

hydraulic analysis, this paper will focus on seven, rather than two programs.  Unlike 

Kassem et al., this paper will include a more focused and detailed analysis of program 

accuracy by focusing strictly on inlet and outlet control headwater depth and outlet 

velocities predictions in the test cases.  
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2 Culvert Hydraulics Background 

While culverts are simple structures, their analysis is complex because hydraulic 

behavior can vary dramatically.  Flow through a culvert is generally characterized by 

gradually or rapidly varying flow, and may also include the presence of a hydraulic jump 

(1).  To determine the flow profile through a culvert barrel, gradually varied flow 

calculations are completed through the use of normal, critical, and tailwater depths as 

boundary conditions.  The depth of flow through a culvert is always approaching the 

boundary depths at the inlet and exit of the barrel.  Energy and momentum calculations 

are required to determine the presence and location of a hydraulic jump (1).  Flow 

through a culvert is controlled by either the barrel inlet or outlet, and the control may 

change by simply increasing or decreasing the flow rate, slope, and tailwater depth.  The 

headwater depth at the entrances is directly affected by whether the flow control is at the 

inlet or the outlet of the culvert.  Therefore it is important in design to determine which 

control produces the highest headwater depths in order to prevent problems such as flow 

overtopping the roadway and flooding of surrounding areas. 

The classification of gradually varied flow profiles in culvert barrels is defined by 

the type of slope on which they exist, as well as the boundary conditions.  When normal 

depth is greater than critical depth throughout the barrel, the slope is mild with the 

upstream boundary depth equal to normal, while critical or tailwater depth acts as the 
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downstream boundary.  On steep slopes, critical depth is greater than normal and is used 

for the upstream boundary depth; normal or tailwater depth acts as the downstream 

boundary (4).  In the hydraulic analysis of culverts, boundary conditions govern the water 

depths at the inlet and outlet of the culvert.  This is important in forewater and backwater 

calculations when computing headwater depths and outlet velocities.  For a more detailed 

explanation of water surface profiles and boundary conditions see Appendix A. 

While it is standard procedure in culvert hydraulic computations to use critical 

depth at the outlet, for tailwater depths less than critical the true depth at the outlet is 

slightly below critical; also known as brink depth (5).  Critical depth actually occurs just 

inside the culvert outlet and from there the water surface moves through brink depth as it 

meets the tailwater downstream of the culvert (Figure 2-1).  In this paper, all 

computations were made using the standard culvert hydraulic procedure where the outlet 

depth is equal to critical.  Brink depth was not considered.   

 

 

Figure 2-1 Brink Depth



5 

3 Computer Programs 

While there are several culvert hydraulic programs that exist commercially, 

privately, and in public domain, only seven of those programs were studied in this 

research: HY-8, Fish X-ing, BCAP, Hydraflow Express, Culvert Master, Culvert, and 

HEC-RAS (Table 1).  The criteria for selecting these particular programs for research 

were based on functionality and availability.  To obtain a useful comparison of available 

culvert hydraulic software it was necessary to select programs that offered a wide range 

of features from fish passage to broken-back culvert analysis.  The programs listed in 

Table 1-1 were also the most readily available at the time of the study. 

3.1 HY-8 

The first version of HY-8 was developed for the Federal Highway Administration 

using a Quick Basic compiler (6).  Philip Thompson of the FHWA later released other 

versions of HY-8 (7).  Until recently, HY-8 was a DOS-based computer program with 

limited graphical capabilities.  However, the program has recently been translated into the 

C++ programming language with a new graphical user interface compatible with the MS 

Windows operating system (8).  The new Windows version of HY-8 includes superior 

graphics and plotting capabilities when compared to its older counterparts.  The updated 
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version also includes a new report generation feature.  The primary function of HY-8 is to 

compute headwater depths at the entrance of culverts. 

3.2 Fish X-ing 

The United States Forest Service developed Fish X-ing for the purpose of 

assessing and designing culvert crossings suitable for fish passage.  Utilizing gradually 

varied flow equations, Fish X-ing analyzes culvert crossings by computing water surface 

profiles for a range of flows (9).  The program compares the hydraulic flow conditions 

within a culvert to the swimming abilities of fish to determine if a particular culvert is 

friendly to fish passage. 

3.3 Broken-back Culvert Analysis Program (BCAP) 

The Nebraska Department of Roads developed the Broken Back Culvert Analysis 

Program in 1998 (10).  The primary goal behind the development of this program was to 

automate the analysis of culverts containing one or two break elevations.  Another 

strength of the program is its ability to determine the presence of hydraulic jumps in 

culverts through the use of the momentum equation. 

3.4 Hydraflow Express 

Hydraflow Express, by Intelisolve, was developed for quick culvert analysis along 

with other hydraulic and hydrologic problems.  The program is capable of calculating 

hydraulic profiles as well as rating tables for the following shapes: box, elliptical, 

circular, and arch.  Also included in the program is the ability to analyze hydraulic jumps 
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and roadway overtopping (11).  The hydraulic theory utilized in the program is taken 

from HDS-5 (1). 

3.5 Culvert Master 

Culvert Master, developed by Haestad Methods, computes headwater depths at 

the entrance of culverts (12).  The program allows for input of watershed information to 

obtain rainfall and runoff values that will eventually pass through the culvert barrel. 

3.6 Culvert  

The Texas Department of Transportation developed Culvert for use in designing 

highway culverts.  Version 1.2, released in 2002, allows for the analysis of straight 

culvert barrels as well as culverts with single or double break elevations (13). 

3.7 HEC-RAS 

Developed by the US Army Corps of Engineers, HEC-RAS is a multi-purpose 

program with the capabilities of analyzing steady and unsteady flow conditions.  

However, HEC-RAS is a more complex program in that it was designed for river analysis 

and is more input intensive.  As a result, a culvert is analyzed as a part of the stream 

network, where the upstream cross sections, velocities, and flow contractions are 

considered in the culvert hydraulic analysis—a feature unique only to HEC-RAS of the 

seven programs studied (14).  In order to generate a complete culvert model, four stream 

cross sections are required (14).   
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4 Program Feature Comparison 

Of the seven programs analyzed, each one has different characteristics that make 

it unique, ranging from the most complex program in terms of user input, HEC-RAS, to 

the most basic, Hydraflow Express.  Table 4-1 lists and compares the hydraulic features 

found in each program. 

Table 4-1 Program Feature and Capability Comparison 

 HY-8 Fish  
X-ing BCAP Hydraflow 

Express 
Culvert 
Master Culvert HEC-

RAS 
Roadway 

Overtopping        

Multiple Identical 
Barrels        

Inlet and Outlet 
Control        

Water Surface 
Profile Plots        

Full Flow Option        

Hydraulic Jumps        

Culvert Break 
Points        

Partially Filled 
Culverts        

Adverse Slope 
Analysis        

Horizontal Slope 
Analysis        

Fish Passage        
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All programs with the exception of Fish X-ing and BCAP can analyze roadway 

overtopping.  While roadway overtopping is a major concern in the design of culverts, the 

primary focus of Fish X-ing is the suitability of a culvert for fish passage (9).  The 

primary importance of BCAP is the analysis of hydraulic jumps as well as broken back 

culverts (10).  Culvert Master and Culvert do not provide plots of the water surface 

profile through the culvert barrel.  HY-8 is the only program with a full flow option that 

assumes the culvert barrel is flowing full throughout its length. 

 BCAP and Culvert are the only two programs that include the capability to 

analyze broken back culverts, while Fish X-ing and HEC-RAS are the only programs that 

analyze partially filled or buried culverts, utilizing a composite Manning’s n value in the 

computations (9, 14). 

 While all of the programs are capable of computing inlet and outlet control 

headwater depths, different methods of doing so exist among the programs.  The next 

section analyzes the difference between these methods more closely. 

4.1 Inlet Control Headwater Depth 

Flow through a culvert is typically controlled by one of two locations: the culvert 

inlet or the culvert outlet.  Under inlet control, the culvert barrel is capable of passing 

more flow than what the inlet will allow to enter (1).  The flow is supercritical under such 

conditions, with higher velocities and shallower depths through the culvert.  Losses under 

inlet control do not propagate upstream and only the inlet shape and entrance type affect 

the computed headwater depth (1).  
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The headwater depth under inlet control is dependent on the whether or not the 

entrance is submerged.  If the entrance of the culvert is not submerged, it behaves like a 

weir as flow enters the culvert, while a submerged culvert entrance acts as an orifice (1).   

Under the sponsorship of the Federal Highway Administration, the National Bureau 

of Standards (NBS) developed equations defining inlet control headwater depth (1).  The 

NBS equations were created from lab data that was collected for culvert models on a 2% 

slope for submerged and unsubmerged conditions (6).  The data collected for inlet control 

was plotted with HW/D on the ordinate and Q/AD0.5 on the abscissa.  Best fit curves were 

identified for both the unsubmerged and submerged data sets (5) and the equations for 

which are represented by Equations 4-1 and 4-2 (1).  Equation 4-1 represents the 

unsubmerged data set while Equation 4-2 is representative of submerged or orifice flow 

data:   

 

S
AD

QK
D
H

D
HW M

ci 5.005 −⎥⎦
⎤

⎢⎣
⎡+=       (4-1) 

 

SY
AD

Qc
D

HWi 5.0
2

05 −+⎥⎦
⎤

⎢⎣
⎡=       (4-2) 

 

where HWi is the headwater depth for inlet control (ft), D is the barrel rise (ft), Hc is the 

specific head at critical depth (dc + Vc
2/2g) (ft), Q is the discharge through the barrel 

(cfs), A is the full cross sectional area of culvert barrel (ft2), S is the culvert barrel slope 

(ft/ft), dc is critical depth (ft), Vc is the critical velocity (ft/s2), and K, M, c, and Y are 
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constants.  Figure 4-1 shows the unsubmerged and submerged curves defined by the NBS 

equations. 

 

 

Figure 4-1 Unsubmerged, Submerged and Transition Zones 

When the flow at the entrance of the culvert changes from unsubmerged to 

submerged flow, a transition zone develops which is not well defined.  As a result, the 

transition zone is approximated by creating a line tangent to the submerged and 

unsubmerged curves.  The typical range through which the transition occurs is 3.5 < 

Q/AD0.5 < 4.0 (1).  Of the seven programs studied, only three utilized these procedures 
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for computing inlet control headwater depth outlined by the National Bureau of 

Standards: Culvert Master, HEC-RAS, and Hydraflow Express (Table 4-2). 

An alternative to the NBS method was used to determine the headwater depths for 

HY-8 (7), BCAP (10), and Culvert (13).  This method involves creating a best fit, fifth 

degree polynomial curve through all three zones of flow: unsubmerged, transition, and 

submerged (1).  In the computational methods, the appropriate polynomial equation is 

used to determine the inlet control headwater depth.  Polynomials must be derived for all 

culvert inlet types in order to be implemented into code (Appendix E).  The fifth degree 

polynomial is expressed in Equation 4-4: 

 

S
AD

Qf
AD

Qe
AD

Qd
AD

Qc
AD

Qba
D

HW 5.0
5

5.0

4

5.0

3

5.0

2

5.05.0 −⎥⎦
⎤

⎢⎣
⎡+⎥⎦

⎤
⎢⎣
⎡+⎥⎦

⎤
⎢⎣
⎡+⎥⎦

⎤
⎢⎣
⎡+⎥⎦

⎤
⎢⎣
⎡+=        (4-3) 

 

where HW is the inlet control headwater depth (ft), Q is the flow through culvert barrel 

(cfs), A is the cross sectional area of the culvert (ft), D is the barrel rise (ft), S is the 

culvert slope (ft/ft), and a, b, c, d, e, and f are polynomial coefficients.  Equation 4-4 is 

only applicable for 0.5 < HW/D < 3.0 (7).  The difference between the polynomial and 

NBS curves is shown for low and high flows in Figure 4-1 as the polynomial curve 

diverges from those defined by the NBS Equations.  As a result, HY-8, BCAP, and 

Culvert must account for the low and high flow conditions through the use of a low flow 

entrance loss coefficient and high flow factor (7).  

