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Summary:

This research project aims to look into the hydcaubf culvert structures. A culvert is a
structure which controls stream flow through andarneath a roadway and embankments.
The verification of the effectiveness of theordtiequations and its coefficients is vital for
adequate prediction of the effect on areas suriagral culvert structure. There are numerous
theoretical culvert equations that reflect culfertiraulics. This research report will focus on
the verification of three theoretical culvert eqoas used in the industry, as well as a study of
application of two hydraulic programs. The culvgystem can function under two hydraulic
controls. This study is focused on the culvertesystinder inlet control and covers analysis of
rectangular and square portal frame culverts. Tthdyswill involve building a physical
model and obtaining/gathering data for theoretiphi;sical, and software model comparison
of culvert hydraulics. The results of the study dwoe a number of discharge rating
curves/performance curves for the culvert systermaitl in verification process. The study
will give the ability to comment on the level ofrf@mance of the theoretical equations and
of the software application in comparison to thgsital relationship of head water level and
flow rate of culvert structures. The study alsoulses on the effect of the slope of the culver

system on the discharge rating curves.
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Introduction



1 Introduction

1.1 Background

The reason for this project is to verify the effeehess of the theoretical culvert
equations and hydraulic software. There are nurab#reoretical culvert equation that
have been developed to date. A number of manuala\ailable for culvert design and
analysis with different theoretical relationshipstvieeen water flow and water surface

elevation for culvert systems.

A number of studies were carried out in the past,nbainly focused on determining a
single theoretical equation with defined constdatdifferent shapes and sizes. Other
studies were carried out to obtain new sets of tempathat best describe the hydraulics

of culvert.

This research report will focus on the verificatioh three different theoretical
equations used in the industry, as well as a sufdgpplication of two hydraulic
programs. The implication of this study could beeatain equation/software package

maybe more effective than another for use in hyldraesign and analysis.

1.2 Objectives of study

« The main objective of this study is to verify tHeeoretical culvert equations in
predicting head water level versus flow rate undiet control conditions.

« The second objective of this study is to studyapplication of hydraulic software
used in the industry.

e Another objective of this study is to obtain phgdiperformance curves for
different portal culverts sizes.

« The last aim of this study is to see if the slopthe culvert system has an effect on

the discharge and water surface elevation undet @ointrol in culvert systems.
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1.3 Scope of the report

1.4

The culvert system can function under two hydraabatrols, namely inlet and outlet
control. This study will focus on the culvert systeinder inlet control. This research
report will analyse rectangular and square porg@iné culverts. The study will only
cover steady uniform set up conditions. The studlynet include: modification to the
culvert structure; erosion around culvert structunaariation in approach angle; and
effect of the debris in culvert systems. The redeg@roject limited to the verification

parameters listed below.

Theoretical culvert equations under inlet controht:
e« SANRAL Drainage manual
e American Hydraulic Design Manual
* Project Report Nr0-2109-S

Hydraulic software:
«  HEC-RAS, River Analysis System
e HY-8, Hydraulic Design of Highway Culverts

The slope of the culvert system:
e Slope of 1%
e Slope of 2%
e Slope of 3%

Methodology

The required steps to reach a conclusion abouttinent application of theoretical

equations and hydraulic software:

¢ Construct a physical hydraulic model of culverts.

* Run the model and obtain flow rate and relevanewsitirface elevation at the inlet
of the culvert.

« Obtain physical model, theoretical model and saféwaodel performance curve.

» Compare the results and comment on the applicafitime theoretical and software

models.

12



1.5

Organisation of the report

The report consists of the following chapters aplemdices:

e Chapter 1 — Introduction of the study.

¢ Chapter 2 — Literature review about culvert stregsu

e Chapter 3 - Experimental set up for the theoretigaysical and software models.

* Chapter 4 — Results of the analysis of all the rrwd®ntioned in previous chapter.
e Chapter 5 - Conclusion and Recommendations ofribbysis.

» The Reference list.

* Appendix A — Additional photographs and imagesfgcal model.

« Appendix B - Performance curves obtained from thdys

e Appendix C - Research project CD.

e Appendix D — Evaluation form.
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CHAPTER 2

Literature Review



2

2.1

Literature Review

Introduction

A culvert is a structure which controls stream fldwough and underneath a roadway
and embankments. The verification of the effectessnof theoretical equations and its
coefficients is vital for adequate prediction oé thffect on areas surrounding a culvert
structure. Erosion is an ecological concern ofatimcent area. The design parameters
should be taken special consideration on the mifisiemt way of conveying flow
through the structure. Minimum effect on surrougdareas should be considered in
terms of erosion. Design parameters that influecapacity are: size, shape, and
entrance conditions play a vital role in capacitytiee structure, (Ozdemir, & Hsu,
2007; Philip & Creamer, 2007).

2.2 Culvert types

The commonly found culverts in South Africa areular, pipe arch, portal, rectangular
and box, Figure 2.2.1 and 2.2.2). Circular culverts made from concrete, corrugated
and plastic pipes; pipe arch constructed from stheéting; portal, rectangular and box
culverts are made of concrete due to the easenistremtion of precast concrete. Wide
range of sizes for concrete culverts can be vieiwelble 2.2.1. The dimensions for
rectangular culverts (four sides) are the same oaspbrtal culvert (three sides),
(Philip & Creamer, 2007).

Figure2.2.1: Types of culverts, (Copstead, Johansen, & Moll 1997

15



’
- B >
Figure 2.2.2: Portal culvert, (ROCLA, 2000)
Table 2.2.1: Standard culvert sizes
Circular
Portal Culverts Portal Culverts Box culverts
Culverts
D (mm) B (mm) D (mm) B (mm) D =B (mm) Dl(ar:]nrﬁ';er
450 300 1500 1000 450 300
375 1200 600 375
450 1500 750 450
600 300 1800 600 900 525
450 900 1200 600
600 1200 1800 675
750 300 2000 1000 2400 750
450 1500 3000 825
600 1800 3600 900
750 2000 4200 1050
900 450 2500 1500 4800 1200
600 2000 1350
750 2500 1500
900 3000 1000 1800
1200 450 1500
600 3000 2000
1200 2500
1500 600 3000
750 3600 2400
900 3000
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2.3 General characteristics of culverts

There are many different shapes and sizes of dalyeircular, box, and rectangular,
etc.). The variety of entrance conditions includiééerent wing wall configuration,
fillets, and upstream slope. Wing walls increaseftbw performance through structure
as well as reduce severity of scour at inlets, (Bsim2004). It is an acceptable
phenomenon that the culvert entrance width is en#ilan the channel water way. The
conditions therefore create backwater effect, dleown as damming upstream,
(Conn DQOT, 2002; Philip, & Creamer, 2007).

Figure 2.3.1: Photograph of portal and rectangular culverts, rdteways, 2010;
Midstate Precast, 2010).

Environmental contribution for culvert installatiomakes use of a 3 side culvert (Portal
culverts), where the top and the vertical sidestlagesame material and the bottom is
an alluvial material (natural channel bed). The nmiag roughness value of the

structure depends on culvert material and the rbaa. Characteristics of concrete
culverts provide strength and stability under alltizat the roadway carries as well as
hydraulic strength to withstand water pressure, {03, Philip, & Creamer, 2007).

2.4 Hydraulics

“Floodplain and environmental regulations are cliagpghe types of culverts design
engineers are specifying today. However, culvedraylic design procedures are still
applicable when used with modifications to reflebe current culvert crossing
characteristics” from Philip, & Creamer, (2007).
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Hydraulic culvert design requires the transpora akrtain flow rate through a roadway
or embankment, without producing undesirably higlkwater level. The selection of
culvert system is designed so that the flow passdsly without overtopping and
damaging the road. Culvert hydraulics consists vad types control systems the
upstream (inlet) control and the downstream (outtetntrol, (Philip, & Creamer,

2007).

2.4.1 Inlet control

The system will be considered upstream control wiheninlet conditions govern the
flow and the downstream water level does not afigdtream. The factors that have
influence on inlet characteristics are: upstreartemgvel (HW); inlet geometry; wing
walls configuration; slope (So); culvert shape, amk. With upstream control the
culvert is able to transport more discharge thandulvert inlet can allow, refer to
Figure 2.4.1. The inlet analysis has to incorporate both caiinand equilibrium
equations, (Philip, & Creamer, 2007; Sterling Jokesnel Kerenyi, & Stein, 2006).

Flow
b’/ﬂ separation

HW

Flow

Figure 2.4.1: Typical submerged inlet control system, (PhilipC&amer, 2007).

The flow under inlet conditions can be analysedwno different ways depending on
HW and the HW/D ratio (where D is the inside heighthe culvert). The flow through
the culvert can be submerged or unsubmergdeigare 2.4.1 and2.4.2. If the water

level at the culvert entrance is lower than théHelght of the culvert, then a weir flow

behaviour can be observed.

18



In the case of submerged entrance the dischargatepeas orifice flow. Therefore
different theoretical analysis is performed at thket control depending on HW,
(Philip, & Creamer, 2007).

Water surface

Figure 2.4.2: Unsubmerged inlet, (Ozdemir, & Hsu, 2007).

