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Abstract

This laboratory study is divided into two main parts:

The first part investigates the local scouring phenomenon that occurs
downstream of "box” culverts when the latter discharge their flows directly
tc sand-bed channels. While culvert hydraulics can include special cases,
such as culverts on hydraulically steep slopes where special energy dissipa-
tors at outlet must be provided to handle supercritical culvert flows, this
study was restricted to culverts on horizontal or mild slopes which operate
freely and do not require special energy dissipators at outlet.

The principal factors governing this form of local scouring were found
to be the &cha.rge rate, the culvert width, the tailwater depth, the down-
stream channel width, and the bed material properties. Phase one of the

‘experimental programme investigated the effects of these principal variables

on the local scour hole characteristics. This part of the investigation also
reviewed some well-known empirical formulas for the prediction of maxi-
mum scour depth, under a variety of hydraulic conditiogs. Onc of these
(Chen’s (1970, relationship for maximum scour depth in a stone bed down-
stream of a culvert outlet) was modified in this study to make it applicable
to scour in a sand bed.

The second phase of-the study examined a possible alternative means
to reduce flow concentration at box culvert outlets with a view to reduc-
ing the severity and extent of local scouring in this area. In experiments
employing model box culverts a special, pyramidal-shaped bed hump fea-
ture was added to the traditional culvert outlet geometry (fared wingwalls)
to enhance the rate of spread of the jet-type flow issuing from the model
culvert barrels.

The experimentation in this phase of the study was mainly concerned
with optimizing the shape and location of the hump feature, such that
its impact on near-capacity culvert flows was maximized, with minimal
backwater effect. The -preferred hump shape was then tested for a wide
range of anticipated culvert operating conditions. The unit proved to be
very-effective in dealing with a "high culvert discharge-low tailwater depth”
operating condition, which is clearly the worst scenario in regards to the
local scouring phenomenon.
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Notations
a; = hump leading length
az = hump downstream léngth
B = downstream channel width .
b = vertical distance from the channel bottom to the =

. point where the velocity is half the maximum
b = height of the jet at the culvert outlet

Cy = drag coefficient

C. = the culvert entrance loss cocfficient
Ct = lift ceefficient

dn = eflective grain size , ’
d, = maximum depth of scour \
dss = sediment median grain size

f = sand friction factor

Fy = drag force

EF. = 1t force

F, = Frbude number

g = acccleration due to gravity

H = culvert height

H, = headwater depth

L = hump height

he = the culvert entrance loss

hy = friction loss inside the culvert burrel

I = herght of sediment mound

hy = welocity head mside thie barrel

H, = headwater depth

K, = Troughness” height of\sand

[ = distance from the downstream end of the culvert

barrel to the hump
L = distance from culvert outlet to the downstream ern l
of the sediment mound
culvert length
length of scour hole
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pipe roughness coefficient

mean pressure

culvert discharge

volume rate of sediment being transported into
the scour hole ’

volume rate of sediment transport out of the
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culvert slope

slope of the energy grade line

mean velocity in the x direction

fluctuating velocity in the x direction
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the weight of a sediment particle

bump width
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distance from outlet to the point of deepest scour
distance from outlet to the point of widest scour
the axis normal to the horizontal plane

brink depth _
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sediment fall velocity

the density of the bed material

the water density

sediment specific gravity

fluid specific gravity

fluid dynamic viscosity

fluid kinematic viscosity

sediment gradation

wall or boundary shear stress
laminar shear stress

turbulent shear stress

shear layer thickness of the vertical
velocity profile
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Chapter 1

INTRODUCTION

In open channel hydraulics, erosion is referred to as the detachment of sed-

iment particles through the forces generated by flowing water. Generally,

the 'process takes the form of layer erosion,in which a layer of soil over a

sloping surface is removed and transported further downstream. This is
known as "areal” erosion and the process may extend over large areas. Un-
der special conditions, however, erosion can also be highly concentrated.
This local erosion, known in engineering practice as "scouring”, can be in-
duced naturally (e.g. at the outside ba.nk of river bends) or artificially (e.g.
due to man-made structures such as bridge piers and highway culverts).
With regard to the latter example, the local scouring associated with cul-
vert outlet flows results from the unnatural flow concentration produced by
the culvert structure (Fig.28(2)). This scouring process might lead to fail-

ure of the structure by the process of progressive undermining, especially if

-
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the scour hole moves rapidly upstream. On the other hand, the lateral ex-
pansion of the scour hole may result in erosion of th_e channel banks Which
h;:s important implications for aﬁy nearby properties. Furthermore, the
formation of 2 scour hole can disrupt fish migration, anc} be a potential

danger to small children.

There are basically two methods available to reduce the severity of local

erosion downstream of culvert outlets:

~—

1. Better ﬂow.distribution to decrease the flow concentration. This is
usually attempted by means of a flared outlet section (i.e. using

angled wingwalls).

A4

Energy dissipation, that is the desti.lction of a major part of the
kinetic energy to reduce the crosive potential of the flow. This is
usually accomplished through the use of specially-designed stilling

basin structures.

In problem sjtuations both of these techniques might be combined for

maximum ecffect.

4

The type of outlet structure to be used depends largely on the nature -
of the flow. For steep slopes the associated high (s?ercritical) velocities
normally require the provision of costly energy dissipating structures which
may include, in addition to a protective concrete apron, baffle piers and

chute blocks.This, however, is the exception rather than the rule in highway
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conduit design, in that mild slopes normally encountered. As a result
the flow is usually subcritical at the€onduit outlet and consequently channel

stabilization measures are generally less expensive.

It is worth mentioning here that large headwater depths upstream of hy-
draulically short culverts would also produce supercritical flows. However,
again this is the exception rather than the rule for highway culverts.

The approach normally taken to protect against local scouring is to ar-
mour, or "rip-rap”, those affected portions of the downstream channel’s
bed and ban'ks. The provision of a layer of coarse granular material on

| the channel bed, immediately downstream of a cujvert outlet, protects that
portion of the bed from the concentrated flow issuing from the structure.
Ideally this protective layer should either extend from the outlet to the
dowm:»tream channel section where the expgnding jet finally extends across
the full width of the cha.nnei?or altemgfively to g. point where the flow
concentration is reduced to an acceptable level. It should be emphasized,
however, that while the armouring material protects the channel bound-

aries in the vicinity of the culvert outlet, it does little Lo lessen the flow

co:%ztration in this region.

At present there is no theoretical solution to describe scour sa.tis.fac-
torily. Because of the complexity of the turbulent flow patterns and the
sophisticated mechanisms by which the flow entrains an erodible sediment,
almost all studies in this area of research are based on experimentation

and physical model testing. In the first part of the present study natural



scour in sand beds is investigated by means of a series of experimental tests
with different culvert dimensions, sand properties, flow rates, and tailwater

levels.

s

The second part of this research investigates the possible use of a low-
profile, pyramidal-shaped bed hump to enhance the rate of expansion of
the concea:ntrated outflow. This feature, which is placed on the channel bed
in the culvert’s outlet section, produces an adverse pressure gradient on.
the stream’s high velocity core region and this results in enhanced lateral
spreading of the culvert outflow. The efficiency of such a feature in expand-
ing the jet and reducing the flow velocities is expected to be a function of

its geometric praperties and its position relative to the outlet.

The principal goal of this research was to investigate the effectiveness
of such a unit through experimental observations based on a wide range of
flow and tailwater conditions. The bed feature described above was first
examined by Dake and Francis (1965) to imiprove the expansion of a jet
issuing from a circular-shaped spillway tunnel. The boundary conditions for
the present study, however, are quite different. In this case the topic deals
with the so-called "wall” jets emerging from box culverts, where usually
the flow can be considered two-dimcnsional. Furthermore, 2 tailwater 1s
frequently present in highway culvert operation and this feature tends to

. cnhance the dissipation of kinetic energy of the culvert outflow.



Chapter 2

LITERATURE REVIEW

The scour phenomenon at culvert outlets, being an important consideration
facing highway'drainage engineers, Has been studied extensively in the past.
Investigators have attempted to redt;ce the erosive potential of the culvert
outlet flow (and hence limit the severity and extent of local scour) by using
channel stabilization measures such as pre-shaped sco‘{x/r holes and rip-rap
protection (Smith, 1957 and ;Iéllmark, 1955). ’

.
]
-

Before dealing with the scouring process in more detail, an understand-
ing of the mechanism by which the bed sediment particles are entrained
is required. In defining the starting or incipient motion of the particles,
the ASCE committee on sedi_jrygentation (task committee, 1966) states that:
... Water flowing over a bed of sediment ezerts forces on the grains that

tend to move or entrain them ... When the hydrodynamic force acting on
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a grain’ of sediment has reached a value that, if increased slightly will put
the grain into motion, critical or threshold conditions are said to have been

reached”.

As was pointed out by Sarikelle and Simon (1980), many researchers at-
tempted to analyze and study the incipient motion of channel Led material
but very few have evaluated this effect at culvert outlets. Stevens (1969)
described this case of local scouring as follows: "At a culvert outfall, local
scour begins when the flow field produces hydrodynamic forces which put.the
bed material into motion. Scour ceases when the scour hole has enlerged to
such an eztent that the hydrodynamic forces have neither sufficient sirength
not further contact with the bed or sides of the hole. At this cguifibr;ium
scour depth, the material along the boundaries of the hole should be at the

point of initiation of motion for a particular flow”.

Any detalled study of the process of local scouring should refer to
the general characteristics describing this process as presented by Laursen

(1952). The principal characteristics are as follows:

1. The rate of scour is the difference between the sediment rates into

and out of the scour hole.
2. The rate of scour decreases as the flow section is enlarged.
3. There is a limiting extent of scour.

4. his limit is approached asymptotically.



Early ex;ﬁerimenters investigating localized scour associated with two-
dimensional flow rﬁeld,'incI:ding Doddiah (1950) and Hallmark (1955), re-
lated the depth of scour to the rate of flow, height of fall, tailwater depth,
rate of scour, bed material size, sorting process, and "armouring”. Firstly
they found that scour increases with increasing discharge, since the erosive
potential of the flow is associated with the ability of the rate of how to pen-
etrate or strike the bed material and continuousiy remove the grains out
of the scour hole. An increase in the height of fall, which is related to the
velocity and energy of the impinging jet, was found (o increcase the depth of
scour. Regarding the tailwater depth effect, a critical value, for which scour
is minimum, was observed. Any change of this optimum tailwater depth
caused a greater depth of scour. Furthermore, Hallmark (1955) showed
that the depth of scour increases directly with a geometric progression of
time. On the other hand, he showed that the scour depth decreases with an
increase in grain size. The same!i researcher also found that a wide vartation
in the size of bed mater;é.l caused the bottom of the scour hole to be paved
with a progressively coarser material, thercby decreasing the cffective fall
velocity-of the sedfment and reducing the scour rate. Finally, the depth
of scour was found to decrease considerably with the use of armorplated

-~

well-graded materials.

¢
/

Smith (1957) was one of the first to investigate local scouring below
culvert outlets. He observed the development of scour holes below a can-
tilevered pipe outlet and produced relationships for the scour hole geometry

in terms of outlet geometry and flow characteristics. Smith also presented
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an analytical method to determine a standard pre-shaped scour hole for
a given outlet geometry, design flow, and sediment charactenistics. The
method proceeded in two steps: (i) determination of the scour hole centre
section, and (ii) determination of the other scour hole characteristics for-a
given set of boundary conditions. Finally, the author suggested the use of
graded ’rip-rap’ to protect against the local scouring phenomenon and, in
connection with this, he supplied important desigh criteria in terms of size,

amount and grading of the armorplate material.

Most res;:arch related to scour prevention at culvert outlets deals with
non-cohesive bed material only. Very few stus.ies, such as that performed l:'>y
Abt, Jones and Ruff (1982) on sandy clays, ;6nsider cohesive bed material.
The Abt et.al. study correlated the scour depth with a parameter, called

the”inverted shear parameter”, which can be determined by standard soil

tests.

The effects of other phy'sical properties of the bed material on scour
resistance were also examined by‘others. Varga (1966) found that the
angularity of the bed material increases its resistance to scour due tothe
interlocking of the particles. On the other hand, as a result of increased
exposed surface area, angular bed material is more susceptible to scour.
Doddiah (1950) and Hallmark (1955) showed that a well-graded and mixed
material shows more resistance to scour than a uniform-sized material. To

combine the effect of the material median size and gradation, Stevens (1969)

»
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introduced a parameter, called * Effective grain size ", defined as:

10 7313 .
P (o
| B .
Where :
d; = dL*;@g: 1 (2.2)
dio+dw . _
d;=T,z =2 (2.3)
dgo-l-dmo.._
. di = ——5——;i=10 . (2.4)

The dy, dm: ...y d10o terms are taken from the "percent finer by weight ” vs.

"sieve diameter” curve of the bed material.