Fish X-ing has a slightly different algorithm implemented for computing inlet 

control headwater depths.  As shown in Table 4-2, Fish X-ing computes inlet control 
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headwater depth by adding the entrance loss and velocity head to the depth of water at the 

culvert inlet (9).   

Table 4-2 Comparison of Inlet Control Headwater Depth Computational Methods 

Inlet Control Method HY-8 Fish 
X-ing BCAP Hydraflow 

Express 
Culvert 
Master Culvert HEC-

RAS 

Polynomial Equations        

NBS Equations        

( ) y
g

vky eHW ++=
2

1
2

        

 

4.2 Outlet Control Headwater Depth 

Under outlet control, flow in the culvert barrel exceeds its capacity.  Subcritical 

flow persists under outlet control, with greater water depths and lower velocities through 

the culvert (1). 

When computing the outlet control headwater depth via backwater calculations, 

the entrance, exit, and friction losses through the barrel are added to the depth of water at 

the entrance (1).  All of the programs utilize backwater calculations to determine the 

depth at the entrance of the culvert.  However, a problem arises when using backwater 

methods for steeply sloped culverts coupled with tailwater depths less than normal.  With 

this method, the resulting outlet control headwater depth obtained is greater than that 

reported for inlet control, which is incorrect.  In this situation the culvert will always be 

inlet controlled with supercritical flow through the barrel.  Outlet control will never 

occur.   
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Of the programs studied, six assume critical depth at the entrance and use the 

procedure described for computing outlet control headwater depths.  Although HEC-RAS 

uses this method, it appears the program is aware that flow through the culvert is not 

controlled at the outlet and still reports the control as inlet.  HY-8 reports 0.0 for the 

outlet control headwater depth on steeply sloped culverts with the tailwater depth less 

than normal depth.  The procedure used in all programs is incorrect.  To correctly 

represent the outlet control headwater depth for steeply sloped, low tailwater culverts, the 

programs should report only inlet control depths and state that the outlet control 

headwater depths are not applicable. 
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5 Performance Tests 

Although most of the programs incorporate the hydraulic theory outlined in the 

Hydraulic Design System 5 (1), variations do exist in the way the theory was 

implemented into code.  For this reason, four test cases were developed and analyzed 

using each of the programs.   

Due to the importance of headwater depths and outlet velocities in culvert 

hydraulics, all cases were developed to test the accuracy of inlet and outlet control 

headwater depth and outlet velocity approximations.  Case A was designed such that the 

culvert was inlet controlled for all flows.  Case B was designed to be outlet controlled for 

all flows.  Cases C and D were designed to test the transition from inlet to outlet control 

and outlet to inlet control as flow increases.  All test cases involved a 5 foot diameter, 

100 foot long, concrete pipe culvert with a square edge entrance and a headwall.  The 

cases have only slight differences in order to focus strictly on headwater depth and outlet 

velocity predictions.  A tailwater depth of 0.0 ft (perched outlet) was used in the first 

three cases so the tailwater would not impact the hydraulic analysis.  Table 5-1 

summarizes other pertinent input data for each case. 
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Table 5-1 Test Case Parameters 

Case Q (cfs) Slope (%) Tailwater Depth (ft) 
A 0-300 1.0 0.0 
B 0-100 0.2 0.0 
C 0-150 0.3 0.0 
D 0-200 0.5 4.5 

  

Figure 5-1 depicts each test case with its corresponding slope and tailwater conditions. 

 

 

Figure 5-1 Test Cases 

For each of the test cases, the inlet and outlet control headwater depths, outlet 

velocity, and flow control were manually computed for comparison with the values 
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predicted by the programs.  The NBS equations were used to compute the inlet control 

headwater depths for all cases (1).  The outlet control headwater depths were computed 

using the direct step backwater method to determine the inlet depth and adjusted by 

adding the inlet loss and velocity head inside the barrel.  This was done for all cases 

except when critical depth was greater than normal depth and tailwater was less than 

normal.  In this case, the culvert will never be under outlet control, and therefore it is not 

appropriate to compute outlet control headwater depths. According to the standard 

procedure for backwater calculations, brink depth was not considered. 

Outlet velocities were computed by determining the outlet depth (right at the exit 

of the culvert, as opposed to tailwater depth just outside the culvert barrel) and dividing 

the flow by the corresponding area.  For mild slopes, the outlet depth was assumed to be 

critical when the tailwater depth was less than critical depth.  For steep slopes, the outlet 

depth was determined from forewater calculations as the depth neared normal at the 

culvert outlet.  If normal depth was reached inside the barrel, normal depth was assumed 

at the outlet.  Tailwater depth was used as the outlet depth in cases where it exceeded the 

downstream boundary depth.  All details regarding the hand calculations can be found in 

Appendix B. 

5.1 Results and Discussion 

The predicted inlet and outlet control headwater depths and outlet velocities from 

the seven computer programs were compared to manually computed values (See 

Appendix C).  Solutions with noticeable error were identified by test case and 

corresponding barrel slope.  Statistical analyses were not used or appropriate since all of 



20 

results were strictly deterministic and without variability.  Following the suggested 

accuracy for nomographs based on the NBS equations for inlet control found in HDS-5 

(1), any error above or below 10% of the manually computed inlet control headwater 

depths were considered incorrect.  Differences between calculated and program results 

for inlet control headwater depth are plotted in Figure 5-2 as a function of dimensionless 

discharge. 

 

 

Figure 5-2 Inlet Control Headwater Depth Error 

HEC-RAS and HY-8 produced correct inlet control headwater values most 

consistently and with the lowest average error.  Differences using HY-8, although 

insignificant, are attributed to the fact that HY-8 uses the 5th degree polynomial approach 

rather than the NBS equations when computing the inlet control headwater depth.  Fish 
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X-ing was unable to produce values for the inlet control headwater depths because for all 

cases the program predicted flow control at the outlet of the culvert and failed to report 

inlet control values.   

In case D, it is unclear why Culvert Master performed poorly with errors ranging 

from 30-140% (0.91-2.33 ft).  According to the user’s manual, the program uses the same 

procedure followed in the manual calculations (12).  However, while it appears to be a 

bug in the program for this condition, the exact cause of error is undetermined since the 

code used in Culvert Master was inaccessible for this study.   

The errors found in Culvert are due to the fact that the fifth degree polynomial 

equation (Equation 4-4) is only accurate for HW/D ratios between 0.5 and 3.0 (13).  For 

flows below approximately 40 cfs, the HW/D ratios were below 0.5.  Instead of 

accounting for the low flow conditions by using a low flow entrance loss coefficient (7), 

it appears that Culvert sets the headwater depth equal to a lower limit of half the pipe 

diameter, 2.5 feet, until the depths were such that it was appropriate to use the fifth 

degree polynomial equation.  The highest error of 114% (1.33 ft) occurred in case B and 

the lowest error of 20% (0.41 ft) occurred in case A. 

Figure 5-3 shows the error for outlet control headwater depth predicted by each of 

the programs.  For cases B and C, BCAP inaccurately predicted the flow control at the 

inlet for all flows.  BCAP also overestimated the outlet control headwater depth results 

for case D with a maximum error of 21% (1.52 ft).  These errors occur because BCAP 

was not intended to be used for straight culverts.  In broken-back culvert operations, 

hydraulic control is invariably at the entrance or at the break in culvert slope.  Outlet 

control has not been fully considered in the program and therefore results in error. 
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HEC-RAS, Culvert Master, Culvert, and Fish X-ing all produced relatively high 

average errors for case A.  The high error in this case resulted from the misuse of the 

outlet control equation for steeply sloped culverts (critical depth greater than normal 

depth).  Since outlet control does not exist in these cases with tailwater depth less than 

normal, outlet control headwater depths reported by any program are not valid and 

therefore were not considered in Figure 5-3.  Culvert Master and HEC-RAS produced the 

most accurate results with HY-8 having minimal error as well. 

Hydraflow Express consistently predicted outlet control headwater depths below 

the correct value with errors ranging from 18% (0.85 ft) in case B to 24% (approximately 

1.0 ft) in case C.  In part, this was due to the inappropriate outlet depths used in the 

standard step computations.  In case C, for example, the hydraulic slope of the culvert 

changed from steep to mild, and therefore the boundary condition at the downstream end 

of the culvert changed from normal to critical as flow increased.  However, for all flows, 

Hydraflow Express assumed outlet control and used critical depth at the outlet for all 

flows.  The program also used a standard step procedure for outlet control headwater 

depth computations while the manual computations used the direct step method (10).  

Because the program code was unavailable, the exact cause of error in the resulting 

headwater depths is unclear. 

Figure 5-4 shows the results of the computed outlet velocity for each test case.  In 

case A, Hydraflow Express reported the highest error for outlet velocity (-34%, -3.0 ft 

below calculated value) while Fish X-ing produced the highest error for cases B (40%, 

3.54 ft) and C (40%, 4.16 ft).  Culvert Master produced the highest error in case D (19%, 

1.82 ft).   
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Figure 5-3 Outlet Control Headwater Depth Error 

In case A, Hydraflow Express appeared to use critical rather than normal depth as 

the outlet depth, which resulted in outlet velocities much lower than calculated.  The error 

in Fish X-ing was attributed to the fact that for the last flow of 300 cfs, Fish X-ing 

predicted a mild hydraulic slope with normal depth greater than critical, producing a 

higher outlet velocity than expected.   

Since the hydraulic slope in case B was mild and tailwater depth was less than 

critical at the outlet, the downstream boundary was critical depth.  However, Fish X-ing 

predicted outlet depths lower than critical depth, producing excessive outlet velocities for 

this case.  The same error occurred in case C for Fish X-ing when the program produced 

outlet depths much lower than critical depth at higher flows.  The reason for these errors 
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is a result of the way in which Fish X-ing predicts outlet depths.  For hydraulically mild 

slopes, the program appears to use brink depth at the outlet rather than critical depth as in 

standard culvert hydraulic calculations.  However, the method for obtaining outlet depth 

in this case is unclear since the program reference manual does not clearly explain the 

processes implemented in Fish X-ing (9). 

 

 

Figure 5-4 Outlet Velocity Error 

In case D for the dimensionless discharge value of 0.9, HEC-RAS was unable to 

balance the energy equation and therefore assumed an outlet depth of critical.  This 

assumption proved incorrect as the depth was actually normal.  As a result, HEC-RAS 

over predicted the outlet velocity (15%, 1.45 ft).  Since the code for HEC-RAS was 

inaccessible, it is unclear why the program produced high outlet velocity errors for higher 
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flows in case A.  It appears that Culvert Master had the same error as HEC-RAS for case 

D. 

BCAP had a minor error in case B (11%, 1.0 ft) as a result of predicting inlet 

control when the actual flow control was at the outlet.  Again this error is attributed to the 

problems with straight barrel analysis in a program designed for broken-back culverts.  

