
 
 
 
 
 

 

 

  

    
 

Defra / Environment Agency 

Flood and Coastal Defence R&D Programme 

 

  

 

SC030218 

Afflux Estimation System  

 

 

  

February 2007 

 

  

USER GUIDE 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

JBA Consulting 

South Barn 

Broughton Hall 

SKIPTON 

North Yorkshire 

BD23 3AE 

UK 

t: +44 (0)1756 799 919 

f: +44 (0)1756 799 449 

www@jbaconsulting.co.uk 

 

 

 





 
Client  The Environment Agency 

Project Title Afflux Estimation System user guide 

 

 

  

JBA Consulting 

ïïïKàÄ~ÅçåëìäíáåÖKÅçKìâ=
 
N:\2007\Projects\2007s2296 - Wallingford Software Ltd - CES & AES training workshops for the EA\Course notes\AES User Guide.doc:  23/02/2007 i 

 

 

 

REVISION HISTORY 

 

 

Revision Ref./ 

Date Issued 

Amendments Issued to 

Workshop notes 

10 August 2006 

First draft Workshop participants 

Andrew Pepper, ATPEC 

AES User Guide 

February 2007 

 Environment Agency training 

courses 

 

 
 
 
 

 
 

 
 
 
 
 

 

CONTRACT 

 

 

This document describes work commissioned by the Environment Agency under contract.  The 
Environment Agency’s representative was Andrew Pepper of ATPEC.   

 
 

Prepared by:  ................................................... Peter Mantz, BSc, MSc, PhD, CEng, CPhys, MICE, MASCE 

= = = = = = mêáåÅáé~ä=^å~äóëí=
 
 
Reviewed by:  ................................................... Rob Lamb, MA PhD 

= = = = = = qÉÅÜåáÅ~ä=aáêÉÅíçê=
 

 
Approved by:  ....................................…............ Jeremy Benn, MA, MSc, CEng, FICE, FCIWEM, MASCE 
= = = = = = j~å~ÖáåÖ=aáêÉÅíçê=

 
 

 

 

PURPOSE 

 

 

This document has been prepared to provide user guidance in support of training for users of the CES/AES 
stand alone software application.  JBA Consulting accepts no responsibility or liability for any use that is 

made of this document other than by the Environment Agency for the purposes for which it was originally 
commissioned and prepared. 

 

 
 



 
Client  The Environment Agency 

Project Title Afflux Estimation System user guide 

 

 

  

JBA Consulting 

ïïïKàÄ~ÅçåëìäíáåÖKÅçKìâ=
 
N:\2007\Projects\2007s2296 - Wallingford Software Ltd - CES & AES training workshops for the EA\Course notes\AES User Guide.doc:  23/02/2007 ii 

 

 
This page is intentionally left blank. 



 
Client  The Environment Agency 

Project Title Afflux Estimation System user guide 

 

 

  

JBA Consulting 

ïïïKàÄ~ÅçåëìäíáåÖKÅçKìâ=
 
N:\2007\Projects\2007s2296 - Wallingford Software Ltd - CES & AES training workshops for the EA\Course notes\AES User Guide.doc:  23/02/2007 iii 

 

 

 

EXECUTIVE SUMMARY 

 

 

 

Afflux Estimation System user guidance/ training notes   

 

These notes are based on documentation prepared to support training workshops for the combined 
Conveyance Estimation System (CES) and Afflux Estimation System (AES) stand alone software application. 

 

The notes provide a reference and user guide for the AES, however they are designed to be used, if 

possible, in conjunction with the Conveyance Estimation System help facility, supporting CES 
documentation produced by Wallingford Software and HR Wallingford Ltd, and hands-on training in the 
combined software application. 
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1 INTRODUCTION 

 

 

1.1 What is Afflux? 

 

Afflux is defined as the maximum increase in water surface elevation above that of an unstructured 
stream, due to the presence of a structure such as a bridge or culvert in the stream. 

 

 

Figure 1-1: Side elevation at a bridge contraction 

 

Afflux is illustrated in Figure 1-1 for a bridge structure located in a uniform stream.  The dashed line 
represents the normal water surface for the unstructured stream.  The solid line represents the 

water surface when the structure is present.  Afflux is shown as the maximum increase of water 

level above the normal depth (Y
1
) of the undisturbed stream.  Note that the afflux differs from the 

headloss across a structure, as the latter is a variable depending on the upstream and downstream 
locations of measurement. 

When a structure such as a bridge or culvert is placed in a stream, there is a local loss of stream 

energy.  This is due to the fluid friction in contact with the structure, and the stagnation zones that 

border the contracting (Sections 4 to 3) and expanding (Sections 2 to 1) flow reaches upstream and 
downstream of the structure.  To maintain a steady flow, this local loss of energy is compensated 
by an increase in stream potential energy immediately upstream of the structure.  A backwater is 
thus created which begins at the afflux location.  

Structures are usually designed so that the afflux is kept to a minimum, as it is a source of flooding.  

However, the design conditions no longer prevail when extreme floods are encountered or 

structures become blocked. The afflux increases under these conditions and a flood risk is created.  
Afflux magnitudes can be as high as one metre under extreme conditions. 

1.2 Why do we need an Afflux Estimation System ? 

Afflux is difficult to estimate manually, since it depends upon many structural and flow variables.  It 

is more easily estimated using computer technology, and thus the Afflux Estimation System (AES) 
has been developed.  The AES is a water surface profile code that computes afflux for bridges and 
culverts. It has been interfaced to the Conveyance Estimation System (CES, 2004) to provide a 
single code for estimating water surface profiles for any river system with multiple bridge and 

culvert structures.  The combined code is named CES/AES in this document. 
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1.3 How is afflux calculated at present? 

Some important structural variables that affect afflux are: 

• Opening ratio, which is the ratio of the structure’s open area to the flow area at a particular 
water level; 

• Skew, which is the angle normal to the structure’s axis with the incident flow direction; 

• Eccentricity, which is the offset of the structure’s centre line from the flow centre line; 

• Surface roughness, which determines the frictional energy loss by the flow; 

• Bridge Piers, for which the number and streamlining are important. 

 

Important flow variables are: 

• Froude number, which determines whether the flow is easily disturbed.  As the flow is 
increased, the Froude number increases and the water surface is less easily disturbed. 

When  the Froude number is unity, the flow becomes supercritical and the afflux is 
theoretically zero; 

• Choking, which occurs when the flow depth at the structure is at a condition of minimum 
energy, and thus any discharge increase must incur an increased afflux; 

• Sediment transport, which leads to scour at the structure and reduces afflux; 

• Debris transport, which leads to the blockage of the structure and increases afflux. 

 

The manual methods available at present for calculating bridge afflux use simplified equations 

(Hamill, 1999) and they are specific to a type of structure.  For example, bridge structures may be 
classified as: 

• Pier bridges, usually situated in rural areas and crossing an entire flood plain.  Afflux 
equations have been proposed by D,Aubuisson (1840), Nagler (1917) and Yarnell (1934). 

• Embankment bridges, which are flow contractions usually situated in urban areas crossing 

the main flow channel.  Afflux equations have been proposed by Kindsvater et al (1953), 
and Bradley (1978) proposed equations for Embankment bridges with and without piers.  

• Arched bridges, which are usually multiple arched in rural areas and sometimes single 
arched in urban areas.  Afflux equations have been proposed by Biery and Delleur (1962) 
and HR Wallingford (1988). 

 

There are also several methods published in classical hydraulic textbooks for calculating the afflux 

at culverts of simple geometry (for example, Henderson, F.M., 1966; Chow, V.T., 1973; French R.H., 

1986).   More recently, these manual calculations have been updated in the form of culvert design 
manuals (FHWA, 2001; CIRIA, 1997).   

All of the above methods are too complex for rapidly producing a water surface profile that includes 

afflux.  They have therefore been incorporated into computer codes which model both the stream 
and structure hydrodynamics.  Table 1-1 provides a summary of the water surface profiling 
methods used in the one-dimensional (1D) codes recommended by the Environment Agency.  

It follows that a full 1D code must be deployed before a water surface profile (and the associated 

afflux) may be estimated, and each of the different codes must be run to estimate the degree of 
associated uncertainty.  For this reason, a simple and rapid Afflux Estimation System has been 
developed for use with the most common types of bridge and culvert structures located in the UK.   
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Table 1-1: Profiling methods which appear in models commonly used by the EA 

HEC-RAS ISIS MIKE 11 

Yarnell (1934) Bradley (1978) - USBPR D’Aubuisson (1840) 

Schneider (1977)- WSPRO HR, Wallingford (1988) Nagler (1917) 

Energy method ISIS Energy method Yarnell (1934) 

Momentum method High flow methods Bradley (1978) - USBPR 

High flow methods Culvert methods Schneider et al (1977)- WSPRO 

Culvert methods  Biery and Delleur (1962) 

  HR, Wallingford (1988) 

  High flow methods 

  Culvert methods 

 

1.4 How was AES developed? 

AES was developed from two previous codes, namely Afflux Advisor (AA, 2005) and Afflux 
Estimator (AE, 2006).  The three afflux codes are summarised as follows: 

• AA is a simple code for use with uniform and near uniform flows. The code uses a single 
river cross section with a maximum of 30 coordinates to compute afflux for common bridge 

and culvert types.  It provides an afflux rating curve together with an estimate for the 
uncertainty of the rating. A User Manual (AA, 2005) and Hydraulics Reference (AAHR, 2006) 
are available, and the code is written in VBA for Microsoft Excel to enable the most general 
use. 

• AE is a more detailed code for use with gradually varied flows such as those at scoured 

structures. The code uses the standard step water surface profile method (Charnomski, 
1914) for the variable and structured, river cross sections.  A maximum of 200 coordinates 

may be used for each river cross section.  AE models arch and beam bridges with up to 20 
openings, and pipe, box and arch culverts with up to 10 identical barrels. It provides an 
afflux rating curve together with an estimate for the uncertainty of the rating. A User Manual 
(AE, 2006) and Hydraulics Reference (AEHR, 2006) are available, and the code is written in 
VBA for Microsoft Excel to enable the most general use. 

• AES is essentially the AE code converted to Microsoft VB6.  The conversion enables the AE 
code to be interfaced to CES (2004).  The combined code is then called CES/AES.  This 

latter application differs from AA and AE since it computes a water surface profile for a 

single design discharge.  The uncertainty of the estimated profile is also provided. Afflux is 
not estimated explicitly, but can be derived from the CES/AES output. 

 

The AA and AE codes were verified using recent model bridge data (Atabay and Knight, 2002), 

USGS bridge survey data (USGS, 1978), shallow culvert tests (CIRIA, 1997) and deep culvert tests 

(Crowder et al, 2004).  The results are reproduced in Chapter 3 of this Manual.  The CES/AES code 
was verified by comparing computed water surface profiles for each bridge and culvert type against 
those given by AE for a single river type.   

1.5 How is AES incorporated into CES? 

Figure 1.2 illustrates how the afflux model detailed in Figure 1.1 is incorporated into CES river 

survey sections that are upstream (CESu) and downstream (CESd) of a structure.  The illustration is 
for a subsoffit (or low) flow through the structure.  With increased discharge, AES models this 
subsoffit flow, then an orifice flow for supersoffit elevations that do not overtop the structure 

roadway, and a weir flow for supersoffit elevations that overtop the roadway (or high flows).  These 
modes of flow are detailed in Chapter 2 of this manual. 
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The downstream boundary condition at CESd is defaulted to normal flow depth, and this may be 

adjusted for flows that are not normal (abnormal flows) by setting a new downstream water surface 
elevation. The transition reaches (with associated contraction and expansion water surface profiles) 
are automatically computed in AES, thus eliminating any user input.  When the transition reach 

lengths exceed the CES surveyed sections, they are simply defaulted to the CES section locations.  
When high flows are modelled, the transition reaches are set equal to zero. 

 

 

 

Figure 1-2: River cross sections used in CES/AES 

 

1.6 What is in AES? 

The AES is a Microsoft project coded in Visual Basic version 6.   It consists principally of 4 
applications as follows: 

• A River application, in which the conveyance ratings for the 4 stream geometrical sections 

are computed. These river sections are designated as AE1, AE2, AE3 and AE4 (Figure 1.2).  