The capacity for various cases can be determinied tiseoretical relationship between
discharge and water level, referred to as the drgghrating curve (performance
curve). The graphical representation is obtainedguthe applicable control system.
An example of performance curve can be seekigure 2.4.3, (Ozdemir, & Hsu,
2007; Philip, & Creamer, 2007).

25 ——— -
: 5 _
) AP PP - ' ' 2
| '|
o :'
; 5 -
I :
11 “|5th order polynomialf—-——-
05 foormremnnnnns .:...................E............ ....é .................... ......................................
| i FC-5-0 model
H Single barrel
i 0" Fillete
o T
Q 1 2 3 4 ]

7
1in. = 254 cin
oaD™ (" s: 1 ' % = 0.552 m'is)

Figure 24.3: Transition area, unsubmerged and submerged irdet fonditions,
(Sterling Jones, Kornel Kerenyi, & Stein, 2006).
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2.4.2 Outlet control

The system is classified to be outlet control whba downstream flow has an
influence on the upstream water level and the ctlftewing full. The discharge

through an outlet control system can flow full armally, for the purpose of hydraulic
analysis it is assumed that the culvert is flowinly over its entire length. The factors
influencing the downstream control are: length,glmess, secondary losses, friction

losses, slope, and tail water level of the culv&igure 2.4.4).

Entratce

L

Head
Water

Figure 2.4.4: Outlet control system, (Philip, & Creamer, 2007).

The control analysed using mathematical models mérgy balancing between
upstream and downstreantguation 1). The friction losses between upstream and
downstream of the culvert can be determined usiagrvhg’s or Chezy equations, and
outlet control equations in section 2.6.2. The sdaoy loss coefficient (K) can be
obtained fronirable 2.4.1.

2

Y vZ v?
Zl+yl+2_lg:ZZ+y2+2_;+ZK2_g+hf1—2 (1)

Where:
y = water elevation at position 1 or 2 (m).
Z = bed elevation at position 1 or 2 (m).

v = velocity upstream or downstream (m/s).

20



K = secondary loss coefficient.
And

hy;» = friction loss between position 1 and 2 (m).

Table 2.4.1: Typical secondary loss coefficients (K), (Kruger (Editor), 2007).

Description Sketch K-value
Inlets Protruding | 0.9
Kv? J
= i £
| 29 Oblique = 0.7
B Blunt — 0.5
(Vv =average velocity in
Well-rounded e 0.2
conduit) £
Diverging sections Sudden wd 1.0
L KO- Cone450<180|  L—— 1.0
' 29 0 =30 st 0.7
6=15 == 0.2
Converging sections —
Kv?2 Sudden —_— 0.5
' 2g Cone T 0.25
e
Bends i \
W
72 6= 90 A 0.4
h = KV;
29 0=45 r,=D 0.3
Outlets
2
B K\_/lz A, Sudden v 1.0
h, = 1-— R,
29 A,

2.5 Influences on culvert capacity

2.5.1 Erosion at inlet of culvert structures

Erosion is defined as particle movement from upsireto downstream of the
channel/river. The main cause of this event idthees of moving water. Other factors
that influence intensity of erosion are: slope; tcaction of flow area; bed, fill and
embankment materials. Major scour occurs when lieaton of the water level and

the velocity increases due to high floods.
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In a culvert system the contraction of flow pathtla entrance also induces high
velocities against the embankments and slopedg#tream of the channel. This may
result in scour damage all around the structureallSstope can lead to sediment build
up in the corners and inside the conduit. Blockd@greases capacity of the system and
could lead to increase in water level and furtto@using of embankments and surface

layers.

The system has to be protected against scourimgdans of wing walls, cut off walls,
or rip-rap side protection. The variation of wingalis dimensions and angle of
installation changes erosion potential. Previousliss were conducted on inlet wing
wall and their positive impact on reduction of scolrosion of culvert structures
adopted from Conn DOT, (2002) and Sterling Jonestn&l Kerenyi, and Stein,
(2007).

2.5.2 Wing walls

Wing walls guide water particles towards the culvepening and as the result
maximum designed flow can be obtained through ystem. Less sediment movement
may occur due to less drastic contraction of flawoia culver. The structural
components decrease sedimentation at the cornerdvafit opening. The use of wing
walls decreases secondary loss coefficient in batatrolled culverts. From previous
studies it was concluded that 45 degree wing veaittssufficient at minimizing scour at
inlets unlike 8 degree wing walls. View the diffece inFigure 2.5.1. The use of wing
walls increases the structural stability of systemder flood conditions, (Conn DOT,
2002; Humes, 2004).

a)

(Sterling Jones, Kornel Kerenyi, & Stein, 2007).
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2.5.3 Debris

e %

Figure 2.5.2: Debris, (Fish Habitat Nexus, 2004 and FHWA, 2009).

Large debris (tree branches etc) can consideradggedse the capacity of the structure,
as it reduces area of flow through the culvertvRRion must be made for maintenance
and removal of large objects that may clog theesysherefore the culvert size should
be big enough for a person. For smaller debrissgsltbuld be installed at the inlet of
the culvert. The secondary losses due to grid systed to be taken into account when

designing a culvert as it may reduce capacity, ¢€ruE. (Editor),2007).

2.5.4 Approach angle

Figure 2.5.3: Consequences of altering the approach angle.

The angle of flow on the approaching side of theicttire should not be altered
drastically as it will decrease the capacity of ¢thévert and induce additional damming
up and a possible risk of overtopping in flood dtinds. On the downstream side the

flow angle should be not be altered as it may iaseecrosion.
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If the approaching flow is supercritical alteratioflow direction can cause substantial
damming up and sediment transport. Supercritical cat change its direction
drastically unless converted to subcritical flowhigh could result in significant

increase inflow depth, (Kruger, 2007).

2.6 Formulas to determine culvert capacity

2.6.1 Inlet control

Table 2.6.1: Inlet control equations

Inlet control equationsfor a Rectangular/Box culvert
Unsubmerged Conditions Submerged Conditions
For: For:
0<Hy/D<12 H/D > 1.2
[
>
é | V29( )
2 2 Q=C,BD,/2g(H,-C.D
& Q=—-C;BH,,/[=gH, h o
& 3 3
[
=)
g Where: Where:
g Cg = 1.0 for rounded inlets (r>0.1B) C, = 0.8 for rounded inlets
Cg = 0.9 for square inlets C, = 0.6 for square inlets
For: For:
0.5<HW,/D <3.0 HW,/D > 3
[
5
S | HW, =|a+bF+cP +dF +eF +F°|D-0.5DS, QT D
=) k 2
g
o
Q here:
2 Where: Where:
S _ Q
g F=18l13 - k =0.6325332
S | And
o)
E a=0.144138; b = 0.461363; c = -0.09215;
d = 0.020003; e = -0.00136; f = 0.000036
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For: For:
& HW./D < 3/2C. HW,/D > 3/2C,
D
UI)" 2
: Hw, _3(1)%_ o )* w1 (o VL.
iy D 2\C,) |BDygD D 2c}?|BDygD ¢
S Where:
% Where:
-g Cb =1
w C.=0.667
o
o Cy=0.667
For: For:
Q/AD%°<1.93 Q/AD%*>2.21
M 2
HW, K
Hg’)vlz%ﬂ{ K[;?s} -058 > =C{ADUSS} +Y -05S
(o0]
S And
1t M
HW, _ K K,Q
- 0.5
D AD
Where: Where:
Ku=1.811; K = 0.061: M = 0.75; €=00423; Y =082
For: For:
Q/AD**<1.93 Q/AD**>2.21
M 2
HW
0 HWl:i+K{%} -0.58 1:{ QOS} +Y -0.5S
< D D AD™ D AD"™
o
O | and
=
M
HWl - K Q
0.5
D AD
Where:

A = full cross-sectional area of the culvert?(m
B = width (inside) (m)

Cq = discharge coefficient
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C. = soffit contraction coefficient

C,, = side contraction coefficient

D = height (inside) (m)

H. = specific head at critical depth (dc ¥A2g), (m).

HW, = headwater energy depth above the invert of tiheedt inlet, (m).

K, Ky, M, c and Y = constants that vary with shape arica@ce conditions.

k = orifice equation constant2gAC).
Qs,0= discharge at which HWD = 3
Q = discharge through the culvert,*(s).

S = culvert slope, (m/m).

2.6.2 Outlet control

H1 = Hz + hfl—z +zh|1—2 _Sol- '
Where:
H; and B = upstream and downstream energy level (m).
hy o = friction losses between inlet and outlet (m).
>hi..= secondary losses between upstream and downsfneam
So = slope of the culvert (m/m).
and
L = length of the culvert (m).
2 2

z hy_, =K, \2/_; + Kout\zl_;

Where:

Kin and Ky = inlet and outlet secondary loss coefficientale 2.4.1).

and

v = velocity (m/s).

Where:
n = manning roughness coefficient (s/m1/3)
and

R = hydraulic radius (m).

. (2)

..(3)

..(4)
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Chezy:
veL
CZ

hy, =

..(5)

Py,

Where:

C = Chezy constant.
2.6.3 Example
The culvert system below is inlet controlled. Thévert dimensions are 1500x900 mm.

Determine a) culvert capacity just before the readace is overtopped; b) discharge
ratting curve.