5.2 Analysis of Results 

Although most of the programs produce accurate results most of the time, several 

limitations were identified.  While operating under outlet control, Hydraflow Express is 

unable to produce accurate headwater depths.  Fish X-ing is unable to analyze culverts 

under inlet control.  Regardless of the hydraulic slope of the culvert, all cases are 

assumed to operate under outlet control.  BCAP is also limited in its ability to analyze 

straight barrel culverts operating under outlet control with high tailwater. 

For low flow cases, Culvert was unable to predict accurate inlet control headwater 

depths.  Culvert also has a problem determining the controlling headwater depths.  While 

Culvert reports inlet and outlet control headwater depths, the controlling headwater depth 

is reported in a separate column.  In general practice, the higher of the inlet and outlet 

control headwater depths is recorded as the controlling depth.  In Culvert, a combination 

of the inlet control and outlet control depths is used, however, and the computational 

algorithm is not known. 

HY-8, HEC-RAS, and Culvert Master predicted the most accurate results most 

consistently in the four test cases.  
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6 Summary and Conclusions 

The first objective of the research was to identify and compare available features 

in seven culvert hydraulic programs.  It was found that each program was designed to 

handle specific capabilities, the importance of which depends on the design constraints.  

Users should select the appropriate program focused for their specific needs. 

The second objective was to analyze the accuracy of the results produced by each 

program when tested with four different hydraulic cases.  While most of the programs 

produced accurate results for most of the cases, errors did exist.  Fish X-ing was unable to 

analyze culverts under inlet control, while Hydraflow Express was unable to predict 

accurate outlet control headwater depths.  Culvert could not accurately analyze culverts 

under low flow conditions, while BCAP was unable to properly analyze straight barrel 

culverts under outlet control.  HEC-RAS and Culvert Master and HY-8 produced the 

most accurate results most consistently in the test cases. 

Based on this research, Fish X-ing, HEC-RAS, BCAP, and Culvert all have 

unique features separating them from the other programs.  Fish X-ing is the only program 

that analyzes culverts for fish passage, while HEC-RAS is the only program that analyzes 

culverts as part of a stream network.  BCAP and Culvert are the only programs that will 

analyze broken back culverts.  In terms of program accuracy, Fish X-ing, BCAP, 

Hydraflow Express, and Culvert predicted inaccurate results most frequently.  HEC-RAS 
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and Culvert Master and HY-8 produced the most accurate results most consistently in the 

test cases.  
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Appendix A. Culvert Hydraulic Review 

When computing water surface profiles through a culvert barrel, boundary 

conditions are required such that the forewater and backwater computations begin at the 

appropriate depth.  The five classifications of gradually varied flow profiles include 

steep, mild, horizontal, adverse, and critical.  There are three levels in each classification; 

however, the third level was ignored here since the upstream boundary condition is 0.0 

flow depth which will never occur (1). 

A.1 Steep 

A slope is defined as steep when critical depth is greater than normal depth.  In 

this situation the upstream boundary condition is critical depth.  For an S1 curve, the 

tailwater depth is greater than both the normal and critical depth at the outlet, and 

therefore the tailwater depth is the downstream boundary condition.  For an S2 curve, as 

long as the tailwater depth is below critical the downstream boundary condition will be 

normal depth (1).   
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Figure A-1 Steep Slope Profiles (1) 

A.2 Mild 

For mild slopes, critical depth is always less than normal depth.  Under these 

conditions, normal depth serves as the upstream boundary condition, as shown in Figure 

A-2.  When the tailwater depth is greater than critical and normal depth, the flow profile 

is classified as M1 and the downstream boundary condition is the tailwater depth.  When 

the tailwater depth is less than critical the flow profile is M2 and the downstream 

boundary condition is critical depth (1). 

 

 

Figure A-2 Mild Slope Profiles (1) 
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A.3 Horizontal 

Horizontal slopes are not common, although they can exist from settlement of the 

culvert barrel.  Analysis of culverts on a 0% slope becomes difficult, for normal depth 

approaches infinity due to the zero slope entered in Manning’s equation.  The problem 

arises during backwater computations when approaching the upstream boundary, which 

in this case is infinity.  Therefore, H1 curves are undefined (1). 

 

 

Figure A-3 Horizontal Slope Profiles (1) 

A.4 Adverse 

Analysis of a culvert barrel on an adverse slopes face similar challenges to those 

on horizontal slopes.  With an adverse slope, solving Manning’s equation results in an 

undefined value for normal depth.  As with horizontal slopes, the A1 profile is undefined 

since the upstream boundary condition of normal depth is undefined.  The A2 profile is 

inferred, with critical depth as the downstream boundary condition (1). 
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Figure A-4 Adverse Slope Profiles (1) 

A.5 Critical 

Critical slope profiles are rare instances when the normal depth is equal to the 

critical depth.  A C1 profile occurs when the water depth is greater than both critical and 

normal depth, where the downstream boundary is the tailwater depth and the upstream 

boundary is equal to normal and critical depth.  A C2 profile is the line equal to normal 

and critical depth through the length of the culvert (1). 

 

 

Figure A-5 Critical Slope Profiles (1) 
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Appendix B. Hand Calculations 

Four test cases were developed for the purpose of comparing the computed inlet 

and outlet control headwater depths and outlet velocities determined by each of the 

programs.  Normal and critical depths were computed for all flows in each test case to 

determine the slope and boundary conditions defining each test case.  NBS equations 

were used to compute inlet control headwater depths, while backwater calculations were 

used for computing outlet control headwater depths. 

B.1 Normal and Critical Depth 

Normal and critical depth values are important in determining boundary conditions 

in culvert hydraulics and were computed using the Goal Seek tool in Microsoft Excel.  

Equations B-1 through B-4 were used in the normal depth computations, while Equations 

B-1 and B-4 through B-6 were used in the critical depth computations (1): 
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where A is the area of flow (ft2), D is the barrel rise (ft), θ is the angle that defines the top 

width of flow (radians), R is the hydraulic radius (ft), Q is the flow through the culvert 

(cfs), k is a units constant (1.49 for English), n is Manning’s roughness coefficient 

(unitless), S is the slope of the culvert barrel (ft/ft), yn is the normal depth of flow (ft), yc 

is critical depth (ft), T is the top width of flow (ft), and g is the acceleration due to gravity 

(32.2 ft/s2). 

The computation of normal and critical depth values was necessary to determine 

the type of hydraulic slope, which in turn affected the boundary conditions when 

computing backwater calculations.  If critical depth was greater than normal depth, the 

slope was steep, otherwise the slope was mild. 
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B.2 Inlet Control Headwater Depth 

Following the procedures outlined in HDS-5 for computing inlet control 

headwater depth, the NBS equations (Equations 4-1 and 4-2) were used.  Equation 4-1, 

for unsubmerged flow, is only applicable for values of Q/(AD0.5) < 3.5 whereas Equation 

4-2 is only applicable for values of Q/(AD0.5) > 4.0 (2).   The computed inlet control 

headwater depths for each of the four test cases are displayed in Tables B-1 through B-4.  

For Case D, the headwater depth value at 160 cfs occurred in the transition zone.  Table 

B-4 contains more flow values between 140 and 180 cfs to better define the beginning 

and end of the transition zone (Q/AD0.5 = 3.5 and Q/AD0.5 = 4.0).  A linear line was used 

to interpolate between the two endpoints of the transition zone.  The equation defining 

the transition zone was used to obtain the inlet control headwater depth of 6.0 ft at 160 

cfs (Figure B-1).   
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Figure B-1 Case D Linear Transition Zone 

Tables B-1 through B-4 show the headwater depth values computed at each flow 

for both the submerged and unsubmerged conditions in all four test cases.  The values for 

the coefficients used in the NBS equations were obtained from HDS-5 where K = 0.0098, 

M = 2.0, c = 0.0398, and Y = 0.67 for a concrete pipe culvert with a square edge and 

headwall (2).  
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Table B-1 Case A: Manually Computed Inlet Control Depths 
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Table B-2 Case B: Manually Computed Inlet Control Depths 
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Table B-3 Case C: Manually Computed Inlet Control Depths 
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Table B-4 Case D: Manually Computed Inlet Control Depths 
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B.3 Outlet Control Headwater Depth 

Outlet control headwater depths were determined using the direct step backwater 

method.  The direct step method involves assuming a delta y value (depth of water) and 

computing the corresponding delta x value (distance up the culvert corresponding to the 

assumed water depth).  The headwater depth was computed by adding the entrance loss 

and velocity head inside the culvert to the depth in the entrance of the culvert determined 

from backwater calculations.  Equations B-7 through B-15 (1) were used to complete the 

direct step backwater computations for determining the outlet control headwater depths: 

 

DP θ5.0=          (B-7) 
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        (B-8) 

 

where P is the wetted perimeter (ft), D is the culvert diameter (ft), and θ is the angle that 

defines the top of the width of flow (rad), and A is the area of flow (ft2); 

 

A
Qu =           (B-9) 

 

where u is the velocity of flow in the culvert barrel (ft/s), Q is the flow through the barrel 

(cfs); 
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where F is the Froude number and g is the acceleration due to gravity (32.2 ft/s2); 

 

3/42

22

Rk
unS f =          (B-11) 

 

where n is the Manning’s roughness coefficient, k is a units constant, R is the hydraulic 

radius (ft), and Sf is the friction slope through the barrel; 

 

( )21 FyE −∆=∆         (B-12) 
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where ∆E is the change in energy through the length of the barrel (ft), ∆y is the change in 

depth of flow (ft), ∆x is the change in distance along the length of the barrel (ft), and So is 

the slope of the barrel; 
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where HW is the headwater depth just upstream of the entrance of the culvert (ft), y is the 

depth of flow at the entrance of the barrel (ft), and ke is the entrance loss coefficient. 

 Case A was not analyzed using backwater calculations since the case was on a 

steep slope (critical depth greater than normal) with no tailwater and could therefore 

never operate under outlet control.  Tables B-5 through B-14 show the backwater 

calculations for case B starting at critical depth downstream and continuing up the culvert 

until the entrance was reached (sum of delta x values = -100 ft).  Once the entrance of the 

culvert was reached, the velocity head inside the culvert and the entrance loss were added 

to the corresponding water depth to obtain the headwater depth.  In case C, the slope of 

the culvert changes from steep to mild and therefore the backwater computations were 

only completed for the mild cases where normal depth is less than critical (Tables B-15 

through B-20).    Again, the downstream starting depth was critical.  Tables B-21 through 

B-30 show the outlet control headwater depths for case D.  The computations began at 

the tailwater depth downstream since it was greater than critical and normal depth at all 

flows. 
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Table B-5 Case B 10 cfs: Manually Computed Outlet Control Headwater Depths 
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Table B-6 Case B 20 cfs: Manually Computed Outlet Control Headwater Depths 
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Table B-7 Case B 30 cfs: Manually Computed Outlet Control Headwater Depths 
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Table B-8 Case B 40 cfs: Manually Computed Outlet Control Headwater Depths 
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Table B-9 Case B 50 cfs: Manually Computed Outlet Control Headwater Depths 
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Table B-10 Case B 60 cfs: Manually Computed Outlet Control Headwater Depths 
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Table B-11 Case B 70 cfs: Manually Computed Outlet Control Headwater Depths 
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Table B-12 Case B 80 cfs: Manually Computed Outlet Control Headwater Depths 
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Table B-13 Case B 90 cfs: Manually Computed Outlet Control Headwater Depths 
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Table B-14 Case B 100 cfs: Manually Computed Outlet Control Headwater Depths 
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Table B-15 Case C 75 cfs: Manually Computed Outlet Control Headwater Depths 
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Table B-16 Case C 90 cfs: Manually Computed Outlet Control Headwater Depths 
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Table B-17 Case C 105 cfs: Manually Computed Outlet Control Headwater Depths 
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Table B-18 Case C 120 cfs: Manually Computed Outlet Control Headwater Depths 
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Table B-19 Case C 135 cfs: Manually Computed Outlet Control Headwater Depths 
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Table B-20 Case C 150 cfs: Manually Computed Outlet Control Headwater Depths 
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Table B-21 Case D 20 cfs: Manually Computed Outlet Control Headwater Depths 
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Table B-22 Case D 40 cfs: Manually Computed Outlet Control Headwater Depths 
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Table B-23 Case D 60 cfs: Manually Computed Outlet Control Headwater Depths 