• A Bridge application, in which one of 5 bridge types may be selected (namely 4 arch bridge 

types with elliptical, parabolic, semi-circular and user-defined geometries and a beam 
bridge type) using the bridge ‘General’ table.  A data table (named ‘Opening Data’, Figure 
1.3) is used for entry of the abutment left and right span offsets, and the springer, soffit and 
road elevations. The first 4 of these parameters may be repeated for a maximum of 20 
openings.  These upstream and downstream bridge sections may be entered separately, or 
one may be cloned from the other.  The application also includes code to enter the bridge 

surface friction coefficient (in the ‘Roughness Zones’ table) and adjust the bridge profiles 
for skew (in the ‘General’ table).    

 

When the above data is complete, the bridge discharge rating is computed for both upstream and 
downstream bridge sections.  

• A Culvert application, in which one of 3 culvert types may be selected (namely a pipe, box 

or arch shape) together with inlet shape, inlet material, inlet type, inlet edge type and culvert 

length and roughness (using the culvert ‘General’ table).  The culvert barrel span, rise, 
springer, and road elevation are then entered in the ‘Opening Data’ table (Figure 1.4).   The 
latter table is also used for entry of the left and right span offsets.  These upstream and 
downstream culvert sections may be entered separately, or one may be cloned from the 
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other. The offset parameters may be repeated for a maximum of 10 identical, culvert barrels 
in the river channel.    

When the above data is complete, the culvert discharge rating is computed for both 
upstream and downstream culvert sections.  

• A Profile application, in which the water surface and associated profiles are computed 
through the bridge and river sections using the standard step, conservation of energy 
method. The unstructured water surface profile is also computed, so that afflux (with 
associated uncertainty) may also be estimated (if required) for any particular design 
discharge.   

 

This application computes a water surface profile for any elevation within the stream section 

entered in the River application.  The profiles include both subsoffit and super soffit flows for 
bridges, and under road and above road flows for culverts.  The subsoffit flows utilise a Transition 

Calculator to estimate the upstream (contraction) and downstream (expansion) length and energy 

loss coefficients for the structure (Figure 1.2).  Both the bridge and culvert over road flows utilise 
the USBPR (1978) modular and non modular weir flow methods, with iteration for the 
contemporaneous under road flows. 

The AES is linked with the CES water profile calculations by using the CES discharge, water level 
and conveyance rating for the downstream boundary condition at CESd.  Sequentially, the AES 

water level and friction slope is used at CESu to enable the computation of the CES rating for this 
section. 

 

 
 

                 

Figure 1-3: ‘Opening Data’ page for a bridge in CES/AES 
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Figure 1-4: ‘Opening Data’ page for a flat arch culvert in CES/AES 

 

1.7 What is the difference between a bridge and culvert? 

For simplicity, a structure is defined herein as a culvert rather than a bridge if the ratio of its 

streamwise length to the height of its opening is greater than about 5, or the opening width (or 
span) is less than about 2 m.  A short structure that is at the arbitrary size limit of 2 m span may be 
modelled by either application. 

1.8 What are the limitations of AES? 

The AES has been designed towards simplicity in use.  There are therefore some simplifying 

assumptions and limitations as follows: 

• The River application computes subcritical flow in a natural channel between 4 varied cross 

sections.  Critical flow depth is computed at each section, and if the water level falls below 
critical, it is defaulted to critical depth.  For such cases, the standard step method may be 
in error and give inaccurate results. 

• The bridge and culvert types used in AES have been chosen to represent those commonly 
found in the UK.   There may well be exceptions. 

• The bridge and culvert applications assume a horizontal roadway across the structure 
(across stream) that extends for the physical limit of the river cross section.  The AES 
cannot therefore estimate extreme flows for arched roadway crossings or for adjacent low 
approach roadways.  

• Although the River application has two dimensional data (offset and elevation), the profile 

code is a one dimensional model.  The AES cannot therefore estimate two dimensional 
effects such as varied water levels across a river cross section that are caused by say, a 
skewed bridge or floodplain flow to the main channel. 

• The AES does not explicitly model the effects of structural blockage by sediment or floating 

debris.  These effects may however be simulated by decreasing the height or span (as 
relevant) of the structure’s opening area. 
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• At present, AES does not model USBPR (1978) bridge criteria such as dual bridges, effects 
of scour, spur dikes, flow through critical depth and bridge pile bents. 

• At present, AES does not model bridge criteria such as varied pier width, perched bridges, 

and sloping abutments. 

• At present, AES does not model culvert criteria such as trash screens, depressed culvert 

inverts, horizontal and adverse slope culverts, supercritical and mixed flow regimes inside a 
culvert, multiple friction inside a culvert and partially filled or buried culverts. 

• The River application code consists of about 7 subroutines, including an estimate for 
uncertainty.  The Bridge application code models 5 modes of flow at a structure for 5 
bridge types; it contains about 25 algorithms.  The culvert application code models 8 
modes of flow at a structure for 3 culvert types; it contains about 24 algorithms.  It is 
therefore inevitable that this first version of AES may fail for certain untested structures.  A 

user is therefore requested to send a file of any failed examples, so that sequential edits 
can be returned. 

Notwithstanding these conditions, AES includes a new analysis for structural water surface profiles 

and afflux based on new laboratory data, and a simplified analysis for culvert ratings. The AES also 
includes an estimate for uncertainty.  The code is therefore a substantial update on past 1D models.  
An interested user may wish to read the more detailed notes that have been prepared for this study 

(Afflux Estimator Hydraulic Reference, AEHR 2006). 

1.9 How do I use this Afflux Estimation System Manual? 

This manual is comprised of four sections, namely: 

• “Introduction”, which is very brief yet sufficient for a user to begin using the CES/AES as 
described in the Worked Examples section; 

• “Technical Background”, which describes the theory and algorithms used for the River, 

Bridge, Culvert and Profile applications.  The development of the code for 5 afflux flow 
modes through and over a bridge and 8 afflux modes through and over a culvert is detailed.  

The use of the Transition Calculator and its derivation with the aid of dimensional analysis is 
also summarised. This section is relevant for a technical user. 

• “Testing the AES”, which gives a detailed account of the methods used in verifying the AE 
with both field and other computer models, and the testing of AES against AE for each 
different structure type.  The interpretation of results is described, and compared with HEC-
RAS (Version 3.1.3, 2005).  This section is for the general reader. 

• “Worked Examples”, in which the data entry for bridge and culvert applications are 
described. The associated CES/AES input files are available with this application. 

 

This AES Manual is structured with a “Question and Answer” approach.  Although previous 

manuals have been prepared for Afflux Advisor (JBA, 2005) and Afflux Estimator (JBA, 2006), all 
manuals are independent.  
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2 TECHNICAL BACKGROUND 

 

 

2.1 Summary of the AES code 

The AES computation of water surface profiles for a structure were made in a similar way for both 

bridges and culverts.  The procedures are fully described in the AA and AE Hydraulic References 
(AAHR, AEHR, 2006); they are summarised herein. 

Firstly, the conveyance rating curves for the 4 river sections (AE1, AE2, AE3 and AE4) were 

estimated in the River application (Figure 1.2). The structure geometry was then added to sections 

AE2 and AE3, giving structural geometric sections named AE2D and AE3U.  Ratings for the latter 
were then computed from the structure geometry in the Bridge or Culvert applications. The rating 
elevations were first estimated from stream bed to soffit level, and extended above the structure 
road level with the AE2 and AE3 conveyance.  The indeterminate rating between culvert and road 
level was interpolated to complete the structural conveyance ratings for the Bridge and Culvert 
applications.  

For convenience in plotting the data, sections AE3U and AE2D used a short entry and exit length 

between sections AE3 and AE2.  This length was automatically set equal to 0.1 * Ls for bridges and 
0.01 * Ls for culverts (where Ls is the structure length along stream).   

The subsoffit structure flows utilised a Transition Calculator to estimate the upstream (contraction) 

and downstream (expansion) length and energy loss coefficients caused by the structure (Figure 
1.2).  For cases where Section CESu and Section CESd were beyond these transition lengths, the 

transition cross sections (AE1 and AE4) were interpolated linearly between their adjacent cross 
sections.  For all supersoffit flows, the transition lengths were simply set equal to zero since no data 
exists for their calibration. 

In summary, 8 river channel sections were used for the Profile application, namely: 

CESd, AE1, AE2, AE2D, AE3U, AE3, AE4, CESu 

The standard step method was applied according to the modes of flow through the culvert.  Three 
increasing flow types were coded separately, as follows:  

• Low subsoffit flows for which the AE3 water level was below the structure soffit; 

• Pressurised orifice flows for which the AE3 water level was between the soffit and road 
level; 

• Overtopping weir and orifice flows for which the AE3 water level was above the road level.  
This part of the code included modular, non-modular and drowned weir flow. 

2.2 The River application 

2.2.1 What is the River application? 

This application is a conveyance estimator for the stream cross-sections (Sections AE1 to AE4) at 

varied flow depths.  The depths are varied according to the smallest elevation of the side points of 
each cross-section.  This elevation is equally divided into a selected number of increments (that 
may be varied from say 25 to 100), and a rating curve (water surface elevation versus conveyance) 
is computed using Manning’s equation for uniform flow.  The flow cross section is divided into a 

main channel and left and right floodplains, and a Manning’s friction coefficient may be assigned to 
each panel.  The method is therefore similar to that used in HEC-RAS (2004), and is known as the 
“divided channel method”.   Note that conveyance is estimated differently and in more detail by the 
Conveyance Estimation System (CES, 2004).   

2.2.2 How does the application compute a river rating curve? 

Figure 2-1 illustrates a channel cross-section similar to that given in the Conveyance User Manual 

(CESM, 2004) for the River Main in Northern Ireland.  Eight offset-elevation points are used to draw 

the geometry, and the cross-section may be vertically subdivided into seven areas for any of the 
incremental depths from zero to 5.01 m.  (The smaller of the cross section, side boundary 
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elevations is chosen as the limit). The wetted perimeter (P) and top width (T) are also assigned to 
each of these areas. 

 
  

   

Figure 2-1: Divided channel method for the River Main 

 

The locations of the left overbank (LOB) and right overbank (ROB) of the main channel (MC) are 

entered in the application, and a Manning’s friction coefficient (n) is assigned to the left floodplain, 
main channel and right floodplain.  The friction coefficient is derived from the Roughness Advisor in 
CES (2004). 

The River application sums A, P and T for each of the sub areas at each flow depth, and computes 

A, P and T for each of the left floodplain, main channel and right floodplain panels.  Manning’s 
equation is then used to compute the conveyance (K) for each flow panel as follows: 

 

K = 1/n * A (A/P)
0.667
 

 

where n is the friction coefficient for each panel.  The stream or river rating curve is thus derived as 

the sum of the panel conveyances versus the flow elevations.   Additionally, the kinetic energy 
coefficient (α) is computed as: 

 

α = Σ (K
i 

3
/A

i 

2
) / K

3
/A

2 

 

where Ki and Ai are the panel conveyance and flow area respectively, and K and A are the total 
cross section conveyance and flow area.   

2.2.3 How is the uncertainty of the rating curve estimated? 

The major uncertainty for estimating the flow conveyance is that of the Manning’s n value.  The 

Roughness Advisor in CES provides a mid, upper and lower value estimate for this coefficient.  In 
general, this uncertainty is between about 10% and 30% of the mid value. 

 

 

2.3 The Bridge Application 

2.3.1 What is the Bridge application? 

This application computes a conveyance rating curve for each of 5 different bridge types, namely: 

• 4 arch bridge types with elliptical, parabolic, semi-circular and user-defined geometries; 
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• one beam bridge type with continuous piers that extend the full bridge length along stream 
(Ls). 

 

The bridge types and associated data are entered in the Bridge Cross Section ‘Properties’ in 

CES/AES under the ‘General’ table.  Figure 2.2 illustrates the table for a parabolic arch type.  Note 
that the bridge axis can be skewed to a maximum angle of 60 degrees of arc with the channel axis.  
The affect of skew was simply computed by reducing the bridge opening widths by the cosine of 
the skew angle. 

The ‘Opening Data’ table (Figure 1.3) is designed to hold left and right span offsets and springer 

and soffit elevations for up to 20 openings (that is, 19 piers).  The road elevation is entered 
separately as a single value.    The upstream and downstream bridge sections may be entered 
separately, or one may be cloned from the other. 