Given: T

C.=06 ___EHRHRH' - —
B=1.5m . _E“

D=0.9m
Himax= 2.5m

a)

The H/D = 2.5/0.9 = 2.78 >1.2 Therefore the followingiatjon (SANRAL) is used:
Q=C,BD,2g9(H,-C,D

Q= 06[15090/2(D81125- 06DI) = 502m*/s

b)

Discharge rating curve

2.5

154

Head (m)

0.5

0 1 2 3 4 5 6

Flow (m 3/s)
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2.7 Model studies

Modeling of hydraulic systems aids the formulatiand verification of theoretical
relationships. Culvert physical modeling of upstnezontrol system has various factors
that will influence construction of the model, takeut from study on the “Effects of
Inlet Geometry on Hydraulic Performance of Box Gutg”, (Sterling Jones, Kornel
Kerenyi, & Stein, 2006).

For the physical model to be adequate for inletrobrthe model is build so that the

water level at the inlet is not influenced by theter level downstream or the
conditions in the culvert. To eliminate submergedditions downstream, the slope at
the exit must be sufficiently steep to transpoe thater away from culvert outlet.

Another solution to tailwater effect can be abropt off point of the channel and let
the water flow out into different box/channel, (8tey Jones, Kornel Kerenyi, & Stein,

2006).

The length of the culvert does not influence identrol, therefore it is not designed.
There is no need of full width opening, as the l@pgn culverts are outlet control,
(Sterling Jones, Kornel Kerenyi, & Stein, 2006).eTthannel on the upstream side
usually has grids and nets to aid the reductiomanfe formation and stabilize the water
level upstream of the structure. Point gauges etrels a distance away from entrance
to measure water level at the inlet, (Verbytskd@@2®WAF, 2001).

Figure 2.7.1: Photos of grids and point gauges.

The scale of the model depends on Reynolds or Erauniformity. Application of
Reynolds uniformity looks at aspects/conditionstwbulent flow in and around the

culvert structure (Ozdemir, & Hsu, 2007).
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Froude’s law of similarity contains the gravitatérand kinetic forces, which are the
main factors influencing the fluid flow, (DWAF, 20

The factors that will have an influence on thetimientrol are: discharge intensity and
geometry of the culvert opening. The culvert opgnitimensions scaled so that
accuracy of measurements will not be compromisedodGflared wing walls
configuration for the inlet is a standard of &d 45 for box culverts, (Sterling Jones,
Kornel Kerenyi, & Stein, 2007).

Many model studies were carried out in the pastsy@ath different approaches on

modeling the culvert system. Various projects ascdbed below.

» 3-Dimensional analysis was performed by the Unitersf Florida focusing
on characterizing the energy and momentum conginag well as the pressure
and velocity distribution as a function of discharg a culvert system. The
objective of the study was to verify the correctne$ discharge coefficients
that are used in a 1-Dimensional analysis. Theysivas carried out by means
of Computational Fluid Dynamics (CFD) using ReyrséVerage approach.
Turbulent kinetic energy, turbulent dissipationeraand average flow kinetic
energy were deduced from the CFD modeling. The hestdr losses and the
position of the majority energy dissipation in thystem were then acquired,

(Department of Civil and Coastal Engineering, 2007)

» 3-Dimensional analysis of discharge around culgatictures was carried out
by Ozdemir and Hsu (2007). The use of CFD modelWss utilized and
improvements were made on the discharge ratingesuoy means of lumped
method. Large-eddy simulation of turbulent flow wdsne to evaluate the
efficiency of Reynolds-average method for complexvs, (Ozdemir, & Hsu,
2007).

* A study was carried out by Sterling Jones, Kornetefyi, & Stein about the
effects of inlet geometry on hydraulic performanédox culverts. The study
involved the use of regression equation (equ.6jri@t control of box culvert
systems. The focus was put on the computation efficents (a, b, ¢, d, e, and

f) in the regression equations.
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The verification and data gathered for a fifth-argelynomial equation was
obtained from physical model study. The coefficiemere tested for various
sizes, and entrance conditioiddure 2.7.2); the results of their experimental
work can be found iffable 2.7.1.

a. HDS-5 Inlet, Chart 8. Scale 3
0"-flared wingwalls (WW),
square edged at crown,
no WW bevel
no corner fillets

b. FC-5-0
0°-flaved wingwalls,
4-inch-straight top bevel,
no WW bevel,
no corner fillets

c. PC-A
l]“-ﬂared wingwalls,
S-inch-radius top bevel,
4-inch-radius WW bevel,
no corner fillets

Bin.

—_T

d. FC-5-30
3l]°-ﬂn1'ed wingwalls,
4-inch-straight top bevel,
no WW bevel,
o-inch corner fillets

e. FC-5-0
{}D-l]m‘ed wingwalls,
4-inch-straight top bevel,
no WW bevel,
g-inch and 12-inch corner fillets

L PC-A
Oo-ﬂared wingwalls,
S-inch-radius top bevel,
4-inch-radius WW bevel,
o-inch and 12-inch corner fillets

1inch =25.4 mm

Figure 2.7.2: Culverts configurations, (adopted from Sterlingds, Kornel Kerenyi, &

Stein, 2006).

Table 2.7.1: Coefficients of regression model, (Sterling Joesnel Kerenyi, &

Stein, 2006).
Inlet | Model Slope .FiIIet Span a b c d e f
(%) | (inches) | Rise
11| FC-S-0| 3 0 11021 022 |021|-012 | 0.02 | -0.002
12 | FC-S-0 3 6 11022 025 | 019 | -0.11 | 0.02 | -0.002
13 | FC-S-0 3 12 1:1]025| 022 | 021 -0.12 | 0.02 | -0.002
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Slope Fillet Span:
Inlet | Model _ i a b c d e f
(%) | (inches) | Rise
14 | PC-A 3 0 1:1 | 019 | 031 | 0.11 | -0.08 | 0.016 | -0.001
15| PC-A 3 6 11| 02 | 031 | 0.11 | -0.08 | 0.016 | -0.001
16 | PC-A 3 12 11 021|031 | 01 | -0.07 | 0.014 | -0.001
1.7 | PC-A 3 6 2:1 - - -
0191 048 | 447 | 0.003 | %993 | 9.0003
1.8 PC-A 3 12 2:1 -
0.19 | 05 |0.09 | 0.006 | 0.002 | ;10
PC-A
1.9 . 3 0 11 | 024| 031 | 016 | -0.11 | 0.02 | -0.002
hybrid
FC-S-0
1.10 . 3 0 1:1 | 0.32|0.033|043| 022 | 0.045 | -0.003
hybrid

HWID

The results of the model study were plotted fother comparison. The inlet control
discharge rating curves for various inlet modificas can be seen iRigure 2.7.3.
From the discharge ratting curves it can be seanthe culvert entrance conditions

only affect the performance when inlet is submerged

2.5 .
Fcso - Inlet Control
P _
APC-A ; ; Submerged :
2 }.. lmHDSS8E] R FC-s0 N e
H 0° wingwalls
45° chamfer top plate
i HDS-5 813 1
L Pt 0% wingwalls == Tl e
H square ecdge top plate H
PC-A
0° wingwalls
A g li] 8" radius top bevel |
Y E— LEE— E— A— e
' Inlet Control § : Single barrel
Unsubmerged : ; ° filllets
(o] T T T T T T
o 1 2 3 4 5 (= 7
3 1in.=2.54 cm

QIAD"® (/' ?Is; 1 /' %Is = 0.552 m"?Is)

Figure 2.7.3: Culvert discharge rating curve, (Sterling Jonesne€bKerenyi, & Stein,
2006).
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2.8 HEC-RAS software

HEC-RAS is an open channel/river modelling software addition it can model
obstructions in the flow path like culverts, bridgetc. Information needed for HEC-
RAS modelling is: inlet geometry, geometry of upam and downstream, geometry of
culvert, and the material characteristics of thivent and the channel/river. Typical
long section and culvert cross section can be seégure 2.8.1 and Figure 2.8.2
respectively, (Pappenbergera, F. Bevena, K. Hdwrith & Blazkovac, S. 2005).

Culvert dfff Mar 10 Plan: plan3  2010/03/15 Culvertdiff Mar 10 Plan: plan3  2010/03/15
Menly n Stream Atterbury f—— MenlynStream Atterbury
Legend Legend
p——
01 Ground EG 60
WS 60
R
Crit 60
—
- 2 — Ground
E E
= =
i o
-6
L e B B B e !
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Main Channel Distance (m) Main Channel Distance (m)

Figure 2.8.1: Long section of a culvert system under inlet oarddopted from HEC-
RAS.

Bridge Culvert Data - Multiple Culvert Geometry Q@@
Fil= View Options Help
——e——ae———
River | ELTIIEE TSN ~ | +on
Reach: | Culvit Reach ~| River sta: 20237 SR
Description FT win Circular Pipe Crossing E
Bounding ¥5's: 20238 20227 Distance between: 57 [ft]
aenkl 4 RS=20237 Upstream (Culvert) =
u - gi' Legend
Pier 5 32 Gmul.':d_.
B a0 Ineft
a 28 v
Sloping| ¥ o5 Bank Sta
Abutmeny: 24 - - : . - y
A 9 80 900 850 1000 1050 1100 1150
Bridge
Modsling
Bpproach 8 RS=20237 Downstream (Culvert)
36
Culvert | =
et | @ 3
L= 5 a2
8
Muliple | % gg
Opering |
Analysis EE
HTab 850 900 350 1000 1050 1100 1150
Paramn. Station () =
B |
HTab '_‘
Curves
Select the river for Bridge/Culvert Editing

Figure 2.8.2: Culvert cross section, (Brunner, G. W. 2008).
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Since a culvert is an obstruction in the naturahflpath, the model calculates various

energy losses throughout the system. The mairsks®rs can be seenkigure 2.8.3

and theyare:

Figure 2.8.3: Sections of energy loss, (Brunner, 2008).