- Stevens proposed the use of the effective grain size as the parameter best
. describing the bed material propcrtiés because it accounts for two impor-
tant material characteristics, namely the median grain size and gradation.
On the other hand, the armouring process causes the finer particles to be
removed by the flow and the bed material becomes progressively coarser
during the scouri;lg process. This would imply that finer grains in the orig-
inal bed (before scour) are really not-sign.iﬁca.nt and hence the bed material
has to be represented by a parameter greater than the median grain size
namely the effective grain size. It is also worth noting that any increase in
the stone density implies a direct increase in the scour resistance of the bed
material. To account for different densities, Simons et al (?970) proposed

the use of an "equivalent rack diameter ” that can be computed by the ra-



. . :
tio (%) ® where v; equals 2.7 and v; is the specific gravity of the available

material. ~

The influence of culvert shape on 'scour development was examined by
many researchers including Chen (1970), Ruff (1981) and Abt ct al (1987),
among others. After performing tests on circular, square, arch and rectan-

gular culverts, the last group concluded that the culvert shape significantly

- influences the scour hole dimensions and geometry. The authors also ob-

served that the dimensions of the scour hole downstream of circular pipe
culverts vary significantly from the scour hole dimensions corresponding
to arch, square and recta.rlx‘gu.lar culverts. Mendoza (1980) and Ruff et al
(1981) compared scour volumes downstream of circular and square cul-

verts. Taking a diameter equal to the culvert height, they found that the

volume of scour downstream of a square culvert is much higher than that

for the equivalent circular section. Donnecll and Abt (1983) introduced a

parameter, called the "modified discharge intensity”, (I'g), to account for

the vanable flow field geometry associated with the different basic culvert

shapes. They defined the modified discharge intensity as:

-9
A(gR)°s

where Q is the discharge, A is the cross-sectional area of flow, g is the

I'y (2.5)

gravitational acceleration and R is the pipe hydraulic radius.

Mendoza et al (1983) studied the effect of headwall installation on scou.
They foand, based on experimentation and data analysis, that a headwall

does not affect the maximum scour hole dimensions. They observed, how-

10



ever, that a headwall, if properly designed, can protect }:hc embankment
and prevent undermining of the stri{cture. The authors also correlated the
maximum scour hole dimensions to a parameter called the "discharge in-
tensity”, Iz = ;,,5—%2_-;, and presented a series of empirical equations for

both "headwall” and "no headwall” conditions.

Rajaratnam and Diebel t1981) showed that a narrow downstrearn chan-
nel does not signigcantly affect the depth of scour but rather affects the
distance from the outlet to the point where maximum erosion occurs. The
éffeci: of side walls on the diffusion of three-dimensional wall jcts was aiso
examined by Pani and Dash (1986). They distinguished two zones: zone 1
consisting of the initial portion of the jet; where the effect of latcral bound- -
aries is negligible and zone 2, which is the two-dimensional ”dccay™ zome.

Isovel patterns for both zones were shown to be very differcnt from each .

other.

Another important variable in the analysis of scour hole formation is
the effect of repetitions of varying flow rates. Stevens (1969) showed that
when scour is allowed at the design discharge, the lower flows can further
increase the depth of scour. After a hy}d:ograph sequence of a series of rums,
he found that: "(i) the scour hole depth was increased as the discharge was

decreesed and, for the sequence of tests, the final scour depth was {4 pcrcént

~ greater than for the initial flow condition. (ii) The scour hole was widened

approzimately 20 percent by the series of discharges. (1) Only the highest
flow could move rock from the hole onto the mound and the length of the

11



hole decreased slightly”.

Local écour caused by submerged wall jets was studied by Al and Lim
(1986). The authors studied mainly the effects of changing tailwater depth
on scour. They confirmed the existence of a critical tailwater depth value
for which scour is minimum and that a change in this depth causes an
increase in the depth of scour. The authors also developed a simple method
for estimating the boundary shear stress, using the floor velocities, which
was found to give a good agreement with that obtained using turbulent
boundary layer theory. |

Compared with studies investigating scour below circular culverts, very
few past studies have dealt with box culverts. One such st-;.xd}', however,
was performed by Chen (1970) who, correlated scour depth, as-well as the
other geometric elements of the scour hole with geometry, bed material
properties, and flow conditions. Chen presented curves for estimating the
geometric characteristics of the scour hole for mild-and stecp-sloping rect-
a.ngula;r culverts. He also modified Valentin’s equation (Valentin, 1967),
originally developed for scour downstream of sluice gates, to be applicable

for the prediction of scour depths downstrcam of box culvert outlets.

Many methods have been proposed to control scour at culvert outlets.
The purpose of such methods is either to expand the flow to achieve an
acceptable velocity distribution, or alternatively to reduce its energy. the

latter approach is usually achieved through the use of energy dissipators,

either inside the culvert or at its outlet.

12



One of the well known internal energy dissipators is the "concrete ring”
dissipator developed by Wiggert (1972). This unit consists of roughness
elements in the form of circular rings placed at the downstream end of the
culvert to increase friction and reduce flow velocitics. The'ring dissipator
was found to be quite effective as a velocity reduction of up to 67% was

realized in field applications (Wiggert,1972). -

Scour control downstream of culvert outlets is generally achieved by
riprap protection of the channel bed. The idea of lining the channel bed
with a dense loose-placed (stable) material was first introduced by Schok-
litsch (1937). Hallmark (1955) showed that a relatively small amount of

riprap material substantially decreased the rate of scour.

Excess energy can also be dissipated using modular energy dissipators.
Such structures are comprised of precast concrete units that interlock to
" form rigid stilling basins (Sarikelle and Simon, 1980). These stilling basins
can be of different configurations and may be classified as subsurface, above
surface and combination-type basins. The basin stability was found to be
a function of flow properties, sediment characteristics and both basin and

downstream channel dimensions.

Standard stilling basins, including those recommded by the U.S. Bu-
reau of Reclamation (Peterka, 1974), are considered an efficient means of
reducing the flow kinetic energy when highly erosive flows are encountered.
These basins are developed utilizing the hydraulic jump principle md,#e

designed for specific outlet conditions.

13
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Another method of scour, control at culvert outlets is the development of
armorplated, pre-shaped stilling basins. This type of Ba.sin was first studied
by Smith and Hallmark (1960) while investigating the problem of scour in
an alluvial stream bed caused by a free-falling jet of water. The authors
developed empirical relationships for the geometrical characteristics of the
pre-shaped basin ( basin diameters at the surface of the stream bed and the
bottom of the basin as well as the basin height). Empirical relationships
were also developed for the quantity of armorplate in terms of the scour

volume and the maximum diameter of the armorplate.

Another factor studied was the influence of downstream channel width
on the local scouring process. It was found that, assuming all other condi-
tions remain ﬁxed, local scouring is more severe for wider channels. This is
because, for narrow channels, the energy of the eddy is destroyed through
frictional resistance with the channel banks, leading to an increased energy'"_’

transfer to small-scale turbulence which is then transformed into heat.
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Chapter 3

"HEORETICAL
BACKGROUND

In this chapter the theoretical aspects related to the local scouring prob--
lem are briefly described. Firstly culvert flows are classified according to
whether or not the fiow is governed by "inlet” or "outlet™ control, and six
types of culvert flow are then identified. Following this section is a review
of the theory of turbulent wall jets, which is applicable /i'n the case of flows
discharging from box culverts. Included in the latter- section is a discus- -
sion of the constraints that might affect the validity of this theory when

localized scour is encountered.

The thifd section of this chapter deals with incipient motion and the

different criteria upon which this concept is based:- Analysis of the scour

15



depth-time function is also described, based on the sediment continuity
equation for a scour hole. In the last section a dimensional analysis incor-
porating all important variables governing the local scouring phenomenon

is made to identify the appropriate dimensionless study parameters (i.e for

the experimental program). -

: ~]
3.1 Culvert Hydraulics

A great variety of different types of flow can occur in a culvert. The culvert
may flow with either a submerged or unsubmerged outlet; it might flow full
or¢part-full over all or part of its length; and the flow can be suberitical,
supercritical, or a combination of both, with one or more hydraulic jumps in
the barrel. Culvert flow is affected by numerous physical factors, including
the barrel length, size, slope, roughne.ss, inlet and outlet geometry and .
also by hydraulic conditions, such as the depth of headwater, the culvert
discharge and the downstream channel cz;pacity. Under certain conditions
some of these parameters are more important than others and therefore two
major culvert flow categorics are distinguished: flows with inlet control”

and flows with "outlet control”.

16



>

3.1.1 flows with inlet control

;gle\tcontrgﬁ means that the culvert capacity is controlled at the entrance by

\
the depth of headwater, the barrel cross-sectional area and the type of inlet
geometry. Other factors, such as the culvert length, size and slope as well _

as the tailwater depth in the downstream channel are of less importance.

It is important to note here that the headwater depth (or depth of
"ponding”) is a very important factor in culvert design. It is equal to
the vertical distance from the culvert invert at the entrance section to the
energy line of the head pond (i.e. depth + velocity head). However, since
velocities are usually low in entrance ponds, the water surface and the

energy line are normally assumed to coincide.

3.1.2 flows with outlet control

Qutlet control involves the additional consideration of the tailwater eleva-
tion in the discharge channel, the slope, roughness and length of the culvert
barrel; in this instance the inlet geometry is of less importa.nf:e. Culverts
in outlet control can flow with the culvert barrel running full or part-full,
for part of the barrel length or for all of it. |

For "outlet control” condition the headwater depth (Hy) is equal t6 the

17



summation of the following terms:
H,=h,+h.+hy+h,—~LS (3.1)

where h, is the velocity head inside the barrel, k. is the entrance loss, hy is
the friction loss, and L ans S are the culvert length and slope respectively.
Regarding the parameter h,, this is either equal to the tailwater depth for
the ”submerged outlet” condition, or either the tailwater depth or m;—”-)-
(in which y, is the critical depth and H is the culvert height) whichever is

greater for the "unsubmerged outlet” condition.

'
-

3.1.3 types of culvert flow

According to Chow (1987), culvert flow can be classified under 6 categories
based on culvert slope, outlet submergence and tailwater level (Fig.(1)).
Except for type-1 flow, which corresponds to the "submerged outlet” condi-
tion, the other 5 types of culvert flow are characterized by a "free-discharge”
(1.e. unsubmerged outlet) condition and flow classification is based on the
inlet being submerged. Chow stated that according to laboratory investi-
gations the inlet can be submerged only if the headwater depth exceeds a
critical value H*, while the outlet is not submerged. The value of H* varies
from 1.2 to 1.5 times the height of the culvert, depending on the culvert
entrance geometry, barrel characteristics and the approach condition, but
is normally taken as 1.5 times the culvert height in preliminary analysis
(Chow, 1987).

18
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The following summarizes the main categories of culvert flow shown in
Fig.(1):

Type-1 flow: The outlet is submerged and the culvert barrel fiows
full.

-

Type-2 flow: The headwater H, > H~ and the tailwater depth 3, <
H, the culvert height. In this case the culvert barrel also flows full,

Type-3 flow: Has the same headwater and tailwater conditions as

type-2 flow except that the culvert flows partially full.

Type-4 flow: Both inlet and outlet sections are unsubmerged. The

flow is subcritical and the tailwater is relatively high (y, > y.).

Type-5flow: Same conditions as type-4 flow except that the tailwater
depth is low (¥ < y.) and the culvert slope is subcritical. The control

section is at outlet in this instance.
r

Type-6 flow: Same conditions as type-5 flow but the culvert slope is

supercritical and therefore the control section is at the culvert inlct.

- As this study was restricted to examining culvert operation based on

subcritical culvert slopes and, since culvert flows are predominantly
"free-surface” in practice, this study dealt, almost exclusively, with
types 4 and 5 flows. However some model tests were, in fact, per-

formed under submerged inlet/outlet conditions.

19
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3.2 Turbulent Wall Jets

Wall jets are concentrated jet-type flows, which are encountered in
practice, for example, below a sluice gate or downstream of a highway
culvert. They can be discharged on a solid boundary, as is usually
the case for the sluice gate flow, or on a loose boundary (i.e. channel
bed) in thc‘ case of culvert flow? The wall jet can be thought of as
a two-layer shear flow comprising a boundarg layer occupying the
lower or "wall” portion of the flow field and a "free mixing” region on
top of the former. These fluid layers develop rapidly in the vertical
direction and mcet a short distance downstream from their point of
initiation. Once the two lavers meet, the potential core of the jet
1s consumed and beyo is section, the flow is said to be “fully-
developed”. In the fully developed region, assuming a uniform flow
condition applics, the shape of the velocity profile is the same for all

sections (see Fig.(2)).

3.2.1 Equations of motion

The Reynolds™ equations in the cartesian system are written as:

QE .L.u@ 4 Ua_u wa_u — _l@. + 02u + 6211 -+ 6211’.
& 9z Oy o~ poz Y1022 dy? ' Bzt

[aﬁ’ﬂ oo a?E]

9
2z oy T o: (32)
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ot Oz dy 0= p Oy 0z% ' Jy? z2
= = —
(C e
Y
T T OO
ot Oz Oy o= pd: oz* gy 922

° ‘—_E% TN aﬂ (3.4) |
Oz dy- = Oz

.where the x-axis defines the axial direction of the jet, the y-a.xis"is .
normal to the horizontal plane, arl the z-axis is the third axis of the
coordinate system. u,v,w and 4, ¥, ¥ are the mean and fluctuating
“ velocities in the X, ¥ and z directions respectively, p is the mean
pressure at any point, and v and p are the fluid kinematic viscosity

and density respectively. The continuity equation is written as:
Ju Ov
- o + a_y

ow

+3::

=0 (3.5)

To solve these equations, the following simplifying assumptions arc

introduced:

(1. The flows is two-dimensional, 1.e. w = 0 and a—‘?_- of any mean
-,

quantity is zero.