The ‘Section Data’ and ‘Roughness Zones’ tables are common to both CES and AES.  However, 

the AES ‘Roughness Zone’ page has an additional entry for the bridge surface roughness.  

(Although the latter may be insignificant for short single bridges, it will become significant for long 
bridges with multiple openings.)   

The standard step conservation of energy method (CEE) was used for all computations.  Although 
the conservation of momentum method (CMM) can be used for single piers which do not extend 
the full bridge length along stream (Ls), the associated drag coefficients are considered to be very 

approximate (AEHR, 2006).  The AES therefore computes a maximum afflux for the structure by 
assuming continuous piers. 

In addition to computing conveyance for the bridge openings, it was necessary to compute 

discharge for weir flows overtopping the bridge.  This was because the algorithms for the latter 
required a contemporaneous overtopping weir flow and an orifice flow through the bridge.  Since 

the bedslope between AE1 and AE2 may sometimes be adverse, it was therefore necessary to first 
compute the AE2 discharge using the standard step method between AE1 and AE2 only.   

 

             

Figure 2-2: The General page for a bridge in CES/AES 

 

2.3.2 How does afflux vary with flow depth? 

A least 9 modes of flow may occur through a bridge structure, depending on the flow depth at the 
bridge (Figure 2.3).  These modes and their differing terminology are now briefly described.  
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The modes are generally subdivided as subsoffit flows (low flow is the term used in HEC-RAS) and 

supersoffit flows (high flow is used in HEC-RAS).  For the case where a bridge deck has an 
underlying girder, the soffit is taken as the elevation at the bottom of this girder.  And for the case 
where a bridge deck has an overlying parapet, the road elevation is taken as that at the top of the 
parapet.  (These overtopping elevations may also be called the relief elevation.) 

The following sub soffit modes may occur in order of increasing water level at the bridge structure: 

 

• Mode 1: supercritical flow occurs when the upstream Froude number (F) is greater than 

unity. (It is named Class C flow in HEC-RAS, 1995).  Since F = velocity / (gravitational 
acceleration * flow depth) 

0.5
, supercritical flow occurs at shallow flow depths on steep 

slopes.  For this flow, the afflux is theoretically zero since no backwater can exist.  There 

will however be a local bridge energy loss due to form drag.  This mode is not computed in 
AES since subcritical flow is assumed throughout, and the flow defaults to critical depth if 
supercritical flow is encountered. 

• Modes 2 and 3:  when critical flow occurs at the structure, the flow is said to be choked.  

This is because critical flow is a condition of minimum energy at constant discharge, and 
any increase in potential energy upstream will increase the upstream water level but not 
increase the critical flow level.  This may occur, for example, when the bridge entry 
becomes partially blocked by debris.  The critical flow may change gradually (Mode 2) or 
rapidly (Mode 3 as a hydraulic jump) downstream.  The choking condition is not included in 
AES for simplicity.  (It is modelled in HEC-RAS as a Class B flow). 

• Mode 4:  exists when the flow throughout is subcritical. (It is named Class A flow in HEC-

RAS).  As noted previously, the flow defaults to critical if supercritical flow is encountered.  

The profile computation may then be in error, since the standard step iteration may not be 
solved. 

 

The following super soffit modes may occur in order of increasing water level at the bridge 
structure, and are derived from USBPR (1978); they are also used in HEC-RAS (1995): 

• Mode 5: sluice gate flow occurs when the upstream water level is greater than the soffit 

depth and the downstream soffit level is unsubmerged.  The upstream soffit is effectively 

acting as a sluice gate, and associated sluice gate equations are used.  In common with 
WSPRO (1986), sluice gate flow is not modelled in AES as the mode only occurs over a 
small region of the discharge rating. 

• Mode 6:  when the downstream soffit level is submerged, the flow under the bridge 
becomes fully pressurised.  Since the bridge length is usually much less than the soffit 
depth, the pressurised flow acts more like a submerged orifice than a closed conduit.  The 
flow is therefore described by orifice flow equations, and is modelled in AES. 

• Mode 7: once the upstream water level is above the road or parapet, a weir flow will ensue.  
If the weir flow submergence (downstream water level above road level divided by 

upstream water level above road level) is less than about 85%, then the weir flow is 

modular, and its discharge coefficient is determinable (Ackers et al, 1978).  Note that 
pressure flow is still occurring beneath the bridge (provided it is not totally obstructed), and 
this is calculated in the AES computations using an iterative procedure. 

• Mode 8: as the downstream flow level increases, the weir becomes submerged and the 
flow becomes a non-modular weir flow.  This occurs for a submergence between 85% and 
95%, and the discharge coefficient is accordingly reduced. Note that flow is still occurring 

beneath the bridge (provided it is not totally obstructed), and this is calculated in the AES 
computations using an iterative procedure. 

• Mode 9:   when a submergence of about 95% is reached, the weir is drowned and the 
mode returns to that of uniform river flow.  Inevitably, the friction for this condition will 

increase above that for the undisturbed stream (due to the presence of the drowned 
structure), but this is neglected in the AES computation. Note that flow is still occurring 
beneath the bridge (provided it is not totally obstructed), and this is calculated in the AES 
computations using an iterative procedure. 
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In summary AES computes Mode 4 (subcritical), Mode 6 (orifice) and Modes 7,8 and 9 (modular, 

submerged and drowned weir respectively). The detail of the computational limits used for each 
mode is given in Table 2.1. 

Table 2-1: Computational limits for bridge modes in AES 

Flow 

mode 
Bridge flow Start condition Finish condition Constraints 

4 Subcritical Minimum river level S3 level > soffit level Supercritical flow 
defaulted to critical 

6 Orifice S3 level > soffit level 
< road level 

S3 level > road level  

7 Weir and orifice S3 level > road level Submergence > 0.85 S2D level defaulted 
to critical weir flow 

8 Submerged 
weir and orifice 

Submergence > 0.85 Submergence > 0.95 S2D level defaulted 
to critical weir flow 

9 Drowned weir 
and orifice 

Submergence > 0.95 Maximum river level  
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Figure 2-3: Nine afflux modes through a bridge structure (modes 1 to 4 are sub-soffit, modes 5 to 9 

are super–soffit) 
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2.3.3 How is the subsoffit mode 4 computed? 

The AES used the standard step method with the section conveyance ratings for computing a water 

surface elevation through each of the 8 river sections.  The flow discharge increments were taken 
from the AE2 ratings, since these were at the structure itself.  The method enabled the computation 
of the total energy, water surface elevation and critical depth for each section.  

The subsoffit mode includes the transition sections (AE1 and AE4).  For cases where AE1 or AE4 

extended beyond CESd and CESu, the former were set equal to CESd and CESu.  A standard step 

profile was also computed for the unstructured sections CESd, S2, S3 and CESu.  (Afflux may then 
computed as the difference between the structured and unstructured levels.)     

2.3.4 How is the orifice mode 6 computed? 

Orifice flow begins at a bridge when both the upstream water level is above the soffit and finishes 
when the upstream water level reaches the road level.  The orifice equation in USBPR (1978) is 
given as:   

 

Q = C
d
b
N
Z [2g∆h ]

0.5
 

 

where Q is the total discharge, b
N
 the net width of waterway (excluding piers), Z is the water depth 

at soffit level and  ∆h is the  difference in water surface elevation across the bridge (preferably 

across the bridge embankments).  From USBPR (1978) the discharge coefficient is approximately 
constant at 0.8.  

 

Figure 2-4: Chart for converting bridge headloss to upstream depth (from USBPR, 1978) 

 

This orifice equation was solved explicitly for ∆h in AES for the above start and finish conditions.  A 

chart given in USBPR (1978) was then used to estimate Y
u 
, the upstream flow depth at AE3

 
.  The 

chart is reproduced in Figure 2.7; it non dimensionalises the depths using Ybar, the normal flow 
depth at the bridge. 

In summary, the above algorithms were used to solve for the orifice flow depths at sections AE3 
and AE2.  Since the flow depths at AE3U and AE2D were known to be the soffit level, the standard 
step method was only used to solve for the AE1 to AE2 and AE3 to AE4 flows.  Thus the entire 

profile was solved.  Note that for all of the super soffit computations, the transition lengths were 
assumed to be zero. 
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2.3.5 How is the weir and orifice mode 7 computed? 

Weir flow begins at a bridge when the upstream water level is above the road or parapet level.  The 
standard weir flow equation is given as:   

Q = CLH
1.5 

where Q is the total discharge, C the discharge coefficient, L the road length across the bridge (i.e. 
across stream), and H the total head upstream measured above the road.  Orifice flow through the 

bridge occurs during weir flow, and AES iterates both the weir and orifice flow equations so that 
both solutions provide the same upstream energy level.  

The major unknown variable in the weir equation is the weir coefficient C.  The coefficient varies 

according to the weir type (broad crested or rectangular) and increases with L.  Values are 
summarised in HEC-RAS (2004), and vary from about 1.5 to 1.7.  In AES, the roadway length is 
taken as the roadway intersecting length between the floodplain, and no allowance is made for 

additional approach roadway and embankment overtopping.  The weir coefficient was taken as 1.6. 
The modular weir flow coefficient was used until the submergence (the ratio of upstream and 
downstream water levels above the road) exceeded 85%.   

In summary, the above algorithms were used to solve for the weir flow depths at sections A3 and 
AE2.  In accord with HEC-RAS (1995), the flow depth at AE2D was defaulted to critical (for the weir 

flow) if AE2 was below this critical depth.  The standard step method was thus only used to solve 
for the AE1 to AE2 and AE3 to AE4 flows, and the entire profile was solved.  

2.3.6 How is the submerged weir and orifice mode 8 computed? 

Submerged or non-modular weir flow begins for a submergence of 85% and ends at 95%.  The 

same weir flow equation and iterative method were used as for the modular flow, but the discharge 
coefficient was reduced by a discharge reduction factor (DRF) as given in Figure 2.8.   

 

 

Figure 2-5: Discharge reduction factor for submerged weir flow (from USBPR, 1978) 

 

2.3.7 How is the drowned weir and orifice mode 9 computed? 

This drowned mode begins for a submergence that exceeds 95%, in accord with the HEC-RAS 

(1995) default.  The flow has now returned to the gradually varied flow condition.  Although the river 
roughness will increase with the submerged bridge obstruction, this is neglected. 

2.3.8 How is the uncertainty of the bridge afflux estimated? 

The major uncertainty for estimating the flow conveyance is that of the Manning’s n value.  The 

Roughness Advisor in CES provides a mid, upper and lower value estimate for this coefficient.  In 
general, this uncertainty is between about 10% to 30% of the mid value, and is much larger than 
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the other uncertainties involved in the afflux calculations.  For this reason, the final uncertainty with 
structures was simply estimated by repeating the AES computations with the upper and lower limits 
of Manning’s flow conveyance uncertainty. 

2.4 The Culvert Application 

2.4.1 What is the Culvert application? 

This application computes a rating curve for 3 different culvert types that may be installed in a river, 

namely a pipe, box and parabolic arch culvert of uniform cross sections. At least 10 identical culvert 
barrels may also be modelled using these shapes.   

The culvert types and associated data are entered in the Culvert Cross Section ‘Properties’ in 

CES/AES under the ‘General’ table.  Figure 2.6 illustrates the page for a single arch culvert type.  
Data entry is made as follows: 

• Culvert name and type; 

• The 4 inlet criteria of shape, material, type, and inlet edge (as displayed in the adjacent 
diagram).  When these criteria are selected, AES computes the appropriate Inlet flow 
coefficients (Appendix, Table A-1).  If the 4 criteria are not matched exactly as in Table A-1, 
the coefficients are defaulted to the first entry in Table A-1; 

• Barrel roughness and length.   When barrel roughness is selected, AES computes the 
appropriate Mannings friction coefficient (Appendix, Table A-2). 

 

The ‘Opening Data’ table (Figure 1.4) is designed to hold left and right span offsets for up to 10 

identical culvert openings.  The springer, span, rise and road elevation is entered separately as 
single values.    The upstream and downstream culvert sections may be entered separately, or one 
may be cloned from the other. 

The ‘Section Data’ and ‘Roughness Zones’ tables are common to both CES and AES.  They may be 
entered separately, or one may be cloned from the other. 