Immediately upstream of the culvert where the flow path converging

(contraction) towards the opening of the structure.

Flow at entrance, through, and exit of the culvertiosses occur due to

roughness, length, entrance and exit conditions.

Immediately downstream of the culvertwhere the flow diverges (expansion)

out from the structure, (Brunner, G. W. 2008).
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Important factors and characteristics:

Ir- ‘m\l-

.

When modelling low gradients channels/rivers HECSRAas a 1.2%

validation error, as for high gradients the accymuffers from a 20.8 % error.

High gradients cause drastic energy changes imthael, the default settings

will recommend that more cross-sections be usediy(M.opez, & Brown,

2000).

33



In spacing of cross section of a channel are tafart it results in computation
of the algorithm becoming unstable and HEC-RAS dtiéfsculties balancing
the energy equation. Therefore the number of ceesgions needs to be
increased. Several additional sections can be acldedr to the inlet and outlet
of culvert, (Heasted Meathods, Dyhouse, Hatchee&n, 2003).

Extra cross section should be placed at the bagyremnd end of contraction or
expansions. Coefficients for contraction and exjmssfor single conduit are
0.6 and 0.8 respectively according in Floodplaindeling using HEC-RAS,

(Heasted Meathods, Dyhouse, Hatchett, & Benn, 2003)

The HEC-RAS software is calibrated with use of tManning’s roughness
coefficient (n-value). In the case of different evé&l used around the perimeter
of the culvert, the friction losses are determisegarately (for each side) and
added. An example of different materials would beauvial base and three
concrete culvert sides, (May, Lopez, & Brown, 20@hilip, & Creamer,
2007).

The software takes the velocity head into constiamrdn the determination of

the hydraulic energy line. This is unlike variobgdretical methods where the
head water elevation or energy grade line at tiheeduinlet is the same of the

water level at the inlet therefore, taking velochgad at the entrance as
negligible, (Heasted Methods, Dyhouse, Hatcheefan, 2003).

In the simulation process the software finds that headwater energy depth
above the invert of the culvert inlet is higher folet control than the one for
the outlet control, the software will carry out #@dtshal calculations to verify
that the culvert is not flowing full at any poimtside the culvert. If it is found
that a hydraulic jump forms inside the conduit andulvert flowing full the
program will instantly declare a system as outlatmlled at that point of
simulation. This effect can be seen on the perfageacure below
(Figure2.8.4). The accuracy of the inlet control computatiorss 10%,
(Brunner, 2008).
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Outlet Control | Culvert Plus Roadway
~ a__)? Overtopping -\ /
& | -f'
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e b r

Flow Rate (cfs)

Figure 2.8.4: Performance curve, (Brunner, 2008).

HY-8 software

HY-8 software can be used for hydraulic design ightvay culverts. The program
produces results and put emphasis on its perforen@oeves, Eigure 2.9.1). The

program produces study of: multiple culvert barrels a single and multiple
intersections; roadway overtopping; and report anmf of graphs tables and all

important input variables of the analysis, (Normdaoughtalen, & Johnston, 2001).

M Performance Curve El@l@

Performance Curve
Culbvert: EX-MIT(1)

Inlet Control Eley Outlet Control Eley

1174+

Headwater Elevation (ft
=

B

o

L

1112—-I

0 200 400 B0 BU0 1000
Total Discharge {cfs)

Figure 2.9.1: Discharge rating curve, (Norman, Houghtalen, &nkion, 2001).
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In the situation of the water level at the inleteading the road level, overtopping will
take place,Rigure 2.9.2). When the software runs the overtopping scerthgcsystem
will determine the discharge for every culvert dpgnand the weir flow over the
roadway that will produce the same water elevagiothe inlet, (Norman, Houghtalen,
& Johnston, 2001).

Figure 2.9.2: Overtopping of the culvert structure, (Norman ugbtalen, & Johnston,
2001)

The program requires a hydrological study that gegathe estimation of design
discharge based on watershed and climatologicakcteistics. The results of such
analysis may have statistical uncertainties, urtlieeresults of hydraulic analysis of the
culvert. The hydrological analysis is advisablep@sform first, (Norman, Houghtalen,
& Johnston, 2001).

New and improved features of the software:

« One of the new features of the software is thatuger may bury a conduit to

embedment depth. Thus may help with the planninfi$b passage function.

* The procedure by burying (depression of the irtlet)inlet may aid in gaining
an increase of head for steep culverts under irdettrol. Depression is a
vertical drop of inlet controlbelow the base of the channel bed,
(Figure 2.9.3).
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Depression

Fall slope is a slope between channel bed andifeest of the culvert. The

range of fall slope is set to be between 2:1 afd 3:

Crest width is a length of the weir crest at the &b the fall slope. The crest
width is an iteration procedure, as the designedsdo select a length large
enough so that the crest does not affect the hdadwalculations. In the

situation when the crest width is not big enough sbftware will generate a
higher head than the conduit throat. The user ttemus to iterate the length
until it has no effect on the inlet control, (Normadoughtalen, & Johnston,
2001).

T

ELEATION

Figure 2.9.3: Depression and fall slope in a culvert struct@mrman, Houghtalen, &
Johnston, 2001).

The three basic culvert inlet types provided by 8l¥re:

Conventional no additional modifications.

Side Tapered inlet is with modification to incregmeformance of the culvert
structure by providing efficient upstream contréhe inlet has an enlarged

elliptical section with conversion to a circulaiage culvert.
Slope Tapered is an inlet with modification to ea&se performance of the

culvert by means of providing fall and better cohtsection at the throat,
(Norman, Houghtalen, & Johnston, 2001).
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Important fact and characteristics

< In creating discharge rating curves the softwaralyses both the inlet and
outlet control curves, as governing control cardifécult to predict at certain

head. Also control may change from inlet to outhatr a range of discharge.

» If culvert under inlet control and does not opekités capacity, it is advised to
flatten the slope of the conduit or increase roegirof the culvert so that the
velocity at the outlet is decreased. Thus will lelsureduction of erosion at the

outlet.

« The software requires at least three cross sedfitime: inlet, outlet and natural

channel to establish the river/channel slopes.

* The Manning's value needs to be determined in otdeevaluate projected

discharge conditions of the system.

e Conditions that will increase tailwater level dgrirfloods needs to be
investigated. Such conditions are: downstream imgments, obstructions,

junctions and channel constrictions.

* The software is able to analyse an intersectiomeeéfby one to six culverts,

and every culvert may have multiple barrels.

« The software enables user to display road maps aedal photographs using

the Microsoft Virtual Map locator tool.

* The program will analyse the culvert system basethe input minimum and
maximum flow rate values. The software will produtiecharge ratting curve

on ten equal intervals between the input flow ratees.
« If the user wants a 0 % slope of the culvert thétwsoe will input

0.000001 m/m slope for calculation purposes, (Norm&loughtalen, &
Johnston, 2001).
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CHAPTER 3

Experimental set up



3  Experimental Set Up

3.1 Introduction

The experimental set up for this research is aberitication of inlet control equations

for a culvert structure. The system will considgrstuieam control, when the inlet
conditions govern the flow and the downstream whteel does not affect upstream.
The modelling of culvert hydraulics will reflecteétprocedures to keep the inlet control

governing throughout the experimental process.

The experimental set up is based on different mogle@lpproaches of culvert structures.
The experimental approaches are as follows: bdsoretical equations, physical
modeling and software modeling. The different med&lall be compared to gain the
feel for accuracy of theoretical application witietphysical behaviour. The use of
theoretical equations in the modeling software balreviewed. The culvert parameters
of interest are dependent on the shape, entramzhitioms and slope of physical model

for a consistent comparison and verification.
3.2 Theoretical model

Theoretical modeling approach will put focus on foemula used to determine or
analyze culvert capacity. The equations that aeel usthe analysis are in secti®®.1.

The theoretical analysis will lead to graphicalressentation of theoretical discharge
rating curve for various sizes and shapes of ctdwender inlet control. With the help
of graphical comparison between the models angstal analysis the accuracy of the

models can be determined.
3.2.1 Required information and characteristics of m odel
The characteristics of the theoretical model argeddant on the physical model. The

consistency is an important factor in verificatiohthe correlation between physical

and theoretical behaviour of the culvert hydraulics
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Assumptions:

 The slope of the culvert, upstream and downstreass chot influence the
theoretical equation.

e The culvert flows under inlet control at all timed#though it could change from
unsubmerged to submerged conditions.

« Discharge coefficients, (&and G) are for square corners are taken as 0.6 and

0.9 for different head to depth ratios of the culve

Limitations:

¢ One —Dimensional hydraulic analysis.

« Uncertainty about the point when the culvert sysbemomes submerged.

