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ADSTRACT

This hydraulic model study was undertaken to compare the

hydraulic characteristics of the energy culvert with those of a

conventional three cell box culvert
The energy culvert is basicalty a chute with a lowered floor.

The approach walls to the chute converge gradually as the floor drops

with the exit walls diverging as the floor rises.
The flow pattern in the energy culvert involved converging a

flow of water and increasing the specific energy by setting the chute

floor below the normal channel bed to produce increased velocities.
llrith the larger velocities, a smaller cross sectional area than a

comparable three cell box culvert was required. At the outlet from

the culvert, the velocities were reduced sufficiently to prevent erosion

in the downstream channel by providing a reverse curve ramp to raise the

water back to normal channel bed elevation. This reverse curve ramp

reduced the high velocities rather quickly and ninimized the turbulence

when the lateral distribi¡tion of the water occurred. The distinct
advantage of this design is that the disclìal'ge nay be doubled with

only a small corresponding increase in head water levels'
It was found that the energy culvert was significantly ¡nore

efficient hydraulically, and capable of passing a larger range of
discharges under high tailwater conditions.
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C}I{PTER I

TNTRCII]UC1'ION

a) Statemcnt of problem

The present design of culverts generally necessitates the use

of rnultiple barrel culverts or a bridge where a low head is esscntial.
lVith the present culvert design, a large head is sometimes required to
pass an unexpected or nuch larger than design discharge. In cases such

as these, the road is occasionally overtopped and nay be washed out.
It would be advantageous to avoid this problem and find a more efficient
manner to pass a large volume of water under a road rvith a low allowable
difference in water levels. It would also be very convenient if the
structure could pass a much larger flow with only a small increase in
head water levels. I'his was found to be possible in an energy culvert
which uses the type of behavior concept of a constant total energy and

a varying specific energy.

b) Previous work

Previous work in the design of an energy culvert has l¡een

carried out by Dr. G.R. lt{cKay of the University of Queensland, Brisbane,
Australia (REFIIRENCE 1). Several culverts utilizing this concept have
now been constructed in Queensland.

c) Lirnit of undertaking
This study was limited to the testing of three hydraulic models.

The first modcl was a replica of a three celI culvert rlesign presently
being used on atl major roads in the province of lilanitoba. The cells
in each culvert vary fron 3' to L2f square rvith the capacity of the
structures being up to 3000 cfs. The model tested had three 7r x 7l
cells with the total rated capacity of the culvert being BB5 cfs. Two

other nodels rr'ere built to verify the theory of the energy culvert.
Each of the.se ttr',:;nodels had different chute rvidths to further examine

the hydraulic characteristics of an energy culvert.
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îhe testing of these models was limited to flows up to. a maxinum

of 2100 cfs and to a high and lol tailwater level corresponding to tt+o

greatly different values of l'lanningrs roughness coefficie¡rt.

d) Justification of topic
The possible substitutiôn of a bank of 6 or 8 corrrrgate<l metal

pipes, a large standard three cell culvert or a small -bricl;;c by a nore.

efficient energy culvert, justifies the development and testing of a new

culvert design that in theory appears to be nrore efficient than present

designs. There is some indication that there nay be a financial saving

in using an energy culvert. I-lowever, the rnain consideration would be

the potential reduction of the hazard created by the road being overtopped.

e) Preview

In this thesis the theory for the energy culvert will be pre-

sented. This theory rvill be verified fro¡n studies of three hydraulic
models and a seties of comparative tests. It will be shown that the

idea of converging a flow of water, increasing the specific energy,

then decreasing the specific energy and diverging the flow htas more

efficient withj.n givenene:rgy limits than the conventional three cel1 box

culvert theory.



CIIAPTER ÏI

'ITIEORY

a) The hydraulic design of a thrce cell culvert
In the design of various types of conduits, the United States

Bureau of Public Roads nomographs (FIGURE I,APPENDIX A) are used as a

fast graphical solution for calculating the discharge capacity of a

culvert. The rated capacity of the three cell culvert Ì{as based on the

capacity of a single cell, which was multiplied by three. The field
observations indicates that more water would pass through the centre cel1

than through the two outside cells (FIGURE 2-1) because of the contraction

effects producing a higher velocity in the enetre cell. Ìthen the

uneven flow distiibution was consiclered, it was thought that the everage

discharge would be close to that predicted by the nomograph.

Fr-6Er-]
Jr 5f l0l

Flow pattern in 3 ceIl culvert
. FIGURE 2.1

For conparison purposes, a model of an actual three cell cufvcrt t{as

built. A nodel was nade from an existing culvirt FIGURE 5, APPENDIX A),

located on the LittIe Bosshill Creek where it crossed the Trans-Canada

Highway at Virden, Manitoba as seen in FIGURE 2-2. The difference
in elevation betrveen the crown of the road (1445'6t) and the'maximum

headwater level (1442.71) allotvecl a heacl factor of 2.9'before the road

was overtopped

FLOW
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'l'rans-Canada

Culvert site

lf igllvay ittle Bosshill Creck

Prov. Rd.259

Bosshill Creek

Prov. Rd. 257 Township l0

Trans-Canacla

l{ighway

P.T.H.23
Range 26 ltt

Location pla:r of culvert site

FIGURE 2-2

In the design of the field structure, the headwater elevation

vras established at 7442,7' by the Flighway Departrnent. The design head

difference of 1.0t betr{een the headwater and tailwater elevations was

subtracted from 1442.7t resulting in a tailwater elevation of I44L7t.
The head difference was set at 1.0'partly because of the very low head

linitation and also because it is a standard design requirenent by the

llater Conirol Department.

In the Little Bosshill Creek, the ÞTanningts roughness factor was

then calculated to be 0.0545, rr'hich was supported by fietd observations

of the creek. The tailwater rating curve was calculated from a point

about 100' downstream fron the structure at elevation L433.I3t (FIGURE 2-3)

The rating curve was calculated for several values of channel rougltness

as seen in I;IGURE 2-4. The roughness of finished concrete for the

structure was assumed to be 0.012 for design purposes.

t
@

{
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rating curve
from this point

<- FLOIII

Tailrt'ater rating curve location

FIGURE 2-3

Fro¡n the Bureau of Public Roads nomograph (FIGURE l, APPENDIX A),

a table of theoretical discharges for tl'¡e actual three cell culvert
for a given head differencé was prepared (TABLE I, APPENDIX B). The

expected discharge at 1.0r head was 885 cfs while the 2% design

discharge was 825 cfs. The three cell culvert model was built to

duplicate the hydraulic characteristics nentioned previously, as closely

as laboratory conditions would permit.

b) Energy culvert theory

i) Energy equation application
The design of the energy culvert (FIGURE 2-5) was based on the

application of the energy equati-on rvhich was derived from FIGURE 2-6.

t v2 +Y+z

For this equation to apply, _the following assumptions were

nade for a trvo dinensional flow system.

1) steady flow
2) imotatiollal flow
3) no velocity variation across the cross section

4) inconpressible florv
.5) no energy added or subtracted from the systen

For use in the design of an energy culvert, substitute the unit
discharge q = Q/w anrl equation (1) becomes a modified energy

equation.

(1)
2g

2

E=-lz*y+z
2g y- (2)
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Channel bed

Inlet section

Isonetric view of Energy Culvert

FIGURE 2.5
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This equation essentially is based on the Law of Conservation

of Energy ürhich states that energy cannot be created or destroyed but

only converted fron one forrn to another. In this culvert some of the

potential energy of the water in the channel was converted to kinetic
energy because the culvert chute elevation was less than the channel bed

elevation.

ii) Basic flow concept

The basic flow concept of the energy culvert can most easily
be explained by neans of a three dimensional specific energy diagrarn

as seen in FIGURE 2-7.

50 75 rOO r25 rso
UNIT Df SCHARGE - c.t.s./ 11,

. Three dimensional specific energy diagram

. FIGURE 2-7

In the design of constrictions, there is generally no drop in
the chute floor elevations. Since there is no increase in total energy,

the constriction could force the water into a supercritical flow con-

dition, but this is avoided in order that a hydraulic jump does not

occur. The design of a culvert without a drop in chute elevation
would mean an increase in unit discharge as shown ín FIGURE 2-7 from

!Þlo
I

È
J8L
¡!
o

6I
t-
o-

B4
\\5o___

SUPERCRITICAL FLOW
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point I to point 2. Because there was no increase in total encrgy,

to avoid supercritical flow conditions, thc maximum unit discharge

would be greatly restricted. The energy culvert avoided this problem

by setting the chutc floor belorv the channel bed. Dropping the chute

floor elevation has thc effect of increasing the total energy, thus

increasing the maximum unit discharge as represented in FIGURE 2-7

from point I to point 3. In adding energy to the florv of water, the

subcritical flow condition was maintained at all times. At the outlet
of the structure, the chute floor was raised back to normal channel bed

elevation which resulted in a rapid recovery of velocity head. This

energy recovcry produced lower velocities in the downstream channel.

This would not be possible in a normal constriction having no drop in
the chute floor. It is the increase in total energy that allows a

nuch Larger unit discharge or a narrower chute to be used to full advantage.

iii) Application of basic flow concept

In order to apply the theory mentioned above to determine the

flow Çharacteristics through the energy cr¡lvert, the follorving approach

was taken. The first step to solving the nodified energy equation (2)

for the inlet section was to predetermine the inlet and chute floor
elevatioirs, and to assume a chute width, thus fixing the unit discharge

from which the depth of flow could be calculated. If the ínlet walls
and floor rvere linear in shape, the resulting water surface profile would

be curved. l-lowever, to obtain a linear water surface profile, either
the floor or walls would be curved. At the time, it was much easier tc,,

deal with a linear water surface so the inlet walls hrere curved and the

inlet tt;::.i:: 
lrrll]"^ ro the solution or equarion (2) courd be taken

by fixing the depth of flou at the chute entrance and calculating thc
unit discharge and the comesponcling chute width. In this case the

anount of energy required to produce the given depth of florv would be

calculated and the elevation of the chute floor- thus found.

It was impossible to avoid the continuously culved floor of the

outlet due to the requirement of almost total energy recovery. At the

outlet, the water was rapidly forced up the curved floor to a higher

elevation as it was dcsir:able to convert ¡nuch of the kinetic energy to
potential energy as soon as possible before the flow spread out too much.
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After the velocities had been reduccd considerably, the diverging of

thc flow over the entire cross section nay proceed with a minimum of

losses. Whcther or not a hyclraulic jump will occur depends on the tlesign

of the structure.
The specific energy diagram (FIGURE 2, APPENDIX A) was used td

provide a very fast graphicat sóiution to thc modified energy equation

(2). Since there v¡eïe a large number of calculations,' the graph was

heavily relied upon.

c) Energy culvert design calculations

i) Introduction
The calculations performed in deternining the water surface

profiles were based on another modified energy equation. One of the

initial assu¡tïptions for thís equation to be valid was the concept of a

two <limensional flow system. The hydraulic nodel systern was a three

dimensional flow systern, thus sone minor discrepancies between the

theoretical calculations and the test results were expected.

In the energy culr.'ert design, the florv condition in all cases

was to be sut¡critical. For design purposes it was much easier to design

for the critical flow conditicn to be reached at the entrance to the

chute and then increase the total energy by setting the chute deeper to

keep the flow in the subcritical region of the specific energy diagram.

gnce this amount of energy has been established, the shape of the walls

was set ancl the water surface profile was re-calculated.

ii) Chute width selection
Ih selecting the wi<lth of the chute a problem was encounterecl

as to wltat width would be reasonable. One could not pick a value at

random ancl hope that it would work. It was thought that an energy culvert

clrute wiclth of I/2 to L/3 that of the box culvert would be reasonable

as a beginning point. The energy culvert chute widths of 7.5r and l0l

were chosen for an accurate comparison study to the 7t x 7r box culvert.

To aid in the selection of a chute width, or a culvcrt capacity,

a graph baserl on the critical flow conditions of chute width vs total

energy vs discharge was prepared with the use of unit discharges.
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*2 n3 = zTlB tqztet

rearranglng (3)

' A graph (FIGURE 3, APPËNDIX A) was prepared fron equation (3).

This graph shotss the amount of energy required for a given width and

given discharge at critical florv conditions.

iii) Sul¡critical width, energy G discharge relationship
The graph previously rnentioned nay be used for critical conditions

on1y, horvever, for design purposes this condition would be avoided. Thus

it was essential to knol what occurred at subcritical flow conditions.

Two graplìs hrere prepared accordingly. The first graph (FIGURE 2-B) for
885 cfs, and tlte second graph (FIGURE 2'9) for 1800 cfs. The first
discharge of BB5 cfs nas equal to the design discharge of the three cell
culvert, while the second discharge of 1800 cfs was approximately double

the design discharge in order that the structure could be studied at

very lar.gê f 1ows.

These. graphs shol the depth of flow and available energy

relationship for various cl'rute widths. These culvert width charts are

the same as a specific energy diagram except that instead of labeling

the fanrily of curves with its or+n unit discharge, each curve was labeled

with the corresponding chute wi<ith that was required to prorluce that

unit clischarge.

For example, from FIGUIìE 2-8, for a total energy of say l4r,
the minimum chute width rcquired to pass BB5 cfs and renain as critical
or subcritical flol was 5.5r. If the energy level was increased, a

smallcr minimum width could be selected, but if the energy level de-

o.los tq2¡ntl
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crcascil, a mur:lr largcr minimum chute wiclth would be selectecl. Thus the

selected chute rr'idths of 7.5tand l0rwere r+ell within the subcritical
rcgion of the graph as long as at least l2tof total energy were available.