As with bridges, the standard step conservation of energy method (CEE) was used for all profile 
computations.   

 

        

Figure 2-6: The General page for Culverts in CES/AES 
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2.4.2 What methods are used to estimate culvert afflux? 

In Phase 1 of this Research study (JBA, 2004), the CIRIA method was recommended towards 

calculating afflux at culverts using a spreadsheet application.  The method is intended for hand 
calculation, and is detailed in a publication entitled “Culvert design guide” (CIRIA, 1997).  The 
method is supplemented herein with overtopping weir flows similar to the bridge afflux weir flows 
used in the Bridge Application.  The AES is thus relevant to the hydraulic performance of culvert 

structures for unsubmerged and submerged flows.  To better understand the methods used for 
unsubmerged flows, a brief primer in culvert hydraulics follows. 

In open channel hydraulics, there are 12 possible stable, water surface profiles for a given channel 

geometry (Montes, 1998).  These depend on 5 types of channel slope (horizontal (H), mild (M), 
critical (C), steep (S) and adverse (A)) and 3 zones of controlling water depth, y (y > yn and yc (1), y 
between yn and yc (2), y < yn and yc (3), where yn is the normal depth and yc the critical depth).  

The profiles are abbreviated by slope letter and zone number as follows: 

 

H2, H3; M1, M2, M3: C1, C3: S1, S2, S3: A2, A3 

 

Six of the profiles are subcritical with y > yc (H2, M1, M2, C1, S1, A2) and the remainder are 

supercritical.  There therefore exists the possibility of at least 12 profiles in free culvert flow.   

Culvert flow may be controlled by high friction at the inlet structure, or high friction at the outlet due 

to a long barrel structure.  If the inlet structure allows the least discharge for the same upstream 
energy as applied to the outlet, then the culvert is under inlet control and the flow is usually 
supercritical.  If the culvert outlet allows the least discharge for the same upstream energy as 

applied to the inlet, then the culvert is under outlet control and the flow is usually subcritical.  Since 
the flow control determines the computation of a water surface profile, it must therefore be first 
determined for both free and full flow conditions. 

The CIRIA (1997) method begins by calculating the Inlet control energy using the FHWA (2001) 
method. The latter estimates the inlet energy for either an unsubmerged or submerged inlet 
condition. (Note that if both the inlet and outlet are submerged for inlet control, a hydraulic jump 

and possible instability may occur in the culvert.  This detail is ignored in AES for simplicity).   The 

CIRIA method then calculates the Outlet control energy (for the same discharge) using the standard 
step method for water profile analysis.  The higher of these energies determine the control of the 
culvert flow. 

When the culvert outlet is nearly submerged under outlet control, the culvert flow becomes 

equivalent to that of full conduit flow.  The FHWA (2001) approximate backwater method is used 
prior to tailwater submergence. The full flow hydraulic computations differ to that of free flow.  And 

when the culvert inlet water level reaches that of the road, the conditions of modular weir flow, 
submerged and drowned weir flow occur sequentially with increased flow elevation.   The AES thus 
computes a total of 8 flow modes, as detailed below. 

The CIRIA (1997) method applies to culverts which are less than 100 m in length, since UK culverts 

of greater length are usually non uniform.  However, AES will compute afflux for a uniform culvert of 
any length.  A minimum culvert rise or span of 0.45 m is recommended to avoid blockage (this 

limitation is coded in AES), and the design manual assumes that the culvert invert slope is equal to 
the river channel slope. 

2.4.3 How does afflux vary with flow depth? 

Figure 2.7 illustrates that at least 8 modes of flow may occur through a culvert structure, thus 

requiring at least 8 types of afflux calculation.  The modes are subdivided into 5 below road flows 
(low flows) and 3 above road flows (high flows).  All of the modes depend on whether the culvert is 
in inlet or outlet control.   
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Figure 2-7: Eight afflux modes for a culvert structure 
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Table 2-2: Summary of the eight afflux modes  

Mode Control Flow Description Profile Method 

1 Inlet Supercritical Unsubmerged Usually S2 FHWA 

2 Inlet Supercritical Submerged Usually S2 FHWA 

3 Outlet Subcritical Drawdown H2, M2, or A2 Direct step 

4 Outlet Subcritical Backwater M1, C1, or  S1 Direct step 

5 Outlet Subcritical Full Pressurised Conduit 

6 Road Supercritical Weir Modular USBPR 
(1978) 

7 Road Subcritical Submerged weir Non modular USBPR 

(1978) 
8 Channel Subcritical Drowned weir Open channel Open 

channel flow 

 

A brief description for each mode is now given, and a summary with the methods used for 
computation are listed in Table 2.2. 

• Mode 1: unsubmerged inlet control condition.  The high friction at the culvert entry causes a 
high energy loss and water level fall.  Flow may pass beneath the critical flow depth for the 
culvert, but usually attains an S2 profile to normal depth downstream for a long culvert.  
This profile is not modelled in AES since the FHWA (2001) equations enable the energy loss 
at the inlet to be calculated directly.   

• Mode 2: submerged inlet control condition.  The same comments as Mode 1 apply. 

• Mode 3: drawdown outlet control condition.  The outlet water level is below the culvert 
normal depth, and thus an H2, M2, or A2 drawdown profile is developed within the culvert 

to normal depth upstream for a long culvert.  In AES, the water surface profiles are 

computed using the Direct Step method (Sturm, 2001).  This method is used in HEC-RAS 
(2004), and is favoured because it is faster than Standard Step method detailed by CIRIA 
(1997). 

• Mode 4:  backwater outlet control condition.  The outlet water level is above the culvert 
normal depth, and thus an M1, C1, or S1 backwater curve is developed within the culvert to 
normal depth upstream for a long culvert.  The Direct Step method is used for computation 
of this profile. 

• Mode 5:  full flow outlet control condition.   It has been empirically shown by FHWA (2001) 

that when the outlet water level is greater than (dc +D)/2 (where dc is the culvert critical 
depth and D is the culvert rise), the culvert friction loss is the same as if it were in full flow.  

This criteria is therefore used as an outlet condition in AES if the associated outlet depth is 
less than D and (dc +D)/2.  It is known as the backwater approximation. 

 

The following above road modes may occur in order of increasing water level at the bridge 

structure, and are derived from USBPR (1978); they are common to WSPRO (1986) and HEC-RAS 
(2004): 

• Mode 6: once the inlet water level is above the road a weir flow will ensue. If the weir flow 

submergence (downstream water level above road level divided by upstream water level 
above road level) is less than about 85%, then the weir flow is modular, and its discharge 
coefficient is determinable (as for the bridge flow).  Note that pressure flow is still occurring 
within the culvert (provided it is not totally obstructed), and this is calculated for each 
discharge rating in the AES computations using an iterative procedure. 
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• Mode 7: as the downstream flow level increases, the weir becomes submerged and the 

flow becomes a non-modular weir flow.  This occurs for submergence between 85% and 

95%, and the discharge coefficient is accordingly reduced (as for the bridge flow).  Note 
that pressure flow is still occurring within the culvert.  

• Mode 8:   when submergence of about 95% is reached, the weir is drowned and the mode 
returns to that of uniform river flow.  Inevitably, the friction for this condition will increase 
above that for the undisturbed stream (due to the presence of the drowned structure), but 
this is neglected in the AES computation. Note that pressure flow is still occurring within the 
culvert.  

 

In summary the AES computes 8 flow modes which include roadway overtopping, as opposed to 
the 5 under road modes calculated in CIRIA (1997).   

 

2.4.4 How are the under road modes computed? 

The CIRIA (1997) design method for under road modes is given in Table 2.3 and the nomenclature 

used therein is given in Figure 2.8.  In summary, the methods give water levels at AE2D and AE3U 

and the total energy level at AE4 (which includes the inlet head loss).  These values were 
substituted directly into the AES model.  The standard step method was only used to solve for the 
CESd to AE2 and AE4 to CESu flows.  Thus the entire profile was solved.   

For inlet control, the Inlet structure design table given in CIRIA (CIRIA, 1997, Table D1) was 

simplified for a Pipe Arch culvert, by averaging the 2 given design conditions (that is, the 450 mm 
and 790 mm corner radius conditions).  However, the pipe arch culvert was not modelled in AES.  
The simplified design table is reproduced in Table A.1 in the Appendix. 

2.4.5 How are the over road modes computed? 

The design methods used for above road modes were the same as used in the Bridge Application, 

with the exception of the orifice mode. The latter was not used for culverts as it is included in the 
FHWA (2001) Inlet design equations.  Note that the roadway in AES is assumed to be horizontal, 
and the overtopping length along the road is taken as the length between points at the floodplain 
intersection.  That is, the length is the river floodplain width at the single roadway elevation. 

2.4.6 How is the uncertainty of the culvert rating curve estimated? 

The uncertainty associated with the water level estimates were treated in a similar way to the bridge 

application.  The major uncertainty for estimating the flow conveyance is that of the Manning’s n 
value.  The Roughness Advisor in CES provides a mid, upper and lower value estimate for this 
coefficient.  In general, this uncertainty is between about 10% and 30% of the mid value, and is 
much larger than the other uncertainties involved in the afflux calculations.  For this reason, the final 

uncertainty with structures was simply estimated by repeating the AES computations with the 
upper and lower limits of Manning’s flow conveyance uncertainty. 
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Table 2-3: CIRIA (1997) design method for culvert hydraulics 

Symbol Free flow Full flow 

 Inlet control 

HWLic An inlet structure design table is used 
to calculate the headwater elevation 

under inlet control. 

An inlet structure design table is used to 
calculate the headwater elevation under 

inlet control. 

 Outlet control 

yo The tailwater depth (TW) is calculated 
as the normal depth for the 

downstream flow. 
 

If TW > critical depth (yc) then yo = TW 
Else yo = yc 

The tailwater depth (TW) is calculated as 
the normal depth for the downstream 

flow. 
If TW > culvert height (D) then yo = TW 

If TW < D and TW > (yc+D)/2 then yo = 
TW 
Else yo = (yc+D)/2  

ho The outlet headloss is calculated as the 
difference in velocity heads between 

the culvert barrel and the downstream 

channel. 

The outlet headloss is calculated as the 
difference in velocity heads between the 

culvert barrel and the downstream 

channel. 

hb The headloss due to culvert bends; it is 
omitted herein for simplicity. 

The headloss due to culvert bends; it is 
omitted herein for simplicity. 

yi The water depth at the culvert barrel 
entrance is calculated by backwater 

analysis. 

The culvert friction headloss (hf) is 
calculated using Manning’s formula. 

hi The inlet structure design table is used 
to calculate the inlet head loss. 

The inlet structure design table is used 
to calculate the inlet head loss. 

hs The headloss due to trash screens; it is 
omitted herein for simplicity. 

The headloss due to trash screens; it is 
omitted herein for simplicity. 

HWLoc The headwater elevation under outlet 
control is calculated as: 

HWLoc = ILo + yi + hi 

The headwater elevation under outlet 
control is calculated as: 

HWLoc = ILo + yo + ho +hf + hi 

 If HWLoc > HWLic then use outlet 
control 
Else use inlet control. 

If HWLoc > HWLic then us outlet control 
Else use inlet control. 

Notes: 
 

1. Inlet control is computed for the entire discharge rating. 
2. For inlet control, if the discharge ratio value 1.811Q/AD 

0.5
 is between 3.5 and 4, then 

the HWLic rating is linearly interpolated.   

3. Free flow begins at the lowest flow elevation and ends when yi > ySF (where ySF is 

the soffit depth at the culvert inlet). 
4. For Full flow, if TW > D then yo = TW, else the FHWA (2001) approximate backwater 

assumption that yo is the larger of  (yc+D)/2 or TW is used.   
5. The Full flow rating begins when free flow is ended. 
6. The larger of HWLic and HWLoc for free and full flow at a particular discharge is the 

rating    elevation (HWL).  
7. When HWL > RD the flow is computed sequentially as a modular weir, submerged 

weir and a drowned weir, each with the appropriate inlet or outlet controlled culvert 

flow.  The weir elevation is computed iteratively since flow continues through the 
culvert. 