- Different upper and lower limits of ratio betweepadwater energy depth
above the invert of the culvert inlet and insid@ttieof culvert, (H/D) for use

of theoretical equations.

Variables:

 Flow that the culvert can transport¥(s).

« The headwater energy depth above the invert ofwheert inlet / Head, (iHin
m).

* Ratio between headwater energy depth above thetiof/éhe culvert inlet and
inside depth of culvert, (D).

» Size of the culvert.

e Shape of the structure.

The shape of the culvert to be modeled is a pauhlert Figure 2.2.1). A portal
culvert is similar to a rectangular and a box catdwt has three sides to it; the base

portion of the system is an alluvial material (matumaterial).
The sizes of the set up were chosen carefully abttie scales of the physical model

were not exceeding 1:40T&ble 3.2.1). This is done to ensure accuracy when

comparing the models.
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Table 3.2.1: The sizes of culverts of interest

Culvert sizes
B/D=1 B/D=15
B x D (mm x mm) B x D (mm x mm)
450x450 450x300
600x600 900x600
750x750 1800x1200
900x900 3600x2400
1200x1200
1800x1800
2400x2400

3.2.2 Hydraulic relationship and procedures

The flow under inlet conditions can be analysetivia different ways depending on, H
and the H/D ratio. The flow through the culvert is unsubmeztgvhen the water level
at the culvert entrance is lower than the full heigf the culvert and weir flow
behaviour can be observed. In the case of submergeahce the discharge operates as
orifice flow, (Figure 3.2.2). Therefore there are two sets of equations tieagaided by

the H/D ratio reflecting the submergence and unsubmesgehthe system.

Figure 3.2.2: Inlet control

There are many different theoretical equations #ratavailable for culvert analysis.

The alternatives of theoretical formulas for inlebntrol can be found in the

Table2.6.1, section2.6.1.




The procedures of theoretical set up as follows:

« The various flow rates will be entered (0-6%)
* The relative head then will be calculated, (m).

e A graph will be compiled usingHs. Q relationship for all formulas.

3.2.3 Expected results and interpretation

3.3

The capacity for various cases can be deduced tisewetical relationship between
discharge and water level, referred to as the drgghrating curve (performance curve).
The graphical representation is obtained using itilet control equations. The

performance curve will represent the submergendauasubmerged state of the culvert

system.

The expected shape of the curve is a fifth ordéynmmnial curve as it best describes
the head-flow values. This also was proven to bectirrect shape (order of polynomial
regression equation) of the performance curve feorstudy of the effects of inlet
geometry on hydraulic performance of box culvertsmeal by Sterling Jones, Kornel
Kerenyi, & Stein, (2006).

Physical model

The physical modeling of a culvert provides a staewn real life simulation, which
shows the behaviour of flow through the system undt control. The culvert
modeling of inlet control has various factors tkall influence construction of the
model. The culvert opening dimensions scaled sbdhficient accuracy is obtained

when measuring.

The approach of this set up is to observe andataflata from constructed model. The
variables that will have influence on the obserdada are: discharge intensity and
geometry of the culvert opening. The raw data i®dostudied further by means of
scaling it up to a standard culvert sizes and ex@n of the water elevation at culvert

entrance and flow relationship is to be performed.
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3.3.1 Model building

The physical model was build at the Experimentamfaon the premises of LC de

Villiers. The physical model was constructed tougasnlet control. The model consists

of a culvert box, channel and an outlet b&iggre 3.3.1).

Figure 3.3.1: Physical model

Channel

The constructed channel is a 400 mm wide, 250 ngh Bhd 2300 mm long. The
material for the base of the channel was wood badsides were made of 5mm thick
Perspex. The channel rested on a steel frame vintpes to vary the slope of the

system. The flow was delivered/pumped through eBOclass 6 PVC pipe.

The discharge into the mould produced large wawdke channel, and therefore grid,
netting and a Perspex lifting gate with teeth wesalled on the upstream side of the
channel to reduce wave formation and stabilizewhéer level and upstream at the
entrance of the culvert structure. The set up eftystem can be seenfigure 3.3.2.
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1 |'|
Grid, net and gate

Frame and hinges to adjust slope

Figure 3.3.2: The channel of the model

Outlet box

The outlet box was constructed so that the outletrol is prevented and there is no
submergence occurring on the downstream side afulvert. The outlet box made out

of wood and has a trapezoidal shape. The water ¢idwert downstream side falls into
the outlet box and two 75 mm class 12 PVC pipgsanallel transfers water back to the
pump sump. The set up can be vieweBigure 3.3.3.

Figure 3.3.3: Trapezoidal outlet box

Culvert
Two culverts were constructed out of 5 mm Persfdre design size of the culvert

opening was dependent on the flow of water beiriyeted by the pump and the
damming up that will occur at the culvert.
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Since the maximum flow of the pump was 0.0¥snthe size of the opening had to be
less than 100 x 100 mm (cross sectional area 18 To ensure enough damming
occurred (for further analysis) the culvert sizesravdetermined to be 80 x 80 and
90 x 60 mm (width x height).

The length of the culvert does not influence irdentrol, therefore it is not designed
but for aesthetical reasons it was decided to ien3® in length. The culvert box is a
400 mm wide, 250 mm high and 300 mm long with tperong as mentioned above.

The set up can be seerFigure 3.3.4.

Figure 3.3.4: 90 x 60 and 80 x 80 mm culverts

3.3.2 Required information and characteristics of m odel

Limitations:

» Slight inaccuracy in measured data can be expegtathan error).

» Slight error of the instruments readings, (instrotaeaccurate to a certain
degree).

» Concern to the uniformity/stability of flow delived by the pump.

+ Effectiveness and leveling of the model
Variables:
«  Flow (nf/s).

* Head (H in mm).
e Slope, (m/m).
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The information needed for the analysis of this el@te the overall model dimensions,
and data series obtained from the physical modatiods devices are installed to

control and measure the variables of this set up.

Measuring and control devices.

e Pump- V(WQ) Model Submergible sewage pump was usax delivery 10
I/s, (Figure 3.3.53).

» Ultrasonic flow meter. The flow meter was installgastream of the bypass
system, Figure 3.3.5b). The flow meter measures the flow by means of
sending and receiving transducers (transmit sijimakhe pipe measuring the
difference between two transit times the instrunigable to calculate a flow

rate in the pipe, (www.sensorland.com).

Figure3.3.5: a) pump and b) sensors of the flow meter

* Valves and the by-pass system is the control defeicéhe flow in the system
(Figure 3.3.7). The by-pass system is build to aid in the floaviation in the
system. So that the pump does not deliver maxvnéll the time. The by-pass
system works as follows: Valve 2 controls the wéltaw from the pump sump
up to the upstream end of the model; Valve 1 diggwmthe pumped water
flow back to the sump. With closing and openingtioé valves it is then
possible to vary the flow delivered to the channel.

* Point gauges- two point gauges were set bguf e 3.3.6). One at the culvert
inlet (measures the jHand the second one upstream of the culvert (measu
depth a distance away from the culvert). The messent of water surface
elevation under steady flow conditions. This isamsplished by means of
adjusting a rounded point to touch water surfacel @king the readings of
depth from a scale/venire at the top of the insemiyFigure 3.3.6. The depth
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measured of the water is relative to the positibthe instrument in the model,
therefore the first reading is taken to the charfraele. The point gauge used

has a scale up to 600 mm.

Point
gauges

Figure 3.3.6: Two point gauge set up

Figure 3.3.7: By-pass system; closing/opening the valve.

3.3.3 Hydraulic relationship and procedures

The factors that will have an influence on thetiientrol are: discharge intensity and
geometry of the culvert opening. The culvert opgnitimensions scaled so that
accuracy of measurements will not be compromiséé. Maximum scale of the model
is taken as 1:40 as anything bigger may comprontieeaccuracy of the readings

obtained from the model.

The scaling of the model is done by means of Frowdiérmity. Froude’s law of
similarity contains the gravitational and kinetiordes, which are the main factors
influencing the fluid flow. The following relatiohgps were obtained from Froude’s
uniformity:

Frp = FrM’
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Which is:

VP — Vm
Ja, JaO,
Where:

p = prototype (real life size).
v = model (physical model).
v = velocity (m/s).

And

y = water elevation/head, H (m).

Therefore:

Where:

Hp = head of prototype, (m).

Hy = head of model, (m).

And

ny = the x value at the prototype/ the correspondinglue at the model.
And

The np and nare the vertical and horizontal scales.

And to determine the flow rate:

Qe _ n, ny%
Qu

But n, =n, (undistorted model),

Q =n,"2Q,



Where:

Qe = flow of the prototype, (fis).
And

Qu = flow of the model, (ris).

For the accuracy of the results of scaling the rheddandistorted. The horizontal and
vertical scales are equal for all sizes and shapegerest. The sizes, shapes and scales

are shown in th&able 3.3.1.

Table 3.3.1: Portal culvert sizes and the scales of the set up

Culvert sizes and horizontal and vertical scales
Square portal frame Rectangular portal frame
B x D (mm) ny n B x D (mm) ny n

450x450 5.625 5.625 450x300 5.0 5.0
600x600 7.50 7.50 900x60( 10.0 10.0
750x750 9.375 9.375 1800x1200 20.0 20.0
900x900 11.25 11.25 3600x2400 40 40.0

1200x1200, 15.0 15.0

1800x1800 22.5 22.5

2400x2400 30.0 30.0

Procedures

e The various flow rates are acquired by openingicpf the valves. (0-
0.08ni/s).