In IìIGUIìE 2-9, the discharge was doubled to 1800 cfs. Thus for
example, at an cnet'gy level of say 17.5t, the ninimum chute rviclth would

be 8.0-. At any width less than 8.0t, a backwater curve woulci forrn

due to the choke effect of the chute width.

From hydraulic principles it may be shown that water flowing in
a chute will use all the energy that was available to it through an

adjustment of its depth of flow or velocity for any given rvidth of the

chute. In reading FIGURES 2-8, & 2-9, the plot of that rrridth would fall
at the point r{here the sloping line corresponding to that width neets

the vertical line corresponding to the amount of available energy. The

resulting depth of flow would then be read on the right hand side of
the graph.

The amount of available energy equals the tailh'ater depth plus

the velocity head plus the amount that the chute floor !üas set below

the channel bed. Thus, an obvious problem of how much the culvert
should be set below the channel bed for a certain flow and chute width

must have some solution. By choosing any two of the three variables,

the thir<l one is fixed for critical conditions.

FIGURE 2-10 shows various chute depths that rnay be selected for
to showthe prototype. From this figure, TABLE II-1 was prepared

various rninimum chute widths for a discharge of 1800 cfs

It rnay be seen from TABLE II-1 that by setting thc chute

cha-nel grade, a snaller chute width was required.

+FLOIV

at n = 0.0545.

below the

Depth of
chute

I

I

I

t

I

0
I
4

Depth of chute

FIGURE 2-10

I



TABLE II-T

I'li¡rimum chute rvidth for countersink

t5

Depth of
culvert

Iilinimum
hridth

0f

ll

4l

7l

9l

L4

L2

I
7

6

4l

7l

2l

9l

3l

iv) Initial design calculations
In the initial design calculations a channel bed roughness of

0.0545 rvas used, which was the roughness of the Little Bosshill Creek.

However, as a check on design performance, a channel bed roughness of
0.025 was also used. This roughness correspon<ls to that of creeks with

smooth beds or no vegetation along the banks. This value also corresponds

to that of man made channels or ditches.
l{ith a chute wiclth of 7.5' and a channel roughness factor of

0.025, f"o^ FIGURII 3, APPENDIX A, the requíred total energy tvas found

to be 11.40' and from FIGURE 2-4, the normal depth of flow was 6.04r.

Therefore, subtracting the two values, the bhute was to be lowered

5.36' or approximately 5.4r 'below the channel bed.

The exact amount of the losses were unknown and could only be

estimated. Since some turbulence vras expected in the chute and at the

outlet in addition to losses due to friction, these were generously

allowed fo:' in the energy balance estimate in TABLE II-2
The basic difference in centre line profiles between the three

ce-1 box culvert and the ènergy culvert after energy losses were taken

into account rnay be seen in FIGURE 2-L7. In addition to the profiles,
elevations at all rnajor points were included in this figure.

v) Inlet section calculations
The depth of the chute has been set at 5.4' but the length of

the inlet section remained to be deternined. A slope of 6:l was

initially consideretl for the inlet floor, which would make the length

equal to 33t. As an approximation, the inlet length was selected at 30r.
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1433.00

TABLE II-2

Energy balance

33.97

3 cell 7r x 7f box culvert

FLOW

1434. sB
34. 56

33.14

rî17:ÍT' 

-t

L
28.60

Centre line profiles of box Ê

FIGURE 2-1I

r-_"-
1434.62

Location Energy

Drop at inlet
Drop of chute

Gain in specific
energy

Rise at outlet
Net energy recovery

Losqes (estimated)

Energy balance

+5.401

+0; 60 |

+6 .00'

-4.54 |

;14'6î
-L.461

0

34.60

29.20

energy culverts
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The curved shape of the inlet walls was the only remaining

problem to be solvecl. A linear water surface profile was assumed

beginning with the normal depth of flow at the inlet ancl ending with

the critical depth of flovl at the chute entrance.

The available energy and depth of flow were then measured from

this figure, and, from the specific energy diagram the unit discharge

and consequently the required width were calculated. Upon plotting
the results, it was discovered that the curve of the inlet wall was

bery irregular and not as smooth as expected. The curve was then

nrodified to fotlow a srnoothly continuous path, and this rnodified curve

was selected as the final shape. The points that form this curve upon

wliich the energy culvert inlet and outlet walls v¡ere based was listed
in TABLE 2, APPENDIX B.

After establishing the final wall shape, the unit discharge,

and the available energy, and the depth of flow rvere calculated. This

final curve was also applied to the 10t wide energy culvert without

any change.

'l'he water surface profile calculations for the inlet section

were sunmarized in TABLE 3, APPENDIX B, for the 7.5'wide chute at
discharges of 885 cfs and 1200 cfs. The results for the BB5 cfs dis-
charge were pl.otted in FIGURE 2-I2, but the results for tlte 1200 cfs

discharge represent the critical values for the 7.5'width at high tail-
water levels ancl consequently were not plotted. TABLE 4, APPENDIX B,

was a summation of the hrater surface-profile calculations for the 101

wide chute at discharges of 885 cfs ancl 1800 cfs, which were also

plotted in FIGURE 2-12,"
From FIGURE 2-L2 at.885 cfs, the 10' wicle chute had a slightly

greater depth of flow than the 7.5tnide chute. However, in doubling

the discharge, the water level increase at tlre chute entrance for the

10' model was calculated to be 1.9r [22% of the total depth], while

the wate¡: level increase at the entrance to the structure was 3.01

(FIGURE 2-L2). In the prototype design, approximately 2r to 3' would

be added to the top of the inlet and outlet walls as freeboard, so

that the capacity of the structure may be doubled without any extra

major concrete construction. It was this ability to handle a cloubled

discharge with onl¡' a small corresponding increase in upstream water



r45O-

481-
t .''- -''
I46.
;

44-
:

I

42-
,. -,._ ., . .

l44Or
l,1e-
¡

361- ,

i

34-
I

32-
L

'l
¡l43O-
I

!

;

I

I--*-t

I

"l

i
:

I

ì

- "1
i

I

1._..". . 
\

20

TRANSITION

il
22 24 26-'- 28 " EO-'-32 - 34 36 38 Ë

-t
æ!
, FLOIT *.---.1

i

-*----{



19

levels that makes this design extrenely advantageous. As there was

little encrgy dissi.pation in the contraction of a flow of water, no

turbulence r{as expected in the inlet section. l'he shape of the rçalls

were not critical in the inlet section and any minor changes that did

occur were negligible.

vi) Curvature of outlet floor
In the outlet design, the floor consisted of a reverse curve

originated by Dr. McKay (REFERENCE l) to reduce turbulence by converting
kinetic energy to potential energy. At the exit, the water was moving

too rapidly to be released into the downstream channel tr¡ithout severe

bank erosion. To reduce the outlet velocities, an energy conversion

was essential.
A reverse curve ramp was selected for the outlet floor because of

its continuous change of s1ope, thus continuous energy recovery no natter
where its point of inflection may occur. The point of inflection in this
design was selected at one third of the outlet length (10") from the chute

in such a manner so that the outlet fioor had risen 62% while only one

third of the lateral cxpansion hacl occurred. This was done to reduce

velocities and the available energy quickly before too much expansion of
the outlct section had taken palce. At the beginning of the transition
from the rectangular to the trapezoidal cross section, the floor rise and

chute expansion had rcached the calculated limits. TABLE 5, APPENDIX B,

shows a conparison on a percentage basis between the length of the chute,

the amount of rise of the chute floor and the width of the outlet section.

vii) Outlet section calculations
For symmctry, the outlet walls were identical to those of the

inlet section (FIGURE 2-L3). The total amount of energy was known

and the shape of the outlet floor rvas determined as previously discussed.

Once these factors we:re knorvn, the unit discharge and the water surface
profile were quickly determined. 'I'ABLE 6, APPENDIX D, is a summation

of the calculations for the 7.5'wicle energy culvert at a clischarge of
885 cfs. TABLE 7, APPËNDIX B, is'a sunmation of the calcul.ations for
the l0rwide energy culvert at 885 cfs and 1800 cfs. The results of
TABLES 6 tr 7, APPENDIX B, were plotted along with the centre line profile
of the outlet floor in FIGURE 2-L4.
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CHAPTER III

EXPERIMENTAL STUDY

a) Model scales s.

One of the problems in building a nodel is io nake it. act in
exactly the same way as the protype. Cornplete siurilarity in the model

is sonetines difficult or inpossible to obtain because the force tatíos
nust be identical at all points in the ¡rodel si¡rultaneously (REFERENCE 6).
A true or undistorted hydraulic ¡nodel would have alt the significant
'ctraracteristics of the prototype reduced in size (geonetric si¡¡ilarity)
and would satisfy the design restrictions (kinenatic and dynanic

sinilarity). To keep the nodel geometrically undistorted, the scale

ratlo had to be sarne both horizontally and vertically. This meant

that the length ratio for all dimensions was identical
To satisfy the design restrictions, kinematic si¡riltude was

first considered. Thls included the correct operation of the ¡rodel

and proper si¡¡ultation of the currents and discharges at all tines.
Kinenatic similtude was said to exist if the paths of honologous

noving particles were geometrically similar, and if the ratios of the
velocities of these particles were equal.

Dynamic si¡niltude was said to exist between geometrically and

kinematically similar systens if the ratios of all honologous forces
in the ¡nodel and protot)?e were identical.

In dynanic siniltude the most important dinension was force"
The similarity of forces such as shear ratio, pressure ratio, and

force ratio are inportant in nost model studies.
The najor factors that occur in a nodel are gravity, surface

tension, viscous forces or friction, large velocities, and elasticity.
.Conplete similtude between the model and the prototype was impossíble

to obtain because each nodel factor must equal its prototype factor in
nagnitude, forcer'and direction sinultaneously on one nodel. Ilowever,

in nost cases one or two of the factors predoninates while the others

have only a relatively weak effect on the particular study (REFERENCE 3).

à2
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The purpose of the hydraulic stt¡cly r+ill govern rvhich of thc
previous factors would be the nost i.rnl:ortant, Therefore, to obtain
the correct model scales, these factors must be equated between the
¡nodel and the prototype. 'fhe nrodel was then operated in such a narìner

to obtain kinematic similtude with respect to the predominating force.
Since there h¡ere no surface tension forces, high velocities,

and significant friction, the l{eber, lrlach and Reynolds nurnbers respect-
ively nay be eliminated. The force due to gravity or the Frode number

predoninated in the following scalc ratios.

lFlm

also lsl,n

tLl

velocity

tirne

acceleration

discharge

Since the Euler numbers werc a

lElm

lvl (er.) tl2ln
[v/ (er.) t''ro

where F=Froudeno.
m = model

p = prototype

lsl" = 1.0

lFlp

leln

The site conditions for the three cel1 box culvert consiste<l of
a channel width of approximately 60', r.rhile the testing flu¡ne i¡r the

hydraulics laboratory had a widih of 3.0'. The length ratio was then

seLected at 20.

?0

lvlr
lrlr
["J,

[Q]r

cornmon factor

[E]p

[$)Ju2
l.(Ðrl1/2

r.0

t.0);s/ 2

4 .47

4 .47

I 790

where E = Euler no.
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Pressure

force

[ttJ" = [LJr

lFl" = [(L)r]3

tfanning's Int [nJr., = [(L)"J116 [nJrny

[n]p = 1.648 [n],n

Slope of the channel was estimated to be 0.10% or 0.001.

b) Testing apparatus

The rnajor piece of apparatus was a 2.5r x 3t x 46r recirculating
flume with glass side panels in thedorvnstream half and steel side

panels in the upstream half (FIGURE 3-1). The water entered the flume

through one of two 6" mains from a sunp lOt x 30t x 20t deep located

in the lower floor of the hydraulics laboratory.
lVater surface profiles were measured by means of a point

gauge located on a four wheeled carriage. This carriage ran on pre-

leveled rails which t{ere supported by the top edge of the flume. A

neon light and a 90 volt battery were used in an electronic circuit
to indicate when the point gauge touched the water surface. This ¡nade

the reading of the point gauge much faster and easier. The water

velocities in the flume were measured by a Kent I'lini-Flow Probe, rvhich

was a rninerature propeller fixed on the end of a rod for measuring

velocities in hydraulic models.

c) Testing procedure

The testing procedure involved controlling the tailtr¡ater depth

in the channel about l00t downstream from the structure by rneans of a

drain vaJ.ve corresponcling to the tailwater rating curve (FIGURE 2-4)

for values of n,= 0.025 and n = 0.0545. Various discharges up to

2000 cfs were rrsed for all hydraulic models at_ both high and low

tailwater conditions. The water surface profile and velocity
¡neasurenents were then taken, the latter being only on selected flows.
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During testing, the location and number of standing waves and

hydraullc Jumps were noted.