8. Energy losses due to flow at culvert bends and at trash screens are omitted for 
simplicity. 
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Figure 2-8: Nomenclature for culvert hydraulics 

 

Legend for Figure 2-8 

HWLoc 
Headwater elevation under outlet 
control 

HWLic 
Headwater elevation under inlet 
control 

HW Headwater depth TW Tailwater depth 

ILi Invert elevation at barrel inlet ILo Invert elevation at barrel outlet 

D Barrel depth yo 
Design depth downstream of  barrel 

outlet 

B Barrel span hi Energy loss at culvert inlet 

L Barrel length hf Friction loss in barrel for full flow 

So Barrel bedslope ho Energy loss at culvert outlet 
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2.5 Water surface profile calculation 

2.5.1 Automatic calculation of transition reaches 

The flow profile in Figure 1.2 appears in plan view as in Figure 2.9.   The flow contracts towards the 

structure between AE4 and AE3 for a transition length Lc from the unstructured flow upstream, and 
expands from the structure between AE2 and AE1 for a transition length Le to the unstructured flow 

downstream.  The energy loss (h) associated with this change in cross section is given in the 
standard step method by: 

 

h = C l α
1
V
1

2
/2g – α

2
V
2

2
/2g l 

 

where V
1
 and V

2
 are the average flow velocities at the end of each transition and α

1 
and

  
α
2 
are the 

respective velocity weighting coefficients.  For Lc, the coefficient is designated Cc, and for Le it is 
designated Ce.  

In HEC-RAS (1995), Lc is recommended to be about Lobs, and Le is recommended to be about 

2Lobs, where Lobs is the average abutment width (or obstruction width, (B – b)/2 where B is the 

floodplain width and b the contraction width) across the stream.    These values are however 
approximate, and a complex and iterative procedure is recommended for an improved 
determination.  It has however been recently shown, using dimensional analysis (AEHR, 2006), that 
the transition lengths may be estimated in the following dimensionless form:  

 

Lc/D3 or Le/D3 = f ( F3, J3, B/Bm ) 

 

where D3 is the flow depth at Section 1, F3 is the Froude number at Section 1, J3 is the blockage 
ratio at Section 2 (area of flow blocked by the downstream bridge section divided by the total flow 
area in the unstructured channel) and B/Bm is a dimensionless floodplain width (Bm is an arbitrary 

floodplain scale width of 153 m). The new dimensional analysis was calibrated with data from 
recent laboratory bridge afflux experiments (Atabay and Knight, 2002) and field scale computational 

data (HEC, 1995B).  It was also used to determine the transition loss coefficients as simple 
functions of B/Bm.   

The Transition Calculator in AES estimates the above dimensionless variables and thus the 

transition lengths and coefficients for the applied discharge.  As noted previously, transition 
parameters were used for subsoffit flows only (since the calibration data were only subsoffit), and 
the transition lengths were assumed to be zero for supersoffit flows. 
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Figure 2-9: Transition lengths for a bridge or culvert contraction 
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2.5.2 What output statistics are given? 

The CES/AES code has an ‘Outputs’ page for which the following 11 variables may be plotted as 
ratings against flow elevation, and numerically output: 

 

• Area (m2); 

• Average Velocity (m/s); 

• Back-calculated Manning’s coefficient; 

• Boussinesq coefficient (or velocity coefficient); 

• Conveyance (m3/s); 

• Coriolis coefficient (or kinetic energy coefficient); 

• Flow (m3/s) (or Discharge); 

• Froude number; 

• Perimeter (m) (which is the cross section wetted perimeter); 

• Reynold’s number; 

• Width (m) (which is the cross section top width). 

 

Figure 2.10 illustrates the conveyance rating for an arch bridge example with equal upstream and 

downstream bridge sections.  Note that the bridge ratings can only be accessed after the AES code 
has computed the backwater profile. 

 
 

           

Figure 2-10: Bridge conveyance ratings output from CES/AES 

 

2.5.3 How is the number of intervals changed? 

The “Number of Intervals” used in the AES project refers to the number of vertical intervals used in 

a section rating. This number may be varied from a minimum of say 10 (for an approximate afflux 
estimate) to a maximum of 100 for a more accurate determination. Inevitably, the computation time 

increase with n and may become unreasonable for cross sections with the maximum of 200 points. 
The default of 25 gives a fast response to all the examples given in this manual.  The number of 
intervals is changed in CES/AES by accessing the Cross-Sections Properties for a structure, and 
activating the ‘Advanced Options’ page. 
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3 TESTING THE AFFLUX ESTIMATION SYSTEM 

 

 

3.1 How was the Afflux Estimation System tested? 

The AES code was tested for each structure type by comparing the water surface profile with that 
computed by AE, for a single river.  It was found that almost identical profiles were obtained using 

both codes.  This was because the river used for testing (the River Main as detailed below) was of a 
simple compound section, and the conveyance rating computed by CES was almost identical to 

that  computed by AE (which used the divided channel conveyance method).  For irregular channels 
such as the River Dane (also detailed below), it was expected that the AE and AES profiles will 
show  larger difference. 

This Chapter first describes the testing of AE for its River, Bridge and Culvert applications.  The 
testing of AES against AE is then described for Bridge and Culvert examples on the River Main. 

3.2 How was Afflux Estimator tested? 

The AE code was tested using similar data as for AA (2005).   The River, Bridge and Culvert 
applications each used measured data where possible.  The tests were chosen to represent the 

extreme range of physical conditions encountered for the UK.  For the River application, the rating 
curves were compared with ratings from the “Conveyance Estimation System” (CES, 2004).  For 
culvert cases where no measured data were available, AE ratings were compared with ratings 
computed by the HEC-RAS code (HEC-RAS, Version 3.1.3.,2005). 

The rating curve for the River application was tested using measured data similar to the River Main 

(a small river and floodplain in Northern Ireland) and the River Dane (a larger river and wide 

floodplain in the Peak District).  These data were for straight river reaches, and were detailed in the 
“Conveyance User Manual” (CESM, 2004).  After visual calibration of the channel friction, a close 
correspondence with rating data was attained for each test. The AE rating was also compared with 
the CES rating, and the levels of uncertainty were similar although small differences existed due to 
the simplified AE estimate. 

For the Bridge application, very small arch bridge tests were made using the University of 

Birmingham (UB) model bridge data for normal flows (Atabay and Knight, 2002).  In contrast, large 
beam bridge tests with wide and densely vegetated floodplains were made using the USGS 
Hydrologic Atlas data for 11 rivers in the southern US States (USGS, 1978).   Both test series 
computed the measured afflux data within the levels of uncertainty. Note that the HR Wallingford 
data (Brown, 1988) for model and field arch bridges could not be directly tested with AE, since the 
data used the headloss at a structure (Figure 1.1) for estimating afflux.   

Skewed bridges were tested using some of the UB data for bridge types at 30 and 45 degrees of 

arc to the flow direction (Seckin et al, 2004).    Although the skew algorithms were derived from the 
UB data, the uncertainty at the largest skew (45 degrees) had an error of about 12%.  Since no 
bridge data were available for the USBPR skewed bridge analysis (USBPR, 1978), the USBPR 
skewed bridge method was not used in AE. 

Shallow culverts were tested using the CIRIA worked example for a box culvert in free flow (CIRIA, 

1997).  Deep culverts were tested using the DEFRA/EA Benchmarking example for a deep culvert 
(Crowder et al, 2004).  Since these examples did not have measured field data, they were modelled 
using HEC-RAS, and the computed ratings were compared with AE.  A close correspondence was 
demonstrated for most culvert tests, and all results were within the proposed limits of uncertainty. 

3.3 How was the River application tested in AE? 

The River Main is a straight compound channel with some vegetation and substrate.  The study 

reach was reconstructed and realigned in the past to form a double trapezoidal channel cross 

section (Figure 3.1). The main channel is a trapezoidal shape being 1 m deep and about 12 m wide, 
and the floodplain is a trapezoidal shape being 4 m deep and about 40 m wide.   The regularity of 
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this cross section produces a simple rating curve, and this is demonstrated in Figure 3.1. The latter 
compares the AE rating computed at Section 1 (Figure 1.1) with the CES rating.  The CES rating 
method has a more complex friction distribution as illustrated in Table 3.1, and the method for the 
estimate of uncertainty differs to that of the AE divided channel method.  Nevertheless, the 
uncertainties are comparable. 

The River Dane is a natural channel with wide floodplains.  The study reach is straight and the main 

channel is 4 m deep and about 30 m wide.  The floodplain considered is a rectangular shape being 
about 2 m deep and about 500 m wide (Figure 3.2).   The large floodplain promotes energy losses 
due to lateral shear and this is demonstrated in Figure 3.2 by comparing the AE rating at Section 1 
with the CES rating.  Although the correspondence is close, the CES rating method is more 

accurate since it includes a more complex friction distribution (Table 3.1). The upper uncertainty 
estimates for this river are similar for AE and CES, but the lower uncertainty is smaller for the CES 

rating.  This is because the CES includes seasonal uncertainty in the roughness estimate, and this 
may reduce the vegetation coefficient to zero.  Nevertheless, the uncertainties are comparable, 
especially at high flows. 

 

Table 3-1: Manning’s friction coefficients used for estimating rating curves 

Method River Left 

overbank 

Left 

bank 

Main 

channel 

Right 

bank 

Right 

overbank 

AE Main 0.046 NA 0.028 NA 0.046 

CES Main 0.046 0.045 0.025 0.045 0.046 

AE Dane 0.083 NA 0.036 NA 0.083 

CES Dane 0.083 0.151 0.036 0.151 0.083 
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Figure 3-1: Comparison of rating curves using CES and AE for the River Main 
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Figure 3-2: Comparison of rating curves using CES and AE for the River Dane 

 

3.4 How was the Bridge application tested in AE? 

 

For the Bridge application, very small bridge tests were made using the University of Birmingham 
(UB) model bridge data for normal flows (Atabay and Knight, UB, 2002).  Skewed bridges were 
tested using some of the UB data for bridge types at 30 and 45 degrees of arc to the flow direction 

(Seckin et al, UB, 2004).  In contrast, large bridge tests with wide and densely vegetated floodplains 
were made using the USGS Hydrologic Atlas data of 15 floods from 11 rivers in the southern US 

States (USGS, 1978).  Since the detail for these tests are explained in the Worked Examples 
chapter of this manual, only the results for all tests are given herein.   
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3.4.1 How were normal bridge flows tested with University of Birmingham data? 

The University of Birmingham conducted a series of afflux measurements for model bridges in flows 

normal to the bridge axis (UB, 2002).  They were made for bridge types of single semi-circular 
openings (20 experiments), multiple semi-circular openings (15 experiments), single elliptical 
openings (15 experiments) and straight deck beam bridges with and without piers (95 experiments).  
The experiments were conducted for measurable afflux under 5 channel roughness conditions and 
at 5 discharges for each bridge type.  Table 3.2 summarises the experiments, together with a 

record of transition length measurements (indicated by Lc and Le).  The data for the 50 arch bridge 
experiments were used for the following tests. 

The afflux computed by AE is plotted against that measured for each bridge type in Figure 3.3.  A 
high correlation is noted for each type, and there is no significant difference between type. 

The AE results are compared against AA computations and HEC-RAS modelling computations 
(given by Atabay and Knight, 2002) in Figure 3.4.  It is seen that the AE computations have the 

closest parity, and give a 95% level of confidence for afflux estimation of about 4%.  (Note that the 
AA estimates are only approximate, since AA models arch bridges using a parabolic arch profile 
only.   Furthermore, several of the AA predictions were unusually high.  This occurred because AA 
averaged both the HRC (JBA, 2005) and USBPR (1978) methods for prediction.  As noted in the AA 
Hydraulic Reference, 2006, the latter method can lead to anomalously high values.)  