* The relative head is then measured by means of gauges, (m).

* The data gathering is then repeated for the 80 ar8D90 x 60 mm culverts at
different slopes, (1%, 2% and 3%).

e The raw data measured from the physical model ietecaled up to a standard
culvert sizes.

* The scaled up Q (flow) and H (head) are then pladte a graph.

e Through the data a trend line is fitted.

« The physical model discharge ratting curve than bancompared to the
theoretical curve to draw up a conclusion on thsafigation of the culvert

equations.
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3.3.5 Expected results and interpretation

3.4

The data gathered from the model should create\a alose to one in the theoretical
set up. The data series shall not have major osithis the measurement techniques
were carefully carried out. It is expected that da¢a series will follow a curve pattern

similarly to the theoretical set up.

Therefore the data series will be trend lined tegression polynomial of fifth degree,
as this will provide a clear view of possible difaces and concrete similarity in the
natural and theoretical relationship of discharge headwater energy depth above the

invert of the culvert inlet/head.

For the purpose of the analysis the regressionecuill be checked by calculation of
Coefficient of Determination, (R?). The coefficient is used to evaluate the efficienf

a polynomial and any other regression curve. Ireottords the Ris a square of the
correlation between Hand Q. The Ris a percentage in accuracy of the curve;
therefore the closer it is to one the better pemforce curve is represented,
(Montgomery, & Runger, 2007).

It is also expected that the different slope set will have no effect on the physical

discharge rating curve; in other word they showd/\closely the same.

HEC-RAS model

The hydraulic modelling was undertaken using theCHEAS, Version 4.1, developed
by the US Army Corps of Engineers. The model wasupeto operate in the Sl unit

system.

The information needed for HEC-RAS culvert modgjlis: inlet geometry, geometry
of upstream and downstream, geometry of culved,ntiaterial characteristics of the

culvert and the channel/river, and boundary cooadgifor flow analysis.
When all the necessary data is inputted in the raraghe program can analyse the

system. After the analysis has been performed dftevare provides results/output of

its computations in a tabular and graphical format.
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3.4.1 Characteristics of the model

Assumptions:

* Energy losses immediately upstream of the culvet = 0.5, for a headwall
parallel to the embankment.

* Energy losses immediately downstream of the culvéit= 1.

Limitations

e The accuracy of the inlet computations is 10%,ise@8.1.

* When modelling low gradients channels/rivers HECSRAas a 1.2%
validation error, as for high gradients the accymuffers from a 20.8 % error,
section2.8.1.

« In spacing of cross section of a channel are taart it results in computation
of the algorithm becoming unstable and HEC-RAS dtiéfsculties balancing

the energy equation, secti@r8.1.

Variables:

+  Flow profiles (ni/s).
e Head (Hin m).

3.4.2 Hydraulic relationship

There are two equations for an unsubmerged inledidon, from a theoretical
perspective the first equation is more applicable]d the application of the second
equation is much easier. HEC-RAS uses both equatiocomputation of the results.
The equations can be foundTiable 2.6.1, section2.6.1.

3.4.3 Software set up
The require information to set up a HEC-RAS modwlt tvaries with the culvert
dimensions can be seenTiable 3.4.1. There are number of tab to be filled out before

the program runs analysis, they are: geometric selti@matic layout, cross sections,

culvert characteristics and flow data for boundaogditions.
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Table 3.4.1: Data required in setting up the HEC-RAS model

Required Width of | Length Length | Height of | Max. | 5 cross-
information for | the of the of the | the flow | sections on
analysis channel | channel | culvert | right/left (m¥s) | interval of
Culvert sizes (m) (m) (m) banks (m) (m)
450x450 2.25 13.0 1.7 1.4 0.7 2.6
600x600 3.0 17.3 2.3 1.9 1.5 3.5
750x750 3.75 21.6 2.8 2.3 2.( 4.3
900x900 4.5 25.9 3.4 2.8 3.G 5.2
1200x1200 6.0 34.5 4.5 3.8 7.0 6.9
1800x1800 9.0 51.8 6.8 5.7 18.0 10.4
2400x2400 12.0 69.0 9.0 7.5 350 13.8
450x300 1.0 11.5 15 1.25 0.5 2.3
900x600 2.0 23.0 3.0 2.5 2. 4.6
1800x1200 4.0 46.0 6.0 5 12.0 9.2
3600x2400 8.0 92.0 12.0 10 62,0 18.4

Fixed data for the set up

« The shape of the channel is rectangular; the dimegssare available in
Table3.4.1.

» The standard contraction coefficient and expansiefficient are 0.1and 0.3
respectively.

« Manning friction coefficient (“n” values), main chael n = 0.018, (s/iff)
left/right banks n = 0.018, (s/).

» Extra cross section will be placed at the beginrand end of contraction or
expansions.

« Coefficients for contraction and expansions areadd 0.8 respectively.

* The slope is 1%, as a higher slope may decreasactheacy of the results,
section2.8.1.

« Roughness of the culvert (“n” value) is 0.012, ¢5)m
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3.4.4 Expected results and interpretation

Software analysis

« The software takes the velocity head into constaerdn the determination of
the hydraulic energy line.

* In the culvert simulation process the control sbdoé specified to the inlet
control as it is the control of the study.

< If the software finds that the headwater energytldegpove the invert of the
culvert inlet is higher for inlet control than tlome for the outlet control, the
software will carry out additional calculations verify that the culvert is not

flowing full at any point inside the culvert.

Results

The results that the software produces are: ratimges, velocity distribution output
graphs, cross section and profile of the systeniemsurface profile, general profiles,
X-Y-Z perspective plots, detailed tabular outpusiagle location and summary tabular

output at many cross sections. The main resuitstefest are the rating curve.

The rating curves are obtained at the specificscsestion in the schematic layout. The
upstream cross section of the culvert is the sectibere the software will produce a
curve for the culvert structure. The graph will negent water surface elevation and
flow rate relationship. The obtained dischargengtturves then can be compared to
the theoretical model results.

Graphical representation will provide a good féehe program running successfully.
The errors in the input data of the software capd®ly spotted with visual results. The
program also creates an errors document that wil guidance on possible needed in
changes in the set up.
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3.5 HY-8 model

3.5.1 Characteristics of the model:

Limitations

e The culvert data editor has limited amount of ctthentrance conditions and
types of fill above the culvert.

e The values of head water elevation and flow inrgmults table slightly differ
to the values of the performance curve, which vpeoeluced by the program.

* The software rounds up all the inputted valuefi&o3 decimal place.

Variables:

« Max. Flow (n/s).
e Head (Hin m).

¢ Channel characteristics, (m).

3.5.2 Hydraulic relationship

There are two equations for an unsubmerged andf@nte submerged conditions
under inlet control. The software uses all the &qna to obtain the best discharge
rating curve for the culvert system. The equaticas be found inTable 2.6.1,
section2.6.1.

3.5.3 Software set up

The program does not require large amount of thte dgut for a single culvert
analysis. The software has one editing tab forleecusystem. There are many options
on the tailwater data and site data inputs, on rediting tab. The option of rectangular
channel was chosen as it is the same as the physickel set up. Culvert invert data
was chosen for the site data section, as thebidlva the culvert is rectangular. The set
up requires input of the max flow so that it coaleate its own flow profile. The
inputted value in the crossing data/culvert dabectn be seen in theable 3.5.1.
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Table 3.5.1: Data required in setting up the HY-8 model

Required information Uil @ Design
for analysis the Crest Cr_est Max.3 flow flow
channel | length (m) | elevation (m)| (m’/s) (m¥/s)
Culvert sizes (m)
450x450 2.25 2.25 14 0.7 0.7
600x600 3.0 3.0 1.9 15 15
750x750 3.75 3.75 2.3 2.0 2.0
900x900 4.5 4.5 2.8 3.0 3.0
1200x1200 6.0 6.0 3.8 7.0 7.0
1800x1800 9.0 9.0 5.7 18.0 18.0
2400x2400 12.0 12.0 7.5 35.0 35.0
450x300 1.0 1.0 1.25 0.5 0.5
900x600 2.0 2.0 2.5 2.0 2.0
1800x1200 4.0 4.0 5 12.0 12.0
3600x2400 8.0 8.0 10 62.0 62.0

Fixed data for the set up

e« The shape of the channel is rectangular; the dimegssare available in
Table 3.5.1.

« Manning friction coefficient (“n” values), main chael n = 0.018, (s/H)
left/right banks n = 0.018, (s/Y).
e The slope was chosen to be 1%.

* Length of the culvert was set to be 10m as it dasseffect the inlet control
computations.

* Top width was set to the length of the culvert, tuéhe fact that the fill above

the culvert needed to be rectangular shape ag iphysical model.
3.5.4 Expected results and interpretation

Software analysis

The software performs culvert analysis under ialed outlet control simultaneously.

The program determines all the variables of theartilsystem and the channel. The
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3.6

system also produces a table with flow types that@aching the culvert entrance. The

system warns on possible hydraulic jumps occuiinsigle and upstream of the culvert.

Results

The software produces:

Crossing summary table and its performance curve.
Culvert summary table and its performance curve.
Water surface profiles.