65 

 

Table B-24 Case D 80 cfs: Manually Computed Outlet Control Headwater Depths 
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Table B-25 Case D 100 cfs: Manually Computed Outlet Control Headwater Depths 
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Table B-26 Case D 120 cfs: Manually Computed Outlet Control Headwater Depths 
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Table B-27 Case D 140 cfs: Manually Computed Outlet Control Headwater Depths 
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Table B-28 Case D 160 cfs: Manually Computed Outlet Control Headwater Depths 
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Table B-29 Case D 180 cfs: Manually Computed Outlet Control Headwater Depths 
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Table B-30 Case D 200 cfs: Manually Computed Outlet Control Headwater Depths 
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B.4 Outlet Velocity Computations 

To compute the appropriate outlet velocities, critical and normal depth values 

were first compared to determine the hydraulic slope of the culvert.  For hydraulically 

steep culverts, the downstream boundary condition was normal depth as long as the 

tailwater depth was less than normal.  Tables B-31 through B-40 show the forewater 

computations used to determine the appropriate outlet depths for case A.  Table B-41 

shows the results of the outlet velocity computations for case A.  Equation B-4 was used 

to compute the angle defining the top width of flow in the culvert, from which the area of 

flow was computed (Equation B-1).  The velocity at the outlet was then computed by 

dividing the flow through the culvert by the area of flow. 
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Table B-31 Case A 30 cfs: Manually Computed Outlet Depths 
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Table B-32 Case A 60 cfs: Manually Computed Outlet Depths 
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Table B-33 Case A 90 cfs: Manually Computed Outlet Depths 
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Table B-34 Case A 120 cfs: Manually Computed Outlet Depths 
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Table B-35 Case A 150 cfs: Manually Computed Outlet Depths 
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Table B-36 Case A 180 cfs: Manually Computed Outlet Depths 
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Table B-37 Case A 210 cfs: Manually Computed Outlet Depths 
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Table B-38 Case A 240 cfs: Manually Computed Outlet Depths 
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Table B-39 Case A 270 cfs: Manually Computed Outlet Depths 
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Table B-40 Case A 300 cfs: Manually Computed Outlet Depths 
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Table B-41 Case A Outlet Velocity Computations 

Q yn yc Tailwater Slope Boundary youtlet Angle Area Voutlet 
cfs ft ft ft ---  --- ft rad ft2 ft/s 
30 1.10 1.52 0.00 Steep Normal 1.14 1.99 3.36 8.93 
60 1.56 2.18 0.00 Steep Normal 1.66 2.46 5.71 10.52 
90 1.94 2.69 0.00 Steep Normal 2.09 2.81 7.79 11.56 
120 2.27 3.13 0.00 Steep Normal 2.48 3.12 9.69 12.38 
150 2.59 3.51 0.00 Steep Normal 2.83 3.40 11.45 13.10 
180 2.90 3.84 0.00 Steep Normal 3.16 3.68 13.09 13.76 
210 3.21 4.13 0.00 Steep Normal 3.48 3.95 14.59 14.39 
240 3.54 4.36 0.00 Steep Normal 3.80 4.23 15.99 15.01 
270 3.91 4.54 0.00 Steep Normal 4.11 4.54 17.28 15.62 
300 4.45 4.67 0.00 Steep Normal 4.52 5.02 18.68 16.06 

 

 In case B, the hydraulic slope was determined to be mild, and with a tailwater 

depth of 0.0 feet, the depth at the outlet was assumed to be critical.  Table B-42 shows the 

results of the outlet velocity computations for case B. 

Table B-42 Case B Outlet Velocity Computations 

Q yn yc Tailwater Slope Boundary youtlet Angle Area Voutlet 
cfs ft ft ft --- --- ft rad ft2 ft/s 
10 0.95 0.87 0.00 Mild Critical 0.87 1.72 2.27 4.40 
20 1.34 1.23 0.00 Mild Critical 1.23 2.08 3.77 5.31 
30 1.66 1.52 0.00 Mild Critical 1.52 2.34 5.05 5.94 
40 1.93 1.76 0.00 Mild Critical 1.76 2.54 6.19 6.46 
50 2.18 1.98 0.00 Mild Critical 1.98 2.72 7.24 6.90 
60 2.42 2.18 0.00 Mild Critical 2.18 2.88 8.21 7.30 
70 2.66 2.36 0.00 Mild Critical 2.36 3.03 9.12 7.67 
80 2.89 2.53 0.00 Mild Critical 2.53 3.17 9.98 8.02 
90 3.12 2.69 0.00 Mild Critical 2.69 3.30 10.78 8.35 
100 3.35 2.85 0.00 Mild Critical 2.85 3.42 11.54 8.66 

 

 Forewater calculations (Tables B-43 through B-46) were required for case C 

when normal depth was less than critical (steep slope).  Table B-47 shows the results of 

the outlet velocity computations for case C. 
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Table B-43 Case C 15 cfs: Manually Computed Outlet Depths 
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Table B-44 Case C 30 cfs: Manually Computed Outlet Depths 
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Table B-45 Case C 45 cfs: Manually Computed Outlet Depths 
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Table B-46 Case C 60 cfs: Manually Computed Outlet Depths 
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Table B-47 Case C: Outlet Velocity Computations 

Q yn yc Tailwater Slope Boundary youtlet Angle Area Voutlet 
cfs ft ft ft --- ---  ft rad ft2 ft/s 
15 1.05 1.06 0.00 Steep Normal 1.05 1.90 3.00 5.00 
30 1.49 1.52 0.00 Steep Normal 1.49 2.31 4.91 6.11 
45 1.85 1.88 0.00 Steep Normal 1.85 2.61 6.58 6.84 
60 2.16 2.18 0.00 Steep Normal 2.16 2.87 8.12 7.39 
75 2.45 2.45 0.00 Mild Critical 2.45 3.10 9.56 7.85 
90 2.74 2.69 0.00 Mild Critical 2.69 3.30 10.78 8.35 
105 3.02 2.92 0.00 Mild Critical 2.92 3.48 11.91 8.82 
120 3.30 3.13 0.00 Mild Critical 3.13 3.65 12.93 9.28 
135 3.61 3.33 0.00 Mild Critical 3.33 3.82 13.87 9.73 
150 3.96 3.51 0.00 Mild Critical 3.51 3.97 14.73 10.18 

 

Table B-48 shows the outlet depths and velocities computed for case D.  Since the 

tailwater depth was greater than both normal and critical depths, the outlet depth was 

assumed to be the tailwater depth of 4.5 feet for all flows. 

Table B-48 Case D: Outlet Velocity Computations 

Q yn yc Tailwater Slope Boundary youtlet Angle Area Voutlet 
cfs ft ft ft --- ---  ft rad ft2 ft/s 
20 1.07 1.23 4.50 Steep Tailwater 4.5 5.00 18.61 1.07 
40 1.52 1.76 4.50 Steep Tailwater 4.5 5.00 18.61 2.15 
60 1.88 2.18 4.50 Steep Tailwater 4.5 5.00 18.61 3.22 
80 2.20 2.53 4.50 Steep Tailwater 4.5 5.00 18.61 4.30 
100 2.50 2.85 4.50 Steep Tailwater 4.5 5.00 18.61 5.37 
120 2.79 3.13 4.50 Steep Tailwater 4.5 5.00 18.61 6.45 
140 3.08 3.39 4.50 Steep Tailwater 4.5 5.00 18.61 7.52 
160 3.38 3.63 4.50 Steep Tailwater 4.5 5.00 18.61 8.60 
180 3.71 3.84 4.50 Steep Tailwater 4.5 5.00 18.61 9.67 
200 4.10 4.04 4.50 Mild Tailwater 4.5 5.00 18.61 10.75 
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Appendix C. Program Testing 

Four test cases were developed for the purpose of testing and comparing the 

computed inlet and outlet control headwater depths as well as the outlet velocity 

determined by each of the programs.  Flow control was determined by comparing the 

predicted inlet and outlet control headwater depths and selecting the larger of the two as 

the control (1).   

Tables C-1 through C-4 show the program outputs for inlet control headwater 

depth from all seven programs.  The programs that did not specify inlet control headwater 

depths at certain flows are identified. 

Table C-1 Case A Inlet Control Headwater Depths (ft) 

Q 

Manually 
Computed 

Value HY-8 Fish X-ing BCAP 
Hydraflow 

Express 
Culvert 
Master Culvert 

HEC-
RAS 

30 2.07 2.08 Not Reported 1.98 Not Reported 2.07 2.48 2.07 
60 3.07 3.12 Not Reported 3.12 Not Reported 3.07 3.12 3.07 
90 3.96 4.00 Not Reported 4.00 Not Reported 3.96 4.00 3.96 
120 4.81 4.81 Not Reported 4.81 Not Reported 4.81 4.81 4.81 
150 5.67 5.68 Not Reported 5.68 5.65 5.67 5.68 5.67 
180 6.67 6.67 Not Reported 6.67 6.67 6.67 6.67 6.67 
210 7.88 7.84 Not Reported 7.84 7.88 7.88 7.84 7.88 
240 9.27 9.22 Not Reported 9.22 9.27 9.27 9.21 9.27 
270 10.85 10.80 Not Reported 10.80 10.85 10.85 10.79 10.85 
300 12.62 12.58 Not Reported 12.58 12.62 12.62 12.57 12.62 
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Table C-2 Case B Inlet Control Headwater Depths (ft) 

Q 

Manually 
Computed 

Value HY-8 Fish X-ing BCAP 
Hydraflow 

Express 
Culvert 
Master Culvert 

HEC-
RAS 

10 1.16 1.17 Not Reported 0.96 Not Reported 1.16 2.50 1.16 
20 1.68 1.68 Not Reported 1.52 Not Reported 1.68 2.50 1.68 
30 2.09 2.09 Not Reported 2.00 Not Reported 2.09 2.50 2.09 
40 2.45 2.44 Not Reported 2.42 Not Reported 2.45 2.50 2.45 
50 2.78 2.80 Not Reported 2.80 Not Reported 2.78 2.80 2.78 
60 3.09 3.14 Not Reported 3.14 Not Reported 3.09 3.14 3.09 
70 3.39 3.45 Not Reported 3.45 Not Reported 3.40 3.45 3.39 
80 3.69 3.74 Not Reported 3.74 Not Reported 3.69 3.74 3.69 
90 3.98 4.02 Not Reported 4.02 Not Reported 3.98 4.02 3.98 
100 4.26 4.29 Not Reported 4.29 Not Reported 4.26 4.29 4.26 

 

Table C-3 Case C Inlet Control Headwater Depths (ft) 