The water surface profile was neasured every 20t from the

structure up to 160r distant. 0n the three cell nodel, the profiles
inside the centre and outside culvert barrel and in the channel itself
rúere neasured by the use of 30 open nanoneter tubes. FIGURE 4,

APPENDIX A, shows the general arrangenent of the nanoneter tube

locations. On the energy culvert, the profiles were taken as above in
addition to every 5r in the inlet and outlet sections as well as every

10r within the chute. Velocity neasurenents were taken continuously
fron the inlet section to the outlet section for selected discharges.
Fron these measurenents the Froude ntnber at each point uas calculated,
and an average value was obtained for each test.

d) Preparation of the three cell culvert
The three cell box culvert was constructed from plans supplied

by the Departnent of Highways. The model was ¡nade fron plywood and

finished with latex and enamel paint. For further detail.s see

APPENDIX C.

e) Preparation of the energy culvert
The base for the energy culvert was

paraffin was used to finish off the curved

used to give a smooth finish to the ¡nodel.

be found in APPENDIX C.

prepared fron plywood while
surfaces. Latex paint was

A further discussion nay

f) Reduced available energy in the chute

The sedinentation within the chute section during low flows
and ice fo¡mation in the chute during the winter must be exanined if
this structure Ìtas to be considered for use in Canada. It was essential
to know what would happen to the uater surface profile when the anount

of available energy was reduced. It was expecfed that the $rater levels
'would rise in the inlet and outlet sections, but the amount of this
rise was unknown.

This energy reduction was accomplished by placing a 3i4', thick
pl¡n*ood strip on the botton of the chute (PHOTOGRAPH l) for the 7.5'
and l0r wide chute nodels. The floor of the chute was raised by 1.46t
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in this ¡nann (FI6URH B, AFPËNDIX A).

Chute insert fos redu€ed avai"åable energy tssts
,'È

PHOTCIGRÂPH 1
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CHAPTER IV

TEST RESULTS

a) Three cell box culvert
In TABLE IV-l the test results have been sr¡¡unarized and plotted

in FIGURE 4-1. The conplete water surface profiles have been plotted
in FIGURES ó-1, 6-2, and 6-3,

TABLE IV.I

3 cell 7t x 7t box culvert test results

n = 0.0545

n = 0.025

Test Discharge

cfs

Upstream
elevation

ft

Downstream
elevation

fr

Head
difference

ft

c-l
c-2

c-5
B- t2

c-5

c-6

K-2

K-4

K-6

K-8

K- l0

256

s74

764

892

975

1150

tsl2
1480

1640

1870

2015

t437.77

1440.31

l44l. s5

1442.45

1442.88

1443.88

1444,70

1445 .48

t446.20

t447.34

t448.44

1437.70

1440.08

L44t.24

t44t.87
1442,28

1443.00

t443.54

1444. 16

1444.58

1445.22

1446.00

0.18

0,23

0.85

0.58

0.60

0.88

l. 16

1.32

t.67
2.t2
2.44

K-l
K-3

K-5

K-7

K-9

t320

1485

1640

1790

2010

1441.98

t442.42

t442.84

t44s.40
t444.24

1440.30

1440.62

1441. 14

144L.62

.1442.06

1.68

1.80

t.70
1.78

2.t8
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b) 7.5r wide energy culvert
The test results have been sunnarlzed in TABLE IV-z for this

series of tests and plotted in FIGURE 4-2. The conplete water
surface profiles have been plotted in FIGURES 6-4 to 6-9 inclusive.

TABLE IV.z

7.5r ¡ride energy culvert test results
n '' 0.0545

Test Discharge

efs

Froude
llo n

Upstream
elevation

ft

Downstrea¡n
elevation

€t

Head
difference

fr

D-I
D-22

D-2
D-18

D-3
D-6
D- l0
D-13

H-2
H-4
H-6
H-8
H-10

239

42s

548

690

79s

853

942

ll30
1300

t473

1600

1870

2010

0.290

0.425

0.480

0.500

0.520

0. s80

0.637

0.619

0.669

0.702

0. 7s4

t437.72

1439. l0
1440.85

144t.36

t442.02

t442.60

1443.30

1444.50

1445 .60

t446.66

1447.50

t449.24

t450.08

t4s7.70

1438. 76

1440.00

1440.56

1441,04

l44l .68

1442.26

t442.90

1443.36

1444. 10

1444.48

144s.40

1445.92

0.02

0.34

0.85

0.80

0.98

0.92

1.06

1.60

2,24

2.56

3,02

3.84

4.t6

n = 0.025

D-24

D-23

D-20

D- 17

D-5
D-19

D-15

lt- t
H-3
H-5
H-7
H-9

230

421

s7s

700

770

1005

ll40
1325

1480

1608

1850

2010

0.730

t437.00

1437,92

1438. s0

t4s9,74

1440.38

t442.s0

1443.20

1445 .06

1446.00

t446.92

1450.00

1450. r0

1455 .94

1436.88

1437.52

1438.00

1438.58

1439 .90

1438.90

1440.30

t440.92

1440.92

1441.50

1441.86

I .06

I .06

0.98

1,74

1.80

2.40

4.30

4.76

5.08

ó.00

8.50

8.24
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c) 7.5r energy culvert with reduced available energy

The test results have been sr¡nmarized in TABLE IV-s at-high

tailwatet levels only. The surn¡narized results were plotted in

FIGURE 4-3 and the complete Ìfater surface profiles were plotted in

FIGURES 6-10 q 6-11. TABLE IV--4 shows the normal and raised chute

floor elevations and the amount to which the chute was raised.
.t-

TABTE IV-s

7.5r wide chute with reduced available energy

TABTE IV-4

Reduced energy chute elevations

Test Discharge

cfs

Froude
llo.

Upstream
elevation

ft

Downstrea¡r
elevation

ft

Head
difference

ft

F-l
F-2

J-5
J-4
J-3
J-2
J-l

8s5

1120

1290

r472

16l0

1790

20ó0

0.679

0,669

0.730

1442.70

L444.36

t446.32

t447.60

1448. 50

1449.90

14s1.76

1441.58

1442.70

t443.32

t443.96

t444.54

t445.24

1445. 84

1. r2

I .66

2.O2

3.64

3.96

4.66

5.92

Point New
elevation

ft

ord
elevation

fr

Chute
raised

ft
17

l8
18.5

l9
20

2t
22

23

24

25

1430.08

t429.54

1430.68

1430.68

1430.62

1430,62

t430.62

1430.56

1430.30

1429.12

1430. 14

1429.30

L429.28

t429.26

1429.22

1429. 16

t429.t4
1429. 10

1429.04

1429.06

0.04

0.04

1.40

1.42

1.40

1.46

1.48

1.46

t.26
0.06
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d) lOt wide energy culvert

The test ¡esults have been sumnarized in TABLE lv-s for high
and low tailwater conditions. fire sunrnarized results have been
plotted in FIGURE 4-4, and the conplete water surface profiles have
been plotted in FIGURES 6-12 to 6-14 inclusive.

TABLE IV-s

l0r wide energy culvert test results

n = 0.0545

n = 0"025

. .: :._ :,- -j 
I

.--.r: . .:- .]. . ..::,i

Test Discharge

cfs

Froude
no.

Upstream
elevation

ft

Downstream
elevation

ft

Head
difference

ft

M-8
M- 10

M-12

M-14

.M-16

M. 2

4

6

M-

M-

34s

580

890

1200

1400

1580

1790

2050

0.324

0.401

0.435

0.473

4.497

0.551

0.560

r438.60

1440.58

1442.06

1443.90

1444.80

1445 .48

t446.40

t447.76

1438.54

t440.24

l44l .64

1443.06

1443. 80

1444.32

1444.96

1445.92

0.06

0.34

0.42

0.84

1.00

l. 16

t.44
t.74

M-l
M-3
ll- 5

vt- 7

M-9
M-tl
M-13

M-15

357

580

900

1200

1408

1600

1800

2070

t437.60

1438.60

1440.08

1441.60

1442,60

1443.66

t444.86

1446.08

1436.82

1437. 80

1458.90

1439. 88

1440.40

l44l .00

1441.28

L442.00

0.78

0.80

l. 18

t.72
2.20

2.66

3.58

4.08
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e) l0r energy culvert with reduced available energy

Tl¡e test results have been surmarized in TABLE IV-6 at high

tailwater levels only. The su¡unarized results were plotted in
FIGURE 4-5 while the complete water surface profiles were plotted in
FIGURE 6-15.

TABLE IV.6

l0r wide chute with reduced available energy

n = 0.0545

t a - !,.-.'..

Test Discharge

cfs

Froude
no.

Upstrean
elevation

fr

Downstfean
elevation

ft

Head
difference

ft

N-l
N-2

N-3

N-4

N-5

N-6

N-7

N:.8

s29

554

926

ll30
1400

1600

1760

2020

0.455

0,470

0 .521

0.571

0.ó10

0.614

1438. 28

1440,12

1442,42

t443.94

t444.94

1445 .96

1446.60

t447.92

1438. 16

t439.92

1441.80

t442.86

t443.74

t444.42

1444.90

1445.78

g.ls
0.20 '

0.60

I .08

1.20

l. s4

1.70

2.t4
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f) General observations

i) Three cell box culvert
During large high tailwater flows, the upstrean rr'ater surface

was generally smooth and free of turbulence. Two vortices formed over
the barrel inlets at flows over 1600 cfs and grew larger as the
discharge increased. 0n the downstrea¡n side of the structure, three
large boils were formed about lOt away fron the exit at about the sane
discharge (PHOTOGRAPH 2).

The recorded cross sectional velocity distribution in the
downstrean section showed a distinct line of separation or boundary
between the high velocity flow and the relatively still water.
Potassiun PeÌmanganate dye was injected into the channel to find eddy
currents and areas of relatively calm h'ater as in PHOTOGRAPH 2, where
the dye was introduced upstrean. The dye in the fast moving water had
been svrept away while a large anount of ít renained in the eddy currents.
The eddies that formed were much larger on one side of the channel than
o.n the other which lras caused by the current swinging to one side of
the channel as it left the three cell structure.

ii) 7.5r wide energy culvert
In this energy culvert model, several large itanding waves were

observed in the chute. The first stationary wave shifted downstream
fron a place l0r from the chute inlet to one half way down the chute
as the discharge passed 1300 cfs (PI{OTOGRAPH S).

l{hen the chute floor was elevated 1.46' , the water surface becane
rougher and slightly higher in elevations. Other details of the tests
were surmarized in TABLE IV-7.

iii) lOf wide energy culvert
The lor wide culvert had a very snooth water surface at high

tailwater conditions and a rough water surface profile at low tailwater
conditions. ltlhen the chute floor was raised 1.46r as previously
nentioned, the water surface profile at high tailwater levels lras very
snooth up to 1400 cfs, beyond which the profile became rougher
(PIÐTOGRAPH 4). Other observation details of the tests were sunnarized
in TABLE IV-S.
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tv) Outlet turbulence

The outlet turbulence for the three cell culvert nodel at high
tailwater consisted nainly of boils formed downstream fron the
structure. During low tailwater levels at flows over 1000 cfs,
supercritical flow and shock waves were present, followed by a hydraulic
1trlqp ln the downstrean channel.

For the two energy culverts during very low flows, a hydraulic
Junp occurred at the inlet section, which was drowned out at larger
flows. Snall standing waves were observed in the chute at low flows,
which grew larger and fewer as the discharge increased. At low tail-
r'tater conditions, a hydraulic junrp was noted at the structure outlet
for approxinately 900 cfs and upward. when the jump had for-ned, it was

discovered that by raising the tailwater about, lr, the jurnp changed

to a large standing wave with a very snalr jump about 3t wide at the
centre of the wave. It was observed that once the jump had formed,
the water surface downstream was relatively snooth, indicating a

substantial dissipation of energy. Ì{hen the initial standing wave had

forned instead of a jump, a series of standing waves occurred downstrean
at about 20r in anplitude and up to 3t in height. This indicated that
tittle energy had been dissÍpated so that erosion in the downstrean
channel would soon follow.

ù) Ctrote effect
For the 7.5r wide chute at low tailwater levels, a choke or

constriction was observed for large flows when the chute seemed to be

too narrow to pass the discharge. Ttris was also observed in the same

model at high tailwater levels for a larger flow. The sa¡ne choke

effect was present in the 10r wide chute at low tailwater levels
around the sane discharge, however, no choke effect was observed at
high tailwater conditions.

vi) Sedinentation

Sand and other sedinent was introduced into the flume from the
debris- in the sump. However, it was observed that during testingr tro

sedinent of any kind settled within the st,ructure. A few crêscent
shaped sand dunes forrned in the downstrea¡n channel on the less
turbulent side (FIGURE 4-6). During larger flows, nuch heavier
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objects such

into the flow

and deposited

as plastic letters with
at the lnlet, however,

downstrean.

steel inside thern were introduced
they were immediately swept away

- 
ê-

<-- I\J

=Læii=s
Outlet. turbulence in energy culvert

FIGURE 4-ó

TABTE IV-7

Observations of 7.5r wide culvert tests

Condition High
lai lwater

Low
tailwater

Less energy
at high

tailwater

Hydraulic jnnp eliminated
at inlet

First standing wave

One standing wave renaining

Above wave drowned out

Hydraulic jurnp began at
outlet

none

600

1300

2000

1300

cfs

cfs

cfs

cfs

500 cfs

420 cfs

1000 cfs

2000+cfs

ll40 cfs

none

ll20 cfs

2000 cfs

ll20 cfs



Condition High
tai lsater

Low
tai thrater

Less en*rgy
at high

tai luater

llydraulÍc junp eliminated
at inlet

First standíng wave

Two waves remaining

One sáve remainíng

Hydraulic junrp began at
outlet

none

l?00 cfs

âCI00 cfs
?0S0+cfs

none

100û cfs

900 cfs

;;;;'""

14ü0 cfs

140t efs

1ó0û cfs

176û cfs

41

I
FLOIJ. I

II

TABLE IV.8

Observations of 10' wide cul,vert. tests

Boils downstream of box culvert

PHOTOGRAPH 2
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t'fai.n current ffisving to right of channel

PiìOTÛGRÅPTI 3

St.anding waves in chute during large flows

Pfi0TOGRi\Pll 4
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CHAPI'DR V

DISCUSSION

a) Comparison of test results

i) 3 cell,7.S'& 10'models at n = 0.0545

At high tailrvater conditions, the three hydraulic models were

compared with respect to the heaclrr'ater elevations at given flows
(FIG[,RE 5-f). In this figure, the lower line represents the tailrvater
elevation that was controlled by a valve during testing. The upper

three lines represent the headwater êlevations for each model that were

a result of controlling the tailwater pool elevation. The graph was

briefly summarized in TABLE V-1 for three selected discharges. The

column on the right side of the table shows a percentage comparison of
the head difference in each model with the smallest being 100%.