 

 

Table 3-2: Summary of the UB (2002) normal bridge flow experiments 

Bridge Type Code Case 1 
nmc = 0.010
nfp  =0.009 

Case 2 
nmc = 0.015 
nfp   = 0.030 

Case 3 
nmc = 0.028 
nfp   = 0.047 

Case 4 
nmc = 0.029 
nfp   = 0.069 

Case 5 
nmc = 0.032 
nfp   = 0.080 

Multiple semi-circular arch AMOSC 5 (Lc) 5 (Lc, Le) 5 (Lc, Le)   

Single elliptical arch ASOE 5 (Lc) 5 (Lc, Le) 5 (Lc, Le)   

Single semi-circular arch ASOSC 5 (Lc) 5 (Lc, Le) 5 (Lc, Le) 5 (Lc, Le)  

Beam (Span = 0.398) BEAM-4 5 (Lc, Le)  5 (Lc, Le) 5 (Lc, Le) 5 (Lc, Le) 

Beam (Span = 0.498) BEAM-5    5 (Lc, Le) 5 (Lc, Le) 5 (Lc, Le) 

Beam (Span = 0.598) BEAM-6   5 (Lc, Le) 5 (Lc, Le) 5 (Lc, Le) 

Piered Beam (Span = 0.398) PBEAM-4   5 (Lc, Le) 5 (Lc, Le) 5 (Lc, Le) 

Piered Beam (Span = 0.498) PBEAM-5   5 (Lc, Le) 5 (Lc, Le) 5 (Lc, Le) 

Piered Beam (Span = 0.598) PBEAM-6   5 (Lc, Le) 5 (Lc, Le) 5 (Lc, Le) 
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Figure 3-3: 50 UB (2002) arch bridge afflux estimates for 3 arch types 

 

        

Figure 3-4: Comparison for 50 UB (2002) arch bridge afflux estimates 

 

All of the above 50 UB tests had measured contraction lengths which were roughly constant (for 
this laboratory scale) at about 0.51 ± 0.03 m (at the 95% confidence level).   The actual data are 

plotted against the AE estimates in Figure 3.5, and the latter gave a mean value of 0.45 ± 0.02 m (at 
the 95% confidence level).  Thus the results were comparable, and the Transition Calculator 
algorithms were verified for contraction lengths. 

Only 35 of the 50 arch bridge tests had measured expansion lengths, and these are plotted against 
the AE estimates in Figure 3.6.  Although the parity is near unity, the standard error for the 

regression slope was 0.038.   Thus AE estimated expansion lengths to within about 8% (at the 95% 
level of confidence).  The Transition Calculator algorithms were thus closely verified for expansion 
lengths. 
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Figure 3-5: Comparison of 50 contraction lengths 

 
 
 

        

Figure 3-6: Comparison of 35 expansion lengths 

 

 

3.4.2 How were skewed bridge flows tested with University of Birmingham data? 

A skewed bridge has the normal direction to its axis aligned at an angle with the main flow 

direction.   This skew angle is measured in AE using degrees of arc. The increased afflux due to 
skew was simply computed in AE by multiplying the bridge spans with the cosine of the skew 
angle.   (This is the same method as used in the HEC-RAS code).  Since the USBPR (1978) method 
provides no measured data for skew analysis, it was not used for skewed bridges. 
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The single Arch bridge type was used to test AE for the UB (2004) model skew data.  Figure 3.7 

shows how the UB measured afflux increases with skew angle and discharge.  This data was 
compared with the AE afflux data and a fairly close correspondence was obtained.  The 45 degree 
skew data was however significantly higher for AE at about 12%, but since it fell at the lower level 
of uncertainty it was not corrected. 

 

 

Figure 3-7: Afflux versus skew angle and discharge 

 
 

3.4.3 How were bridge flows tested with USGS field data? 

The USGS (1978) data were chosen for testing AE with beam bridges of differing pier 
configurations.  The data were diverse, with bridge spans varying from 40 m to 160 m and the 
number of piers from 2 to 26. (For the latter pier number, AE approximated the number to 18 and 

added pier widths to represent the total blockage, since the code was designed to estimate a 
maximum number of 20 openings.)  Although the river geometries were also diverse with 
floodplains varying from 240 m to 1360 m, the roughness was fairly constant (appropriate to 

densely wooded floodplains).  Furthermore, the channel bedslopes were fairly low and constant, 
from about 0.001 to 0.005, in association with the coastal plains of the surveys. 

Figure 3.8 summarises the AE computed and USGS measured afflux.  (Note that the USGS 

measured afflux was estimated from the surveyed flood water levels and the unstructured water 
levels based on HEC-RAS estimates.)  For the 15 floods, 12 produced subsoffit flows, 2 gave orifice 

flows and there was a single weir flow mode.  The plot indicates a reasonable parity for all flow 
modes, and thus the entire data was treated as an ensemble to give a regression slope of 1.1 ± 0.1 
(standard error) with a correlation coefficient of 0.70.  The AE predictions thus gave a systematic 
error which was about 10% high, and a random error of about 20% at the 95% level of confidence.  
These errors may be roughly combined as an overall 25% prediction error. 

The AE results are compared against AA computations and HEC-RAS modelling computations 

(given in HEC, 1995a and repeated by JBA in 2005) in Figure 3.9.  It is seen that the HEC-RAS 
computations have the closest parity, and give a 95% level of confidence for prediction of about 
10%.  The AE computations slightly over predict measured afflux, and the 95% level of confidence 
is about 25%.  Finally, the AA estimates give the least accurate predictions, having an error of 
about 30% at the 95% level of confidence.  
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Table 3-3: Comparison of measured and AA afflux estimates for the USGS data 

 

USGS ID and river 
Flow 

 m3/s 

Bridge 

Span 

m 

Flood-

plain 

width 

m 

Measured 

Afflux    

 m 

HEC 

(1995) 

Afflux m 

JBA 

(2005) 

Afflux 

m 

AA 

Afflux 

m 

AE 

Afflux 

 m 

 

591(1) 

Bogue 
Chitto 708 130 1360 0.32 0.47 0.39 0.43 0.54 

591(2) 

Bogue 
Chitto 892 130 1360 0.53 0.53 0.55 0.49 0.84 

596 

Okatoma 
Creek 456 65 560 0.76 0.79 0.88 0.68 0.91 

600(1) 
Alexander 
Creek 156 75 300 0.08 0.02 -0.03 0.05 0.06 

600(2) 

Alexander 
Creek 269 75 300 0.11 0.08 0.05 0.20 0.14 

603 

Cypress 
Creek 42.5 40 240 0.28 0.19 0.17 0.24 0.24 

604 

Flagon 
Bayou 134 70 480 0.12 0.09 0.01 0.22 0.03 

606 
Tenmile 
Creek 181 160 640 0.10 0.10 0.13 0.23 0.34 

607 

Buckhorn 
Creek 118 80 280 0.33 0.36 0.23 0.23 0.21 

608 

Pea 
Creek 50.4 78 340 0.21 0.15 0.15 0.19 0.11 

609(1) 

Poley 
Creek 53.8 62 400 0.24 0.21 0.27 0.25 0.33 

609(2) 
Poley 
Creek 130 62 400 0.45 0.45 0.39 0.40 0.60 

610(1) 

Yellow 
River 56.6 78 400 0.16 0.16 0.14 0.12 0.14 

610(2) 

Yellow 
River 187 78 400 0.35 0.41 0.41 0.16 0.26 

601 

Beaver 
Creek 396 60 560 0.64 0.58 0.61 0.37 0.45 
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Figure 3-8: Comparison for 15 USGS beam bridge afflux estimates 

 
 

3.5 How was the Culvert application tested in AE? 

Since there is no systematic, available data to test the culvert computations, the AE code was 

compared with HEC-RAS (Version 3.1.3, 2005) models to verify its application.  (The HEC-RAS 

culvert modelling is based on FHWA (2001) design equations which are, in turn, based on both 
laboratory models and US field tests.)  Two rivers were tested, namely that designed for shallow 
culverts as given in the CIRIA (1997) culvert manual, and that designed for deep culverts as given 
by Crowder et al (2004) as a Defra/EA benchmark study.  Four culvert types were tested for each 
river, namely a pipe, box, arch and twin box structure. 

In similarity with AA, the AE code produced afflux ratings that were close to those for HEC-RAS 

models. The comparison was well within the 30% estimated limit of uncertainty for afflux prediction. 
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Since the detail of these tests are explained in the Worked Examples chapter of this manual, only 
the results for all tests are given herein.   

3.5.1 How were shallow culverts tested with the CIRIA example? 

The CIRIA example for shallow culverts (CIRIA, 1997) used a small stream with a relatively long and 

large culvert.  The example gave data for stream bed slope and design flows, and the remaining 
data were synthesised to provide a rating curve. Although the CIRIA manual provided design data 
for box culverts only, the examples were extended to a pipe, flat based arch (equal springer and 

invert elevations) and twin box culvert type for the full testing of AE.  Since the CIRIA method was 
limited to manual calculation, testing of AE culvert ratings were made by comparison with ratings 
derived using HEC-RAS.   

Figure 3.10 illustrates the rating comparisons at Section 4 for the AE and HEC-RAS codes.  Since 

the contraction section (TS4) was at Section 4 for most of the rating, the S4 rating may also be 
considered as the afflux rating.  The following points were noted: 

• In general, the under road ratings (road level is 28.4 m) are very close; they are less than the 

unstructured river level for low discharges.   The latter is simply because the culvert friction 
is less than the main channel friction. 

• The maximum afflux near road level is the same for all but the arch culvert.  The latter is due 
to the fact that AE assumes a parabolic arch, whereas HEC-RAS models an arch that has a 
larger opening area. 

• AE models the submerged weir flow at a lower discharge than HEC-RAS.   This leads to a 

maximum difference between the predictions of about 0.2 m.  Water depths for above road 
flows are about 3.5 m, therefore this difference is about 6% of the absolute depth.  Since 
the uncertainty limits for afflux estimation is about 30% (being the same as for bridges as 
given in AE Note 9), the maximum difference of 6% between the 2 codes is insignificant. 
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Arch Box 

  
Pipe Twin Box 

Figure 3-9: Comparison of Section 4 ratings for each shallow culvert 

 

 

3.5.2 How were deep culverts tested with the Defra/EA Benchmark example 

The Defra/EA example for deep culverts (Crowder et al, 2004) used a deep stream with a relatively 

small and long culvert.  The example gave data for stream cross section, bed slope and friction; it 
was designed for use with unsteady flows.  It is adopted herein for steady flows. The example was 
extended to pipe, flat based arch (equal springer and invert elevations) and twin box culvert types 
for the full testing of AE.  The testing of AE culvert ratings were made by comparison with ratings 
derived using HEC-RAS.   

Figure 3.11 illustrates the close rating comparisons at Section 4 for the AE and HEC-RAS codes.  

Since the contraction section (TS4) was at Section 4 for the entire rating, the S4 rating may be 
considered as the afflux rating.  The following points were noted: 

• The under road ratings (road level is 14.0 m) are almost equal for the arch and twin box 
culvert, and less equal for the box and pipe culvert.   There was no apparent reason for the 
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latter. 

• The maximum afflux near road level is higher for AE than HEC-RAS.  This may be due to 
differences in the computation for weir flow between the two codes. 

• AE and HEC-RAS model the submerged weir flow almost identically.  Note that the totally 
submerged weir flow terminates at the river rating. 

 

  
Arch Box 

  
Pipe Twin Box 

Figure 3-10: Comparison of Section 4 ratings for each culvert 
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3.6 What river model was used for testing AES against AE? 

The four river cross sections used for testing AES against AE are illustrated in Figure 3.12.  They are 
similar to the River Main section illustrated in Figure 3.1, except that CESd and CESu are made 

slightly smaller to aid distinction.  Note that AE1 and AE2 are not defined since they are computed 

by interpolation in the Transition Calculator.  The bedslopes of the sections were intended to 
simulate a uniform bedslope of 0.00192, and the reach lengths were accordingly set at 90 m for 
CESd to AE2, 10 m for AE2 to AE3, and 100 m for AE3 to CESu. 

The friction coefficients were set for each section as in Table 3.1.  Note that CES/AES used the 

same roughness file (Main.rad) hence friction conditions for each section.  This is in contrast to AE; 

the latter may have differing friction for each section.  (In the USGS (1978) field data, several of the 
examples have differing friction for each cross section.) 

In Figure 3.1, it is seen that the CES conveyance rating is almost identical to the AE divided channel 

conveyance rating.  AES used the CESd rating as a boundary condition and the CESu rating as a 
final condition.  It is therefore expected that the profiles generated should be similar. 