Q 

Manually 
Computed 

Value HY-8 Fish X-ing BCAP 
Hydraflow 

Express 
Culvert 
Master Culvert 

HEC-
RAS 

15 1.44 1.45 Not Reported 1.26 1.27 1.44 2.49 1.44 
30 2.08 2.09 Not Reported 2.00 1.81 2.08 2.49 2.08 
45 2.61 2.61 Not Reported 2.61 2.23 2.61 2.61 2.61 
60 3.09 3.13 Not Reported 3.13 2.59 3.09 3.13 3.09 
75 3.54 3.59 Not Reported 3.59 2.95 3.54 3.59 3.54 
90 3.97 4.02 Not Reported 4.02 3.30 3.97 4.02 3.97 
105 4.40 4.43 Not Reported 4.43 3.63 4.40 4.43 4.40 
120 4.83 4.83 Not Reported 4.83 3.94 4.83 4.83 4.83 
135 5.25 5.25 Not Reported 5.25 4.25 5.25 5.25 5.25 
150 5.69 5.69 Not Reported 5.69 5.67 5.69 5.69 5.69 
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Table C-4 Case D Inlet Control Headwater Depths (ft) 

Q 

Manually 
Computed 

Value HY-8 Fish X-ing BCAP 
Hydraflow 

Express 
Culvert 
Master Culvert 

HEC-
RAS 

20 1.67 1.68 Not Reported 1.52 Not Reported 4.00 2.49 1.67 
40 2.44 2.43 Not Reported 2.41 Not Reported 4.00 2.49 2.44 
60 3.09 3.13 Not Reported 3.13 Not Reported 4.00 3.13 3.09 
80 3.68 3.73 Not Reported 3.73 Not Reported 4.00 3.73 3.68 
100 4.25 4.29 Not Reported 4.29 Not Reported 4.25 4.29 4.25 
120 4.82 4.83 Not Reported 4.83 Not Reported 4.82 4.83 4.82 
140 5.39 5.39 Not Reported 5.39 5.36 5.39 5.39 5.39 
160 6.00 6.00 Not Reported 6.00 5.98 6.00 6.00 5.98 
180 6.68 6.68 Not Reported 6.68 6.68 6.68 6.68 6.68 
200 7.47 7.44 Not Reported 7.44 7.47 7.47 7.44 7.47 

  

Tables C-5 through C-8 show the program output values for outlet control 

headwater depth for test cases A through D, respectively. 

Table C-5 Case A Outlet Control Headwater Depths (ft) 

Q 

Manually 
Computed 

Value HY-8 
Fish 

X-ing BCAP 
Hydraflow 

Express 
Culvert 
Master Culvert 

HEC-
RAS 

30 N/A 0.00 2.37 Not Reported 1.80 2.34 3.14 2.34 
60 N/A 0.00 3.46 Not Reported 2.59 3.42 4.60 3.42 
90 N/A 0.00 4.37 Not Reported 3.21 4.32 5.74 4.32 
120 N/A 0.00 5.20 Not Reported 3.76 5.14 6.71 5.14 
150 N/A 0.00 6.00 Not Reported Not Reported 5.93 7.56 5.93 
180 N/A 0.00 6.81 Not Reported Not Reported 6.72 8.31 6.72 
210 N/A 0.00 7.66 Not Reported Not Reported 7.55 9.00 7.55 
240 N/A 0.00 8.56 Not Reported Not Reported 8.43 9.61 8.43 
270 N/A 0.00 9.54 Not Reported Not Reported 9.38 10.15 9.38 
300 N/A 0.00 10.72 Not Reported Not Reported 10.43 10.58 10.43 
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Table C-6 Case B Outlet Control Headwater Depths (ft) 

Q 

Manually 
Computed 

Value HY-8 
Fish 

X-ing BCAP 
Hydraflow 

Express 
Culvert 
Master Culvert 

HEC-
RAS 

10 1.30 1.29 1.31 Not Reported 1.09 1.30 1.30 1.30 
20 1.86 1.85 1.88 Not Reported 1.54 1.86 1.86 1.86 
30 2.31 2.30 2.33 Not Reported 1.90 2.31 2.31 2.31 
40 2.69 2.69 2.72 Not Reported 2.20 2.69 2.70 2.69 
50 3.04 3.04 3.07 Not Reported 2.49 3.04 3.05 3.04 
60 3.38 3.37 3.40 Not Reported 2.75 3.37 3.37 3.37 
70 3.67 3.67 3.71 Not Reported 2.99 3.67 3.68 3.67 
80 3.96 3.97 4.00 Not Reported 3.23 3.97 3.97 3.96 
90 4.25 4.25 4.29 Not Reported 3.45 4.25 4.25 4.25 
100 4.52 4.53 4.57 Not Reported 3.67 4.52 4.52 4.52 

 

Table C-7 Case C Outlet Control Headwater Depths (ft) 

Q 

Manually 
Computed 

Value HY-8 
Fish 

X-ing BCAP 
Hydraflow 

Express 
Culvert 
Master Culvert 

HEC-
RAS 

15 N/A 0.00 1.64 Not Reported 1.27 1.63 1.63 1.63 
30 N/A 0.00 2.37 Not Reported 1.81 2.34 2.36 2.34 
45 N/A 0.00 2.95 Not Reported 2.23 2.92 2.93 2.92 
60 N/A 0.00 3.46 Not Reported 2.59 3.42 3.43 3.42 
75 3.88 3.88 3.88 Not Reported 2.95 3.88 3.88 3.88 
90 4.30 4.29 4.31 Not Reported 3.30 4.30 4.30 4.29 

105 4.69 4.69 4.75 Not Reported 3.63 4.69 4.70 4.69 
120 5.08 5.08 5.13 Not Reported 3.94 5.08 5.04 5.08 
135 5.46 5.46 5.51 Not Reported 4.25 5.46 5.47 5.46 
150 5.84 5.85 5.91 Not Reported 5.67 5.84 5.85 5.84 

 

 

 



95 

 

Table C-8 Case D Outlet Control Headwater Depths (ft) 

Q 

Manually 
Computed 

Value HY-8 
Fish 

X-ing BCAP 
Hydraflow 

Express 
Culvert 
Master Culvert 

HEC-
RAS 

20 4.03 4.04 4.03 4.03 4.02 4.03 4.12 4.03 
40 4.13 4.14 4.13 4.11 4.05 4.13 4.21 4.13 
60 4.30 4.33 4.30 4.43 4.11 4.30 4.37 4.30 
80 4.54 4.54 4.55 4.96 4.19 4.54 4.60 4.53 
100 4.84 4.86 4.86 5.51 4.30 4.84 4.88 4.83 
120 5.20 5.22 5.24 6.08 4.43 5.20 5.23 5.20 
140 5.63 5.65 5.68 6.69 Not Reported 5.63 5.65 5.62 
160 6.11 6.12 6.17 7.34 Not Reported 6.11 6.12 6.11 
180 6.63 6.65 6.71 8.02 Not Reported 6.64 6.64 6.63 
200 7.18 7.20 7.27 8.70 Not Reported 7.18 7.19 7.18 

 

Tables C-9 through C-12 show the program output values for predicted flow 

control for test cases A through D, respectively.  If the program did not specifically state 

the predicted control, the higher of the inlet and outlet control headwater depths was used 

to define the control. 

Table C-9 Case A Flow Control 

Q 

Manually 
Determined 

Value HY-8 
Fish 

X-ing BCAP 
Hydraflow 

Express 
Culvert 
Master Culvert 

HEC-
RAS 

30 Inlet Inlet Outlet Inlet Outlet Outlet Outlet Inlet 
60 Inlet Inlet Outlet Inlet Outlet Outlet Outlet Inlet 
90 Inlet Inlet Outlet Inlet Outlet Outlet Outlet Inlet 
120 Inlet Inlet Outlet Inlet Outlet Outlet Outlet Inlet 
150 Inlet Inlet Outlet Inlet Inlet Outlet Outlet Inlet 
180 Inlet Inlet Outlet Inlet Inlet Outlet Outlet Inlet 
210 Inlet Inlet Outlet Inlet Inlet Inlet Outlet Inlet 
240 Inlet Inlet Outlet Inlet Inlet Inlet Outlet Inlet 
270 Inlet Inlet Outlet Inlet Inlet Inlet Inlet Inlet 
300 Inlet Inlet Outlet Inlet Inlet Inlet Inlet Inlet 
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Table C-10 Case B Flow Control 

Q 

Manually 
Determined 

Value HY-8 
Fish 

X-ing BCAP 
Hydraflow 

Express 
Culvert 
Master Culvert 

HEC-
RAS 

10 Outlet Outlet Outlet Inlet Outlet Outlet Inlet Outlet 
20 Outlet Outlet Outlet Inlet Outlet Outlet Inlet Outlet 
30 Outlet Outlet Outlet Inlet Outlet Outlet Inlet Outlet 
40 Outlet Outlet Outlet Inlet Outlet Outlet Outlet Outlet 
50 Outlet Outlet Outlet Inlet Outlet Outlet Outlet Outlet 
60 Outlet Outlet Outlet Inlet Outlet Outlet Outlet Outlet 
70 Outlet Outlet Outlet Inlet Outlet Outlet Outlet Outlet 
80 Outlet Outlet Outlet Inlet Outlet Outlet Outlet Outlet 
90 Outlet Outlet Outlet Inlet Outlet Outlet Outlet Outlet 
100 Outlet Outlet Outlet Inlet Outlet Outlet Outlet Outlet 

 

Table C-11 Case C Flow Control 

Q 

Manually 
Determined 

Value HY-8 
Fish 

X-ing BCAP 
Hydraflow 

Express 
Culvert 
Master Culvert 

HEC-
RAS 

15 Inlet Inlet Outlet Inlet Outlet Outlet Inlet Inlet 
30 Inlet Inlet Outlet Inlet Outlet Outlet Inlet Inlet 
45 Inlet Inlet Outlet Inlet Outlet Outlet Outlet Inlet 
60 Inlet Inlet Outlet Inlet Outlet Outlet Outlet Inlet 
75 Outlet Outlet Outlet Inlet Outlet Outlet Outlet Outlet 
90 Outlet Outlet Outlet Inlet Outlet Outlet Outlet Outlet 
105 Outlet Outlet Outlet Inlet Outlet Outlet Outlet Outlet 
120 Outlet Outlet Outlet Inlet Outlet Outlet Outlet Outlet 
135 Outlet Outlet Outlet Inlet Outlet Outlet Outlet Outlet 
150 Outlet Outlet Outlet Inlet Inlet Outlet Outlet Outlet 
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Table C-12 Case D Flow Control 

Q 

Manually 
Determined 

Value HY-8 
Fish 

X-ing BCAP 
Hydraflow 

Express 
Culvert 
Master Culvert 

HEC-
RAS 

20 Outlet Outlet Outlet Outlet Outlet Outlet Outlet Outlet 
40 Outlet Outlet Outlet Outlet Outlet Outlet Outlet Outlet 
60 Outlet Outlet Outlet Outlet Outlet Outlet Outlet Outlet 
80 Outlet Outlet Outlet Outlet Outlet Outlet Outlet Outlet 
100 Outlet Outlet Outlet Outlet Outlet Outlet Outlet Outlet 
120 Outlet Outlet Outlet Outlet Outlet Outlet Outlet Outlet 
140 Outlet Outlet Outlet Outlet Inlet Outlet Outlet Outlet 
160 Outlet Outlet Outlet Outlet Inlet Outlet Outlet Outlet 
180 Inlet Inlet Outlet Outlet Inlet Inlet Inlet Inlet 
200 Inlet Inlet Outlet Outlet Inlet Inlet Inlet Inlet 

 

Tables C-13 through C-16 show the program output values for outlet velocity for 

test cases A through D, respectively.  The outlet velocity is expressed in ft/sec. 