At 885 cfs, there wäs not much head difference between the

three rnodels as seen in FIGURE 5-1. At this point a comparison betleen
the models was difficult for any accuracy. The l0r wide energy culvert
was clc¿irly nore efficient than thc other nodels at this high tzrilwateî
condítion. At 1600 cfs, the headwater of the 7.5r wide culvert was well
over the road at elevation 1445.6f, while tlie headlater of the three
cell box culvert rvas just barely ove_r the road. The 7.5r energy culvert
could be ignored at 2000 cfs because of the excessive head difference
which was almost twice that of the three cell culvert.

The l0r energy culvert and the three cell culvert were closely
compared at all flows, with the 10r chute being slightiy better hydraul-
ically. The critical clischarge limit of the 7.5' wide energy culvert
was 1200 cfs, beyond rvhich a choke effect was expected.

ii) 3 cell, 7.5' ç 10r nodels at n = 0.025

The three models were compared as beforer except at 1orr, tailwater
conclitions this time. The results of the comparison tests were

plotted in FIGURE 5-2 witli the headwater elevations plottecl on their
respective curves above the taillater curve. The distance frorn the

tailnater curve to the headwater curve rcDrûseilts the head difference

43
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required by the nodel at the given flow. TABTE v-2 was a conparison
sun¡nary of FIGURE 5-2 for three selected flows

45

TABTE V-I

Head difference,gonparison at = 0.0545n

Discharge

cfs

Model Head
difference

fr

Perlcentage
comparlson_

%

900 7.5t chute

3 cell
l0r chute

l. l5
0. 7l
0.50

230

142

100

1800 7.5t chute

3 cell
lOf chute

3.68

2.00

1.50

246

133

100

2000 7.St chute

3 cell
l0r chute

4.34

2.36

t.7l

254

138

100

upon first glance at FIGURE s-2, ít was obvious that the 7.st
wide energy culvert required a nuch greater head difference than either
of the two other models. Howeverr üp to 1200 cfs there was very little
difference in head between the three cell and r0r wide culverts, but
at 1800 cfs the difference became significant with the three cell model

requirinþ the lowest head. At the maxim¡n flow of 2000 cfs, the head

difference beiween the two models was only l.ssr, but this was not too
significant as the depth of flow was llf.

iii) 7.St Ê lOt energy culverts at reduced energy

These srodels were examined to see what difference there would
be if the amount of available energy were reduced I .46.. firis nay be

analogous to a corresponding a¡nount of sediment or else lowering the
culvert 3.94t instead of 5.40r below the normal channel bed. The test
conparison results were plotted in FIGURE 5-3 and briefly sunnarized
in TABLE V-3.
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TABTE V-2

Head difference comparison at n = 0.025

TABTE V-5

7.5t q l0r culvert head comparison at n = 0.0545

47

Discharge

cfs

Model Head
difference

fr

Percentage
courparison

*

900 7.5r chute

l0r chute

3 cell

2 .55

l. 15

1.05

239

109

t00

1800 7.St chute

l0r chute

3 cell

7.00

3,28

2.05

342

160

100

2000 7.5r chute

l0r chute

3 cell

8.00

3.80

2.25

356

169

100

Model Discharge

cfs

Flow
condition

Head
difference

ft

Percentage
conparison

%

7.St chute 900 reduced
energy

nor¡al

1.25

l. l0

l14

100

1800 reduced
energy

normal

4.78

3.80

226

100

l0r chute 900 reduced
energy

nonral

0.61

0.45

r35

t00

1800 reduced
energy

normal

l. 80

I .40

t29

100
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The botton line in FIGURE 5-s represents the predeter¡rined

tailwater curve while the first palr of curves above this represent
the headwater elevations for the l0r energy culvert. The botton curye
of this pair was the water surface at the nornal chute floor, and the
uPper curve was the Ìrater surface at the higher chute floor elevation.
Tlrc top pair of curves Ìepresent the headwater elevations for the Z.S¡
energy culvert. The bottom curve was for the normal chute floor level,
ufrile ttre iop curve was for the raised chute floor.

At low flows in the neighborhood of 700 cfs, there was no
noticable difference between the two energy levels for both culverts.
As expected at larger flows, the difference between the two energy
levels was significant enough to draw intresting conclusions. lrlhen a
¡educed amount of energy was used, the l0r wide chute perfonned better
than the 7.5t wide chute at all discharges. This meant that the water
surface elevation rose less for the lOf wide culvert than for the 7.Sr
wide culvert as seen in FIGURE S-S.

b) 3 cell ¡rodel performance vs prototype
Fron ¡rodel testing, the actual head difference required by the

structure did not coÍIpare very well with the theoretical head difference
at an entrance coefficient of 0.S as seen in TABLE V-4.

TABLE V-4

Head differences for 3 cell culvert

Discharge

cfs

Test result
difference

ft

Theoretical head
difference

Ku = 0.2

fr
K =0.5e

fr
900

ll50
1480

1640

20t0

0.60

0.90

1.32

1.67

2.44

0.80

1.30

2. l0
2,60

4.00

1.00

1.70

2.80

3.40

5.00



50

Fro¡n TABLE V-4, it may be scc¡r that the Bureau of Public Roads

nomograph was not a good guidc to obtain the correct values for the

requirecl head differe¡'Ice. Nevertheless thesc nom-ographs are still used

as a baSic aicl in design offices today.

The design error occurred when the discharge was calculated for
one cel1 and then multiplicd by three for the structure. The result
was close for lo¡ flows, but it was estinated that the entrance

coefficient for the middle cel1 almost approached zero clue to the

snooth contraction of the flow. The entrance coefficient (K") for tlte
side barrels hras reduced considerably as only the outside edges of the

barrels were affected by the flow contraction. If the selected coeff-

icient was 0.2 instead of the recommended value of 0.5, a better corr-
elation was found between the results from test results and TABLE V'4.

Thus the discharge as calculated fron the nonograph for a single cell can-

not be nultiplied by any nurnber of times to get the approximate capacity

of a structure. These charts may only be used for a single cell or for
a series of cells where there are no contraction interfcrences between

them. This structure was rated at 900 cfs by its designers but model

testing showed that its actu¡11 capacity $/as 1230 cfs or 25% overdesigned.

It is in this area that hydraulic models are the rnost valuable as they

show the discrepancies that exist betr{een theory and practice as well

as clarifying assumptions.

From TABLE V-5, it may be seen that the inLet velocities for the

three cell culvert differed from the outlet velocities, especially at

larger clischlrrges. This large difference was due mainly to the over-

estinated losses. Since the total drop in thc channel bed across the

structure was 1.4r, if 1.0t of this vras converted to energy' the

resulting velocity increase rr'ould be approximately I ft./second. Thus,

by estimating the losses at a greatly reduced value, the uneven dis-
tribution would decrease.

c) Energy culvert behavior

i) 7 ,5t f¡ 10 | energy culverts
l) Velocity clistriÌ:ution r

The major problem with tllese structures was the excessive tur-
bulence at tire outlet becausc the velocities dicl not clccrcase to the
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degree that was expected. To compare the inlet and outlet velocitles
nore easity, TABLE V-5 was prepared fron the testing records.

TABLE V-5

Velocities at structure inlet and outlet

Discharge

cfs

7.St chute Discharge

cfs

lOt chute Discharge

cfs

Three cell

Inlet

fps

Outlet

fps

Inlet

fps

Outlet

fps

Inlet

fPs

Outlet

fps

548

853

ll30
1600

2010

4.8
4.3

s.7
6.5

617

6.7

9.9

10.0

14.5

t7.7

580

890

1200

1500

2050

4.0

ó.1

6.7

7.2

8.6

s"2

6.7

7.5

9.8

tl.6

s74

892

1150

1640

20ls

4.3

4.3
4.5

8.3

rl.9
1s. 3

Since the drop for the energy culverts in the channel bed fron
upstream to downstrean of the structure was 1.46t, fron the above

table it was evident that the energy losses were over estinated. Most

of this drop was converted to kinetic energy but not converted back to
potential energy as intended, The greater difference betweên velocities
for the 7.5r nodel at larger flows was due to the backwater effect
created by the narrow chute width. Energy losses in the culvert were

quite snall and the slope of the chute would be sufficient to overcone

then. At larger flows the excessive outlet velocities produced

considerable turbulence in the form of boils, standing rtraves and large

eddies.

Due to the high velocities the lateral distribution of the water

fron the chute took place only to the end of the rectangular cross

section or top of the outlet floor. From this point the flow continued

out ln the channel in a block (PIIOTOGRAPH 5); -the distinct rectangular

shape finally dispersing about 100-150f downstrean. During very low

dischârges the nain thread of the current'noved to one side of the

channel while the water on the other side was relatively traiquil in a

very large eddy. At about 500 cfs the main thread of the cutrent
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swung over to the other siclc of the channel rt'hich creatcd a large eddy

on the opposity si<ie (PIiO1OGRAPI| 5), ând remained there as the flot.¡

increased
This phenonena rcmained to bc cornpletely explained, but the

current moving to one side may result from the fact that the fast moving

water encounterecl a relatively still pool of water. To naintain its
energy, the water forced itself to one side of {he channel, thus minim-

izing the friction losses encountered along the boundary of the fast and

slow moving rvater. At thc side of the channel where the velocities were

the largest, the water surface profile was lower and rouglter. It tJas

this fast current leaving the structure and moving downstream without

dissipation that rvould cause massive erosion of the banks. This scour

would be minimi zed by reducing the total drop from one side of the struct-
ure to the other to a ninimum of 0.6r or less from the previous value

of 1.46r .

2) Doubled diseharge

From Chapter II, the theory pointcd out that for the 10r wide

chute by doubling the discharge, only a small increase in head would

result at the str:ucture inlet and outlet. Since the effect of doubling

the discharge r{as considered important, it was looked at in more detail.
TABLË V-6 sunrnrarized the test results for high tailwater conditions,

TABLE V.6

Hearl difference for doubled discharge

Energy
culvert
width

fr

Energy Inlet to outlet of
structure for 900 cfs

to 1800 cfs

Inlet to outlet of
chute for 900 cfs to

lB00 cfs
inlet
ft

out 1 et
fr

inlet
fr

outlet
ft

7.s

7.5

l0

10

normal

reduced

norrna I

reduced

6.66

7.28

4.26

4. 1B

4.44

3. 50

3.24

3.04

5.16

s.52

3. 30

2.38

2.00

2.14

3. 30

2.32
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The above table shows the result of the choke effect on the
water levels for the 7.5r wide energy culvert. For the l0r wide nodel,
the test results produced higher water levels than expected. This was

due to the fact that the theory was developed on the assunption of a

two dinensional flow. The nodel testing brought in a third dimension,
the width. since the effects of contraction and expansion in this
direction uere dot considered, it has been shown that the effect was

slgnlficant enough to be a najor design factor. In TABLE V-6, the
values for the 7.5r wide chute nay be ignored as the upper discharge
nas past the critical li¡rit for this nodel; however, for the lOf model,

the differences htere less when the avaitable energy was reduced. It
m.rst also be reurembered that the initial water levels for the reduced

energy tests were ¡ruch higher than for the other tests.

3) Reduced available energy

l{ith reduced available energy, the water surface elevations for
doubling the discharge were nuch greater than the expected 1.4r to 2t,
especially in the chute region. It nust be nentioned here that for
both models, this reduced anount of energy would be considered as an

alternate design.

Ihring testing it was observed that shock waves which accotnpany

supercritical flow conditions appeared in the chute at approxinately
900 cfs. The flow in these areas h'as not near the critical region so

that conclusions as to whether the flow actually was supercritical were

not considered.

li) 7.5t energy culvert
This nodel performed approxinrately as the theory predicted,

however, its efficiency near the critical discharge may be open to
discussion. The fact that it was operated near and past the limiting
discharge gave nore support to the testing and discussion of the 10t

wide energt culvert.

ili) lOf energy culvert
Based on experience fron the previous nodel, the lOt wide chute

energy culvert performed nuch better than expected. At high tailwater
conditions, a hydraulic junp was expected at the outlet but none occurred,
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rvhich mea¡ìt that the critical capacity of the model was not reached.