3. The flow is steady, i.e. %—‘; =0 and ” =0 e

s !

l

©
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4. The transverse extent of the flow is small. Thus, u3v and veloc-
ity and stress gradients in the y-direction are much larger than
those in the x-direction.

The equations of motion thus simplify to the following:

du Ju 19p &*u _ id _ oa?

ua va—y = _;3_.'! -+ Vayz ay 3z (36)
_ 19p 0v? : -
= oo o | 51
du Ov
= B_y =0 (3.8)

Now, integrate equation (3.7) with respect to y from ¥ to a point

located outside the jet.

Thus : ffgﬁ:—pf% OF : P = Ppoo + pt2

Substituting into equation (3.6) gives :

u@i .3_u__ldpoo+y0'2u_.c')ﬁ o (_J
oz ' 'dy _ p dz 9y Oy Oz

@ -3 (3.9)

Now 59: (Z' — 5') is small compared to the other terms. Hence, it can
= 7

be neglected and the following equation is obtained :

Ou  Ou 1dps + Pu oI

um u% = ~dr uay2 N (3.10)
The turbulent shear stress 7, = —pt¢. Thus 9 = —%T,. Substituting
this in equation (3.10) gives :
du du 1dpy v 10m
AP & PR 11
uax+v3y P +uay2+pay (3.11)
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Néglecting the effect of any longitudinal pressure gradient equation
(3:11) reduces to : -

Qe B @u 10n
9z " "9y oyr  pdy

~ -
On the basis of experimental observations ( Forthmann, 1934), it was
found that * = f (’{;) = f(n) where n = &, Further, assume that:
o3 = g(n). Now the continuity equation is expressed as : 2% 4 -g"; =

(3.12)

0. Or 5 = —8%; hence v = [f~S2dy. Since & = =BHER 2 oy
be expressed as: ( )

du_  Oax) v dun

oz "oz T u,, Oz (3.13)
Or: ( )

3u af f Yy aum

5 =unpes +(3) 50 (3-14)

e

as(3) R
B2~ can be written as :

Thus :
~ oH(t) o [o(#)~s2 -
8z ~ dy b2 '
But since f—iﬁ = 0, this reduces to :
() _ (1) 24 (3.17)
9r \b?/dzdn ' -

Substituting into equation (3.14) gives:

Ju _ —yum

o 3z B

bf + unf(n) (3.18)
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Thus :

_ V_?'E _ "?_E..”l"_ ,
v=[ amdy—fo [ S u,,,f]dy (3.19)

Writing 7 for ¥ gives :

. [N > » n
V=ub j nfdy - bU,, /0 fdn (3.20)
Q
Using these expressions the equation of motion reduces to the follow-
ing form : |

b,

j=2nlpr— [ fan| ~baff - ) - Z5f @)

In most of the wall-jet problems of practical interest, *=2 is large and
therefore the last term in equation (3.21) can be neglected without

adversely affecting overall accuracy.

For similarity, it is required that :

bum x z° (3.22)
Um
b z° (3.23)

If v, x z”,and b o z7 then from equation (3.23) g =1

To solve for the other exponent p, one more equation is needed.

3.2.2 Integral Momentum Equation

From equation (311) :

Ju au_ ldp 107 10 _a_u o
uax—i-bay——pdx-:-pay-rpay(,uay) _ (3.24)



Substituting the laminar shear stress (7)) for u22 5, and neglectmg the

pressure gradient gives :

(3.25)

Note that in free turbulent flows 7, is much larger than 7 because of

the absence of solid boundaries and hence it is reasonable to neglect

Ti. Thus :

and therefore :

f,ou dy-i-_/ pv—dy—f 9m 4y

The first term of equation (3.27) can be written as :

[t 3 o

Regarding the second term :

% Ju . dv
P/o vé;dy—p[lmlo —/(; ua—'dy]
Aty=0,v=0andaty=oo,u=0. Thus : juv|,™ = 0.

On the other hand, from the continuity equation o

Making these substitutions in equation (3.29) gives:

pfwv—dw —p'/mu-—- y—;a puzdy

Considering the right hand side term of equation {3.26)

on

%dy = |r],™ = 7(o0) = 7(0) = -

[+
(1]

= —9u
dr”

(3.26)

Pl

(3.27)

(3.28)

(3.29)

(3.30)

(3.31)



where 74 is the wall shear stress.

Substituting all the terms by their values in equation (3.27) gives :
d reo
o /0 puldy = ~7y (3.32)

As a first approximation, if g is neglected equation (3.32) becomes :

d o -
= fo puddy = 0 (3.33)
Equation (3.33) can also be written as :
d o (uN o, _d g P :
= [o(E) untdy = punte [ Fan o (339)

which gives u,,?b « z°% But as stated previously u,, < z? and b x z9.

Thus 2p + ¢ = 0; and since ¢ = 1 (equation 3.23), then p = —0.5.

Now, instead of neglecting 7o in equation (3.32), assume 7o x z°.

Then £pu,.?bf5° f3dn  z°, or 2p+ ¢ — 1 = s, which gives 2p = s.
i

If the first approximation p = —0.5 is accepted, then s = —1, which

mmplies that 7y decreases inversely with x.

In conclusion for the plane turbulent wall jet : u, & 7‘;; bx z; and
To X 1.

Based on experimental observations on the decay of the velocity scale
by Rajaratnam and Subramanya (1967), it was found that : %= =

@

\—3/'5: for = at least up to 100 and b = 0.068z

Finally, it is worth noting that for rough surfaces the velocity dis-
tribution follows the familiar "log” law in the boundary layer and is

almost the same as for smooth walls in the free mixing region.
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This "wall jet” theory however was de;reloped for a "fixed boundary” ‘
condition, which is not the case when localized scour is encountered.
In the latter case, the boundary is rather loose‘and irregular due
to the continuous development of scour and deposit_ion' downstream.
In addition, the existence of secondary currents at both sides of the
channel and within the scour hole also affects the validity; of this
theory.

3.3 Incipient Motion

Consider a channel bed consisting of loose and cohesionless solid par-
ticles of uniform size. Because of the water flow on the bed, hydro-
dynamic forees, proportional to the flow iénensity, are generated on
the sand grains. Under these circumstances, a condition is eventually
reached where the particles can no longer resist these hydrodynamic
forces and therefore they start to move. This movement, however, is
not instantaneous for all particles as some might move while others
are still at rest. This is mainly explained by the stochastic nature of
the problem and the structure of "wall” turbulence.

The incipient condition (i.e. initial movement of the bed ) is deter-
mined by observations, which makes the definition very subjective.
“In fact, it can be defined in sgveral ways:

1. With critical velocity equations determining the critical bottom
velocity at which erosion first occurs. [ This approach to define
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incipient motion, however, was criticized by many researchers
because of a lack of a good definition, of the bottom velocity and:

the difficulties encountered in measuring it accurately ].

2. With critical shear stress equations incorporating the frictional

drag of the flow on the sediment pa.rticies.

3. Employing a lift force criterion; i.e. considering pressure differ-
ences generated across a sand grain due to the vertical velocity

gradient.

Even though these approaches may appear to be different at first

glance, they are not totally different from cach other.

3.3.1 ”Incipient motion” condition

The incipient motion condition for cohesionless, loose particles on a

strecambed is described by

. _ F -\ -
tan¢ = F—n (330)

where F; and Fj, are the foreces parallel and normal to the angle of
repose of the material ¢ respectively (see Fig.(3)). The particle is sub-
jected to three forces: its submerged weight (1V,), the hydrodynamic
drag (Fy) and the lift force (F}).

Thus:
F, = W,sina + Fy - (3.36)
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and

Fo = Wycosa — F (3.37)

where « is the channel bed slope at which incipient sediment move-
ment occurs. Hence equation (3.35) can be written as:

tan & = Wesina + Fy

- Wicosa — Fj (3.38) . '
. Now the drag and lift forces can be expressed as :-
Fy= Cd}'\ldsz (3.39)
. 2 \
Fy = CiKad®p™ (340

where Cy and () are drag and lift coefficients rebpectively, K, and

K, are particle shape factors, d is the particle diameter, p s the fluid

density, and u, is the fuid velocity near the channel bed.

Regarding the submerged weight (¥,), this can be expressed as:
' . W= K;(p, — p)gd> ' (3.41)
Where K is another particle shape factor and p, is the dry sediment

density.
Substituting equations (3.39) (3.40) and (3.41) into equation (3.38)
yields the following:

up? _ 2I3(tan¢cosa — sina)

(& —1)gd ~ CiK) + CiKtend
According to Forchheimer (1914), the tractive force per unit surface

(3.42)

can be written as:

'3 To =7Rs = K4u52 (343)
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where R is the hydraulic radius, s is the slope of the energy gra.df_li}e

and K a constant.
Introducing equation (3.43) into equation (3.42) yields :
_ K4 2K;(tandeos ¢ —sina)

To
= —— =4 (34
(nq)d o Culi+CiKstang (3.44)

o~

) E ]
where A is a sediment coefﬁcxent.,»\

4

For the special case of uniform-sized grains on a flat bed, this sediment
cocfficient is a function of the so-called "shear Reynolds number”
R.= d—:’-, in which u. is the shear velocity and v is the fluid kinematic

viscosity.

Hence equation (3.44) can be written as:

'

du.

3.3.2 Shields’ diagram N

Equation (3.45) was established by Shields in 1936 and is represented
graphically as Fig.(4).

This figure may be divided into three zones:
— (i) A zone characterized by a shecar Reynolds number less than
two, where the particle diameter d is less than the laminar sub-

layer. The movement in this region is mainly ‘due to viscous

action and is independent of turbulent forces.
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— (i) A transition zone, where the particle diameter is approxi- .,
mately equal to the laminar sublayer. The transition portion
of the curve has a minimum (_'rfm = 0.03, which occurs at
R.. = 10. According to the diagram, no particle movement be-

low this value can ever occur.

— (ii1) In the third zone the particle diameter is much larger than
. the laminar sublayer. The dimensionless shear stress (—mljm is
independent of the shear Reynolds number and is found to be
approximately 0.06. The shear Reynolds number associated with
this zone exceeds 400, which implies a particle diameter of at

least 0.26 inches to ensure stability.

Shields’ relationship has been checked by many experimenters in the
past and is generally considered to be r:liable. Very recently, however,
it was shown that the s6-called "threshold” condition does not in fact
exist, even for 2 uniform-sized material (Lavelle and Mofjeld, 1987).
Experiments have been performed which demonstrate that occasional
transport can occur at very low Shields stress values providing that a
sufficient test duration is allowed. The conclusion, therefore, is that
there is no stress below which all particles are at rest a.:ld the threshold _
condition corresponds to a small but finite value of transport. Ac-
cordingly, it is suggested that particle erosion and transport should
be viewed as a probabilistic phenomenon where t_he‘ bed stresses are
considered as distributed properties and an instantaneous stress in

the turbulent flow can set individual particles in motion.
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3.4 Analysis of the Scour Depth—Tinde

Function

The aim of any study of the local scouring problem is to solve the

sediment continuity equation:

dv, _
2 =Q.- 0 ‘ (3.46)

Where. €% s the rate of change of the volume of sand removed from -
the scour hole, @, is the volume rate of sediment transport out of the

scour hole and @; is the volume rate of sediment being transported

into the scour hole.

The problem, however, is very hard to solve analytically because of
the complexity of the non-steady flow patteﬁs and the mechanisms
by which an erodible sediment is entrained. Rather the problem is
examined experimentally, which lecads to empincal relationships be-
tween the significant variables affecting the flow, the bed properties
and the scour hole characteristics. Altinbilek and Basmaci (1980)
suggested an empirical relationship for Q,. They showed experimen-
tally that the volume of the scour hole can be closely approximated

by‘a triangular profile function which gives the scour volume as:

) 2
V.= 254, (3.47)

tan ¢

Where B is the inlet width of a two-dimensional channel, d, is the

maximum depth of scour and ¢ is the angle of repose of the sediment.
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They q@go determined an empirical relationship foz: the scour depth,
as the time approaches infinity.
1 2
dmo t 2 2
® - ( ﬁ¢) ( g 1) (3.48)
b 3 gb(7, — 1)

Where b is the wall jet thickness at the section of the vena contracta

dso is the median size of the sediment, g is the acceleration due to
gravity, Up is the jet mean velocity, and 4, is the sediment specific

gravity.

The sediment transport rate @, is given by:

Q. _ (C"N’z —tan¢) (3.49)

UpdseB 8.2
where Cj is the drag .co*efﬁcient ofa particle falling in a quizscent fluid,
. . Un . .
N, is a sediment number equal to [m] and f is a function
of &=, N,, 42 and tan . '
Once the function f is- determined, @, can be found or ¢alculated

and a relationship for the time of scour action can be obtained using

equation (3.46).