Table C-13 Case A Outlet Velocities (ft/s) 

Q 

Manually 
Computed 

Value HY-8 
Fish 

X-ing BCAP 
Hydraflow 

Express 
Culvert 
Master Culvert 

HEC-
RAS 

30 8.93 8.90 8.94 8.87 5.90 8.94 8.68 8.91 
60 10.52 10.52 10.53 10.49 7.38 10.52 10.20 10.50 
90 11.56 11.54 11.58 11.62 8.53 11.57 11.19 11.54 

120 12.38 12.37 12.41 12.51 9.54 12.38 11.98 12.36 
150 13.10 13.07 13.13 13.30 10.49 13.09 12.75 13.08 
180 13.76 13.74 13.79 13.99 11.41 13.75 13.40 13.74 
210 14.39 14.39 14.44 14.61 12.34 14.38 14.06 15.64 
240 15.01 15.00 15.08 15.18 13.19 15.00 14.76 17.19 
270 15.62 15.58 15.71 15.68 14.40 15.60 15.44 18.86 
300 16.06 15.81 22.15 15.85 15.71 16.02 15.99 20.61 
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Table C-14 Case B Outlet Velocities (ft/s) 

Q 

Manually 
Computed 

Value HY-8 
Fish 

X-ing BCAP 
Hydraflow 

Express 
Culvert 
Master Culvert 

HEC-
RAS 

10 4.40 4.53 6.19 3.83 4.28 4.40 4.40 4.40 
20 5.31 5.40 7.47 4.72 5.22 5.31 5.30 5.31 
30 5.94 5.96 8.37 5.30 5.90 5.94 5.94 5.94 
40 6.46 6.52 9.10 5.78 6.45 6.46 6.46 6.46 
50 6.90 6.91 9.72 6.17 6.94 6.90 6.90 6.90 
60 7.30 7.35 10.29 6.51 7.38 7.30 7.30 7.30 
70 7.67 7.71 10.80 6.84 7.78 7.67 7.67 7.67 
80 8.02 8.03 11.29 7.15 8.16 8.01 8.02 8.02 
90 8.35 8.39 11.76 7.43 8.53 8.34 8.34 8.35 
100 8.66 8.70 12.20 7.70 8.87 8.66 8.66 8.66 

 

Table C-15 Case C Outlet Velocities (ft/s) 

Q 

Manually 
Computed 

Value HY-8 
Fish 

X-ing BCAP 
Hydraflow 

Express 
Culvert 
Master Culvert 

HEC-
RAS 

15 5.00 5.09 5.00 4.94 4.80 4.99 4.99 5.01 
30 6.11 6.11 6.11 6.06 5.90 6.09 6.09 6.07 
45 6.84 6.87 6.84 6.86 6.70 6.82 6.83 6.83 
60 7.39 7.40 7.39 7.39 7.38 7.37 7.37 7.36 
75 7.85 7.86 11.05 7.80 7.98 7.84 7.84 7.85 
90 8.35 8.39 11.76 8.18 8.53 8.34 8.34 8.35 
105 8.82 8.84 12.42 8.50 9.04 8.82 8.82 8.82 
120 9.28 9.32 13.07 8.82 9.54 9.28 9.28 9.28 
135 9.73 9.78 13.70 9.12 10.02 9.73 9.73 9.73 
150 10.18 10.19 14.34 9.44 10.49 10.18 10.18 10.18 
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Table C-16 Case D Outlet Velocities (ft/s) 

Q 

Manually 
Computed 

Value HY-8 
Fish 

X-ing BCAP 
Hydraflow 

Express 
Culvert 
Master Culvert 

HEC-
RAS 

20 1.07 1.07 1.07 1.07 1.07 1.07 1.09 1.07 
40 2.15 2.15 2.15 2.15 2.15 2.15 2.18 2.15 
60 3.22 3.22 3.22 3.22 3.22 3.22 3.26 3.23 
80 4.30 4.30 4.30 4.30 4.30 4.30 4.35 4.30 
100 5.37 5.37 5.37 5.37 5.37 5.37 5.44 5.38 
120 6.45 6.45 6.45 6.45 6.45 6.45 6.53 6.46 
140 7.52 7.52 7.52 7.52 7.52 7.52 7.62 7.55 
160 8.60 8.60 8.60 8.60 8.60 8.60 8.71 8.63 
180 9.67 9.67 9.67 9.67 9.67 11.49 9.79 11.12 
200 10.75 10.75 10.75 10.75 10.75 10.75 10.88 10.82 

 

Figures C-1 through C-3 show the difference between the program results and the 

manually computed results for inlet control headwater depth, outlet control headwater 

depth, and outlet velocity, respectively. 
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Figure C-1 Inlet Control Headwater Depth Error  
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Figure C-2 Outlet Control Headwater Depth Error  
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Figure C-3 Outlet Velocity Error 
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Appendix D. Modified Outlet Loss Coefficients 

 The current methodology for computing outlet loss coefficients is based on the 

theory described in the Federal Highway Administration’s manual, HDS-5 (1).  When 

computing outlet losses for outlet control flow, HDS-5, and therefore HY-8, uses the 

following equation: 

 

⎥
⎦

⎤
⎢
⎣

⎡
−=

g
V

g
VH d

o 22
0.1

22

        (D-1) 

 

where Ho is the exit loss (ft), V is the velocity in the barrel (ft/s), Vd is the downstream 

channel velocity (ft/s), and g is the acceleration due to gravity (32.2 ft/sec2).  However, it 

is common practice to neglect the downstream velocity head, resulting in the following 

equation (6-2):  

 

g
VH o 2

2

=          (D-2) 

 

Clearly stated in HDS-5 is the fact that the previous two equations may 

overestimate exit losses and a multiplier less than 1.0 may be used (1).  As a result, exit 
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loss in HY-8 may also be overestimated.  However, current research conducted at Utah 

State University by Blake P. Tullis and S. Collin Robinson has shown the Borda-Carnot 

Loss equation to better estimate exit loss (2).  This equation utilizes the principles of 

momentum and energy, while the HDS-5 merely considerers energy conservation.  The 

Borda-Carnot Loss is expressed by the following equation: 

 

( )
g
VV

kh cp
oo 2

2−
=         (D-3) 

 

where ho is the exit loss (ft), Vp is the velocity in the barrel (ft/s), Vc is the downstream 

channel velocity (ft/s), ko is the exit loss coefficient (1.0), and g is the acceleration due to 

gravity (32.2 ft/s2) 

By comparing Equations D-1 and D-3, it is clear that the numerators differ quite 

significantly.  Equation D-2 is also rewritten as the following: 
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where Ap is the cross sectional area of flow in the culvert (ft2) and Ac is the cross 

sectional area of flow in the downstream channel (ft2). 

Through experimental process, Tullis and Robinson found that by using Equation 

D-3 with ko = 1.0 or Equation 4 with ko =
2

1 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

c

p

A
A

, the computed exit loss is much more 

accurate and recommended over the HDS-5 conservative equations.  To increase the 
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accuracy of the results produced in computer models, it is recommended that through 

further study and experimentation the Borda-Carnot Loss method be implemented. 
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Appendix E. Auxiliary Culverts 

Due to the complex nature of culvert hydraulics, improvements and new additions 

are continually being made in culvert type, shape, and material.  Some of the most recent 

additions include the South Dakota Department of Transportation (DOT) research on new 

inlet types for concrete box culverts (1), the Kansas DOT research on various flared end 

sections (2, 3), new CON/SPAN culvert shapes (4), and Utah State University research 

on buried culverts (5).  The following summarizes each of the culvert improvements and 

the items necessary for implementation into HY-8, BCAP, and Culvert.  For all 

polynomial coefficients obtained, the slope correction factor in Equation 4-4 (0.5S) is 

incorporated into coefficient a. 

E.1 South Dakota Research 

 The South Dakota Department of Transportation worked with the Federal 

Highway Administration (FHWA) to study the effects of 49 different inlet edge 

conditions on the performance of concrete box culverts (1).  The four categories if inlet 

types studied include bevels and fillets, multiple barrels, span-to rise ratio, and skewed 

headwall.  Table E-1 shows bevel and fillet inlets, Table E-2 shows span-to-rise inlets, 

and Table E-3 shows skewed headwall.  The multiple barrel cases were not included for 
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implementation since HY-8, BCAP, and Culvert currently includes the capabilities to 

analyze multiple barrel culverts. 

Table E-1 Bevel and Fillet Inlet Test Cases 

Inlet 
No. 

Model 
ID 

Wing-
Wall 
Flare 
Angle Bevel 

Corner 
Fillets 

Culvert 
Box 
Type 

Culvert 
Slopes 

Tail 
Water 

1.1 FC-S-
0 0o 

4”-straight-top-
bevel, no WW 

bevel 
0” 6’x6’ 0.03, 

0.007 
High, 
Low 

1.2 FC-S-
0 0o 

4”-straight-top-
bevel, no WW 

bevel 
6” 6’x6’ 0.03, 

0.007 
High, 
Low 

1.3 FC-S-
0 0o 

4”-straight-top-
bevel, no WW 

bevel 
12” 6’x6’ 0.03, 

0.007 
High, 
Low 

1.4 PC-A 0o 
8”-radius-top-

bevel, 4”-radius 
WW bevels 

0” 6’x6’ 0.03, 
0.007 

High, 
Low 

1.5 PC-A 0o 
8”-radius-top-

bevel, 4”-radius 
WW bevels 

6” 6’x6’ 0.03, 
0.007 

High, 
Low 

1.6 PC-A 0o 
8”-radius-top-

bevel, 4”-radius 
WW bevels 

12” 6’x6’ 0.03, 
0.007 

High, 
Low 

1.7 PC-A 0o 
8”-radius-top-

bevel, 4”-radius 
WW bevels 

6” 6’x12’ 0.03 High, 
Low 

1.8 PC-A 0o 
8”-radius-top-

bevel, 4”-radius 
WW bevels 

12” 6’x12 0.03 High, 
Low 

1.9 
FC-S-

0 
Hybrid 

0o 
4”-straight-top-
bevel, 4”-radius 

WW bevels 
0” 6’x6’ 0.03 High, 

Low 

1.10 PC-A 
Hybrid 0o 

8”-straight-top-
bevel, no WW 

bevels 
0” 6’x6’ 0.03 High, 

Low 
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Table E-2 Span-to-Rise Ratio Inlet Test Case Parameters 

Inlet 
No. 