 

  

Section CESd Section AE2 

  
Section AE3 Section CESu 

 

Figure 3-11: River Main cross sections 

 
 

3.7 What bridge models were used for testing AES against AE? 

Six different bridge models were used for comparing AES with AE profiles.  These were 
respectively: 

• User defined triangular arch bridge of 10 m span and length; 

• Parabolic arch bridge of 10 m span and length; 

• Elliptic arch bridge of 10 m span and length; 

• Beam bridge of 10 m span without piers and 10 m length; 

• Twin arch bridge, each arch of 5 m span and 10 m length; 

• Beam bridge with 5 openings (4 piers) of 3 m span and 10 m length each.  
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The Springer, Soffit and Road levels were set at 12 m, 13 m and 14 m respectively for each of the 

arch models.  Since a semi-circular arch bridge model could not be modelled with such general 
dimensions (a 10 m span semi-circular arch bridge must have a 5 m springer to soffit distance), it 
was omitted.  The Soffit and Road levels were set at 13 m and 14 m respectively for each of the 

beam models.  And the pier width for the beam bridge with 5 openings was set to 1 m.  (All of these 
test files are held in a folder named ‘AES.Main.Data’ which is available with the CES/AES 
application.) 

Figure 3.13 illustrates 2 examples of the AE discharge ratings compared against 4 selected AES 
water profile runs for the upstream CESu section.  The water levels for all examples were almost 
identical. 

 In total, 4 discharge runs were made for each model, giving 24 comparisons between AES and AE.  

The comparisons for water level at the upstream CESu section (Figure 3.13) gave differences of 

0.2% at the 95% level of confidence. The comparisons for average velocity at the CESu section 
(Figure 3.13) gave higher differences of 1.2% at the 95% level of confidence.  This higher difference 
was due to the small difference in conveyance between AES and AE. 
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Comparison of water levels Comparison of average velocities 

 

Figure 3-12: Testing AES against AE for bridge models 
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3.8 What culvert models were used for testing AES against AE? 

Four different culvert models were used for comparing AES with AE profiles.  These were 

respectively: 

• Flat arch culvert with 3 m span and rise; 

• Pipe culvert with 3 m span and rise; 

• Box culvert with 3 m span and rise; 

• Twin Box culvert with 1.5 m span and 3 m rise. 

 

The Road level was set at 14 m, and culvert length at 10 m throughout.  The barrel roughness 

condition was set at ‘Brick, cement mortar, good condition’ throughout, giving a Mannings n value 

of 0.015.  And the 4 inlet conditions of Rectangular shape, Concrete material, Inlet type A with 
Square edge were also held constant. 

Figure 3.14 illustrates 2 examples of the AE discharge ratings compared against 5 selected AES 
water profile runs for the upstream CESu section.  .  The water levels for all examples were almost 
identical. 

 In total, 5 discharge runs were made for each model, giving 20 comparisons between AES and AE.  

The comparisons for water level at the CESu section (Figure 3.14) gave differences of 0.2% at the 
95% level of confidence. The comparisons for average velocity at the CESu section (Figure 3.14) 
gave higher differences of 1.2% at the 95% level of confidence.  This higher difference was due to 
the small difference in conveyance between AES and AE. 
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Figure 3-13: Testing AES against AE for culvert models 
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4 WORKED EXAMPLES 

 

 

4.1 Available worked examples 

The intention of this chapter is that a user may proceed directly from the “Introduction” of this 

manual to using CES/AES.  The chapter provides worked examples for the AES bridge and culvert 
tests described in Chapter 3.  These examples use the River Main throughout, and therefore require 

a single CES roughness file (named the ‘Main.rad’ file).   

 

Six different bridge models are described as follows:  

• User defined triangular arch bridge of 10 m span and length (Main.arch.u.gen); 

• Parabolic arch bridge of 10 m span and length (Main.arch.p.gen); 

• Elliptic arch bridge of 10 m span and length (Main.arch.e.gen); 

• Beam bridge of 10 m span without piers and 10 m length (Main.beam.gen); 

• Twin arch bridge, each arch of 5 m span and 10 m length (Main.arch.2p.gen); 

• Beam bridge with 5 openings (4 piers) of 3 m span and 10 m length each 

(Main.beam.5.gen).  

 

Firstly, the derivation of a new CES conveyance generator file is described for the User defined 

triangular arch bridge (named  ‘Main.arch.u.gen’ file).  Then the appropriate edits are described for 
modelling the other bridge types. 

 

Four different culvert models are described as follows:  

• Flat arch culvert with 3 m span and rise (Main.carch.gen); 

• Pipe culvert with 3 m span and rise (Main.pipe.gen); 

• Box culvert with 3 m span and rise (Main.box.gen); 

• Twin Box culvert with 1.5 m spans and 3 m rise each (Main.twinbox.gen). 

 

Firstly, the derivation of a new CES conveyance generator file (named Main.carch.gen file) is 
described for the Flat arch culvert.  Then the appropriate edits are described for modelling the other 
culvert types.   

 

All of the above CES/AES files are available with the CES/AES code. 

4.2 How is the Main.rad file prepared 

The following steps were used to prepare this single file for all the following examples.  Note that all 
CES/AES commands are enclosed in a single apostrophe herein. 

 

1. Activate the CES ‘File’ then ‘New’ then ‘Roughness File’ commands; 
2. Enter the ‘File Description’ as Main; 

3. Add ‘Bank’ and ‘Bed’ zones with the names Bank cover and Bed cover; 
4. Activate the Bank cover ‘Properties’ then ‘Components’, and change the zero entries for ‘Bank 

material’ to 0.046, 0.040 and 0.050.  Note that the cells for these entries will change to a green 
background, since they are being entered manually without use of the CES database.  

Following the data entry, activate the ‘Apply’ command to save the data. 
5. Activate the Bed cover ‘Properties’ then ‘Components’, and change the zero entries for ‘Bed 

material’ to 0.028, 0.020 and 0.035.  Note that the cells for these entries will change to a green 
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background, since they are being entered manually without use of the CES database.  
Following the data entry, activate the ‘Apply’ command to save the data. 

6. Activate the CES ‘File’ then ‘Save As….’ command to save the file as Main.rad.   
 

The saved file should then appear as in Figure 4.1. 

 

 

            

Figure 4-1: Roughness file Main.rad 

 

4.3 How is the Main.arch.u.gen file prepared? 

There are two major sheets used in entering data for the CES/AES generator file, namely: 

• The CES Start sheet containing General, Cross-Sections, Outputs and Backwater pages; 

• The Cross-Sections then Properties sheet (Section Property Sheet for each section) 
containing General Data, Section Data, Roughness Zones, Outputs, Distribution Plots and 
Advanced Options pages. 

 

The following descriptions apply sequentially to the preparation of each. 

 

4.3.1 The CES Start Sheet 

 

7. Activate the CES ‘File’ then ‘New’ then ‘Conveyance Generator’ commands; 
8. Use the ‘Roughness File’ ellipsis to load the Main.rad roughness file prepared above; 
9. Save this new file as Main.arch.u.gen,  and simply use the File, Save commands in the following 

steps so that new entries are not lost; 

10. Activate the ‘Cross-Sections command then ‘Add Section’ named CESu, ‘Add Bridge’ named 
Main.arch.u, ‘Add Section’ named CESd  (and save this gen file routinely); 

11. The ‘Slope’ cells on this page refer (at present) to the geometric bedslopes to the next 
downstream section of each section.  Edit the CESd slope to be the boundary condition slope 
of 0.00192, and the CESu bedslope to be 999. (Currently, this slope is estimated from the 
section geometric data to be entered below, and is therefore unnecessary.); 

 

The saved file should then appear as in Figure 4.2. 
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Figure 4-2: Cross-sections page for the Start Sheet 

 

 

4.3.2 The Section Property Sheet for the CESu and CESd sections 

 

12. Activate the CESu section then  ‘Properties’ to open the Section Property sheet for CESu; 
13. Copy the ‘Cross chainage’ and ‘Elevation’ data for CESu from Table 4.1 and Paste into the 

‘Section Data’ page; 

14. Set the ’Left Straight’ Bank marker to 13.5 m ‘Cross chainage’ and the ’Right Straight’ Bank 
marker to 27.6 m ‘Cross chainage’; 

15. Activate the Apply button to save the changes (and save the file); 
16. Access the ‘Roughness Zones’ page and enter the ‘Cross chainage’ and ‘Zone’ data as 

illustrated in Figure 4.3, then activate the ‘Apply’ command. (The roughness values enter 

automatically from the Main.rad file.); 
17. Test the data entry by looking at the ‘Outputs’ and ‘Distribution Plots’ pages for meaningful 

graphs, and save the gen file; 

18. Repeat Steps 12 to 17 for CESd.   
 

Table 4-1: Section ‘Cross chainage’ and ‘Elevation data’ for the River Main 

model 

 

CESu AE3 AE2 CESd 

0.000 14.820 

5.300 11.690 

13.500 11.200 

14.400 10.280 

26.600 10.280 

27.600 11.250 

40.800 15.170  

0.000 14.624 

5.300 11.494 

13.500 11.004 

14.400 10.084 

26.600 10.084 

27.600 11.054 

35.700 11.464 

40.800 14.974  

0.000 14.605 

5.300 11.475 

13.500 10.985 

14.400 10.065 

26.600 10.065 

27.600 11.035 

35.700 11.445 

40.800 14.955  

0.000 14.430 

5.300 11.300 

13.500 10.810 

14.400 9.890 

26.600 9.890 

27.600 10.860 

40.800 14.780  

 

Left Straight = 13.5 m, Right Straight = 27.6 m;  

Reach lengths from upstream: 
CESu to AE3 = 100 m, AE3 to AE2 = 10 m, AE2 to CESd = 90 m 
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Figure 4-3: ‘Roughness Zones’ page for the ‘Section Property Sheet’ 

 

 

 

4.3.3 The Section Property Sheet for the Main.arch.u section 

 

19. Return to the CES Start Sheet and activate the Main.arch.u section then  ‘Properties’ to open 
the ‘Section Property sheet’ for the bridge at the ‘General’ page; 

20. Set the ‘Length of Structure’ to 10 m, the ‘Skew Angle’ to zero, the ‘Bridge Type’ to ‘Arch:User 
defined’ and do not check the ‘Profile Options’.  (Different upstream and downstream river 

sections for the bridge will be modelled.) 
21. As for CESu and CESd, copy the ‘Cross chainage’ and ‘Elevation’ data for the bridge upstream 

and downstream sections from Table 4.1 ( AE3 andAE2 respectively) and Paste into the 

‘Section Data’ page; 
22. Set the ’Left Straight’ Bank marker to 13.5 m ‘Cross chainage’ and the ’Right Straight’ Bank 

marker to 27.6 m ‘Cross chainage’; 
23. Activate the Apply button to save the changes (and save the file); 
24. Access the ‘Roughness Zones’ page and enter the ‘Cross chainage’ and ‘Zone’ data as 

illustrated in Figure 4.3. (The roughness values enter automatically from the Main.rad file.); 

25. At present, the ‘Bridge Face’ roughness is set from the Roughness file, so activate the ‘Bed 
cover’ zone to choose the minimum roughness.  Activate the ‘Apply’ command. 

26. Access the ‘Opening Data’ page and enter the tabular data and ‘Road Level’ as illustrated in 
Figure 4.4 for the upstream bridge section. Clone this data for the downstream bridge section.  
Activate the ‘Apply’ command and save the file. 

27. This bridge data entry cannot be checked (at present) by looking at the ‘Outputs’ and 
‘Distribution Plots’ pages for meaningful graphs.  It can however be checked once the water 

surface profile calculation has been run. 
 

The Main.Arch.u.gen file has now been fully prepared, and the application is ready to run. 
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Figure 4-4: Bridge ‘Opening Data’ page for the ‘Section Property Sheet’ 

 

 

4.4 How is the Main.arch.u.gen run in CES/AES? 

The application is run from the ‘Backwater’ page of the CES Start Sheet.  The configuration of this 

page is shown in Figure 4.5.  It involves the following continuation of the above steps: 

 

28. Return to the CES Start Sheet and activate the ‘Backwater’ page; 
29. Set the ‘Display Options’ then ‘Display Sections’ to ‘Upstream to downstream’; 
30. Enter the Distance column with the values from upstream as 105, 95, and 0 m. Note that these 

values are downstream distances using the mid length of the bridge. 
31. This first run will assume a downstream boundary condition (BC) at Normal depth, so check the 

‘Assume normal depth at downstream Section’ button (For an Abnormal depth BC, the option 
is unchecked and both the ‘Water surface elevation’ and ‘Inflow to reach’ must be entered.); 

32. Enter the ‘Water surface elevation’ as 10.915 m (this data was used in Chapter 3), and activate 
the ‘Long Section’ command for a Trace ‘With and Without Structure’. 