Itlhen the flow does reach this capacity, the structure would act as a

choke ancl a l¡ackr,later effect would occur
w No choke effect was noticecl rvith this model and none was expected

within the given range of discharges. l{ith a 2 L/zr increase in chute

width, the clischarge at r,¡hich iriticaf depth would occur (critical
discharge) nore than doubled from 1350 cfs to 2900 cfs at high tailwatsr
conditions.

d) Cost estimates

i) Introduction
From previous considerations, ttre energy culvert application

depends on its cost compared to that of similar structures. The struct-
ures to which this design hras compared to r,rere a therr cell 7r x 7t box

culvert, three cell lOt x lOt box culvert, couugated arch pipe,
corrugated round pipe, timber bridge and a concrete dcck briclge. Further

details may be seen in APPENDIX D, while the data h'as su¡ilnarized in
TABLE V.7.

TABLT, V.7

Cost estimate sumaation

Structure 900 cfs 1800 cfs

3 cell 7t x 7t box

3 cell 10t x l0' box

7.51 energy culvert
10t energy culvert

Corrugated metal pipe

- round pipe

- arch pipe

Bridge

- timber

- concrete deck

18,000

16,000

$ 18,200

. 21, 0oo

$ 11,000

$ 30,0oo

30,000

20,000

$

Þ

36, 400

42,000

$ 11,000

$ 30,000
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11) Cost comparison

Fron TABLE V-7 the timber bridge was by far the nost economical
structure that could be built for any discharge, however, this bridge
would not be selected for use on a major road. The corrugated netal
pipes require too ¡¡uch channel width for an econo¡nical installation.
If the flow was definitely below 900 cfs, then the best structure to
build would be the three cell culvert, but if the flofr was expected to'
be over 1200 cfs, then the l0r wide energy culvert would be the best
structure to consider for construction. For the sane discharge, the
100 wide culvert costs 2/3 of the cost of the concrete deck bridge or
the !0ß x lOf box eulvert.

e) Adaptation to field use

The construction of an energy culvert would not be difficult as

there !úere no unique structural problens and the curved concrete walls
and floor were the only cornplex concrete forming problems. The curved

lnlet walls would be approximated by four straight sectÍons, thus
elininating sone of the concrete work. The outlet walls would have to
be curved to a point one half the distance up the channel side slope.
A linear section would then replace the curved section as the effect
of the curved wall at this point r"as insignificant (FIGURE 5-4).

It must be noted that if such an energy culvert was constructed,
it would be the ideal location for a streanflow recording gauge because

of the rectangular cross section of the structure. Some adjustnent
would have to be rrade for the possibility of silting during low flows
because these lor'¡ flows are sometines very important. The stage
recording device could be connected directly to the concrete chute wall
to províde easy access for constant neasurement.

One variation in this design would be the use of sheet steel
piling for the walls instead of concrete. They would be driven deep

enough so that gabions could be used for the floor ínstead of a concrete
slab, thus the structure could be built without concrete, The gabions

would be anchored to the piling in sone nanner to prevent novenent. In
this way an energy culvert could be placed in a river bed during low

flows without interrupting the flow or requiring a by-pass channel.
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using the gablons and sheet metal piling, water uray be diverted
around to through a da¡n during the construction phase. l{ith sonre

planning, the structure could be built so that the danger of danage

fron excessive flows nay be nininized. Here the prinary use of this
structure would be to reduce the width of the river to a ninirnun to
allow as nuch construction as possible to proceed (FIGURE s-s, s-6).

FT.OW

River diversion through construction

FIGURE 5-5
I

Another use would be in the elinination of the bridge over a
shallow river in a deep valley. A bridge would nornally be required,
but this uray'be eli¡ninated by the use of an energy culvert and backfill.
The'structure would be placed in the river bed during a low flow period
o-r during the winter, and then backfilled to the desired road grade.
The steel cover on the culvert would allow sufficient clearance for a

free water surface at all tines, nuch the same_as the chute ceiling on

an energy culvert. In this way the trenendous costs of a bridge may

be avoided and a first class structure provided at a reasonable cost
(FIGURE 5-6). t

58

Gabions

Sheet steel
pi ling

Coffer dams

Constn¡ction area



Final road grade

Original ground surface

eel cover

Sheet steel piling
llater surface

Gabions

Energy culvert ín a valley

FIGURE 5-6

An additional use of this culvert nay co¡ne from a functional as

well as scenic effect. Ttris effect cones frou¡ the fact that the water

surface in the chute was considerably lower than the headwater surface

elevation. If the road bed was placed at the correct elevation, the
ear passengers could drive along the highway and see vrater in. a channel

at a higher elevation on both sides of the road (FIGURE 5-7). Additional
r¡odel testing would be required to deterr¡ine the best chute width,
inl,et and outlet lengths and shapes to obtain the ¡naxinum scenic effect.

Scenic effect of energy culvert
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The nost useful application of the concrete energy culvert would

be where low flows exist throughout most of the yeat, but extienely
high ftows occurred during the spring runoff. It is in a case such as

this that the energy culvert would be hydraulically nrore efficient over

a large range of discharges instead of restricted to a narrow lange

around the design capacity as nany structures nay be.

The sttucture could be designed for only 80% of the naximun

expected flow, relying on a backwater effect or ponding of water upstrearn

if the conditions would allow. The inlet walls would be given nuch

more attention during the design phase than the outlet walls in this
case. Ttre walls would be 2t to 4r higher than the water levels to be

sure that the backwater created by the choke effect of the chute was

contained within them and not allowed to spill out and cause massive

erosion.

f) Fi.nal design procedure

Due to the difficultíes in attempting the design calculations
of an energy culvert for the first tine, an exarnple of the final design

procedure was presented in detail in APPENDIX E. This example was for
a design flow of 1200 cfs, an 11.0r wide chute and a channel roughness

of 0.035.

g) Comparison to previous work

A paper was presented to the Main Road Depattnent of Queensland,
Australia (REFERENCE 9), in which the second part dealt with the energy

culvert concept as presented by Dr. G.R. McKay (REFERENCE 1). Fron

this papei, the energy culvert presented, $ras designed so that the

critical depth occurred at the entrance to the chute. Upon comparing

the worked exanple in the paper at a discharge of 640 cfs, chute width
equal to 10.0f, with FIGURE 3, APPENDIX A, the difference in required
energy levels was 0.06r. This was considered an excellent conparison

of the design principles.
To obtain a smooth water surface, it was found that only a small

portion of the actual capacity of the structure should be used,

providing that a hydraulic jump does not form at the outlet. Therefore,

the problem of elininating standing waves in the chute would be easily
solved by increasing the chute width ionsiderably.
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h) Choke effect
A choke effect occurs when a constriction in a channei is

severe enough to influence or control the water levels upstream, the

result of which is a backwater curve. If the chute width was held

constant and the discharge incrBased, the unit discharge and critical
depth both increased. It followed that rvithin the contraction, the

specific energy would also increase, resulting in incíeased water

levels to form a backwater curve. This resulted in additional available

energy to force the fl.ow through the contraction. The water levels

would adjust themselves according to the amot¡nt of energy required and

the discharge.
In the 7.5t energy culvcrt nodel, there was insufficient energy

to pass nore than 1350 cfs at high tailwater levels, without the

formation of a backwater curve. If *o"e en""gy was made available by

lowering the chute to a greater dep.th, the head build up would be

delayed until a larger limiting flow was reached.

It has been nc',ted that throughout the observations and discussions

that a hydraulic julip formed at nuc"h lower flows for the lorv tailwater
condition than for the high tailwater condition. It was well known

that a hydraulic jump thau formed at loh¡ taih+ater would be drowned out

if the tailwater level was raised sufficiently. The fonnation of the

jump depends on the level of the rr'ater surface in the clottnstrearn

channel which in turn depends on the roughness of the channel. It nust

be noted here that the jump did not form in the model testing until the

critical discharge of the particular model had been exceede'd. Therefore,

in designing this structure, no hydraulic jump would occur as long as

the flow does not exceed the critical timit. If the flow was expected

to exceed the limit, additional downstream protection in the form of
heavy rip*rap must be considered.

The 7.5'wide chute reacl'red its limiting discharge at 850 cfs

for n = 0.025, and 1350 cfs for n = 0.0545; the 10r wide chute at

1350 cfs and 2900 cfs respectively.
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i ) Sedimentation

l{hen any culvert has a sunken centre section or chute, there
tlotild be soíl and debris settling out during low flows. T?ris probability
was examined by introducing sand into the flow of water through the
energy culvert during testíng. At no time for flows over approxinately
100 cfs did any sand settle withln the structure. This was due to the
large velocities and contínuous surfaces that did not provide any
pockets where eddies could for¡r and deposit material.

To check the result of sedinentation on the water surface profiles,
the anount of availabte energy was reduced 1.46t as previously discussed
(FIGURE 8' APPENDIX A). With a deposit of 1.46' of ¡naterial, the water
surface elevation increased 0.40t. This neant that an area of 1.06t
tines the chute width was subtracted from the cross sectional area of
the flow, and to pass the sane discharge, the velocity had to increase.
Assuming that a large anormt of soil had been deposited at lovr flows,
when a larger flow occurred, erosion would begin. The ar¡ourt to which
it continued would depend on the ease with whích the material eroded
and the discharge.

The problem of debris collecting in front of the culvert, such
logs, would be solved only by rernoval. surall floating debris would
passed downstrean on the open water surface instead of collecting
the inlet as occurs in other culverts.

j) Ice problen

The probability of ice forming in the chute during the winter
must be consldered in this climate. There was also a good possibility
that the $¡ater standing in the chute would freeze through to the
botton of the chute. There was also a good possibility that ice
Pressure may danage the chute section if it was not considered in the
design. Tte longitudinal ice pressure in the chute would be relieved
by the sloping inlet and outlet floors. The ldteral ice pressure would
be taken care of by providing heavy reinforcing in the concrete walls
in additÍon to the three concrete collars shown in FIGURES s e 6,
APPENDTX A. To prevent ice build up, the vrater could be punped out of
the chute in the fall, but this would not last long as ground water
seepage would soon fill it in again.

as

be

at
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. In the spring, the ice wÍthin the culvcrt woulcl be the last to
melt, resulting in a temporary decrcase in capacity. Mren thè water
flowed over the ice at a velocity of about 6 fps, the ice rçould melt
very quickly clue to the large temperature grariient from the water in
the stream to the ice in the culvert. In the energy culvert, the maximum

velocities were recorded near the bottom of the chute. The ice that
formed at or near the botton of the chute would be in'the fastest thrcad
of the current during the spring tharr,. Complete nelting would probably
occur within a week or two, depending on the temperaturc, thus thc full
culvert capacity would be restored before the sprirrg runoff reached its
peak in April. lrlore detailed investigation into spring break-up would
be essential to study the freezing problen in detail

Ittith this structure there would allays be a free water surface,
so that when spring came and an early flow of water occurred, the struct-
ure would act as a single cell culvert. This single ce1l would act
partly as an energy culvert with only a srnall drop in the chute floor
elevation if any. The original capacity of the structure would be
restored as soon as tl'¡e ice had rneLted.
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CHAPTER VI

CbNCLUSIONS

.1.

a) Sunrnary

i) 3 cell € l0r wide energY culvert
In comparing the three cell box culvert and the 10t wide energy

culver t, the energy culvert was a more efficient means of passing water

under a road for all discharges up 2000 cfs for high tailwater conditions.

Horvever, at low tailwater conditions, the three ce11 culvert performed

the best, which was due to its large corss sectional area.

ií) 7.St & l0' wide energy culverts
The 10' wide energy culvert did not have a choke effect at large

flows as the 7.5rrvide chute experienced, but, the operating flow range

for the latter culvert was rnuch less than that of the l0r wide chute

model. The IOtenergy culvert performed best at a high tailr{ater flot{

condition corr(';sponding to a large channel roughness.

iii) 7.5t ç l0' wide energy culverts at two energy levels
In the event of sedirnentation or ice forming in either culvett,

no problens hrere expected. l{ith an inctcase in flow, the sediment that

settled out would erode out and the ice would quickly melt.

In redu':'ing the arnount of available energy, it was found that

the r,rater surface was slightly higher and smoother with higher

velocities.

iv) Energy cuh"'rt at cloubled discharge

hhen the discharge was increased 100ea in the l0rwicle culvert,
the upstream head was increased 3.0t ot 25vo. From this, the capacity

of a structure nay be greatly increased without re-designing the

structure.

64



65

b) Conclusions

The energy culvert has been found to be nore efficient, passing
the sanre discharge as a three cell culvert with only half the flow
area. The centre section may be shortened up to s0? by beginning the
inlet and outlet sections within the road section, thus reducing the
overall structure length and consequently the cost by Z0%.

The inlet walls should be approximated by three or four straight
sections, while the outlet walls in the transitional section rnay also
be approxi¡nated by two or three straight sections, without interferring
significantly ùith the flow pattern. The drop at the inlet section
should equal the rise at the outlet section to give a lower exit
veloclty and reduce the turbulence downstream.

c) Reco¡rnendations

l) It is strongly reconnended that erosion control studies be ¡rade

with the energy culve¡t model in a sand bed channel. This study could
examine neans for a nore efficient energy re-conversíon and reduction
of turbulence. studies on proper placenent of rip rap should also be

included at the sane tine.