Improved inlet tables.

Customized by user tables.

Procedures to obtain results

All the necessary data for all the set up is téolgged in the Excel spreadsheets, (on the

supporting CD inrAppendix C) for the analysis of the set up mentionecCimapter 3.

The output data from the programs is extractedhéospreadsheets for further analysis.

The acquired data sets for the models is then caedpand presented in a chart form in
Chapter 4.
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CHAPTER 4

Results



4 Results

4.1 Theoretical model

The theoretical model was analyzed and the perfocatdischarge rating curves were
acquired for 3 different sets of equations fromtisac2.6.1, Table 2.6.1. The curves
show similar shapesFigure 4.1.1). The inlet control under unsubmerged conditions
shows the same trend but as the system becomegmidahthe curves shift apart as the
difference in upper and lower limit of HD ratio differ for different sets of equations.
The same analysis was done for all culvert sizeahle 3.1.1, section3.1.1, the
performance curves can be foundAppendix B and in Excel spreadsheets on the

supporting CD, attached mppendix C.

Performance curves:450x450

1.4

1.2

0.8

Head (m)

0.6

0.2 1 /

O T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6

Flow (m 3/s,)

0-2109-S

—— SANRAL DM —— AHDM (1%) AHDM (2%) AHDM (3%)

Figure4.1.1: Discharge rating curves for a 450 mm x 450 mnvet|

Where:
SANRAL DM = SANRAL Drainage manual chapter 7.
AHDM = American Hydraulic Design Manual, (Slope degrees), chapter

J

section 3
0-2109-S = Report project Nr 0-2109-S
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The performance curves for rectangukig(re 4.1.2) and box culverts show the same
pattern, same unsubmerged conditions results abid shifted upwards/downwards
curves result for submerged conditions. The vahrebs spreadsheets that were used to

produce the performance curves can be found osuibgorting CD.

Performance curve: 3600x2400

10

Head (m)

0 f I I I I I
0 10 20 30 40 50 60 70

Flow (m 3/s)

— SANRAL DM — AHDM (1%) ~ AHDM (2%) —— AHDM (3%) — 0-2109-S

Figure4.1.2: Performance curve for rectangular shape cul8é@0 mm x 2400 mm

Physical model
The data required for physical model analysis watained and scaled up to a various

standard culvert sizes. The raw data, analyzed dath all the spreadsheets are

available on a supporting research project CD.
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The graph irFigure 4.2.1 shows that the set ups of different slopes areetyosimilar.
Therefore it can be said that the slope of theertildoes not affect the discharge rating
curve of the physical model. The performance cufeall the sizes and shapes that
were mentioned iMable 3.1.1 in section3.1.1 are available in théppendix B and

supporting CD.

Performance curve: 450x450

14
12 ,
Y
10 | “
/l
Kd
0.8 ¥

0.0 0.1 0.2 0.3 0.4 0.5 0.6

Flow (m 3/s)

—e— Slope 1% —=— Slope 2% Slope 3%

Figure4.2.1: Performance curve for 450 mm x 450 mm culverhwlifferent culvert
system slopes.

The physical model data was fitted with a trene li(fifth polynomial equation) as it
best describes the submerged and unsubmergediooadif the culvert system. The
polynomial equation can be seenFigure 4.2.2 andAppendix B. The Coefficient of
Determination, (B was determined to be very close to 1 therefoeditted fifth order

polynomial describes the data range well.
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Performance curve: 450x450
y = 68.013x" - 100.25x" + 58.953x - 15.188X* + 3.3564x + 0.0244
R%=0.9998
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00 T T I I I
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Flow (m 3/s)
Slope 3% —

Figure 4.2.2: Performance curve and equation for 450 mm x 460aulvert

The data obtain from the physical model producedueve close to one in the
theoretical set up. The data series follows thefopmance curve pattern of the
theoretical model for the equations from SANRAL ideme Manual Chapter 7,
(Figure 4.2.3).

The curve from AHDM equations shifts upward andvehi@ lower performance of
culvert structure under submerged inlet conditi@assthe culvert system experiences
higher head water elevation at same flow rateti@physical model. The rating curve
from Project Report 0-2109-S equations shows aenigierformance of the culvert

under submerged inlet conditionEjdure 4.2.3).
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Performance curves:;:450x450
y = 68.013%° - 100.25x"* + 58.953x° - 15.188%° + 3.3564x + 0.0244
R? = 0.9998

£ 08

Head (m)

0 0.1 0.2 0.3 0.4 05 0.6
Flow (m®/s)
— SANRAL DM —— AHDM (1%)
AHDM (2%) ~— AHDM (3%)
—0-2109-S —— Physical model
—— Physical model trend line

Figure 4.2.3: Physical and theoretical performance curves

The similarity of pattern between the theoretioad @hysical discharge rating curve is
best shown ifFigure 4.2.4. The theoretical equations that describes theigdiysodel
is from SANRAL Drainage Manual mentioned in sectt®1 Table 2.6.1
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4.3

Performance curves:450x450
y = 68.013x° - 100.25x" + 58.953x° - 15.188x* + 3.3564x + 0.0244

R? = 0.9998
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— SANRAL DM — Physical model — Physical model trend line

Figure 4.2.4: Physical and theoretical performance curves 5 sim x 450 mm
culvert

HEC-RAS model:

The data required for HEC-RAS analysis was obtaifneah the physical model set up
and the channel characteristics were scaled upg usiales from sectioB.2.3. The
analyzed data and tabular format results are dlailan the HEC-RAS Excel

spreadsheets and the software set up files onpgu research project CD.

The graph inFigure 4.3.1 shows the performance curve that was obtained tiwm
software. The performance curves of all the cuh@rdes and shapes that were
mentioned inTable 3.3.1 in section3.3.3 are available in théAppendix B and

supporting CD.
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450x450 culvert Plan: Pan 01 2010/07/13
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Figure 4.3.1: Discharge rating curve for 450 x 450 culvert

The physical and HEC-RAS discharge rating curveehsimilar pattern and follow
each other under unsubmerged conditions. Undesubenerge conditions HEC-RAS
shows a slightly lower performance of the culvagthe head water elevation is higher

for the same flow rates of the theoretical modeigyre 4.3.2).

Performance curve:450x450
y = 68.013% - 100.25x" + 58.953x%’ - 15.188xX" + 3.3564x +
0.0244
R?=0.9998
1.4
1.2
__ 1.0 /
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Flow (m 3/s)
HEC-RAS Physical model — Poly. (Physical model)

Figure 4.3.2. HEC-RAS and physical model performance curves

65



4.4

HY-8 model

The data required for HY-8 analysis was the santa dsed in the HEC-RAS model.
The analyzed data and tabular format results amdladde in the HY-8 Excel

spreadsheets and software set up files on a supypoesearch project CD.

The graph inFigure 4.4.1 shows the performance curve that was obtained then
software. The performance curves of all the cuh@iges and shapes that were
mentioned inTable 3.4.1 in section3.4.3 are available in théAppendix B and

supporting CD.

Performance Curve
Culvert: 450x450

—~ 14--
12 -7
10+--
081 e T
0.6~
04---
02 -¢--- e e e e e e et e e et

Headwater Elevation (m

Tdd Discharge.(cms)

Figure4.4.1: HY-8 performance curve of 450 x 450 culvert

The physical and HY-8 discharge rating curve hawelar pattern and follow
each other under unsubmerged and submerged corsdifidve curves are not
directly on top of each other but apart by fairpnstant factor. The HY-8 curve
is a factor of 0.93 apart from the physical modeigure 4.4.2).
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Performance curve: 450x450

Head (m)

0 0.1
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Flow (m %/s)

- HY-8 ——— Physical model

Figure4.4.2: HY-8 and physical model performance curves

TheFigure 4.4.3 shows the comparison between HY-8, HEC-RAS andiphl
discharge rating curve. It is then seen that the8Bb6ftware produces a curve
closer to that of the physical model performanceveuhan the HEC-RAS

program.

Performance curve: 450x450

Head (m)

0 0.1 0.2 0.3 0.4 0.5 0.6
Flow (m 3/s)
\ -~ HY-8 ——HEC-RAS —— Physical model \

Figure 4.4.3: Comparison of performance curves under diffenendlel
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5

Conclusion and recommendations

5.1 Conclusion

5.1.1 Summary of the results

The results of the study produced a number of diggh rating curves/performance
curves for the culvert system under inlet contfol, submerged and unsubmerged
entrance condition. The study verified the simijadf the theoretical culvert equations
and physical performance of the culvert. The stgaye the ability to comment on the
level of performance of the theoretical equationd af the software application in

comparison to the physical relationship of headewkvel and flow rate, (performance
curves) of culvert structures. The study also fedusn the effect of the slope of the

culver system on the discharge rating curves.

5.1.2 Conclusion on the verification of theoretical culvert equations

The three equations that were analysed for thdication of the relationship between
head water elevation proved themselves to havendasishape as the one of the
physical model performance curvEjdure 4.2.3, section4.2). The study showed that
the equation from the SANRAL Drainage Manual Chaple (Table 2.6.1,
section2.6.1) describes the physical behaviour of a culvertesysunder inlet control
the best. This can be seen from the compared dggehating curve irFigure 4.2.4,
sectiord.2.