3.5 Dimensional Analysis

Scour geometry depends on many variables characterizing the cul-
vert, the bed material and the flow. These variables are: the culvert
width W, the downstream channel width B, the tailwater depth y,
the culvert slope S, the culvert length L, the culvert height H, the
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p.ipe-rotighhess coeﬁicien,th n, the ¥rink depth s, the effective particle
size of the bed material dn,, the volume flow rate Q, the entrance loss
‘ coeﬂi'c;ent C., the density of the bed rhate@g,, the water density
p; the dynamic viscosity of the water p2and the acceleration -due to

gravity g. Thus if X represents any dimension of the scour hole then:

X =9W,B,y., S, L, H,n,y5,dm, @, Ce, 5, 1 14, 9) (3.50)
However, for the purpose of this st dy some of these variables can be
disregarded and only the most sign'ficant ones are presérved. First,
S=0+since the culvert is horizontal. [furthermore, the entrance coeffi-
cient C. is ﬁot included because the study is limited to only one type
of pipe entrance. The culvert length is eliminated since the model
culvert length is too short to affect the flow and the water viscosity,
i, is also disregarded since it is constant. Since both water and sand
densities are also constant, they too can bev'droppec/L Finally, the .

" same pipe material is used for all experiments and thus the roughncss

coefficient n can be eliminated in the analysis. -

As a result of these decisions, equation (3.50) simplifies to: \
X =‘LI)(I’V1‘Bath1yb?dm1 Q!g) (351)

Upon performing dimensional analysis on equation {3.51), the follow-

ing non-dimensional terms are obtained:

LI I

592
W H H H' g} ) (3.52)

TH 3
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In the last term, however, g is dropped for convenience and thus:

X=gD b B dn Q (353)
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Chapter 4

EXPERIMENTAL
PROGRAM -

This chapter consists of four parts. The first sectior} contains descriptions
and results of tests perfoi'med to determine the physical propcrtiqs of tﬁe
four types of sand (W,X Y ,Z) used in tke experimental program. The phys-
ical propertics de:e~ained were: average particle size (dsy), cffective grain
size (d,,), gradation (o), specific gravit): (7), fall velocity (w), and angle
of repose (¢). The second section of this chapter describes the experimen-
tal apparatus used. The third section is devoted to the weir and velocity
current meter calibration and the final section describes the experimental

precedure adopted.

4
s
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4.1 Material Physical Propertieé

4.1.1 Description of material

The sand used in most of the experiments was uniform white silica sand.

For comparison purposes, however, several additional expcriments were per-

formed using a well-graded grey sand (type X in Table 1). It was decided "

to use a uniform-sized material in the experimental program because this
is known to cause a more sew:ere scour condition than well-graded sand
would produce under the same hydraulic conditions (Doddiah, 1950 and
Hallmark, 1955). Accordingly, in this study, any design criteria established
to reduce the local scouring associated with culvert 'Cutlct flows, would tend

to err on the conservative side.

4.1.2 Average particle size s

Mecha:nica.l sieving was performed on sgmples of the four types of sand and
representati;«'e grain size distribution curves ("percentagé finer by weight”
" vs.”sleve opening” ) Were obtained for each type of material {(Fig.(5)). From
these curves the a.verége particle sizes (dso), defined »s the size for which
50% is finer by weight, were determined.

. P
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4.1.3 Effective grain size
As will be'shown later, this parameter is adopted in most studies dealing
with the investigation of scour because it is believed to be better correlated

to the scour hole geometric properties than the average particle size, (dso)

(Stevens,1969).

As can be scen from Table 4.1, which summarizes all sand properties,
the effective grain size (d,,) is usually larger than the average particle size
(dso). This is explained by the fact that during the scouring process, the fine
particles are transported downstream and the bed material becomes pro-
gressively coarser, which in turn makes its representative grain size greater
than the original average particle size. This natural process is referred to

as "bed armouring”.

4.1.4 (Gradation

The parameter ¢, which is a measure of thé sand gradation, was estimated
as: o = 15[55: + 5—';1:] where dsy, dsg and dyg are the sizes for which 84, 50
and 16% respectively are finer by weight and are determined from the grain

size distribution curves.
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4.1.5 Specific gravity

@
The specific gravity for each type of sand was determined as follows : a
~ sand. sample was weighed and then poured into a known volume of water
in a graded cylinder. This resulted in a rise in the water surface elevation
within the cylinder,. thereby allowing the volume of the sand sample to be
e§tima.téd. Knowing the mass and volume, the specific gravity for sands

W,X,Y and Z was calculated to be 2.52, 2.48, 2.71 and 2.67 respectively.

4.1.6 Fall velocity

"Representative” particles of each sand type were allowed to fall, under
the effect of their own weight, in a column of still water. Knowing the
height of uniform rate of fall (measured as 1 meter) and the time of travel
(determined by stopwatch) the corresponding fall velocity was estimated.
This experiment was repcated several times and the average fall velocity

was determined.

-

4.1.7 Angle of repose

A sample of sand was poured in & conical container placed on a horizontal
surface. The container was then lifted causing the particles to slip and

slide down the slope to establish a new slope angle, known as the ?angle of
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repose”. The angle of repose was determined from the average height and

base width of the newly formed conical mound of sand. \

4.2 Experimental Apparatus

The experimental programme was performed in the University of Ottawa
Hydraulics Laboratory and the general arrangement of the apparatus used
is shown in Fig.(6). The experimental program investigated clear water
scour produced by t%ncentrated jet-type flow emerging from culverts of
rectangular cross-section. The model conduits used were all 7.6 ¢m high x

1.2 m long but had the following different widths :5.1, 15.2, 20.3 and 25.4

cIm.

The experiments Vv:_care performed in a fixed-bed.flume 60 cm high x
50 cm wide x 7.6 m long. Water entered the flume through a sui)ply line
located at the former’s upstream end and an adjustable-height gate was
installed at the downstream end to control the water surface clevation in *
the flume’s test section. Screens were installed immediately downstream  »
of the entrance section to destroy any large-scale secondary currents that
might be present in the entrance flow and a calibrated triangular weir was
placed a short distance downstream of the screens to determine the flow

used in each experiment.

The model culverts were placed at a horizontal slope on a 20.3 cm high
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wooden platform so that their inverts were at the same elevation as the "test
section” sand bed that extended immediately downstream of the culvert
oﬁflets. This 1.2 m long sand bed had a uniform thickness of 20:3 cm, which
was generally sufficient to allow full horizontal and vertical development of

the scour profiles produced during the various tests.

Eight piezometers, each 12.7 ¢cm apart, were connected to the model box
culvert inverts to measure for each experiment the corresponding internal
water surface profile. A deth gauge, mounted on an instrument carriage
capable of moving in both the longitudinal and transverse directions, mea-

sured the depth of scour at any desired location in the sand bed.

4.3 Weir and Current meter calibration

The flow was determined using a 30° triangular weir. The calibration was
performed as follows: The weir was mounted on a tank and a wide range
of flows was discharged over the weir. The height above the weir crest was
determined by means of a piezometer connected to the bottom of the ta.nk-
and the corresponding discharge was measured using another collecting

tank resting on a weighscale.

Since the fundamental equation for all triangular weirs can be repre- -
sented in the form @ = KH." , the logarithm of the data was taken
and a linear regression analysis was performed to yield the equation Q =
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0.206 H.4!,_where H, is the head above the weir crest iz meters and Q is
the corresponding discharge in cubic meters per seccnd. This relationship
15 shown in Fig.(7).

For the second part of the experimental program, where the use of the
pyramidal hump feature was investigated, velocities were measyred using
a streamflo current meter manufactured by Nixon Instrumentation Lig-
ited. The probe frequency readings (in Hz) were recorded which were then
transformed into velocity readings by means of a given lincar relationship
between the two variables. This relationship was checked experimentally as
follows: For a particular set of disch’argc conditions , point velocities were
measured at six different sections in the test flume using both the stream-
flo current meter and a standard pitot tube. The experimental data were
plotted together on the calibration curve provided by the manufacturer
(Fig.(8)) and a good agrecement was noted. Accordingly, the calibration

curve for the meter was adopted in the experimental programme.

4.4 Experimental Procedure

Prior to each test the sand bed was evened and levelled to the same clevation
as the model conduit invert. The bed was then gently and thoroughly
saturated to remove air from the voids in the sand bed in order to produce
2 reasonably uniform density of sand in the test section. The saturation

process, however, caused the bed surface to drop slightly as the material .
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settled and sand had to be added to bring the surface once again to the
correct level. Next, a small flow was introduged in the model culvert and the
+outlet control gate adjusted so as to produce the desired tailwater elevation.
The discharge was then smoothly increased to the required (test) value
(with corresponding adjgstments being made to the control gate setting)
and measurements of the tailwater and brink depths, as well as the model

culvert piezometric heads Were then taken,

An important consideration in the experimental program was the pre;
sumption that a sfe\a.dy state scour condition had been reacﬁed in each
experiment before recording the principal dimensions of the correspond-
ing scour profiles. In regards to this consideration, a preliminary series of
experiments was performed, in which the scour hole development process
was carefully monitored for the given range of flows. It was observad that,
for all practical purposes, the local scour ceased after a duratior of about
one hour. Accordingly, to ensure tHat an equilibrium state had indeed
been reached in all subsequent tests, a standard two-hour test duration

was adopted for all experiments.

At the' end of each test, the supply was turned off and the sand bed
carefully drained to permit a detailed survey to be taken of the exposed .
scour hole. During the local scouring process, the finer particles of the
‘exposed sand bed.we.re transported downstream, leaving more and more
of the coarser fractions within the scour hole. Thus, in order to preserve

the original sand homogeneity condition, the sand was thoroughly mixed
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Table 4.1: . Test Series Classification Based or?tulvert 1,idth and Sand |

Properties

Model Culvert Sand Characteristics
Series | Width (cm) | Series | dso{mm) | dm(mm) | & |w(m/s)| ¢
A 5.1 w 0.47 0.72 |164| 0.07 |318
B 15.3 X 0.54 120 |2.24| 0.09 \27.5
c 20.3 Y |- 108 117 |1.24] D14 |30.0
D 25.4 Z 1.35 1.56 |1.22| 0.19 |[276

v

‘before starting the next experiment.

For reference purposes, the experiments were catalogued according to
the model culvert dimensions and the sand grain sizes used. Table 4.1
summarizes both the sand properties-and model culvert dimensions used in
the experimental program. Thus, according to the notation in Table 4.1,
experiment BW20 was the twentieth test of the program in which a 15.3

cm wide model culvert and sand type W were used.
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Chapter 5

RESULTS AND
DISCUSSION: NATURALe
SCOUR

The purpose of this part of the experimental program was to relate the
geometric properties of the local scour profile with the culvert dimensions,
bed material properties and flow conditions. The experimental data was
analyzed based on a parametric study. The principal factors affecting scour,
such as: discharge, downstream channel width and tailwater elevation, were
expressed in terms of dimensionless ratios to examine their separate and

‘combined effect on local scour.

The observed scour data are reported in Table A.l1 and the parameters
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(expressed in aimensionless form) are listed in Table A.2. As indicated in
Table A.i, the distance from the outlet to the downstream limit of sediment
deposition (L), as well as the locul deposition mound height (k) were often
not measured. This was due to the fact that, when relatively little scour
occurred, the related downstream deposition could hardly be observed. On
the other hand, when local scour was excessive, the materialldeposition
extended beyond the total length of the sand bed and thus the ridge’s height
and extent could not be accurately determined. A detailed survey was taken
of the local scour pattern for particular flow condition (run BX26).The
resulting scour contours for this particular flow condition are shown in
Fig.(9). Similar contour maps were reported in other studies investigatihg
local scour (e.g. Stevens, 1969). Thése studies, however, usually show the
deposition mound downstream of the scour hole, which is not present in
this study. This is due to the fact that the scour duration was too long,

which caused the ridge to flatten out as was stated by Ali and Lim (1986).

5.1. Validation of the Dimensionless Study

Parameters

Dimensional analysis performed in chapter 3 provided the principal dimen-
sionless parameters affecting scour downstream of culvert outlets. Prior
to any data analysis it is important to check if these dimensionless study

parameters are satisfactory, from a physical modelling viewpoint. As noted
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in Figs.(10} to (12), for example, the local bed scour generally increases
wit':h an increase in the dimensionless parameter #{T The variation in
this parameter can B¢ due to-variations in the culvert ﬂ;@nd/bt the cul:
vert dimensions. Either way, an increase in ‘7%3- generally res.ults in an
increase in local scour. Furthermore, it can be seen from the recorded data
t‘hat similar scour hole geometric prg'perties (d,s,L,,W,,..) were obtained for
experiments having the same dimensionless parameter ;i-;-, but different
test conditions (discharge, culvert dimensions,..). This can be noted, for

instance, by comparing runs BW19 and DW60 (Tables A.1 and As2). The

.scour hole geometric properties for these particular runs are almoést the

same even though different culverts and different discharges were consid-

ered. This is explained by thg fact that both runs have the same dimen-
sionless discharge parameter (;T%f)’ which shows the validity of the latter

in representing different discharges and culvert dimensions.

5.2 Variables Affecting Scour Depth

5.2.1 Culvert discharge

-tailwater depth for a range ‘of culvert flows. Figs.(11) and (12} show the

same thing but for different culvert sizes and the same discharge (1.25 and

3.871/s respectively). The local scour depih was observed to increase with

»

47

. Fig.(10) shows, for a given culvert size, the variation of local scour with -



an increase in the discharge parameter ;v_?{_; This result was anticipated,
as an increase in flow rate, assuming all other variables remain constant,
implies an increase in the flow velocities and hence an increase in the flow’s

erosive power.