2) The range of disctrarges fronr 50 to 600 cfs should be exanined
for chute widths of 3.0r to 6.0r " This tyrye of structure would find
cormon usage in replacing a large bank of small (3' diameter) culverts.
The flow lange of 2000 to 5000 cfs should also be looked at for chute
widths of l0r up to 20r. Although this size of structure may not find
a great deal qf applÍcation, it nay be very good in sone cases.

3) The curved floor of the outlet should be kept basically unchanged.
One slight inprovenent would be to raise the floor a bit faster with
respect to the distance fron the structure for a more efficient energy
conversion.

Another structure nodification to exanine would be the shorter
chute length and línear inlet and outlet walls. Several different chute
depths should also be examined to see if the water surface profile was

lowered nuch less than the chute floor, and if there was an iconomical
linit to the depth of the chute.
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TABTE I

Required head dífference for 3 cell culvert

Head

difference

ft

K ' 0.5
e

K = 0.2
e

Discharge

I cell
cfs

Discharge

3 cells
cfs

Discharge

I cell
cfs

Discharge

3 cells
cfs

0.8
0.9

1.0

l.l
t.2
1.3
1.4

1.6

t.8
2.O

2.2

2.4

2.6

2.8

3.0
3.2

3.4
5.6

3.8

4.0

4.2
4.4
4.6

4.8

5.0

265

280

295

315

330

340

550

370

400

425

440

460

480

49s

sl0
540

550

560

580

600

610

620

630

650

670

795

840

885

945

990

1020

1050

1l t0
1200

t27S

1320

1380

1440

1485

1530

r620

1650

1680

t740

1800

1830

1860

1890

1950

2010

300

320

340

360

370

385

400

420

450

475

500

525

580

670

900

960

1020

1080

I110

I tss
1200

1260

I350

t42S

1500

1575

t740

2010



B2

TABLE 2

Width of inlet Q outlet sections

Distance

fr

7.5 |
chute
width

ft

101
chute
width

fr

0

I
2

3

4

5

6

7

I
I

l0
1l
12

13

l4
l5
l6
t7

18

l9
20

2l

7.50

7.67

7.74

7.84

8.00

8.10

8.33

8.55

8.77

9. l0
9.40

9.67

10. 10

10.40

10.90

tt.27
ll .70

12,31

t2.67
13.10

13.60

14. 10

l0 .00

t0 .03

10.13

10. l7
10.20

10. 33

t0.37
10.53

t0.67
10.92

lt.t3
11. 35

tL.67
11 .95

t2.27
12.58

t2.92

13.33

13.68

14.03

14.50

t4.92

distance

ft

7.Sl
chute
width

ft

101
chute
width

fr

50

5t

32

33

34

55

36

s7

38

39

39.5

40

40.5

22

23

24

25

26

27

28

29

14.68

15.30

16 .00

16. 78

t7.70
18.50

19.40

20.40

21 .60

22.70

24.t0
25.50

27.70

29.45

32.60

36.50

43.50

60.00

60.00

60.00

Ls.42

16.00

16.58

t7.25

18.08

18.88

19.67

20.6s

2t.60
22.70

24.00

25.43

26.95

29.00

31. 20

34.70

39 .00

44.90

s2.20

60.00



B3

TABTE 3

7.5r wide chute inlet calculatlons

885 cfs 1200 cfs

Dist
frour
inlet

fr

Ìr¡idrh
of

chute

ft

Unit
ilischarge

cfs/ft

Energy

ft

Depth
of

flow

ft

'Unit
discharge

cfs/ft

Energy

ft

Depth
of

flow

fg

0

?

4

6

I
l0
T2

t4

16

l8
20

22

24

26

28

30

7.50

7.74

8.00

8.33

8.77

9.40

10. l0
10.90

11.70

12.67

13.60

14.68

16.00

t7.70
19. 40

21,60

I 18.0

It4.3
110. s

106.0

101 .0

94.0

97,6

81.0

75,6

70.0

65.0

60.4

55.5

50.0

45.5

41.0

14"00

13.60

13. 25

12"90

12.53

t2.28
ll.80
1t"45

11.10

10.73

10.38

t0.02

9.64

9.28

8.93

8.59

12.26

t2.28

11.90

Lt.62

11.30

11. t7

10.78

10.55

r0.25

9.96

9.68

9.36

9.08

8. 78

8.46

8.22

160.0

155 .0

150 .0

144 .0

t37.0
t27.8
119 .0

110.0

102. s

94. ó

88. 2

81. 8

7s .0

67,7

6t.7
55 .5

15.26

14. 89

14.54

t4.21

13.84

t3.44

13. ll
t2.74

12. 38

t2.04

1l .66

r1.32

10.94

10.9s

t0.24
9. 89

12. 86

12. 51

t2.L7

l1 .90

l1 .68

11. s6

11.40

LL.26

11.05

10. 87

10.58

10.38

10.08

9.82

9.60

9.3s



,ll: ir,::,rfi j.r': :r:'._..ì ::, t., :.-::) j:) ::1 j - ¡: ,. :.,: -
i

B4

TABLE 4

l0r wide chute inlet calculations

885 cfs 1800 cfs

Dist
frmr
inlet

fr

Width
of

chute

ft

Unit
discharge

cfslft

Energy

fr

Depth
of

flow

fr

Unit
discharge

cfs/ft

Energy

ft

Depth
of

flow

fr

0

2

4

6

I
lo
L2

l4
.16

t8
2A

22

24

26

2A

30

10.00

10. l3
10.20

10.37

l0 .67

11. l3
tr.67
12.27

t2.92
13.68

14.50

15.42

16.58

18.08

19.67

2l .60

88.5

87.4

86.8

85. 5

83,0

79. s

75 .9

72.2

68.5

64.7

61.0

57.5

53.5

49.0

45.0

41.0

14.00

13.60

13.25

12.90

t2.s3
12.28

11.80

11.45

ll. l0
10.73

10.38

10.02

9.64

9.28

8.93

8.59

L3.32

12.88

12.50

12,t6

LT,77

11.s7

t1.08
t0.77

l0 .50

10. 12

9.73

9.43

9. 12

8.81

8.50

8.22

180.0

L77.5

176.0

t73,s
169 .0

161.5

1s4. 3

146.8

L39.2

131. I
t24.L

116.7

108. 7

99.6

91.5

83. 4

17. 35

17.00

16.63

16.30

15.91

15.56

15.20

14.85

14.50

t4.12

t3.79

13.41

13.06

12.7t
t2.35
12.00

1s. 19

t4.75
14.28

13. 86

13.46

13: 25

13.00

L2.87

12.58

L2.sS

12. ts
11 .93

r1.72
11.s7

11.55

11.14



B5
TABTE 5

Rlse, length & chute width for outlet

Length

ft

Percent
of

length
96

Rise
of

outlet
ft

Percent
of

rise
%

widrh
of

outlet
ft

w- 7.5 |

fr

Percent
(w-7.5r)
of width

%

0

I
2

3

4

5

6

7

I
9

l0
ll
t2
13

l4
15

t6

t7
l8
t9

20

2l
22

23

24

2S

26

27

28

29

30

0.0
3,4

6.7

10.0

13.4

16.7

20 .0

23.4

26.7

50.0

33.4

36.7

40.0

43.4

46.7

50.0

53.4

56.7

60.0

63.4

67,7

70.0

73,4

76,7

80.0

83.4

86.7

90.0

93;4

96.7

100.0

0.00

0.07

0. l3
0.27

0.40

0.52

0.70

0.88
'I.08

t.37
1.62

l.g2
2.t6
2.39

2.58

2.77

2.94

3.t2
3.30

3.4s

3.59

3.73

3.g7

3.97

4.08

4.20

4.28

4.36

4.43

4,46

4.54

0.0

1.5

2.9

5.9
g"g

ll.5
15.4

19.4

?3,;E

50.2

35.7

42.3

47.6

s2.4

56.8

61.0

64.8

69.7

72.7

75.6

78.9

92.2

85.2

87.4

89.9

92.5

94.3

96.0

97,6

98.2

100.0

7. 50

7.67

7.74

7.84

8.00
g.l0

9.33

8.55

8.77

9. l0
9.40

9.67

10,10

l0 .40

10.90

11,27

11.70

12.sl

12.67

13. l0
13.60

14. l0
14.68

15.30

16.00

16. 78

L7.70

18.50

19.40

20.40

2l .60

0.00

0. l7
0,24

0.34

0.50

0.60

0.83

1.05

1.27

1.60

1.90

2.t7
2.60

2.90

3.40

3.77

4.20

4. 8l
5. l7
5.60

6. l0
6.60

7, lg
7. g0

8.50

9.28

10.20

11.00

11.90

12.90

14.40

0.0

t.2
t.7
2.4

3.5

4.3
5.9

7.4

9.0

ll.3
13.5

15.4

18.4

20.6

24.t
26,7

29.8

34. I
36.7

39.7

43.3

46.9

50.9

55.3

60. 3

65.8

72.3

78.0

84.4

91.5

100.0
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TABLE 6

7.5t wide chute outlet calculations

885 cfs

Distance
fron

outlet

fr

lllidrh
of

chute

fr

Unit
discharge

cfs/ft

Energy

ft

Depth of
flow

fr

0

2

4

ó

I
l0
t2

l4
t6
l8
20

22

24

26

28

30

7.50

7.74

8.00

9.33

8,77

9.40

10. l0
10.90

11.70

L2.67

13.60

14.68

16.00

17.70

19.40

21.60

118.0

114.3

110.5

106.0

101.0

94.0

87.6

81.0

75.6

70.0

65.0

ó0.4

55.5

50.0

45.S

41.0

14.60

14.50

14.25

15.90

13. s5

12.90

12.45

12 .05

11 .65

11.30

11.00

10.75

10.50

10.30

10. 15

10.05

13.37

15.35

13.ls
t2.84
12. 55

11 .92

11 .43

11.25

11 .02

10.65

10.40 .

10.20

10.01

9.90

9.80

9.67
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TABTE 7

l0r wide chute outlet calculatlons

885 cfs 1800 cfs

Dist
fro¡r

outlet

ft

llJidrh
of

chute

fr

Unit
discharge

cfs/ft

Energy

fr

Depth
of

flow

fr

Unit
discharge.

, cfs/ft

Energy

ft

Depth
of

flow

ft

26

28

30

0

2

4

6

I
l0
t2

l4
l6
l8
20

22

24

10.00

10. l3
10.20

10.37

10.67

ll. l3
11.67

t2.27
12.92

13.68

14.50

15.42

16.58

18.08

19,67

2t.60

88.5

87.4

86.8

85.5

83.0

79.5

75 .9

72.2

68.5

94.8
6l .0
57.5

53.5

49.0

45.0

4l .0

14.ó0

14.50

14,25

13.90

13.55

12.90

t2.45
12.05

11.65

11.30

t1.00

10.75

10.50

10. 30

10. 15

10.0s

13.98

13.95

13.63

13. 25

12,92

t2.25

11.7s

11. 43

ll.l7
t0.77
10.48

10.2s

10.07

9.92

9.83

9.77

180.0

r77.5

176.0

173.5

169 .0

161.5

154.3

146. g

139.2

l3l. I
t24.t
l16. 7
108. 7

99.6

91.5

83.4

17.9s

17. 85

17.60

17,25

t6.90
t6.25
15.80

15 .40

15.00

14.65

14,35

14.05

13.85

13. 65

13.50

13. 40

15. 88

15. 85

15.60

15. 26

14.90

14. 58

13. 90

13. s7

13.40

13. l0
t2.92

t2.78
12.73

12.70

t2.70

t2.75
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a) Model construction

i) Preparation of the three cel1 culvert

Initially the upstream and downstrean channel sections were

constructed fro¡n a 3f4't plywood sheet, 8r long, which also served as

the channel becl. Side slopes for the channel were selected at 2:1 and

supported by wedges on the base, leaving a channel bed width of 21.6r.

Since the roughness of the base was insufficient to duplicate field
conditions, mosquito netting was nailed to the channel bed. The bed

was painted deep blue and the channel sides were painted pale green to

easily distinguish between the channel bed and side slopes in color

photographs. This channel section corfespondéd to a Prototype section

1ó0t long and 60' wide. This length of channel was selected as

sufficient to obtain uniform flow conditions.

FIGURE 5, APPENDIX A, shows the general pl.an of the three cell

box culvert on Little Bosshill Creek, Using the nodel length ratio of

20, the resulting nodel was 31.5r' long and 13" wide, with side and end

supports to hold it in the flume. Brass fittings for the open

nano¡îet.er tubes were countersunk in the bottorn of the culvert and

connected to the manoneter tube stand by 300t of pl'astic tubing.

The three cell culvert was cut from l/2" p|ywood and given two

coats of $raterproofing. The sides were then gtued and screw-nailed t'o

the botton section and the 6r' fillets added. The irregularities in the

wood surface r+ere filled with plastic wood and sanded. Tt'Jo coats of

latex paint and one coat of enamel paint were applied to give the ¡nodel

a smooth surface. The culvert section was securely fixed in the flume

to the upstrean and downstream sections by eight bolts while wedges

were used to holrl the channel sections in place (PHOTOGRAPH 6) ' All
joints that did not fit tightly or leaked during testing were sealed

with caulking compound or asphalt.

It was desired to see what occurred. when sandbags were placed

on the shoulder of the road and the discharge through the structure was

doubled. This test was used to correlate the theoretical head

difference and the actual head difference required to pass a:given flow.