Model 
ID 

Wing-
Wall 
Flare 
Angle Edge Conditions 

Culvert 
Box Type 

Culvert 
Slopes 

Corner 
Fillets 

Span to 
Rise 

3.1 FC-S-0 0o 
4”-straight-top-
bevel, no WW 

bevel 
6’x6’ 0.03, 

0.007 0” 1:1 

3.2 FC-S-30 30o 
4”-straight-top-
bevel, no WW 

bevel 
6’x6’ 0.03, 

0.007 0” 1:1 

3.3 PC-A 0o 
8”-radius-top-

bevel, 4”-radius 
WW bevels 

6’x6’ 0.03, 
0.007 0” 1:1 

3.4 FC-S-0 0o 
4”-straight-top-
bevel, no WW 

bevel 
6’x12’ 0.03, 

0.007 0” 2:1 

3.5 FC-S-30 30o 
4”-straight-top-
bevel, no WW 

bevel 
6’x12’ 0.03, 

0.007 0” 2:1 

3.6 PC-A 0o 
8”-radius-top-

bevel, 4”-radius 
WW bevels 

6’x12’ 0.03, 
0.007 0” 2:1 

3.7 FC-S-0 0o 
4”-straight-top-
bevel, no WW 

bevel 
6’x18’ 0.03, 

0.007 0” 3:1 

3.8 FC-S-30 30o 
4”-straight-top-
bevel, no WW 

bevel 
6’x18’ 0.03, 

0.007 0” 3:1 

3.9 PC-A 0o 
8”-radius-top-

bevel, 4”-radius 
WW bevels 

6’x18’ 0.03, 
0.007 0” 3:1 

3.10 FC-S-0 0o 
4”-straight-top-
bevel, no WW 

bevel 
6’x24’ 0.03, 

0.007 0” 4:1 

3.11 FC-S-30 30o 
4”-straight-top-
bevel, no WW 

bevel 
6’x24’ 0.03, 

0.007 0” 4:1 

3.12 PC-A 0o 
8”-radius-top-

bevel, 4”-radius 
WW bevels 

6’x24’ 0.03, 
0.007 0” 4:1 
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Table E-3 Skewed Headwall Inlet Test Case Parameters 

Inlet 
No. 

Model 
ID 

Wing-
Wall 
Flare 
Angle 

Edge 
Conditions 

Culvert 
Box 

Type 
Culvert 
Slopes 

Corner 
Fillets 

No. of 
Barrels 

Span 
to 

Rise 

Span 
to 

Rise 

4.1 FC-T-0 0o 
4”-straight-

top-bevel, no 
WW bevel 

3’x6’x6’ 0.03, 
0.007 0” 3 - 0o 

4.2 FC-T-30 30o 
4”-straight-

top-bevel, no 
WW bevel 

3’x6’x6’ 0.03, 
0.007 0” 3 - 0o 

4.3 FC-T-30 30o 
4”-straight-

top-bevel, no 
WW bevel 

3’x6’x6’ 0.03, 
0.007 0” 3 - 15o 

4.4 FC-T-30 30o 
4”-straight-

top-bevel, no 
WW bevel 

3’x6’x6’ 0.03, 
0.007 0” 3 - 30o 

4.5 FC-T-30 30o 
4”-straight-

top-bevel, no 
WW bevel 

3’x6’x6’ 0.03, 
0.007 0” 3 - 45o 

4.6 FC-S-30 30o 
4”-straight-

top-bevel, no 
WW bevel 

6’x18’ 0.03, 
0.007 0” - 3:1 30o 

 

In order to implement a new inlet edge condition into HY-8, Culvert, and BCAP, 

polynomial coefficients are required for the  fifth degree polynomial that describes the 

performance curve (how the headwater depth changes with flow) for each inlet type.  The 

upper and lower boundaries for which the polynomial curves accurately describe the 

behavior of the culvert under inlet control conditions are HW/D = 3.0 and HW/D = 0.5, 

respectively (6).  However, when the work was completed by the South Dakota DOT for 

the new inlet types, the data was only collected up to HW/D ratios equaling 2.0.  When 

the polynomial curves are plotted for values above HW/D = 2.0, the behavior of the 

curves is no longer reliable and are inconsistent with expectations.  The polynomial 

coefficients obtained from the research were provided in the report by the South Dakota 

DOT.  Figures E-1, E-2, and E-3 show the unreliable nature of the polynomial curves 
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above HW/D = 2.0 for bevels and fillets, span-to-rise ratios, and skewed headwall inlet 

conditions, respectively. 
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Figure E-1 Polynomial Curves for Bevel and Fillet Inlet Types 
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Figure E-2 Polynomial Curves for Span-to-Rise Inlet Types 
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Figure E-3 Polynomial Curves for Skewed Headwall Inlet Types 
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To accurately implement the South Dakota research into HY-8, BCAP, or 

Culvert, it is recommended that new polynomial coefficients be defined such that the 

curves behave more appropriately for HW/D ratios between 2.0 and 3.0.  This was 

accomplished by plotting the submerged and unsubmerged sections of each curve using 

the equations supplied by the National Bureau of Standards.  The K, M, c, and Y 

coefficients used in these equations are provided in the South Dakota report (1).  From 

there, a best-fit fifth degree polynomial curve will be applied to the unsubmerged and 

submerged curves.  These new curves will behave more accurately for conditions above 

HW/D = 2.0, but since the NBS coefficients were also developed for HW/D = 2.0, the 

best-fit polynomial curves will not be completely accurate above HW/D = 2.0.   

Another problem identified in implementing the South Dakota research into 

computer applications is the large number of inlet types available.  It is unreasonable to 

add approximately 50 new inlet types to the available list of inlets in any of the programs.  

It is recommended that the total number of curves be reduced from 49 to 6.  As 

previously stated, the multiple barrel inlets will be neglected.  The curves from each of 

the three inlet conditions will be reduced to two representative curves for each, for a total 

of six curves.  The curve reduction will be completed by locating the upper and lower 

10% error boundaries for the curves and fitting one polynomial curve through the middle 

of that range that represents multiple curves.  The maximum error of this new curve will 

be +/-10% (6).  Figures E-4 through E-9 show the error range for each of the inlet types. 
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Figure E-4 10% Range for Bevel and Fillet (1) Inlet Types 
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Figure E-5 10% Range for Bevel and Fillet (2) Inlet Types 



115 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
Q/(AD0.5)

H
W

/D
Inlet 3.1
Inlet 3.2
Inlet 3.3
Inlet 3.4
Inlet 3.9
Inlet 3.10
Inlet 3.11
Inlet 3.12
Top 10%
Bottom 10%

 

Figure E-6 10% Range for Span-to-Rise (1) Inlet Types 
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Figure E-7 10% Range for Span-to-Rise (2) Inlet Types 
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Figure E-8 10% Range for Skewed Headwall (1) Inlet Types 
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Figure E-9 10% Range for Skewed Headwall (2) Inlet Types 
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E.2 Kansas DOT Flared End Sections 

At the University of Kansas, research was completed on the behavior of Type I, 

III, and IV end sections for pipe culverts through the efforts of Bruce M. McEnroe, Lance 

M. Johnson, and Jeffrey A. Barley (2, 3).  Type I end sections are prefabricated flared 

end sections.  Type III end sections are side tapered with a 4:1 lateral flare and no miter 

at the end.  To analyze the performance of the culverts the submerged and unsubmerged 

equations developed by the National Bureau of Standards were utilized (6).   

In the research conducted at University of Kansas, the regression coefficients for 

both unsubmerged and submerged conditions were not provided in the laboratory report; 

however, the dimensionless diagrams were included along with different equations other 

than fifth degree polynomials to represent them.  These equations were used to reproduce 

the inlet control performance curves for each of the end sections.  From the generated 

polynomial the fifth-degree polynomial coefficients were obtained. 

In order to implement the Kansas end sections into HY-8, BCAP, and Culvert, the 

following equations were used (2, 3): 
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Figures E-10 through E-14 show each polynomial curve and the appropriate 

polynomial equation.  Table E-4 shows the polynomial coefficients obtained for each test 

case. 
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Figure E-10 Type 1-Metal Culvert 
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Figure E-11 Type 1 - Concrete 

y = 5.0874x5 - 16.398x4 + 20.756x3 - 12.456x2

 + 4.8859x + 0.0222

0.0

0.5

1.0

1.5

2.0

2.5

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Q/(gD5)0.5

H
W

/D

TYPE 3-Metal
Poly. (TYPE 3-Metal)

 

Figure E-12 Type 3 - Metal 
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Figure E-13 Type 3 - Concrete 
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Figure E-14 Type 4 
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Table E-4 Polynomial Coefficients for Kansas Flared End Sections 

Type and Material a b c d e f 
Type 1: Metal 0.0221 4.8615 -13.895 26.278 -21.761 7.0587 

Type 1: Concrete 0.024 5.4165 -17.085 32.312 -26.451 8.3509 
Type 3: Metal 0.0222 4.8859 -12.456 20.756 -16.398 5.0874 

Type 3: Concrete 0.022 4.6479 -11.734 19.563 -15.683 4.9688 
Type 4 0.0168 5.2824 -14.447 22.995 -14.035 3.3683 

 

E.3 CON/SPAN 

CON/SPAN culverts are a blend of the concrete box and metal box culvert 

shapes.  Since CON/SPAN culverts were introduced to the industry within the last 15 

years, little information is available on the performance of these culvert shapes.  

Originally, flow through CON/SPAN culverts was analyzed using a concrete box culvert 

or a metal box culvert for low flows and high flows, respectively (4).  Since CON/SPAN 

culverts generally include a headwall and/or wingwalls and metal box culverts do not 

include such features, it was desired to find a better approach to analyze the performance 

of CON/SPAN culverts. 

At the University of Dayton, Ohio, research was completed on the behavior of 

CON/SPAN culverts through the efforts of Timothy Beach, Dr. Donald V. Chase, and 

Christopher Sherk.  Small scale models with span to rise ratios of 2:1 and 4:1 were tested 

with a combination of slopes and entrance conditions of 0, 45, or 90 degree wingwalls 

(4).  To analyze the performance of the culverts the submerged and unsubmerged 

equations developed by the National Bureau of Standards were utilized (6).   

In the research conducted at University of Dayton, Ohio, the regression 

coefficients for both unsubmerged and submerged conditions were collected for the 
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following culvert models described in Table E-5.  The K, M, c, and Y coefficients 

determined from the lab tests are listed in Table E-6. 

Table E-5 CON/SPAN Model Characteristics 

Dimension 2:1 Ratio 4:1 Ratio 
Span (in) 4 4 
Rise (in) 2 1 

Area (in2) 7.34 3.35 
Length 2.6 2.46 

 

Table E-6 NBS Inlet Control Equation Coefficients 

Shape/Wingwall Angle K M c Y 
2:1     0 deg 0.475 0.667 0.043 0.543 
2:1    45 deg 0.500 0.667 0.039 0.670 
2:1     90 deg 0.511 0.667 0.039 0.729 
4:1     0 deg 0.446 0.667 0.027 0.676 
4:1     0 deg 0.455 0.667 0.035 0.595 
4:1     0 deg 0.468 0.667 0.037 0.566 

 

In order to implement the CON/SPAN culvert shapes into HY-8, BCAP, and 

Culvert, the K, M, c, and Y coefficients were used in conjunction with the NBS equations 

to develop fifth degree polynomials to represent the inlet control performance of each 

culvert shape.  This was done by plotting the unsubmerged and submerged equations on a 

graph covering zones from approximately Q/AD0.5 < 3.5 and 4.0 < Q/AD0.5, respectively 

(6).  The values of HW/D and Q/AD0.5 for both zones of flow were plotted using only one 

curve.  A best-fit fifth degree polynomial was then passed through the curve and the 

coefficients for the equation were obtained.  Figures E-16 through E-20 show each 
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polynomial curve with its respective equation.  Table E-7 shows the polynomial 

coefficients obtained for each test case. 