5.2.2 Tailwater depth

Refen‘ing again to Figs.(10),(11) and (12), it is clear that scour depth de-
creases with increasing tailwater depth. Thus i1s largely due to the reduced
velocities, flow concentration and enhanced energy dissipation at outlet that
results from an increase in tailwater depth. Moreover, the water jet issuing
from the culvert is more buoyant in the deeper tailwater channel and so the
former rises off the floor of the channel much earlier than would occur if the
tailwater depth were shallow. This also contributes to lower velocities near
the bed and hence reduced local scouring. On the other hand, the curves’
presented in the aforementioned figures ge;lerally reach a”lower limit” at .
a ¥ value of around unity. This would imply that for high tailwater ele-
. vations (near “submerged outlet” condition) the scour depth (d,) becomes

‘independent of the tailwater depth (y,).

Finally, when the tailwater depth is very shallow (¥ < 0.25), local
scouring was found'to dei::rease with a decrease in the tailwater depth. The
same phenomenon was also observed by Stevens (1969) while investigating

local scour downstream of circular culverts. He explained that: "the de-
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‘crease in scour depth for low tailwater levels is believed to be caused by the
formation of a high mound over which the flow can not discharge material,

even though it has the rock in motion”.

5.2.3 Downstream channel width

As indicated in Fig.(14), for the same hydraulic conditions, scour depth is
much smaller when the downstream channel is narrow. This is partly due
to the fact that the energy of the turbulent eddies is destroyed through
frictional resistance vfrith the channel banks. Howéver, for confined down-
stream channel conditions, scour usz’;a.lly develops-over the entire width of
the dow%trea.m channel-and so it may represent a potentially more danger-
ous situation from the "bank stability” viewpoint. Furthermore, the scour
hole length was observed to be generally larger in the case of narrow chan-
nels. This results from the fact that the jet lateral expansion is restricted
and so the eddies in the expanding flow field tend to erode further in the
longitudinal direction: This fact can be demonstrated by comparing the
three experimental runs AW44, AW49 and AWS3 in Table A.2.

In summary it can be stated that dea‘eé.sing the width of gbe down-
stream channel, to a.point where it limits the normal flow expansion and
scour development processes, results in a decrease in both the width and
maximum depth of scour and a slight increase in the overall length of scour.

On the other hand Stevens (1969) showed that, in cases where the down-
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stream channel may be considered "wide” (i.e. no lateral restriction on flow
expansion and local scour development), varying the channel width has no

mfluence on the scour profile /generated.

m——

5.2.4 Effective grain size

' —
Fig.(13) shows, for a given discharge condition; the variation of scour depth
with tailwater level for different types of sand (properties given in table 4.1).
It can be scen that scdur decreases as the particle medien grain size (dso)
increases. This is‘dueAo the fact that the stabilizing force due to particle

weight is increased with an increase in dgg. An increase in grain size, how-

ever, does not necessarily imply a decrease in scour because, under certain

conditions, the increase in weight is counterbalanced by an increase in the

. particle’s circurnferential pressure forces which, when integrated around the

particle surface, results in higher drag and/or lift forces. On the other hand,
Stevens (1969) found that the scour depth (d,) was proportional to 3z,
where d,, is some repfesentative grain size diameter and ’a’ is a constant
ranging from 0.30 to 0.55. (i.e. d, @ z=). This relationship shows that,
for large scour depths, increasing the particle size is not an efficient way of

reducing local scour.

The median grain size is not the only bed material property affecting
scour. As indicated in Fig.(13) scour behaviour is very different for two
types of sand (W and X) of a.pproxima.tely' the same dy, grain size (dsp =
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0.465 and 0.54mm respectively). The c{iﬁ'erence is .due to thé fact that these
two sands have different gradations. Scour is observed to be much more-
severe for the more uniform materia.lg (0 = 1.64 ) than for the well-graded
sand (¢ = 2.24 ). This is explained by the fact that the fine particles in the
well-graded mixture are rapidly removed during the scouring process and
carried doirmstrga.m. This results in a progressively coarser residual bed

material, which becomes more and more resistant to the scouring action.

However, in the case of the more umform sand, after the fine particles
are removed the residual bed matena.l 1s st:ll relatively fine and therefore
more susceptible to large-scale degradation. Therefore, scour is observet} to
be dependent not only on the representative grain size (dsp) but also on the
material gradation (¢). These two seéiment properties can be combined
* into olne parameter ca.lled the "effective grain size”, which is believed to
be better correlated to the scour hole geometric characteristics (Stevens,
1969).

Nevertheless, even though sands X and Y have the same effective grain
size, the corresponding scour patterns (generated under the same Aow con-
ditions) were observed to be qmte different. This was especially true for
a 7shallow tailwater depth” condition where, excessive loc: scouring oc-
curred. In fact, sand X showed more conservative scour depths inder these
conditions. This was ;na.inly due to the presence of very coarse grains (fine
gra.;rel) i sand X which helped to minimize scour compared to sand Y,

which was practically uniform (¢ =1.24).
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In conclusion, the effective grain size can be viewed as being an im-
portant representative parameter of the bed material as it combines, to a
certain extent, the median grain size with the material gradation. For this

reason, it is generally adopted in studies dealing with scour and sediment

transport.

5.3 Related Scour Hole Characteristics

5.3.1 Length of scour hole

The length of scour hole, defined as the longitudinal distance from the
culvert outlet to the downstream limit of scour, was observed to vary in
the same way as the scour depth (Figs.(16) and (18)). That is, it was
found to increase with an increase in flow, a decrease in effective grain size
and a decrease in tailwater depth (Figs.(15) and (17‘)). However, for the
"very shallow tailwater” condition (¥ < 0.25) the tailwater depth has little
or no effect on the length of scour. On the other hand, the scour hole
was found to be much longer when the tailwater depth is relatively high
compared to another experimental run of the same maximum scour depth.
This can be noted, for example, when experimental runs BW8 and BW15
are compared (Table A.2). In these cases the scour length almost doubled

when the dimensionless tailwater ratio % was increased from 0.05 to 0..’38,
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5.3.2 Maximum scour width

Scour width is expected to be a function of scour depth and the initial outlet
jet width. Thus, to investigate the scour width and its variation with other
parameters, the ratio 3= was plotted against the dimensionless scour depth
parameter ;d"‘:, fo( different culvert widths (Fig.(19)). It is worth mentioning
here that the effective grain size d,, was used to non-dimensionlize the
pa.ra.metérs because it is believed to affect scour width (W,) more than
the culvert height (H). For this reason, d,, was also adopted by previous
. researchers (e.g. Stevens, 1969) to non-dimensionlize their experimental
data. According to the aforementioned figure, it can be noted that the scour
width increases as the scour depth and the culvert width (and hence the
outlet jet width) increase. The same data, for one culvert width ( %'- = 2.0),
is compared with results from _other studies (Smith, 1957 and Stevens,
1969),see Fig.(20). The experimental data of this present work extended
over a wider range of values and showed a reasonably good agreement with

the other reported data.
’

95.3.3 Sediment mound height

The height of the sediment mound, locatéd immediately downstream of the
scour hole, is expected to be mainly a functicn of the depth of scour. In

fact, the greater the scour, the greater the deposition downstream. The

relationship of &= versus % is shown in Fig.(21). The height of the mound
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is shown to be direcily proportional— to the depth of scour. The relationship
obtained from the experiments, even though polync;mial in nature, can be
represerted by a linear relationship k,, = 0.3d, where the only disagreement
1s shown to be near the origin, which is a region of not much importance

in practice as it represents very small scoﬁ'f/depth values.

The relationsh.ip\ H = 0.3d, however, has a slope much lower than that
obtained by Tse (1977). This is due mainly to the fact that, in the present
study, measurements relating to the scour.proﬁles were performed only aiter
the equilibrium state of scour was reached. For this condition the mound
1s more streamlined (i.c. ﬁafter),. which results in lower H values. This fact «
was also observed by Ali and Lim (1986); they state that: ” ... the ridge
tends to flatten out with a decrease in tailwater depth and is minimal o

totally absent at long scouring durations, especially for the two-dimensional

jets”, ¢

5.3.4 Distance from outlet to the downstream end of
y

! the mound

As mentioned earlier, this parameter is often not recorded because local
deposition immediately downstream of the scour hole is difficult to observe
for the case of little scour. Furthermore, in studies of this type where
scouring is excessive, this zone usueally extends beyond the downstream

limit cf the test section sand bed. However, where possible, the distance
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to the end of the mound (L) was correlated with the scour length (L,) and |
the bed material gral size (d). The relatioﬁship obta.ir'zed is shown in_
Fig.(22). The plot contains significant scatter of the data points, which is
largely due to the difficulty of defining the downstream limit of both the
scour and deposition zones in many of the experiments. Nevertheless, the
suggested relationship, namely: ﬁ > 2.2%:,- corresponds closely to that
obtaned by Stevens (1969) for circular culverts, even though the latter

study involved smaller ;"‘— and jr:- values.
m

5.3.5 Distance from outlet to the point of deepest

scour

The measurement of Xy was often difficult because the bottom of the scour
hole was practically flat in the region of deepest scour. d{f was plotted
against f: in Fig.(23) and from this the relationship 33: = 0.45:- was ob-
tained. A similar relationship, developed by Chen (1970), is included in

the figure for the purpose of comparison.

5.3.6 Distance from outlet to the point of widest scour

This parameter was also correlated with the scour hole length (see Fig.(24)).
Note that d,, rather than H, was used to non-dimensionlize the parameters

because X, is believed to be more dependent on the bed material rather

¢

& 55



-

than the culvert height (Stevens,1969 and Chen, 1970). The plot obtained
represent & power relationship of the form: f:_* = a(d%:)b where a = 1.61
and b = 0.76. Chen (1970) obtained a linear relationship between X, and
L,, namely: %:- = 0.5%:, however it should be noted that his %: and ;L:

values were much smaller than those observed in the present study.

5.4 Prediction of the Maximum Depth of

Scour

Local scouring is a phenomenon that frequently accompanies "fluid-structure”
interaction in alluvial channel flows. Since the severity and areal extent of
local scouring are usually critically important factors in design, this phe-

nomenon is 2 much-researched topic in area of river engineering.

In addition to examining the complex transport mechanisms governing,
for example, scour in alluvial channel bends (Friedkin, 1945 and Suga,
1965j, past studies have also dealt with scour in the vicinity of bridge piers
(Dargahi, 1982), downstream of spil{vay structures (Bilashevsky, 1967),

and other types of river structure .

Empirical expressions, relating the maximum depth of scour to the bed
material properties, discharge, and local depth of flow, have been proposed

as a result of these studies and some notable examples are given below:
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1. Schoklitsch (1935), studying local scour in an unprotected river bed
below a free overfall, developed the following equation: )

d, — kdm-0.32h:0.2q0.57 (51)

where d, is the maximum depth of scour measured fro.rn the water
surface, k is a constant which depends on the system of ux}its used,
dso is the particle grain size by which 90% is finer by weight, b is
the difference between the upstream and downstream water surface

elevations, and q is the discharge per unit width.

2. Laursen (1963) reported his equation for scour in a&ag contraction

s

3
d H
—’=o.13[ @ } ~1 (5.2)
L)) d3‘y1°B

where d, is the depth of local scour in the contraction (ft), vz is the

flow depth upstream of the contraction (ft), Q is the discharge (cfs),

d is a representative sediment grain size (ft), and B is the contraction
width (ft).

3. Valentin (1967) studied scour in a sand bed downstream of model
sluice gates and developed the following empirical relationship:

d, F—2 dgo -0.55 )
v (exp 2.03 )(T) (5:3)

where d, is the depth of scour measured from the original bed ele-

vation, y is the flow depth below the sluice gate, and F, is the flow
Froude number below the sluice gate.
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Chen (1970) modified equation (5.3) to make it applicable to culvert
flows. Essentially, he added to the original Valentin equation a constant so
that scour depth is zero when the velocity is zero. His modified equation

took the form:

d, F—2 ) dgom ~0.50
= (exp - 0.3;3) (F) (5.4)

where H is the culvert height and d, is the bed material effective grain size.
This equation, however, is only valid when the culvert flows full (or near
full) and the tailwater depth is equal to the flow depth inside the barrel.’
Under this condition all streamlines are straight and parallel at the culvert
outlet and the flow can then be considered one-dimensional. It should be

noted that this is the condition for which the original (Valentin's) equation

was developed. Furthermore, for this equation to be valid, d—‘i;‘- should be=—"

relatively large. This is because the power law equation d, 'dn 2 s

applicable only when 3’-’:‘- > 5 (Stevens, 1969).

The modified Valentin’s}\xation was proved to be valid as a fairly
good agreement was obtained when compared with Chen’s data (Chen,
1970). However, the equation was tested for a stone bed, where the stone
median grain size was roughly 2.0 cm. For sand beds, the grain size is
much smaller and scour depth might change differently with %?. Indeed,
Valentin’s equation was modified again to predict the maximum depth of
scour in sand beds. The range 0.3 < % < 0.7 was selected as the most
appropriate "design range” for this exercisé. Firstly, this range 1s the most
common operating range in practice. Secondly, as pointed out earlier in

this chapter, at very shallow tailwater depths (¥ < 0.3) the scour depth
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varies in a completely different manner with the tailwater depth.. The
experiment;al data used in this part of the analysis was representative of a
wide range of hydraulic conditions and culvert sizes. In each case, however,
the tailwater depth (y;) was made equal to the flow depth inside the barrel

(ys),as was the case in Valentin’s original work.