A 60' long section of highroay h'as cut from 1/4" plywoocl, glued

to the appropriate supports, and then placed on top of the three cell
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culvert" Tt wås then paårrted to resenble the prütoeype a¡rd cautked

to prevent leaknge. The resutting assenrbly very closely resenrbled

the strücture at t,ittle Bosshill Creek {PHSTOGRÀFII 7).

ii) Preparation of the energy culvert
Th* ?.5r r+ide energS' culvert (FTüU¡ìE 6, APPËNÍIIT ,{}, was begun

by ilreparing a base sectioti upon r+hich the chute walls and inlet and

outlet sectirns s'rere supported. 'l'his base also served as the floor of

the chute of ceiltre secti.on. Next, the ínlet approach and outlet exi.t

sectíons were $upported at their correct elevations abcve the base an

blocks. The línear inlet floor was cut from 1/?" pl1'r*ood and shaped

\
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PI-¡OT$GR¡1F}i 7

to meet the base uni upp*o-r*h secti.ons wi"tTî a very smatt tvansition.
The headwalls and chute waLtrs were add*cl to the rnodel with the

appropriate bracing. It r+as decicåed that ån order Êo otltain a niore

exact and sforkabte shape, the curvecl waLls tf the ånlet and outlet
sections ín addition to the outlet flsor would be formed frnm par:af,fin"

Since the outlet flour wasltc be a reverse curx¡eo a linear Es$od

section was nail.ed to the t¡ase and to the elevated exj.t section, upon

which the curved floor was form*cl. A tenrptate ha*i been cuî fror¡l sheet

metal and trimrnecl 'to the exact shape of the autlet fl.tor curve pl.otted

in FIGURE 2-14. Thís tenplate $as used to strike off the fi.nal floor
surface after the paraffin was allowed to harden.

For the íntet and outlet $411s, a rougfu curì'e was made fr*m

s¡nall uood sections, braced together, and nailed in place on the inlet
anrl outlet floors (P}IOTOGPIApH A). A strip of, sheet metsl 6" wide uas

clamped and braced ín an approximate positíon that the fin¿¡.l curv€

would take uhen finished. Paraffin was nelted and poured bctween the

sheet metal and the woorl sections and allowed to harden sufficiently
before the netal form r*as removed. This procedure htas repcatted for
the other: three walls and required 20 lb. of wax.
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To bríng the *¡alls to their fi.nal shape, ar¡o0her templåte k'¿l$

cut fro¡n sheet metål and tri¡¡uned to the shap* of the curved wall

plotted from the poínts àn T¡18[E 2, ÀFPËNÛIX B" T'he h'atls r'¡ere th*n

shaved wíth a smalt plastic tootr to r*msve excessåve wa:c untål thsj

teÍrplate fítted all sections properly, The model was gÍven üne cûat

of latex paånt to shor+ up the impeffæctíons in the paraffån surface,

and then these imperfectiorts were removed. The side sl*p*s of the

chan¡lei Here continued touards the nodet until Ëhey i.ntersected th*

vertical curved r,¡alls:
'A triangular shaped block of wax was pour.ed on both sides *f

the inlet approach and outlet exit sections (FlltI'0GItA.Ptl 9) and

trinrmed approximately to the 2: I slo¡re of 'the channel sícles. .4 sover

nade fram l/4" pl-yrûood r+as placed between the head¡*all and thtl curved

r+alls of the'inlet and outlet sections to resemble backfíll in the

prototype design

The energy culvert model was given a coat of latex paint antl r+hite

enamel paínt to duplicate the roughness of concrete. FIGURE 5, ]\PPENDIX

A shows the general layout of this rnodel. The model r*as placed ín the
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flume anrl the channel sectåons u¡eïe,ifåtted tåghtly ag*inst it l¡ut rç*re
not bolted together. The 2:l såde slopes on the N¡odel wer* ï,rå¡n¡ned to
tnatclì the channel side slopes and repainte¡l. Atl joånts t.hat dici nrt
fit tíghtly or leaked during testing, r.Ìcre fillecl wírh caulking com¡round

or paraffin antl :cepainted. The roaql section was added to tÏre nm*lel
(PHOIOGRAPI{ 1û) but r+as removed imine*íately before te*Ðing comrnenced.

At larger flows, the ínlet, rhtrte ancl outlet walls hre!.e Êxtended

vertically to maintain the same smooth streamlÍne<i shape. üpen

manometer tubes brere not used in the testing of thí* rnode!. as all
surface elevations at all discharges þrere taken r+ith a point gfluge.

The l0' wide energy culvert (FIGURE 6, APPËNDIX A) r+as

constructed fron the 7.5t wíde eneïgy culvert try modifying only the
uidth of the inlet, outlet and chute. The floors of the ínlet, chute
and outlet remained unchanged. The curved walls and chute vsalls r+sre

reu¡oved and the chute walls were re-secure<I to the base lûf apart.
The curved ¡*411s ùrere secured at both sides of the chute entr¿rnce and

exit, then rotated so that the channel width at 30' from the chute u¿s

exactly 21.6f. The walls were then secured to the inlet and outlet
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floors and all cracks wefe seated **ith wax. The entire hy<Iraulíc model

uas given an arldítional coat of paint because the previous csat af
paint had lost its brightness. The walls of the inlet, chute, and

outlet were laso extended upwarcl by means of n plywood base and sh'eet

metâl ín preparatíon for very targe flows PHCITOGRAPH tl)

b) Testing âpparatus

In the flurne, a baffle made from three 2't layers of a'nylon
mesh packíng material, was t¡sed to procluce unifor¡n flow conditions at
the top end of the tank. At the lower end of the flume, a 2.5' x 3¡
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gate on a rÍ,síng stem lifter, was mounted oÍt 2t' angl* iron to thç tank.

Belora the gate, a compressed air powered directj,onal bucket tcas located.

This t¡ucket distríbuted water from the flur¡re into one of two tanks

located ï¡etween the upper and lower floors of the hydraul.ics la'r:oratory.

Ìlach tank hacl a float measuring device, r+hich was connected to a dial
anrl pointer located on a pe<listal St above the fLaor. The tanks h¿rd

been catibratecl in terms of total volurne, or cubic feet for a given

numl¡er of turns of the pointer, t.he full capacify being approximately

300 cubic feet. To enpty the tanks, a Ì{ater pr"essure cCIntrolled lifting
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cylincler was located i¡r each tank. tvhen opened, the contellts of the

tanks emptiecl clirectly belot+ into the sunp. A stop l'Iatch was used to

record the amount of time required to fill a given volurne of the north

tank.
In the bottom of the flume, there ltteÏe tl{o 2" holes with

connecting pipes installed r¡nrlcrneath the flunre to the lowcr end where

control valves were locatecl. The first hole, about the middle of the

tank, was used to drain any leakage fron the rnodel that occurred during

testing. The seeoncl hole, located at tþe lower end of the flume,

controllecl the level of the tailwater pool because the lifting nechanism

for the slide gate was not sensitive enough for continuous testing'

The recírculating water was draln up from the sump by one of

two pu¡nps, each powered by a 25 horsepower motor. The smaller capacity

pump being due to a constant speed motor under full toad; the larger

capacity pump being a variable speecl motor under a full load. The

smaller pump was \'er), difficult to prime and was only used for discharges

up to 700 cfs. The output of this pump at any discharge was constant,

while tl're output from the other pump varied considerably with a small

discharge. With a large discharge, this variation in the larger pump

decreased sufficiently for reliable use.

The water from the punps v¡as conveyed to the

a 6" main for the larger PWP, and a 4" main for the

discharge re.leased into. the flume was controlled by

the two 6" mains entering the upper end of the tank'

The Kent I'lini-Flor+ Probe consisted of a probe or rod about L I/21

long with a s¡nall propeller mounted at the bottom of the probe. 
^t

the top of the rod, a two prong electrical connection was mounted for

a chord which connected tl-re probe to the recording box. 0n the box was

a dial, a battery test switch, and a two position speed selector switch'

wiien placed in the water, the propeller turned and the dial needle

pointecl to a number which corresponded to a velocity on an accompanying

chal.t. The probe was attached to the point gauge by means of a

special clanip and the recorcling box was placed on the carriage for

convenient observation.

flume by means of
smal1er pump. The

valves located on
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Cost Estimate for Conparison

a) Introduction
The following unit prices used in the cost estinate cornparison.

were reco¡nmended by H.E. Cowley, Assistant Bridge Engineer for the

Manitoba Department of Highwaysr Bridge Branch. With easy access to

the site, the unit price of concrete was $80/cu. yd. rThe cost of steetr

reinforcing and placing, backfill and other itens were included in the

unit price of $100/cu. yd. for concrete without too nuch error.

The unit price of $9/sq.ft. of deck for a timber bridge and

g25/sq.ft. for a concrete deck bridge were recoru¡lended for estimating

purposes" These unit prices include the labor and materials required

to finish the project.
The cost of a tirnber bridge was by far the cheapest cônpared to

a¡¡y alternate design, however, it was the policy of the Highway

Departnentrs not to build a tinber structure on the Trans-Canada or

provincial trunk highways. It was considered good practice to place

on-ly a first class bridge on a major road. 
:

In the use of corrugated ¡netal pipes, it was part of the

Highwayrs policy to place not nore than two pipes over 6r in diameter

at one site. This was done for space and hydraulic considerations.

The typical installation was two l4r x 8t9r' arch pipes or something

similar at one crossing. This rule does not aPply for s¡nall pipes as

a large bank of 3t dianreter corrugated netal pipes was cotnnon in many

places .j

b) Three cell box culvert

i) 7t x 7d box culvert with wall thickness = 0.833'

Volune of floor & toP 2 x 63

Volume of sides 4 x 63

Volune of headwalls 2[54 x

Total concrete volume =

Cost at $100/cu.Yd.

x 24.3 x .833/27 94.6 cu.Yd.

x 7 x ,833/27 54.5 cu.Yd.

11.7s - 24.3 x 8.671
x ,833127 26,2 ctt,Yd.

175.3 cu.Yd.

175.3 cu. yds. SeLect 180.0 cu. yds.

$ l8,ooo
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il) 10r x 10r box culvert with l.0r wall thickness

Volune of floor I top 2 x 63 x 34 x l/27 159.0 cu.yd.
Volu¡ne of sides 4 x 63 x LO x l/27 95.5 cu.yd.
Volu¡ne of headwalls 2[60 x 16 - 34 x 10] I/27 46.0 cu.yd.

298.5 cu.yd.
Total concrete volume = 298.5 cu. yds. Select 300.0 cu. yds.

Cost at $100/cu.yd. $ 301000

c) 7.5r wide energy culvert

i) Normal chute length with 0.833' wall thickness

Chute

Volune of floor 2 x 63

Volu¡ne of walls 2 x 63

Chut,e volune

Inlet € outlet sections
Volune of walls 4[L2.7

4 x23
Volume of floors 2[30 x

(21.6 +

Volume of concrete

9.17 x .833127

12 x .833/27

chute

inlet I outlet

cu. yds.

$ 2orooo

x

x

35.7 cu.yd.
46.8 cu.yd.

82.5 cu.yd.

+ 8.31/2 x 30 x .8s3/27 39.0 cu.yd.

x 8.3 x .833/27 23.6 cu.yd.
(7.5 + 21.6)/2 +10 x

60)/21 x .833/27 52.2 cu.yd.
114.8 cu.yd.

82.5 cu. yds.

114.8 cu. yds.
197,3 cu. yds.

Select 200.0

Cost at $100/cu.yd.

ii) Reduce chute length by 50øo

Volume of concrete chute 41.2 cu. yds.

inlet 6 outlet 114.8 cu. yds.
156.0 cu. yds.

Select 160.0 cu. yds.

Cost at $100/cu.yd. $ 16,000
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d) l0r wide energy culvert

i) Normal chute length with 0.833r wall thickness

Chute

Volune of floor 2 x 63 x 11.67 x .833/27 45.4 cu.yd.

Volu¡ne of walls 2 x 63 x 17.17 x .833/27 66.8 cu.yd.

Chute volune ,rrt tu.yd.

Inlet Ê outlet sections

Volu¡¡re of walls 4[16.7 + \1.4]/2 x 30 x .833/27 52.2 cu.yd.

4 x23 x ll.4 x.833/27 32.4 cu.yd.

Volurne of floors 2[30 x (10 + 21.6) /2 + lO x
(2I.6 + 60) /21 x .833/27 54.4 cu.yd.

139.0 cu. yd.

Volu¡re of concrete chute 112.2 cu. yds.

inlet 6 outlet 139.0 cu. yds.

25L.2 cu. Yds.

Select 255.0 cu. yds.

Cost at $100/cu.yd. $ 25,500

ii) Reduce chute length by 50%

Volune of concrete chute 56.1 cu. yds-

inlet G outlet 139.0 cu. yds.
195.1 cu. yds.

Select 200.0 cu. yds.

Cost at $100/cu.yd; $ 20,000

e) Corrugated metal pipe

i) Standard round pipe

8r in dianeter, #$ gauge costs $42,47/Iinear ft.
(includes erection 6 backfill to l/3 diameter)

cost of pipe g4s.47 lft + l0% tax $ù.oz /tt.
installation = 30% $f3.99 /ft.
Total cost of pipe $60.61 /ft.