The study of theoretical culvert equation from Araerican Hydraulic Design Manual
Chapter 8 Section 3 and the Project Report 0-2100F&8ble 2.6.1, section2.6.1)
shows a similar shape rating curve as the physincalel curve and follows the trend
under unsubmerged conditions. When the hydraulet ontrol becomes submerged,
the curves shift apart from physical rating curVee curve from AHDM equations
shows a lower performance of culvert structure usddémerged inlet conditions. The
rating curve from Project Report 0-2109-S equatisinsws a higher performance of

the culvert under submerged inlet conditiofsg(re 4.2.3, sectiord.2).
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5.1.3 Conclusion on the application of hydraulic so ftware

The study shows that the HY-8 program produces e raoccurate performance curve
as the curve trends the same way as the physicdélnoorve, with an average 93%
similarity, (Figure4.4.2, sectiond.2). The discharge rating curves for all the sized an
shapes in thélable 3.2.1, section3.2.1 can be found iMAppendix B and on the
supportingCD in Appendix C.

The HEC-RAS analysis resulted in a similar shape taends of the discharge rating
curve as the physical model curve under submergeet iconditions. In the
unsubmerged inlet condition the curve software pced a slightly lower performance
of the culvert system. The discharge rating cufeesall the sizes and shapes in the
Table 3.2.1, section3.2.1 can be found iAppendix B, and in thesoftware set up files
on the supportin@D.

5.1.4 Conclusion on the performance curves

The discharge performance curves has been acdiagireall the shapes and sizes of
culverts in theTable 3.2.1, section3.2.1. The trend of the physical performance curve
produced fifth order polynomial equation that canused in initial hydraulic analysis

and design of culvert structures, the equation lwarseen on the performance curve
charts. The performance curves for the entire nsodet up can be found in the

Appendix B and on in the Excel spreadsheets on the suppd@tino Appendix C.

5.1.5 Conclusion on the effect of slope on the culv  ert system

The slope of the culvert system has minimal to nefifiect on the culvert system under
physical model study this can be seerfrigure 4.2.1 in section4.2. The slope of the
theoretical model also does not affect the disahaatfing curve, as the equations from
the Project Report 0-2109-S and the SANRAL Drainsigaual in sectior2.6.1 does
not include slope of the system in its computatidme equation from AHDM in section
2.6.1 has slope as variable in its formula, but as $esn Figure 4.1.1 sectiond.1, the
variation in slope (1%, 2% and 3%) does not infheerthe performance curve.
Therefore it may be said that the slope of theartilsystem has minimal to no effect on

the discharge ratting curve.
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5.1.6 Conclusion on accuracy of the study

Possible factors that may affect the accuracy efthdy:
*  Human error.
e Measuring techniques.
¢ Reliability of measuring equipment.

e Accuracy of the software, secti@g8.

5.2 Recommendations

5.2.1 Recommendation on the use of the theoretical culvert equations

The three equations that were studied can be udesl.choice of set of equations,
(Table 2.6.2, section2.6.1) depends on the level of performance of culvesirdd, but
it is advisable to consider various alternativeshtain the best design/analysis of the
culvert system. The theoretical formulas that weeeified are only for the inlet

controlled culvert systems.

5.2.2 Recommendation on the use of the software app lication

The use of software allows the designer to mod@éréint scenarios of culvert systems,
section2.8-2.9. The software set up files are available on thgpsetting CD and were
created based on the characteristics and dimensiotiee physical model. Therefore
the set up files of the programs should not be ased design set up for other culvert
structures. It is advisable to study the softwaemuals and examples before creating a
new project.

5.2.3 Recommendation on the use of the performance curves

The performance curves and their equations carsed in choosing of initial culvert
size for the hydraulic analysis and design caloubat It is unwise to use the
performance curves for analysis of existing culesrthe characteristics, hydraulics and
influences on culvert capacity may vary, see se@i8-2.5. The performance curves of

this study only apply to the shape and sizes meationTable 3.2.1, section3.2.1.
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5.2.4 Recommendation on the effect of slope on the culvert system

This study shows that the slope of the culvert hdsimal to no effect on the
relationship of head water elevation and flow nateer inlet control, nevertheless the
slope should be taken into the consideration asesoutvert systems can have more

complex upstream and downstream conditions, se2tn
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Appendix B:

Performance curves



Theoretical Model
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Physical model curves

Performance curve: 450x450

1.400
1.200
1.000
0.800
0.600
0.400
0.200

0.000
0.000 0.100 0.200 0.300 0.400 0.500 0.600

Head (m)

Flow (m °/s)
—e— Slope 1% —=— Slope 2% Slope 3%

Performance curve: 600x600

2.000

1.500

1.000

Head (M)

0.500

0.000
0.000 0.200 0.400 0.600 0.800 1.000 1.200

Flow (m 3/s)

—e— Slope 1% —=— Slope 2% Slope 3%

Performance curve: 750x750

0.000 0.500 1.000 1.500 2.000

Flow (m %/s)

—e— Slope 1% —a— Slope 2% Slope 3%




Performance curve: 900x900

3.000
2.500
‘S 2.000
= 1.500
® 1.000
2 1
0.500
0.000
0.000 0.500 1.000 1.500 2.000 2.500 3.000 3.500
Flow (m %/s)
—e— Slope 1% —=— Slope 2% Slope 3%
Performance curve: 1200x1200
4.000
— 3.000
£
7 2.000
()
T 1.000
0.000
0.000 1.000 2.000 3.000 4.000 5.000 6.000 7.000
Flow (m %/s)
—e— Slope 1% —a— Slope 2% Slope 3%

Head (m)

Performance curve: 1800x1800

0.000 5.000 10.000 15.000 20.000

Flow (m 3/s)

—e— Slope 1% —=— Slope 2% Slope 3%




Performance curve: 2400x2400

0.000
0.000 5.000 10.000 15.000 20.000 25.000 30.000 35.000 40.000

Flow (m %/s)

—e— Slope 1% —=— Slope 2% Slope 3%




Physical Model Trend line and equation
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Performance curve: 900x900
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Physical models curves

Performance curve: 450x300
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Physical model trend line curves

Performance curve: 450x300
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Theoretical and physical model curves
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Performance curves:1200x1200
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Performance curves:2400x2400
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Performance curves:900x600

y = 0.3581x° - 2.0251x" + 4.218x’ - 3.649xX + 2.0173x - 0.0247
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Performance curves:3600x2400
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Best performance curve that describes the physical model

Performance curves:450x450
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R? = 0.9998
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Performance curves:750x750
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Performance curves:1200x1200
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Performance curves:2400x2400
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Performance curves:3600x2400
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Performance curves:450x300
y = 316.73X - 314.07x* + 120.38x%’ - 16.534%" + 2.8094x +
0.0298
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HEC-RAS performance curves:
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HEC-RAS Comparison to the physical model
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HY-8 performance curves

CA]

Outlet Control Elev

Performance Curve
Culvert: 450x450

(@]

Inlet Control Elev

T L T L J
N © Q@ © %
< 4 o o o

,
N
o

W) uoneas|3 JarempesH

0.5

0.2 03 04

Total Discharge (cims)

01

0.0

Performance Curve
Culvert: 600x600

CA]

Qutlet Control Elev

(@]

Inlet Control Elev

(w) uoneas|3 JarempeaH

14

12

! ! ! !
0.6 0.8 10

Total Discharge (cms)

04

!
0.2

Performance Curve
Culvert: 750x750

CA]

Quitlet Control Elev

Inlet Control Elev

(w) uoneas|3 JarempeaH

Total Discﬁarge(cn’s)



Performance Curve
Culvert; 900x900

[A]

Qutlet Control Elev

(@]

Inlet Control Elev

B e
B
B D e e

:;:,:::i:;::ﬁ:ﬂ
nm O w1 9O W

N i - O
(w) uonens|3 J1areMpeRaH

15
Total Discharge (cms)

10

3.0

25

20

05

0.0

Culvert: 1200x1200
(A]
Outlet Control Elev

Performance Curve

(@]
Inlet Control Elev

(w) uoneas|3 JIareMpEAH

Total Discharge (cms)

Culvert: 1800x1800

Performance Curve

[A]

Outlet Control Elev

Inlet Control Elev

Total Discharge (cms)



Performance Curve
Culvert: 2400x2400

[A]

Outlet Control Elev

Inlet Control Elev

(w) uonensa|3 J1erempesH

!
25

|
20
Total Discharge (cms)

15

Performance Curve
Culvert: 450x300

LA]

Outlet Control Elev

Inlet Control Elev

(w) uoneag)

L

lalempesH

0.3

0.2
Total Discharge (cns)

05

04

01

0.0

Performance Curve
Culvert; 900x600

LA]

Outlet Control Elev

Inlet Control Elev

(w) uonens|3 IarempesH

Total DiscHarge (crs)



Performance Curve
Culvert; 1800x1200

[A]

Ouitlet Control Elev

Inlet Control Elev

Total Discharge (cns)

(w) uonensa|3 JayempesH

Culvert: 3600x2400

Performance Curve

[A]

Ouitlet Cont

(@]

Inlet Control Elev

ol Elev

r

Total Discharge (cms)

(w) uoneas|3 JayempesH



HY-8 and physical model performance curves comparis on
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HY-8, HEC-RAS and physical model comparison
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