In thé analysis equation (5.4) was modified by systematically ch:':xnging
the value of the exponent of (%}’;) until the discrepancy between the ob-
served and computed values was minimal. This exercise produced the value
~0.275 for the exponent of (%’g) and the resulting comparison of obsen;ed
and computed data is shown in Fig.(25). Accordingly the recommended
form of equation (5.4) for a freely discharging culvert in a sand bed, in
- which y, =y, is :

d, F—2 _\{d, -0.275 -
T = (exp 503 0.313) (_I?) (o.a)
The exponent (-O.éTS) in equation (5.3) shows that scour depth in sand

beds is less sensitive to the effective grain size than it is for a stone bed,

(where the exponent is -0.5).

5.5 Similarity of Vertical Velocity Proﬁle's

As noted in chapter 3, the shape of the vertical velocity profiles is the same
for all sections in the fully-developed flow region. All velocity profiles in
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this region can be represented by the following relationship:

r u y=6§\* T
= exp [—0.693(ym — 51) ] | ".(5‘6)

where y is the depth of flow measured from the water surface, yr, is the nor-

mal dista.ncfa to the point where u = %2, u,, is the maximurm velocity and
§; and & are tHe surface and shear layer thicknesses of the velocity profile
respectively. This similarity of velocity profiles was verified experimentally
in one particular experiment (;%i— = 0.97; §™= 0.50) where vertical ve-
locity distributions were measured at § successive channel sections at 5 cm
spacings. The measured velocities were plotted in ciimensionless form with <

the above relationship and a reasonably good ééreement was obtained (see
Fig.(26))

- .

5.6 Boundary Shear Stress Measurement

The boundary shear stress along the centerline of the scour hole was esti-
mated using the method of Melville and Raudviki (1977), which is based

on bottom velocity measurement, namely:
2

Ut . ‘
To=p f-SE'- . (5.7)
where p is the fluid density, u, is the bottom velocity and f i1s the frie-

tion factor. The friction factor was estimated using the Colebrook-White

equation:
1
e
f z

(5.8)

- 9
— —2log { I, 2.52 ]

14.83H, © fiR,
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Where H, is the deptH of Jow Ja.bove the scoured bed, R = 2“& and K,, '
bemg the roughness height” of sand, was reiated to the dg grain size by
the formula K = 3dgo (R.l_]n, 1984)

Th.is method for calcula.ting the houndary shear stress in a scour hole.
was compared with that obtained using turbulent Boundary layer theory,
(Ali and Lim, 1986.) and a reasonably good agreement between the two
methods was obtained. )

The test in which detailed shear stress measurements were performed,

was the one used ‘to verify similarity of velocity. distributions in the fu}ly
. . Y = - e —_ ' )

developed flow region,i.e. ;%a_— 0.97 and ¥ = 0.50. Boundary shea.r

stress was calculated and plotted against t];@,]%ngitudinal distance from

the culvert outlet (Fig (27)). According to this plot, the boundary shear

stress is a minimum at the bottom of the scour hole a.nd gra,dually incredses
in value along the— up-slope of the scour proﬁle to reach a maximum value
as the bed profile approaches the original flat-béd condition.

)
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Chapter 6

THE "PYRAMIDAL, HUMP?
FEATURE: EFFICIENCY
"ANALYSIS '

t
»

Earlier in this thesis (chapter 1), it wz;.s stated that, depending on the na- -
ture of the culvert ﬂo;.v, there are generally two methods available to reducé
the severity of local erosion downstream of culvert outlets. If the flow is su-
percritical, this certainly requires some form of energy dissipator (e.g. baffle
piers and end sill) immediately downstrearn of the culvéi:t outlet. On the
other hand, if the flow is subcritical, the usual approach is to redistribute
the outlet velocity distribution through an improved outlet geometry.

In the majority of cases the usual practice is to simply reverse the inlet
| o . ®
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wingwall\arrangement at the outlet i.e. provide ﬁa.rf;d wingwalls that grad-
ually increase the section width in the flow lirection. However unlike the
entrance geometry, which is effective in terms of reducing entrance head
loss, the outlet wingwall flare is so large that<t is ineffective , re: redis-
tribution of mean flow velocity along the outlet sectipri. As a-result, the
concentrated "jet-type” flow issuing from the structure can lead to severe
local scounng of the channel bed and banks (Fig.(28.2)). In these situations

the usual prevent:ve measure taken is to stabilize the affected portions of
' the channel with either a rock lining (’rip-rap”) or vegetative cover. While
these measures usually provide adequate protection for the natural channe!
boundaries, they do little to reduce the aforementioned ﬂow“concentra.tion

at the outlet.

If the traditional outlet expansion section was made more effective in
regai'ds to flow redistribution, this would contribute to reduced local scour-
'ing of the downstream channel bed. Therefore, the purpose of this phase
of the study was to improve the efficiency of the traditional culvert outlet
section. The method proposed is based on the flow redistribution principle,
namely enhancing the jet expansion to reduce the otﬁem'ise cdncent.r‘atedr
"jet-type” flow issuing from a rectangular-shaped ("box”) culvert. This can
be achieved by imposing an adverse pressure gradient on the high velocity
core region of the culvert flow as the latter traverses the outlet section.
From hydraulics theory, this would require an adverse slope on the cen-
tral portion of the bed in the direction of flow. . This local bed feature,

however, must be smoothly integrated with its surroundings otherwise flow
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/sel;aration would occur and this would produce unwanted secondary cur-

rents. The appropriate bed geometry is therefore a smooth, streamlined,
pyramidal-shaped hump located on the conduit centerline (with its ma-
jor axis superimposed on the conduit centerline). Such an arrangement is
shov;n in Fig.(28b). The efficiency of such a feature, in terms of expanding
the jet and reducing the flow concentration, is expected to be a function of

its geometric properties and its location relative to the outlet section.

In this chapter the effects of the hump’s shape and location on its hy-

draulic pérformance are examined for a wide range of hydraulic conditions.

Most of the experiments performed in this phase of the study used the
15.2 cm and 20.3 cm-wide model culvert. Flared wingwalls, angled at 45
degrees to the culvert alignment, were installed to reflect the normal outlet
arrangement for box culverts. Eight hump units of different geometric

properties (Table 6.}) were considered in this phase of the investigation.

-

A detailed preliminary experiment was performed, in which cross-stream -
velocity distributions were measured near the water surface, at mid-depth
and near the channel bottom for“a "fixed bed” condition (see Fig.(29)).

Sinice the three velocity distributions were observed to be appro*cxma.tely

‘the same for all sections (with the mid- depth values being slightly higher

than the others), only mid-depth velocities were measured in subsequent |

tests.



Table 6.1: Hump Dimengions

Hump # || a; (cm) az-(cm)I wy | b
1 100 | 50 [150[25
2 10.0 50 |10.025
3 100 | 50 |15037
4 100 | 50 |150]5.0
5 " 5.0 10.0 | 15.0 | 2.5
6 150 | 100 |20.0]2.5 P~
7 200 | 100 |20.0[25
8 250 | 100 {20025

6.1 Flow Characteristics-Boundary Condi-

tions

Preliminary tests were performed to examine if the proposed "pyramidal
hump” feature has some beneficia. effect on the jet expansion and hence on
the cross-stream velocity distribution in the downstream channel. These
tests were conducted with a "mobile bed” and using the 15.2 cm-wide
model culvert. The tests were performed using a wide ra.ﬁge of culvert
flows (0.39 < Fﬁh < 1.21) and tailwater depths (0.33 < & < 0.92). These
limits, although chosen arbitrarily, were considered reasonable as they rep-

resent a wide range of possible (subcritical flow) culvert operation. Firstly,

<
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the maximum ﬂow rate (3.87 I/s) was close to the culvert capacity, based

on a "free su.;{a.ce” opéra.ting condition. Secondly, the tailwater depth to
culvert heiglnt ratio (%) varied from 0.33, which represents a ” relatively
shallow tailwater” condition, to 0.92, which corresponds to 2 ™ nearly sub-
merged outlet” cohdition. Therefore, the adopted range covered most of

the possible operating tailwater depths for hig'hway culverts. ¥ values less

than 0.33 were not considered because culverts disc'ﬁarging into natural

channels that are only marginally wider than the culvert itself normally

operate with some tailwater present.

Average jet velocities (Up) for the model culvert ranged from 0.5 to 0.9
m/s. Qg)nsider, for example, a prototype culvert 2m high by 2m wide. Then
the corresponding "linear” scale, based on the present model culvert width,
is y, = 2122 = 0.076. Sifce free surface culvert flows are largely governed by
"gravity” effects, then‘?, for modelling purposes: Fin, = F,;, where Frrn and
F., are the model and;?o’t;tyﬁe Froude numbers respectively. Therefore:

- ' . Uom Uop

. VInYm - VOr¥p
Now, assuming gravity is a constant then equation '(6.1) reduces to:
‘ Ui Uy | '
: — === 6.2
: BV, - .
or: - ’
UOm — Ym —
oy Vo Vs - (63
that is: ’ "
Uom Uom '
.. = = 6.4
%= /U /0.076 (64)
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Since 0.5 € Up,, < 0.9, then:

0.5 0.9
< Uy < 5
V0.0~ ¥ = V0.076 (65)

o'r: 1.8 < Uop,< 3.3 m/s. therefore the model velocity rmée (0.5 to 0.9
m/s) is considered reasonable from a practical viéwpoint as it covers the
highest prototype velocities that would normally occur in practice (1.8 to
3.3 m/s). In fact, it is for these high velocities that scour control measures

are usually required.

Fig.(30) and other subsequent figures &'igs.(30) to (43) for the "mo- |
bile bed” condition and (47) to(55) and (57) to (68) for the "fixed bed”
condition) show , by means of the observed mid-depth velocity profile de-
velopment along the test section, the expansion of the jet as it moves into
the unconfined flow region downstream of the culvert outlet. The figures

show cross-stream velocity distributions at the culvert outlet and at four
’ downstream sections (spaced at 17.8 cm intervals) for both "with hump”

(dashed line) and "without hump” (solid line) conditions.

"These figures are representative of the many more experiment conducted
in this phase of the programme. It should be emphasized, at this point,
that outflow jet characteristics (jet width and average velocity) at the four

sections considered, for all experiments performed, are reported in tables '

A.3 ("mobile bed” condition) a.?/ A4 ("fixed bed” condition ¥

The tests were performed %sing the same hump (hump # 1), but for
different hump lpcations relative to the culvert outlet. Since the effect of the
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hump’s position on its efficiency is examined in a subsequent sectibn, only
the hump’s relative performance at a given location, based on different flow
conditions, is considered here. Figs.(30) to (32) show the velocity profile
deve_lopment for the dimensionless flow parameter ;?;T = 1.21 and the
dimens%on.less tailwater depth parameter # = 0.42. In this particular case
the flow is close to the conduit’s capacity, based on a free-surface operating
condition, while the tailwater depth represents the smallest possible value
_ in the experimental facility at this particular flow rate. The effectiveness of
the hump in expanding the jet is immediately apparent from 2 compatison
of the velocity distributions at section 2, for the hump in place and without
the hump. The jet expansion angle, without the hump, was observed to be
roughly 4 degrees. With the hump in place, however, the width of the jet
was found to be 32.5 cm (3 = 0.65), which corresponds to a jet expansion
angle of roughly dﬁf\degrees. This enhanced value is more than 6 times
the initial jet expansion angle, which is a significant impr;wement in terms
of flow (and hence velocity) redistribution. This increased rate of spread
of the jet continued up to section (4), after which velocity is more or less
evenly distributed across the entire channel width. |
-

With regax to reduction of velocities, in general, some overall improve-
ment is noted at section 3 in this insi:ance,‘where the velocity ratio g was
redﬁ_ced from 1.0 for the unaided jet to 0.8 when the hump is in place. Some

additional velocity reduction was mbted at section 4 where g approa.c.héd
62%_with the hump in place.
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In the next set of experiments the culvert flow was reduced, so that
;i?- = 0.7, but the tailwater depth was kept the same (i.e. ¥ = 0.42). As
can be seen in Figs(33) to (35), in this instance the hump’s performance
was improved over the previous case (;fﬁ- ="1.21). Starting from secti'!% ‘
3 significant velocity reduction (around 50 % in the case where [ = —4.5
cm ) was #chieved in the central flow region. Moreover, the jet expansion
rate was improved slightly, such that the jet eventually occupied the entire

width of the channel just downstream of section 4.

O,

When the cglv.ert flow was redllced still further (ﬁf—; = 0.53), again
keeping the same tailwater depth as before, the impact of the hump on
the outlet flow was lessened considerably (Figs.(36) to (38)). In fact, with
regard to jet expansion, almost no imprdévement was observed at sections 2
and 3. Furthermore, the cross-stream velocity distributigwas more or less
even for most of the channel width at sections 4 and 5, even without hump.
This is evidenced in Fig.(39), where ;fﬁ_ = 0.39 and ¥ = 0.33. For this
. particular situation the natural jet (without hump) spread over the entire
channel width starting at section 4. s |

The fact that the hzzmp performs better for the case of relatively high
discharge becomes clear when one examines Figs.(44) and (45), where the
Jjet expansion rate is shown to be much greater compared to the case of low
flows. Similarly, as evidenced in Fig.(46) compared to the "without hump”
condition the red;ction in fow velocities is generally grea.tex; for the "high

discharge” case.
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Fig.(44) shows a cox;apa::ison of the rate of jet ex'pa;lsion with and with-
out the hump for two flow conditions. For the lower flow (;‘E{T = 0.39) plac-
ing the hump did not cause any improvement. However, when ;%;— = 1.21
the hump was observed to be quite efficient in terms of enhancing the jet
expansion. Therefore, the hump’s performance is much better for relatively
high flows than for low culvert discharges. This conclusion can be confirmed
by examining Figs.(45) alnd (46), which show the rates of jet expansion and
velocity reduction respectively again for two different? flows but for a ”ﬁxed*'
bed” condition.