33. The ‘Long Section View’ should then appear as in Figure 4.6.  These water surface profile 
elevations, average section velocities and downstream section locations may finally be ‘Output 
to file’ for analyses (as given in Chapter 3).  The file output includes all the data generated with 
the mid roughness, upper and lower roughness uncertainties (called default, maximum and 

minimum profiles in CES/AES). 
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Figure 4-5: ‘Backwater’ page for the CES/AES Start Sheet 

 
 
 

 
 
 
 
 
 

              

Figure 4-6: ‘Long Section View’ page for the application 
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4.5 How are the other bridge types run in CES/AES? 

All six of the bridge models used the same Main.rad roughness file.  The single opening bridges 
(Main.arch.u, Main.arch.p, Main.arch.p, Main.beam) used the same ‘Opening data’ as illustrated in 

Table 4.2.  The twin arch bridge used the 2 Opening data and the 5 opening beam bridge used the 

5 Opening data.  The only edits required to run these bridge examples for different types were 
therefore to adjust the ‘Bridge Type’ in the ‘General’ page of the ‘Section Property Sheet’ and the 
‘Opening Data’ page for the same sheet. 

Note that a semi-circular arch bridge type could not be run for this River Main example, since the 

soffit height cannot be above the road level.  If an attempt is made to run the semi-circular arch 
bridge example, AES will give the warning: 

"Please reduce the Span or increase the Soffit to model a semicircular arch" 

This warning is a fatal error, and the code terminates.  A summary of the present AES fatal warnings 
for both bridges and culverts is given in the Appendix as Tables A-3 and A-4. 

 

 

Table 4-2: Opening Data for Main.arch.u, Main.arch.p, Main.arch.p, Main.beam 

examples (Opening 1); Main.arch.2p (Opening 2) example; Main.beam.5 

(Opening 5) example 

  

Section AE2D and AE3U 
   Offset: m Elevation: mAD Friction 

Opening Left Span Right Span Springer Soffit Road Manning 
1 15.00 25.00 12.00 13.00 14.00 0.02 

       
1 14.50 19.50 12.00 13.00 14.00 0.02 
2 20.50 25.50 12.00 13.00     

       
1 10.00 13.00   13.00 14.00 0.02 
2 14.00 17.00         
3 18.00 21.00         
4 22.00 25.00         
5 26.00 29.00         
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4.6 How are the culvert types run in CES/AES? 

The derivation of a new CES conveyance generator file (named Main.carch.gen file) is now 
described for the Flat arch culvert.  Then the appropriate edits are described for modelling the other 
culvert types.  

Since this culvert example used the same river application, the example is most simply prepared by 

editing the Main.arch.u.gen file.  In summary, the Main.arch.u bridge is replaced with a culvert 
named Main.carch.  The following steps are used: 

 

1. Activate the CES Start Sheet and rename the Main.arch.u.gen file as Main.carch.gen using the 
File then Save.As…. command; 

2. Access the ‘Cross Sections’ page then delete the Main.arch.u bridge section using the ‘Delete 
Bridge’ command; 

3. Add a culvert using the ‘Add Culvert’ command, then position the culvert section between 
CESu and CESd using the edit arrows; 

4. Access the ‘Section Property Sheet’ for the culvert, then populate the ‘General’ page as 
illustrated in Figure 4.7; 

5. The culvert cross sections are the same as the bridge sections, therefore they must be entered 
again for the ‘Section Data’ and ‘Roughness Zones’ pages ( Steps 21 to 25 in the bridge 
application); 

6. There remains the ‘Opening Data’ page to complete as in Figure 4.8.  And the Main.carch.gen 

file should then be saved. 
 

 
 

               

Figure 4-7: Culvert ‘General’ page for the ‘Section Property Sheet’ 
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Figure 4-8: Culvert ‘Opening Data’ page for the ‘Section Property Sheet’ 

 

 

4.7 How are the other culvert types run in CES/AES? 

All four of the culvert models used the same Main.rad roughness file.  The single opening culverts 

(Main.carch, Main.pipe, Main.box) used the same ‘Opening data’ as illustrated in Table 4.3.  The 
twin box culvert used the 2 Opening data. The only edits required to run these culvert examples for 
different types were therefore to adjust the ‘Culvert Type’ in the ‘General’ page of the ‘Section 
Property Sheet’ and the ‘Opening Data’ page for the same sheet. 

 

Table 4-3: Opening Data for Main.carch, Main.pipe, Main.box examples 

(Opening 1) and  Main.twinbox (Opening 2) example 
 

Section Downstream Upstream 
   Offset:m  Offset:m 

Opening 
Left 

Span 
Right 
Span 

Left 
Span 

Right 
Span 

1 19.00 22.00 19.00 22.00 
     

1 18.50 20.00 18.50 20.00 
2 20.50 22.00 20.50 22.00 
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Table A-1: Culvert Inlet structure design coefficients (from CIRIA, 1997) 

Inlet shape Design coefficients 

↓↓↓↓ Material 

AA 
Inlet 
type 

Inlet 
edge 
type 

`fof^=fåäÉí=EÉÇÖÉF=íóéÉ=
ÇÉëÅêáéíáçåë= K M c Y Ki 

A Square eÉ~Çï~fä= 0.0098 2.000 0.0398 0.67 0.50 

A eÉ~Çï~ää== 0.0078 2.000 0.0292 0.74 0.30 
Concrete 
 

C 

Pipe 

socket mêçàÉÅíáåÖ= 0.0045 2.000 0.0317 0.69 0.30 

A Square eÉ~Çï~ää= 0.0340 1.500 0.0553 0.54 0.50 

D jáíêÉÇ=íç=ëäçéÉ= 0.0018 2.500 0.0300 0.74 0.70 C
ir
c
u
la
r 

Corrugated 
metal 

C 
None 

mêçàÉÅíáåÖ= 0.0018 2.500 0.0243 0.83 0.90 

B 
eÉ~Çï~fä=~åÇ=ïáåÖï~ääë=~í=

PMøJTRø=íç=Ä~êêÉä=~ñáë=
0.0260 1.000 0.0385 0.81 0.30 

A 
eÉ~Çï~ää=çê=ÜÉ~Çï~ää=~åÇ=

ïáåÖï~ääë=~í=NRø=íç=Ä~êêÉä=
0.0610 0.750 0.0400 0.8 0.50 

C 

Square 

eÉ~Çï~ää=~åÇ=ïáåÖï~ääë=~í=

Mø=íç=Ä~êêÉä=~ñáë=
0.0610 0.750 0.0423 0.82 0.70 

A 
Pipe 
socket  

eÉ~Çï~ää=EOMãã=ÅÜ~ãÑÉêëF= 0.5150 0.667 0.0375 0.79 0.50 

Concrete 

A Bevels eÉ~Çï~ää=EQRø=ÄÉîÉäëF= 0.4950 0.667 0.0314 0.82 0.50 

A Square eÉ~Çï~ää= 0.0083 2.000 0.0379 0.69 0.50 

C qÜáÅâ=ï~ää=éêçàÉÅíáåÖ= 0.0145 1.750 0.0419 0.64 0.60 

R
e
c
ta
n
g
u
la
r 

Corrugated 
metal 

B 
None 

qÜáå=ï~ää=éêçàÉÅíáåÖ= 0.0340 1.500 0.0496 0.57 0.60 

A Square eÉ~Çï~ää= 0.0085 2.000 0.0430 0.61 0.50 

C None mêçàÉÅíáåÖ= 0.0320 1.500 0.0491 0.54 0.90 

A Bevel eÉ~Çï~ää=EPPKTø=ÄÉîÉäëF= 0.0030 2.000 0.0264 0.75 0.27 P
ip
e
 

A
rc
h
 

Corrugated 

metal 

D None jáíêÉÇ=íç=ëäçéÉ= 0.0300 1.000 0..0463 0.75 0.70 

A Square eÉ~Çï~ää= 0.0083 2.000 0.0379 0.69 0.50 

D jáíêÉÇ=íç=ëäçéÉ= 0.0300 2.000 0.0463 0.75 0.70 

A
rc
h
 

Corrugated 

metal 
C 

None 
qÜáå=ï~ää=éêçàÉÅíáåÖ= 0.0340 1.500 0.0496 0.57 0.60  
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Table A-2: Roughness coefficients for culvert barrels and bridge surfaces 

(from CIRIA, 1997) 

  Manning's n value 

Barrel, Wall & Joint description Minimum Normal Maximum 

Concrete pipe, good joints, smooth walls 0.011 0.012 0.013 

Concrete pipe, good joints, rough walls 0.014 0.015 0.016 

Concrete pipe, poor joints, rough walls 0.016 0.0165 0.017 

Concrete box, good joints, smooth walls 0.012 0.0135 0.015 

Concrete box, good joints, rough walls 0.014 0.015 0.016 

Concrete box, poor joints, rough walls 0.016 0.017 0.018 

Metal pipe,68mm x 13 mm corrugations  0.022 0.0245 0.027 

Metal pipe,100mm x 20 mm corrugations  0.022 0.0235 0.025 

Metal pipe,127mm x 25 mm corrugations  0.025 0.0255 0.026 

Metal pipe,153mm x 50 mm corrugations  0.033 0.034 0.035 

Metal pipe,200mm x 55 mm corrugations  0.033 0.035 0.037 

Spiral Rib metal pipe, good joints 0.012 0.0125 0.013 

Concrete, trowel finish 0.011 0.0125 0.014 

Concrete, float finish 0.013 0.0145 0.016 

Concrete, unfinished 0.014 0.017 0.020 

Brick, glazed, good condition 0.011 0.014 0.017 

Brick, cement mortar, good condition 0.012 0.015 0.018 

Brick, poor condition 0.022 0.026 0.030 
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Table A-3: Error codes used for the AES Bridge application 

EH: Select Case Err.Number 
Case 40001 

MsgBox "Please enter a design discharge.": GoTo 999 
Case 40002 
MsgBox "The flow discharge must be on the 'Rating 2' curve": GoTo 999 
Case 40003 
MsgBox "The flow discharge is too low for an accurate estimate": GoTo 999 

Case 40004 

MsgBox "Please complete the data entry": GoTo 999 
Case 40005 
MsgBox "Soffit level must be less than Road level": GoTo 999 
Case 40006 
MsgBox "Springer level must be less than Soffit level": GoTo 999 
Case 40007 

MsgBox "Soffit level must be greater than Bed level": GoTo 999 

Case 40008 
MsgBox "Springer level must be greater than Bed level": GoTo 999 
Case 40009 
MsgBox "Please extrapolate the Section sides as they are less than road level": GoTo 999 

Case 40010 
MsgBox " Please increase the Soffit level as the Soffit depth is less than 0.1 * (maximum channel depth)": 
GoTo 999 
End Select 

 
 

Table A-4: Error codes used for the AES Culvert application 

EH: Select Case Err.Number 
Case 50001 
MsgBox "Please enter a design discharge.": GoTo 999 
Case 50002 

MsgBox "The flow discharge must be on the 'Rating 2' curve": GoTo 999 
Case 50003 
MsgBox "The flow discharge is too low for an accurate estimate": GoTo 999 

Case 50011 
MsgBox "A culvert is located in the Floodplain, and Capital dredging is required.": GoTo 999 
Case 50004 

MsgBox "Please enter a Span value": GoTo 999 
Case 50005 
MsgBox "Please enter a Rise value": GoTo 999 
Case 50006 

MsgBox "Please enter a Culvert Length value": GoTo 999 
Case 50007 

MsgBox "Please enter a Road elevation value": GoTo 999 
Case 50008 
MsgBox "The Span must be > 0.45 metres": GoTo 999 
Case 50009 
MsgBox "The Rise must be > 0.45 metres": GoTo 999 
Case 50010 

MsgBox "Please enter a Road elevation within the river elevations": GoTo 999 
Case 50011 
MsgBox "A culvert is located in the Floodplain, and Capital dredging is required.": GoTo 999 
End Select 

 