D4

Length of pipe = 63f + 2[5 x 3] + 4 couplers at 2r each = 98.01

select length = 100.01

At 900 cfs with 1.0r head, three 8r dianeter pipes rvere required

Cost = 3 x 100 x $60"61 = $ 18,183

Say $18r200

At 1800 cfs with 1.0' head, six 8r diameter pipes were requiied

Cost = 6 x 100 x 960.61 = $ 361966

Say $ 561400

ii) Multiplate arch pipe

At l.Of head difference the required size of the arch pipes were

lzfl0" span by 8r4r' rise

Cost of pipe $73.17 lft + l0% tax $80.50 /ft.
installation = 30% 924.10 /ft.
Total cost of pipe $104.60 /ft"

Length of pÍpe = 1001

At 900 cfs r+ith 1.0r head, two arch pipes were required.

Cost = 2 x 100 x $104.60 = $ 201920

Say $ 21,000

At 1800 cfs with l.Ot head, four arch pipes u¡ere required.

Cost = 4 x 100 x $104.ó0 = $ 411840

Say $ 42,000

f) Bridges

Reconunended by the Bridge Branch

sPan length = 401

roadway width = 30r for a najor- road

i) Timber bridge
Cost = 1200 sq.ft. at $9 / sq.ft. = $ 10,800

ii) Concrete deck bridge

Cost = 1200 sq.ft. at $25 / sq.ft. = $ 30,000
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Final Design Procedure

a) Introduction
To determine a design procedure for the energy culvert, the

following information was given: the 2% discharge Ìtas 1200 cfs i
Manningts n = 0.035; channel bep width = 21.6r; channel side slopes

o 2:l; width of road and shoulders = 60r; inlet and outlet section

lengths optional; linit to which the chute may be lowéred was 6r; linear
sections Ùrere to be used wherever possible and cost saving nodifications
may be used.

b) Preli¡ninary design calculations
Fron the channel di¡nensions, a tailwater rating curve may be

prepared for a roughness coefficient of 0.035 (FICURE 2-4), and a

specific energy diagrarn nust be obtained (FIGURE 2, APPENDIX A). ltlith

the tailwater rating curve at 1200 cfs, the nornal depth of flow was

7.951 and the velocity head was about 0.04t, thus fixing the channel

energy at 8.00r. At this tine there was a choice of setting the chute

width or fixing the depth to which the chute may be lowered. In thís

case, it was decided to set the chute depth at 4,00r below the channel

bed. Therefore, the total available energy at the entrance to the

chute would be 8.00r + 4.00t = I2.00t. From FIGURE 3, APPENDIX A, the

critical width for the chute would be 9.35'. With a width of 10.00',

the maxinun discharge would be 1260 cfs, which does not allow very much

of a safety factor to remain in the subcritical flow condition. At a

chute width of 11.00t, the ¡naximu¡n discharge would be 1410 cfs, which

was nore reasonable, but one nay select a 12.00t width for extra
precaution. In this design, the 11.00t chute width was considered

sufficient.
The length of the inlet section was arbitrary but should be

li¡nited fro¡n 25t to 55r. Since the drop of the inlet was 4.00r, the

inlet length was selected at 28.0r, which resulted in a slope of 7:1

of the inlet floor.
The energy losses in the structute nust be esti¡nated before the

energy grade line nay be established. Friction energy losses should

be In the order of 0.40r in total and the chute should have a drop in
elevation of 0.50r over its entlre length. A cross section of the
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energy culvert with the pertinent elevations is shown in FIGURE E-l.
The energy losses were estimated to occur at the rate of 0.00{ in the

lnlet sectionr 0.l0r in the chute sectionr 0.20r in the outlet section,
and 0.10r in the downstrean transition fron a rectangular to a

trapezoidal shape. There would be heavy energy losses in the channel

downstream fron the structure, iut these were not considered in the design.
L.

= 7.951

95.50 |

Energy culvert cross section

FIGURE E-1

In order to draw the linear water surface profile, the depth of
flow at the entrance to the chute and also the depth of flow at the

inlet to the structure nust be calculated. From the specific energy

diagrarn (FIGURE 2, APPENDIX A), at E = L2.00r, width = 11.00r, and

g = 109 cfs/ft., the depth of flow at the chute entrance was found to

be 10.2Ot " However, the depth of flow at the structure entrance nust

be found fron the specific energy diagram because the inlet width was

restricted to 21.60r. Ttre corresponding unÍt discharge of 55.5 cfs/ft.
and the'total energy of 8.00t resulted in a flow depth of 7.05', which

was plotted with the other flow depth found and joined with a straight
line in FIGURE E-2. From FIGURE E-2, the depth of flow and the amount

of available energy were neasured at regular intervals of 4.0r and the

results listed in TABLE E-I. This table shows the preliminary
calculations for the inlet width and the widths that were selected in
the final design of this section.



T-- -

l

:-----

:

iilo ,"

ro8

r06

r04

to2

j too

t¡¡ 98
J
l¡¡

96

94

!

ri

il

' I ì.
lt
.f
J]

i

I

INLEf

28 26 24 22 20

<'- FLOW

8t6t4t2
otsTANcE f r.

I

I

I

FIGURE E-2
CALCULATED INLET WATER

SURFACE PROFILE

(r¡



.,...r-..-, .. :--. ..-..-.':..: -. .. ..';..1::."j:,ì.¡;n-;:::j::;:':1:::l:ì-ì:.:",.1à':::-:::.":::::-l;j

Preli¡ninary curve

Final curve

I

"lu'

I

I
Ftot{

Horizontal
Vertical

lrt

ltf

Plan

= 101

=61

of inlet section with nodification

FIGURE E-3

E4



E5

TABLE E-I

Preliminary inlet width calculations

Distance
from

inlet

fr

Depth
of

flow

fr

Avai lab 1e
energy

fr

Unit
discharge

cfs/ft

Required
width

fr

Final
design
width

ft

0

4

I
t2

t6

20

24

28

7.05

7. 50

7.9s

8.40

8. 70

9.35

9.70

10.20

8.00

8.70

9 .25

9.85

10.35

l0 .90

11.40

t2 .00

55.5

66.0

73.O

82.0

89.0

94.0

102 .0

109 .0

21.60

18. 20

16.43

14.64

15.50

t2.78
11.76

11 .00

2t .60

20,25

18.60

17.10

ls.50
13.40

12.40

11 .00

' 
The calculated values for the preliminary inlet widths were

plotted in dashed lines in FIGURE E-3. The inlet widths as calculated

to this point were only rough values, and the solid lines in FIGURE E-3

show the final shape of the inlet walls. From this diagra¡n' the

resulting preliminary curve was not as s¡nooth as desired but it will
be exanined in nore detail at a later tine.

At the ttansition sections, the inlet and outlet widths were

not calculated, but the shape of the walls should be a continuation of

the initial curve. Here a linear section may be used to replace the

curved walls near the channel sides as the curvatule of the walls in

this section do not aid in spreading the flow over the entire closs

section. The outlet walls, however, will retain the curved shape

(FIGURE E-4) so that the prelirninary width calculations were not

wasted.

For symmetry, the length of the outlet was set at 28t, the same

as the inlet, and Éhe anount of rise of the chute floor as dèternined

from FIGURE E-l was 4.10t. To deternine the shape of the outlet floor,

the problen was to create a feverse curve or else use from TABLE 3,
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Transition

Out1et section

Outlet section
final curve

Inlet section final

Scales:

Horizontal lrl
Vertical lrl

Plan of outlet section with modification

FIGURE E-4
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APPENDIX B, the distance fro¡n the chute and the anount of rise on a
percentage basis and nodify the result if so desired. The curvature

of the floor in this design was constructed fron the latter method,

and the results of the calculations ¡nay be found in TABLE E-II and

plotted in FIGURE E-5.

TABTE E-II

Outlet floor shape calculations

Percent
of

distance
%

Distance
fron

chute

ft

Percent
of

rise
9e

Rise
of

floor
fr

0

l0
20

30

40

50

ó0

70

BO

90

100

0.0

2.8
5.6

8.4

It.2
14.0

16.8

19.6

22.4

25,2

28.0

0.0

5.9

15 .4

30.2

46.7

61.0

72.7

82.2

89.9

96.0

I00.0

0.00

o.24

0.63

r.22
1,92

2.50

2.98

3,37

3.ó9

3.93

4. 10

The design nay not proceed further until the location of the

water surface elevations with respect to the outlet retaining walls is
known. The energy grade line and outlet widths have already been

established, so that the depth of flow was the only unknown. From

FIGURE E-5, the amount of energy and width or unit discharge at any

point were known so that from the specific energy diagram, the depth

of flow may be calculated as in TABLE E-III. These water surface

profile calculations may be considered the final ones as the shape of

the outlet was to remain unchanged.

E8
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TABLE E-III

Final outlet water surface profile calculations

Distance
from

outlet
ft

Design
width

ft

Unit
discharge

cfs /ft

Avai 1ab le
energy

ft

Depth
of

flow
ft

0

4

8

t2
16

20

24

28

1l .00

tt.76
12,78

13.50

t4.64
t6.43
18.20

2t.60

109 .0

102 .0

94.0

89.0

82 .0

73.0

66.0

55 .5

t2.40

12. r0

11.30

10.35

9.50

8.90

8.40

8.10

10.80

10.67

9.90

8.72

7.75

7.ss

7.05

7.10

There renains sone details in the preliminary design, but the
I

I major features have been covered. The height of the inlet and outlet

I *alls should be 2.0t to 3.0' above the predicted water levels, but may

I not necessarily be horizontal due to the lower water levels within the
, chute than at the entrance and exit of the structure.

Once the wall elevations have been established, the depth of the

chute nust be determined so as to continuously provide a free water

surface at all discharges. The lowelt elevation of the chute ceiling
:, should be above that of the norrnal depth of flow of the design

discharge in the upstream channel (FIGURE E-6). This again nay be

modified if the design was expected to be exceeded to any great degree.

c) Final design calculations
The final design procedure should begin with a complete re-

evaluation of the prelirninary design, its capacity, inlet and outlet

walls, and the water surface profiles.
The capacity of the structure nay be estimated in the following

nanner. The nrinimun possible chute width fron FIGURE 3, APPENDIX A,

at an energy level corresponding to 1800 cfs was 11.0t, thus the

structure would be operating at 66eo of its capacity at the design
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discharge. One may say that the structure was 33% overdesigned, but

it ¡nust be re¡nembered that as one moves away from the critical discharge

into the subcritical flow region, the standing waves that occur

beco¡ne smaller and less likely to have an effect on the flow pattern

in the chute. It was desirable to reduce the height of these $raves to
provide a ¡nuch srnoother water surface as they nay be in the order of
2t to 3r in height.

From the previous discussion, the height of the chute ceiling
may be set at the depth of flow for 1200 cfs. But, because the

crítical discharge of the structure was 1800 cfs, it does not ¡nean

that the chute could not pass more water with the aid of a backwater

curve. For example, if enough energy were available, it was desired

to pass 2400 cfs through this structure. For this discharge, the

normal depth of flow was 11.0r r wh:'le the total energy in the channel

would be 11.4t and 15.4r in the chute entrance. But, from FIGURE 3,

APPENDIX A, this flow through an ll.O0r wide chute requires at least
17.0r of energy. TherefoÌe, this flow would be passed as soon as the

backwater effect had built up a head of 1.6' which would result in a

flow depth at the chute entrance of 12.5r.

I'he shape of the inlet walls may be approxinated by four linear
sections as in FIGURE E-3 shown by the solid lines. The outlet walls

should remain in the curved shape as determined fron TABLE E-I but the

transition section may be altered slightly as shown in FIGURE E-6.

Itlhen the shape of the inlet walls wele changed, the inlet vrater surface

profiles must be re-calculated as shown in TABLE E-IV.

To reduce costs, the length of the chute may be reduced

considerably by starting the converging and diverging of the inlet and

outlet sections within the road section. For this design, extend the

inlet and outlet 15.0t inside the roadway thus reducing the chute

length from a possible 60.0t to a more reasonable 30.0' (FIGURE E-6).

d) Sunnation

The final design procedure presented here was only a first
approxination to the prototype that would be constructed. The width

of the inlet and outlet sections was calculated only every 4', which

would be reduced to every foot in the working design. The water
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surface profiles would also be looked into in nuch greater detail at

several discharges, not only the naxinu¡n expected flow. Also

consideration nust be given to the opssibility of serious erosion in
the downstrean channel in addition to adequate rip rap protection. The

structural design of the walls and floor would be the next inportant
approxination in the working design. This second approximation nay

change the dinensions of the structure to some degree where it would

no longer be a feasable design.

As this design is new in Canada, the first few structures that
would be built, rnust be looked on as experimental until they have

proven satisfactory during operation over a period of several years.

TABLE E.IV

Final inlet v¡ater surface profile calculations

EL2

Distance
front

inlet

ft

Required
width

ft

Des ign
width

fr

Unit
discharge

cfs/ft

Avai lab le
energy

fr

Depth
of

flow

fr

0

4

I
12

l6
20

24

28

21 .60

18. 20

16.43

14.64

13. 50

t2.78
11.76

11 .00

2t.60
20,25

18. 60

17. t0

15. 50

13.40

t2.40
11 .00

55.5

59.4

ó4.5

70.2
- it.s

89.5

96. 8

109.0

8.00

8. 70

9.25

9.85

10.35

10 .90

11.40

12.00

7.05

7.82

8. 33

8.90

9.27

9.55

9.92

10. 20