Nevertheless, the hump’s efficiency was observed to decrease not only
with decreasing culvert flow, but also with increasing tailwater depth. Con-
sider, for instance, the case where ﬁ{—; = 1.21 and ¥ = 0.73 (Fig.(40)).
Under these conditions, the hump had almost no effect, re: enhancing the
jet expansion, as velocity distributions for the "with hump” and ”without
hump” conditions, were almost identical. The same observation was made
in those tests where the tailwater depth (y;) exceeded 50% of the culvert
height (H), irrespective of whether the flow was small or large (Figs.(41) to

(43)).

In conclusion, it can be stated that the hump’s best performance, in
terms of jet expansion rate, is achieved when the culvert is operating under
a” relatively high discharge-low tailwater” condition but where ;%?' does
not exceed unity. This particular condition is also the worst situation in

terms of local scouring because, without the hump unit, high (central)
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flow concentrations normally occur downstream of the outlet. ‘Therefore
an effective scour control measure (such as the proposed pyramidel hump

feature) is clearly necessary in such instances.

In the case of small culvert flows the velocities are so low that they
do not represent a problem in terms of localized scouring. Similarly, when
high tailwater depths are encountered, much of the flow’s associated kinetic
energy is quickly dissipated in the ponded channel reach immediately down-
stream of-the outlet. Therefore, in this instance the need for scour -con_trol

" measures is not as crucial as for the case of shallow tailwater depths.

6.2 Hump Location

.In all experiments the hump feature was positioned in the flared outlet
section of the model box culvert, but the exact location with respect to the
downstream end of the culvert barrel was varied throughout the series of
tests. According to Table (A.3), which summarizes jet parameters (%5 )
for both "with hump” and ”"without hump” conditions, the hump performed
equally well for different positions although it performed slightly better
when placed partially inside the barrel (i.e. when [ = —4.5 and —-2.5
cm). The experimental results for the "mobile bed” condition, however,
were not consistent enough to clearly establish the optimum hump position.
Accordingly, it was decided to repeat some of the experiments once again;

but this time for a "fixed bed” condition. The same hump (hump # 1) was
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used in this series of tests, in which the distance from the downstream end

of the barrel to the beginning of the hump (I) was varied from 0 to 10 cm.

In Figs.(47) and (48) the dimensionless discharge parameter —Q-}- =
0.70, the tailwater depth to the culvert height ratio. “ =042,and =0
and Scm respectively. Comparing these two figures, there is almost no
difference in the respective cross-stream velocity distributions, &speciall;

for sections 4 and 5, where the jet parameters (%, -{ﬁ-) are almost the

same.

When the hump location was increased to 10 cm (i.e. twice that for
Fig.(48)), in a test that had reasonably similar flow co?@t1ons (-;Q}H—, =
" 0.53; % = 0.42), the hump had almost no impact on the jet expansion as .
the velocity distributions were almost the same for both "with hump” and

"without hump” conditions (Fig.(49)).

In conclusion, there was a wide range of positions where the hump
performed equally well irrespective of whether it was placed partially inside
the culvert barrel (see data for "mobile bed” condition) or a relatively
short distance downstream. }fowever, from an operation and maintenance
viewpoint, the hump should not be pla.ch much further‘ inside the barrel
section as this might result in clogging by debris during flood events. On~—
the other hand, the unit should not be placed too far d(;wnstrea.m of the
ulvert outlet, as its impact on the jet (and hence its efficiency) would
"—'be considerably reduced. Therefore, placing the hump a short distance

downstream of the barrel but at the same time within the flared outlet

72



section, would appear to be the most suitable location.

6.3 Hump Width

-

As was mentioned earlier in this chapter some improvement re: enhancing
the jet expansion and reducing the flow velocities, was achieved using hump
# 1, which was 15 cm wide. Fo%compa:ison purposes, the hump’s width
was reduced to 10 cm (hump # 2) and the tests repeated. For this series of
tests, the hum_p was placed partially inside the culvert barrel, at a position

considered acceptable from a hydraulics viewpoint (i.e. I = =2.5 cm.)

-

The dimensionless flow parameter ;?H was varied between 0.39 and -

0.97, however the tailwater depth was kept the same as béfore (i.e. £ =
0.4.2) for all tests. According to Figs.(50) to (52) hump # 2 had only a
marginal effect in terms of{expanding the jet and reducing local velocities.
In fact, the cross-stream velocity distributions were almost the same for
both "with hump” and "without hump” conditions. This would appear to
suggest that a desirable width for the hump is at least one culvert width

and the wider the hump is the better. On the other hand, the hump should

not be made overly wide otherwise maiﬁanance problems, such as clogging ’

by debris, might occur. |
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6.4 Hump ﬁeight .

Hump # 1, which had a height of 2.5 ¢m, was shown to perform‘rea:ionably
well for a wide range of flows. In most of the cases studied the hump unit
was submerged. For comparison purp‘oses (1.e. to determine the effect of *
hump height on hydraulic performance), two other humps (# 3 and # 4)
which were 3.7 and 5.0 cm-high respectively were also examined.

(:Figs.(SS)"to (53) show the cross-stream velocity distributions obtained
using hump # 3. Firstly; the divided. outflow jet spans the énti::e channel
width as ea.rly as section 2, whi?h is dnly dne culvert wid.th downstream
of the outlet. In addition, a well-deﬁnt-:d Twake” zone {flow recirculation
through large eddy formation) developed in the central part of the channel

directly behind the hump unit. The two high-velocity jets that developed
" on either side of the hump unit are clearly not z;cceptable from a practical
viewpoinf. For example, in the case of narrow downstream channel, these
se"l;a.ra.te jets would result in rapid erosion df the- "foe” region of the channel
banks, which could lead to their-collapse—

- 3 .

A backwater effect also occurred in this series of tests, w-henrthe bump
was not fully ;ubmgrged (Fig.(56)). Another test was performed with the
same bhump (# 3) but for a higher tailwater depth (¥ = 0.58) that ensured
that the hump was indecd submerged The results for this test are reported
in Fig.(35). Under the submerged hump condition the two separate jets
were avoided, however the hump did not show any improvement in terms

-
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of enhancing the jet expansion. This confirms the previous finding, namely
that the hump does ni)t‘iln‘;prove the situation if high tailwater depths are

encountered-even if the hump itsclf is made relatively high. -

Hump # 4 (height = 5.0 cm) was also found to perform very poorly. As
" was the case for hump #'8, two high-velocity jets, whose velocities exceeded
the ofiginal (without hump) velocities, were generated on either side of the

hump (sce Figs.(57) to (59)).

clearly, therefc:re, if the hump unit is not submerged, the jet expansion
is excessive and results in: (i)two high-velocity jets directed towards the
channel banks, and .(ii) a dead zonc (wake region) in the central part of the
channel immediately downstream of the hump unit. This particular mode
of operation is deemed unacceptable as it wolld result in severe local erosion
of the channel boundaries in the case of a "narrow downstream channel”
condition. Therefore, for the hump to be cf'fcc_"r.i\;g;ipn terms of acceptable
flow redistribution downstream of the culvert outlet, it must be designed

to operate submerged for the most part. However, the hump height should

not be so stfall as to minimize its impact on the culvert outflow.
13

Finally, it is worth mentioning that, based on the experimental data.
the hump is most cffective when its height is approximately S0% of the

tailwater depth.
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6.5 Hump Leading Length

8 . -
Whle most of the experiments were performed using hump # 1 (a; = 10.0

cm), some experiments used hump # 5, for which a, = 5.0 cm. In the
latter experiments the hump was placed immediately downstream of the
culvert barrel (i.e I = 0). Comparing the results of these tests with the
data obtained using hump # 1, it 1s clear that the performance of hump #
5 1s much better for the same hump positioﬁ (I = 0). Consider, for instance,
Figs.(47) and (60), which display unit performance (under the same flow
conditions) using humps # 1 and # 5 respectively. For hump # 1, the jet
exp@ion is less efficient. In fact, the jet does not span the entire channel
width even at section 5. In the casc of hump # 5, however, the jet spreads
over the entire channel width starting from section 2. Also, for hump #
1, there is almost no reduction in flow x‘elo;ities until section 4 is reached
whereas, in the case of hump # 3, oo 1s reduced to 0.55, 0.50 and 0.45 for

sections 3, 4 and 5 respectively.

If the results for hump # 5, for | + 0, are compared with the data
for hump # 1, for [ = —4.5 cm, almost the same jet expansion rate and
reduction in flow velocities are achieved. This is evident when compz;.ring
Figs.(60) and (61) in which & and o are almost the same for both humps.
Hump performance was essentially the same for these two conditions mainly
because the distance from the barrel outlet to the hump crest (X.) was
about the same in both cases. In fact, since hump # 5 was placed cxa;:tl}'

at the barrel outlet, X, = @; = 5.0 cm. On the other hand, for hump # 1,
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X, =1+ a; = —4.5 4+ 10.0 = 5.5 ¢m. In other words parameter X, which
combines the hump’s position with its leading length (a,), is an important
design parameter in that it should be kept reldtively small for improved

/
performance.

Similar tests were performed using the 20.3 cm wide model culvert and
threc humps of different leading lengths (humps # 6, 7 and 8). In all
tests the humps were placed at the barrel outlet (I = 0) and two flow
ratios were considered, namely: ;%—; = 0.33 and ;?;T ry 0.97. The cross- -
stream velocity distributions for this set of experiments are reported in
Figs.(62) to (67). Velocite;: measurements were not taken at section 2 for
the "with hump” condition. This was because the hump unit extended
too far downstream, making it very difficult to measure velocities at that
particular section. With regard to performance, for both flow conditions
examined, hump # 6 (a; = 15.0 em.) performed better than the other two
units. ‘This is especially apparent when, the results for ;%;— = 0.33 are
compared (sce Figs.(62) to (64)). Under these conditions, when hump #
6 (e1 = 15.0 cm ) was used, the jet occupied the entire width of channcl,
by section 3. However, when hump # 8 (a; = 25.0 cm ) was employed,
since the rate of jet expansion was only marginally improved, almost no
reduction was observed in the flow vlocities (all sections). This supports
the earlier conclusion that the "leading length” parameter (a;) should be
kept reasonably small. On the other hand, a; should not be so short that
the hump steepness (f—) becomes large, as this would lead to increased

backwater effects.

-1
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6.6 Bed Hump Unit versus Guide Vanes

In recent laboratory studies dealing with scour in alluvial c.hanncl bends,
submerged guide vanes were investigated as one possible means of solving
the local scouring problems (Osigaard,IQSG). Since, from an ’cconomics’
viewpoint, a simple vane a.rrange;\;fent would appear at first glance to be
an attractive alternative to the pr;;:;a;éd hump unit, a test incorporating
submerged directional vanes-was performed and the results compared with

those obtained using the bed hump feature.

Three vanes, each 15 cm long x 2.5 cm high x 0.3 tm thick, @re
placed in the flared outlet section in the symmetrical arrangement shown
in Fig.(68). This ’vanes’ test used the 20.3 cm wide model culvert a.n-d
the following flow conditions: ;%;— = %97 and ¥ = 0.42. The results
for the test are reported in Fig.(68).. Fig.(65) shows the corresponding
data (i.e. for the same flow conditions) for hump unit # 6 in place of the
vanes. From a ’hydraulics’ viewpoint, the results for the vanes test are
only marginally better than those for the hump munit. However, from a
practical (i.e. operation and maintenance) viewpoint, the submerged vane
arrangement was considered potentially problematic as the upstream end
of the vanes would tend to promote clogging of the outlet by large debris
fractions during flood events. The submerged streamlined hump profile, on
the other ha.nd,,creates negligeable loss of flow area at its upstream end '

and promotes smooth flow deceleration across the outlet transition section,

both of which contribute to an effective self-cleaning mode of operation. -
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A limited series of experiments using simulated debris fractions supported
. ]

the above conclusions.
]

!

6.7 Effect of i;he Pyra,rriidal Hump on Scour

Pattern 8

«

All experiments performed to evaluate the hump’s efficiency were based
on cross-stream velocity measurements. In addition to thegel,tests some

experiments were performed to illustrate, the effect of the hump on the

downstream local scour configuration. These tests were performed using tkﬁ’,,

20.3 cm-wide model culvert and two flow conditions namely: ﬁ;— = 0.97,
% = (.42 = 0.97, & = 0.17.
% =0.42, and —Zy = 0.97, § = 0.17 3

According to the observed cross-stream velocity distributions, by adding

the hump feature the severity of local scouring is feduced, starting mainly

from section 3. Upstream of this section, a difference between the velocit;r\

distributions for "with” and "without hump” comditions is difficult to ob-

serve. This would imply that no improvement ‘is achieved by introducing
: 1

the hump for the area just downstream of the culvert barrel. However, this(

™~
region is the most critical with regard to scour formation since the flow is

highly concentrated. Therefore, even with the hump in place, some protec- .

tion of the region just downstream of the cilvert barrel is still required.