 

y = 6E-05x5 - 0.0023x4 + 0.0322x3 - 0.162x2 
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Figure E-15 2:1, 0 Degree Wingwall 
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y = 5E-05x5 - 0.002x4 + 0.0284x3 - 0.1518x2

 + 0.5828x + 0.0393
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Figure E-16 2:1, 45 Degree Wingwall 

y = 5E-05x5 - 0.0019x4 + 0.0269x3 - 0.1436x2

 + 0.5762x + 0.0459
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Figure E-17 2:1, 90 Degree Wingwall  
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y = 3E-05x5 - 0.0013x4 + 0.0207x3 - 0.1258x2

 + 0.5211x + 0.0309
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Figure E-18 4:1, 0 Degree Wingwall 

y = 5E-05x5 - 0.0019x4 + 0.0273x3 - 0.1467x2 + 0.5446x + 0.0318
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Figure E-19 4:1, 45 Degree Wingwall 
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y = 5E-05x5 - 0.002x4 + 0.0292x3 - 0.1584x2

 + 0.5739x + 0.0283
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Figure E-20 4:1, 90 Degree Wingwall 

Table E-7 Derived Polynomial Coefficients 

Shape/Wingwall Angle a b c d e f 
2:1     0 deg 0.0356 0.5701 -0.162 0.0322 -0.0023 0.00006
2:1    45 deg 0.0393 0.5828 -0.1518 0.0284 -0.002 0.00005
2:1     90 deg 0.0459 0.5762 -0.1436 0.0269 -0.0019 0.00005
4:1     0 deg 0.0309 0.5211 -0.1258 0.0207 -0.0013 0.00003
4:1     45 deg 0.0318 0.5446 -0.1467 0.0273 -0.0019 0.00005
4:1     90 deg 0.0283 0.5739 -0.1584 0.0292 -0.002 0.00005
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E.4 Utah State University Buried Culverts 

Over the years fish passage through culverts has become of increasing importance 

in culvert hydraulics.  Traditionally, culverts were simply designed to pass flood flows, 

with no consideration for the ability of fish to pass through the culvert and migrate 

upstream for spawning.  However, in recent years culvert hydraulics has been changing 

to include design parameters that allow for fish passage.  One such design includes buried 

or bottomless culverts.  Buried culverts are currently being studied at Utah State 

University under the direction of assistant professor Blake P. Tullis (5). 

When a culvert barrel is partially buried in a streambed, backfill is placed inside 

the culvert and aligned with the naturally occurring streambed at both ends.  The purpose 

is to create an environment that is flush with the natural surroundings and allows fish to 

pass through the culvert undisturbed (5).  In the Utah State study, inlet loss coefficients as 

well as inlet control coefficients for the NBS equations were obtained for circular 

culverts with buried depths at 20%, 40%, and 50%, and for elliptical culverts buried at 

depths of 50% of the culvert rise.  The inlet edge conditions tested at these buried depths 

included thin edge projecting (ponded and channelized), mitered to 1.5:1 fill slope, 

square edged inlet with vertical headwall, and 45o beveled entrance and vertical headwall 

(5).  The K, M, c, and Y coefficients determined from the lab tests are listed in Table E-8. 
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Table E-8 NBS Equation Coefficients 

Shape/Edge Condition Percent Buried K M c Y 
20 0.44 0.64 0.03 0.57 
40 0.47 0.69 0.05 0.68 
50 0.5 0.71 0.06 0.53 

Thin Edge Projecting, 
(Ponded) 

50 (Ellipse) 0.53 0.67 0.07 0.46 
20 0.42 0.62 0.03 0.62 
40 0.48 0.66 0.04 0.51 
50 0.5 0.68 0.06 0.47 

Thin Edge Projecting, 
(Channelized) 

50 (Ellipse) 0.5 0.67 0.06 0.13 
20 0.4 0.63 0.02 0.63 
40 0.42 0.69 0.04 0.64 
50 0.44 0.68 0.05 0.48 

Mitered to 1.5:1 Fill Slope 

50 (Ellipse) 0.49 0.65 0.04 0.61 
20 0.4 0.63 0.02 0.67 
40 0.44 0.68 0.03 0.66 
50 0.45 0.7 0.04 0.63 

Square Edge with Vertical 
Headwall 

50 (Ellipse) 0.45 0.7 0.03 0.68 
20 0.39 0.63 0.02 0.71 
40 0.42 0.67 0.02 0.73 
50 0.44 0.69 0.03 0.66 

45o Beveled Inlet with 
Vertical Headwall 

50 (Ellipse) 0.48 0.67 0.05 0.51 
 

In order to implement the berried culvert shapes into HY-8, the K, M, c, and Y 

coefficients were used in conjunction with the NBS equations to develop fifth degree 

polynomials to represent the inlet control performance of each culvert shape.  This was 

done using the same methods previously described by plotting the unsubmerged and 

submerged equations on a graph covering zones from approximately Q/AD0.5 < 3.5 and 

4.0 < Q/AD0.5, respectively (6).  The values of HW/D and Q/AD0.5 for both zones of flow 

were plotted using only one curve.  A best-fit fifth degree polynomial was then passed 

through the curve and the coefficients for the equation were obtained.  Figures E-21 

through E-40 show each polynomial curve with its respective equation.  Table E-9 shows 

the polynomial coefficients obtained for each test case. 
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y = 5E-05x5 - 0.0021x4 + 0.0302x3 - 0.1652x2 + 0.5601x + 0.024
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Figure E-21 Thin Edge Projecting: 20% Buried (Ponded) 

y = 0.0004x5 - 0.0108x4 + 0.0964x3 - 0.3418x2 

+ 0.7458x - 0.0016
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Figure E-22 Thin Edge Projecting: 40% Buried (Ponded) 
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y = 0.0002x5 - 0.0061x4 + 0.0648x3 - 0.2598x2

 + 0.7053x + 0.0078
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Figure E-23 Thin Edge Projecting: 50% Buried (Ponded) 

y = 0.0003x5 - 0.0078x4 + 0.0806x3 - 0.3093x2

 + 0.762x + 0.015
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Figure E-24 Thin Edge Projecting: 50% Buried Ellipse (Ponded) 



131 

y = 0.0002x5 - 0.0055x4 + 0.056x3 - 0.237x2 + 0.6044x + 0.015
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Figure E-25 Thin Edge Projecting: 20% Buried (Channelized) 

y = 4E-05x5 - 0.0019x4 + 0.0304x3 - 0.171x2 

+ 0.6051x + 0.0242
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Figure E-26 Thin Edge Projecting: 40% Buried (Channelized) 
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y = 0.0003x5 - 0.0072x4 + 0.0752x3 - 0.299x2

 + 0.7414x + 0.006
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Figure E-27 Thin Edge Projecting: 50% Buried (Channelized) 

y = 1E-06x5 - 0.0015x4 + 0.0343x3 - 0.2016x2

 + 0.6718x + 0.0127
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Figure E-28 Thin Edge Projecting: 50% Buried Ellipse (Channelized) 



133 

y = -4E-06x5 - 0.0005x4 + 0.0136x3 - 0.103x2 + 0.4543x + 0.0339
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Figure E-29 Mitered to 1.5:1 Fill Slope: 20% Buried 

y = 0.0003x5 - 0.0072x4 + 0.0657x3 - 0.2424x2 

+ 0.6044x + 0.0086
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Figure E-30 Mitered to 1.5:1 Fill Slope: 40% Buried 
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y = 0.0002x5 - 0.0065x4 + 0.0649x3 - 0.2523x2

 + 0.6359x + 0.0091
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Figure E-31 Mitered to 1.5:1 Fill Slope: 50% Buried 

y = 0.0001x5 - 0.0041x4 + 0.0473x3 - 0.2195x2

 + 0.654x + 0.0216
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Figure E-32 Mitered to 1.5:1 Fill Slope: 50% Buried Ellipse 
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y = -9E-06x5 - 0.0005x4 + 0.0146x3 - 0.1088x2 + 0.4635x + 0.0314

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0.0 2.0 4.0 6.0 8.0
Q/(AD0.5)

H
W

/D

Unsubmerged
Submerged
Polynomial
Poly. (Polynomial)

 

Figure E-33 Square Edge with Vertical Headwall: 20% Buried 

y = 6E-05x5 - 0.0021x4 + 0.0277x3 - 0.1485x2 + 0.5462x + 0.0215
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Figure E-34 Square Edge with Vertical Headwall: 40% Buried 
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y = 0.0001x5 - 0.0042x4 + 0.0457x3 - 0.2005x2

 + 0.6066x + 0.0119
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Figure E-35 Square Edge with Vertical Headwall: 50% Buried 

y = 1E-05x5 - 0.0008x4 + 0.017x3 - 0.1141x2 

+ 0.5238x + 0.0251
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Figure E-36 Square Edge with Vertical Headwall: 50% Buried Ellipse 
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y = 5E-05x5 - 0.0021x4 + 0.0278x3 - 0.1487x2 + 0.496x + 0.0227
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Figure E-37 45o Bevel with Vertical Headwall: 20% Buried 

y = 2E-05x5 - 0.0008x4 + 0.0133x3 - 0.0941x2 + 0.4629x + 0.0341
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Figure E-38 45o Bevel with Vertical Headwall: 40% Buried 
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y = 4E-05x5 - 0.0015x4 + 0.0226x3 - 0.1304x2 

+ 0.5283x + 0.0235
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Figure E-39 45o Bevel with Vertical Headwall: 50% Buried 

y = 0.0002x5 - 0.006x4 + 0.064x3 - 0.2678x2

 + 0.6969x + 0.0085
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Figure E-40 45o Bevel with Vertical Headwall: 50% Buried Ellipse 
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After plotting a best fit curve through all three zones of flow (submerged, 

unsubmerged, and transition), the coefficients of the new equation were recorded in Table 

E-9.  These coefficients are required for programs that use the fifth degree polynomial 

curves for computing inlet control headwater depth. 

Table E-9 Polynomial Coefficients for Each Entrance Condition 

Shape/Edge 
Condition 

Percent 
Buried a b c d e f 

20 0.024 0.5601 -0.1652 0.0302 -0.0021 0.00005 
40 -0.0016 0.7458 -0.3418 0.0964 -0.0108 0.0004 
50 0.0078 0.7053 -0.2598 0.0648 -0.0061 0.0002 

Thin Edge 
Projecting, 
(Ponded) 

50 (Ellipse) 0.015 0.762 -0.3093 0.0806 -0.0078 0.0003 
20 0.015 0.6044 -0.237 0.056 -0.0055 0.0002 
40 0.0242 0.6051 -0.171 0.0304 -0.0019 0.00004 
50 0.006 0.7414 -0.299 0.0752 -0.0072 0.0003 

Thin Edge 
Projecting, 

(Channelized) 
50 (Ellipse) 0.0127 0.6718 -0.2016 0.0343 -0.0015 0.000001 

20 0.0339 0.4543 -0.103 0.0136 -0.0005 -0.000004 
40 0.0086 0.6044 -0.2424 0.0657 -0.0072 0.0003 
50 0.0091 0.6359 -0.2523 0.0649 -0.0065 0.0002 

Mitered to 
1.5:1 Fill 

Slope 
50 (Ellipse) 0.0216 0.654 -0.2195 0.0473 -0.0041 0.0001 

20 0.0341 0.4635 -0.1088 0.0146 -0.0005 -0.000009 
40 0.0215 0.5462 -0.1485 0.0277 -0.0021 0.00006 
50 0.0119 0.6066 -0.2005 0.0457 -0.0042 0.0001 

Square Edge 
with Vertical 

Headwall 50 (Ellipse) 0.0251 0.5238 -0.1141 0.017 -0.0008 0.00001 
20 0.0227 0.496 -0.1487 0.0278 -0.0021 0.00005 
40 0.0341 0.4629 -0.0941 0.0133 -0.0008 0.00002 
50 0.0235 0.5283 -0.1304 0.0226 -0.0015 0.00004 

45o Beveled 
Inlet with 
Vertical 

Headwall 50 (Ellipse) 0.0084 0.6969 -0.2678 0.064 -0.006 0.0002 
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