The usual practice is to.protect the channel bed and banks using rip-
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tap” a.foﬁg five culvert ”dia.:.lneters” downstr‘ea.m of t]:f}utlet (Ontario Min-

istry of Transport and Communication, 158.‘2)'

Since, in this research, we are dea.hng with "box” rather than ” czrcular
culverts, an equlvalent diameter principle was adopted. This equivalent
cha.meter was determined as: D, = 4xR; where R = womg in which R

is the hydraulic radius and W and H are the culvert width and height-

respectively. Accordingly, the eqmva.lent diameter (D.), for the 20.3 cm

mde—model culvert used was 17.4 cm.’ v

A plexiglas sheet, of length 34.8 cm (i_.e.‘ 2D.), was placed downstream
of the culvert barrel, hump # 6 was installed and the resulting scour pattern

was compared with the "natural scour” case.

With the hump in place the maximum depth of scour was reduced from

6.2 to 3.6 cm, for ¥ = 0.42 and from 12.0 to 9.1 cm, for & = 0.17. In
general, the scour conﬁgu_ra.txon was observed to be very d1ﬁerent compared
to the case of natu;'al scour. In the latter case, a relatively wide, ceﬁtra.lly
located scour hole Lé' obtained. However, with the hump in place, 2 smaller

scour holes were observed at both sides of the channel with not much local

erosion occurring in the central region of the channel.

Therefore, the use of the hump does not eliminate all local scouring;
it just lessens its severity and shifts it towards the channel sides. This
might imply some réﬂuction in the ovér;il amount of "rip-rap” required

e \
and greater need to safeguard the "toe” region of the channel banks, where
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%

CONCLUSIONS AND
RECOMMENDATIONS

> t

7.1 General Conclusions

‘Based on the first phase of the study, namely the investigation of natural

scour, the following are the principal conclusions:

1. The maximum depth of scour depends mainly on discharge, tailwater
depth, culvert width, downstream channel width and bed material

properties.



LY

. Scour depth generally increases with decreasing taillwater depth. How-
ever, for a "very shallow tailwater” condition (% < 0.3), local scouring

was found to decrease with a further decrease in tailwater depth.

-

. The maximum depth of scour depends not only on the sand median
grain size (dsg) but also on its gradation ¢. In fact, uniform sands were
found to be more susceptible to scour th'a.n a well-graded mixture. A
parameter, called "effective grain size” (d,, }, which combines both dso

and o, was found to be better correlated to the depth of scour.

-

. Scour depth was found to increase with an increase in flow or a de-
crgge in culvert width. Both of these variables are accounted for in

the dimensionless flow parameter ;‘%}-

. If the downstream channel is sufﬁcientl!' wide that its banks do not
limit the scour hole development, the bed width does not have any
effect on the scour hole produced. On the other hand, decréasing
the width of the downstream channel to a pownt ;vhere it limits the
normal flow expansion and scour development processes results in a
decrease in both the maximum width and depth of scour and a slight

increase in the overall length of scour.

. Scour hole characteristics ( scour length, maximum scour width, etc...)
were found to be a function of the maximum depth of scour. That 1s,

they generally increase with an increase in scour depth.

. Ap empirical relationship for the prediction of the maximum depth of
scour was developed. This is basically Valentin’s equation (Valentin,

Y

83



¢ >
1967) modified to be applicable for the prediction of scour in s&d“/

beds downstream of culverts operating under an "unsubmerged out-

let” condition. The equation was calibrated using the experithental

‘data obtained in this stu'dy, for which the dimensionless tailwater*

parameter ¥ ranged between 0.3 and 0.7.

The following conclusions refer to the second phé.se of the stﬁdy, which
dealt with the efficiency of the bed hump unit: |

1.

“

[V

The hump was found to be effective in enhancing the jet expansion
and reducing the central region flow velocities in the downstream
receiving channel. The feature was found to be most efficient for

“high discharge-low tailwater” operating conditions. Using the hump

_ feature for the case of small culvert flows and/or high tailwater levels

did not lead to any significant improvement, in terms of reduced flow

concentrations.

. The hump’s efficiency depends mainly on its principal dimensions (i.e.

width, height and steepness) and its location, relative to the culvert

outlet section.

. The hump was tested for different positions in the flared culvert outlet

section. It was found that the feature performs reasonably well for
a range of positions relative to the downstream end of the culvert
barrel. However, placing the hump too far downstream reduces its

effectiveness and placing it too close to or partially inside the culvert
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“barrel could lead to maintenance problems (clogging might occur).

. . <. . \
4. The hump width has an important effect on its hydraulic performance.
The wider the hump, the better the low redistribution and the faster
the jet expansion. However, in order to avoid possible clogging by

debris, the hump width should not exceed the culvert width.

5. The hump should be}aigh enough to ensure reasonable jet expansion®
and reduction of "core” flow velocities. However, increasing the hump
height to an extent where the hump is not submerged results in a dead
zone (almost zero velocities) in the central part of the channel and two
highly concentrated jets directed towards the sides of the downstream
channel. This may affect the channel bank stability, especially if the

downstream channel is relatively narrow.

6. Best hydraulic performance is achieved by making the leading length
of the hump unit (a;) as short as possible. However, a high hump
"steepness” value :_: results in backwater effects. On the other hand,
a small steepness tends to make the hump less effective, particularly

for the higher culvert discharges.

L)

7.2 Recommendations for Future Research

lkhis study concentrated mainly on detailed velocity measurements to
assess hump efficiency. Furthermore, most of the experiments were

performed based on a "fixed bed” condition. An obvious extention to

o
4
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this work would be a similar study based on a "mobile bed” condition,
' .

in which local scour development is investigated for both "clear” water

flow and "sediment transport” conditions.

. In this study the hump unit was tested for box culvert sections only.

A similar study should be performed to test the effectiveness of the
pyramidal hump to expand jets emerging frem circular cul\;erts, where

the Hows would be more three-dimensional.

Besides the suggested pyra.tr.xida.l hump feature, there might be other
methods such as "guide vanes” that could be used to enhance the

' expansion of the ocutflow jet. A detailed é:omparison study, incorpo-’

rating other such features, would be helpful in terms of selecting the

most appropriate method.
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TableA.3: Jet Parameters (F; g) for a "mobile bed” condition

b
w|&

hump # 1 ;ﬁﬁ'

(cm) . without hump without hump

with hump = with hump

OATOEECRIOR ICERORICRES)

1 -4.5 | 0.39 [ 0.33 || 0.51 | 0.69 | 1.00 | 1.00 || 1.10 { 0.65 | 0.50 | 0.35
0.40 | 0.79 | 1.00 | 1.00 || 1.00 | 1.00 | 0.95 | 0.95

0.53 | 0.42 || 0.36 | 0.36 { 1.00 | 1.00 || 0.85 | 0.55 | 0.55 | 0.20
0.43 | 0.43 | 0.45 | 0.45 || 1.00 | 1.00 | 0.75 | 0.50

0.70 | 0.42 || 0.51 | 0.54 | 0.93 | 1.00 || 0.82 | 0.67 | 0.50 | 0.40
0.47 { 0.60 | 0.60 | 0.60 { 1.00 ; 1.00 | 0.75 } 0.45

0.70 | 0.58 || 0.34 | 0.40 | 0.70 | 1.00 || 1.00 | 0.95 } 0.78 | 0.62
0.45 | 0.64 | 0.69 ; 0.69 || 0.80 ; 0.85 | 0.82 | 0.80

0.97 | 0.42 || 0.76 | 0.77 { 1.00 | 1.00 || 0.90 { 0.70 } 0.55 | 0.50
0.43 | 0.38 | 0.47 | 0.50 || 1.05 | 1.10 | 0.80 { 0.70

1.21 | 0.42 || 0.65 | 0.82 | 1.00 | 1.00 |} 1.05 | 0.80 | 0.62 | 0.50
0.34 |1 0.34 | 0.43 | 0.43 || 1.05 | 1.00 | 0.80 ; 0.50

1.21 | 0.73 || 0.40 | 0.43 | 0.47 | 0.51 { 0.80 | 0.85 | 0.70 | 0.45
0.47 | 0.47 | 0.46 | 0.45 || 1.15 | 0.95 | 0.80 | 0.65
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Table A.3: (...Continued)

bump # | 1 ;?;T ¥ F with kump i with hump
(cm) “without hump without hump
OUERORICRIORECRICRECENG)
1 |-25(039 [0.33]0.59]0.93|1.00(1.00 || 0.60 | 0.70 | 0.70 | 0.62
L 040 | 0.79 | 1.00 | 1.00 |} 1.00 | 1.00 | 0.95 | 0.95
0.39 | 0.50 || 0.45 | 0.59 | 0.64 | 0.74 || 1.00 | 0.90 | 0.80 | 0.75
0.45 [ 0.53 | 0.64 | 0.69 | 1.00 | 0.90 | 0.80 | 0.75
0.70 1 0.42 ! 0.64 | 0.78 | 1.00 | 1.00 || 1.00 | 0.75 | 0.55 [ 0.45
0.47 | 0.60 | 0.60 | 0.60 || 1.00 | 1.00 { 0.75 | 0.45
0.70 {0.58 | 0.54 | 0.51 { 1.00 | 1.00 {| 0.85 | 0.75 | 0.70 | 0.50
. X 0.45 | 0.64 | 0.69 | 0.69 || 0.80 | 0.85 | 0.82 | 0.80
0.70 | 0.75 || 0.44 | 0.54 | 0.53 0.59 | 1.20 | .20 | 1.00 | 0.87
0.40 { 0.59 | 0.59 { 0.54 || 1.10 | 1.10 | 1.00 | 0.90
d 0.97 [0.42 | 0.51 [ 0.42 | 0.50 | 0.51 || 1.05 | 0.95 | 0.55 | 0.55
0.43 | 0.38 | 0.47 [ 0.50 | 1.05 | 1.16 | 0.80 | 0.70
| 121 {0.73 ] 0.38 | 0.42 | 0.52 | 0.50 | 1.05 | .10 | 0.73 | 0.50
T | 0.47 | 0.47 | 0.46 | 0.45 || 1.15 | 0.95 | 0.80 | 0.65
1.21 | 0.93 | 0.44 | 054 | 0.64 { 0.93 || 0.85 | 0.90 | 0.85 | 0.75
0.44 | 0.51 | 1.06 [ 1.00 || 0.80 | 0.75 | 0.80 | 0.82
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Table A.3: (...Continued)

bump # | 1 ;%T wo|l % with hump & with hump
(cm) without hump without hump
@@ 1@ 6@ (6] @]6)
1 0.0 | 0.39 | 0.33 || 0.45 | 0.55 | 1.00 | 1.00 || 0.80 | 0.55 | 0.50 | 0.35
.| 0.40 | 0.79 { 1.00 | 1.00 | 1.00 | 1.00 | 0.95 | 0.95
0.53 { 0.42 || 0.42 | 0.51 | 1.00 { 1.00 || 0.85 | 0.60 | 0.50 | 0.30
0.43 | 0.43 | 0.45 | 0.45 || 1.00 | 1.00 | 0.75 | 0.50
0.70 | 0.42 | 0.48 { 0.53 { 0.73 | 1.00 {| 1.00 | 0.70 | 0.55 | 0.40
0.47 | 0.60 | 0.60 | 0.60 || 1.00 | 1.00 | 0.75 | 0.45
0.70 | 0.58 | 0.35 | 0.40 | 0.60 | 1.00 | 1.00 | 0.80 | 0.55 | 0.45
| 0.45 | 0.64 | 0.69 | 0.69 || 0.80 | 0.85 | 0.82 | 0.80
0.97 | 0.42 [ 0.63 | 0.71 | 1.00 | 1.00 || 1.05 | 0.80 | 0.50 | 0.45
‘ 0.43 | 0.38 | 0.47 | 0.50 || 1.05 | 1.10 | 0.80 | 0.70
1.21 | 0.42 || 0.56 | 0.56.] 0.75 | 1.00 || 1.05 | 1.00 | 0.55 | 0.40
' 0.34 1 0.34|0.43 | 0.43 || 1.05 | 1.00 | 0.80 | 0.50
1.21 | 0.73 || 0.45 | 0.50 | 0.61 { 1.00 || 1.15 | 0.90 | 0.65 | 0.50
0.47 | 0.47 | 0.46 | 0.45 || 1.15 | 0.95 | 0.80 | 0.65
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TableA.3: (...Continued)

hump # | 1 ;?H I = with hump & with hump
(cm) without hump without hump
SRR RROEION ECRORECRES)
1 50 | 0.39 [0.33 | 0.41]1.00{1.00|1.00 || 1.00 | 0.50 | 0.50 | 0.40
0.40 | 0.79 | 1.00 | 2.00 || 1.00 | 1.00 | 0.95 | 0.95
0.53 | 0.42 | 0.47 [0.45| - [1.00 095|075 - |o0.30
0.43 | 0.43 | 0.45 | 0.45 || 1.00 | 1.00 | 0.75 | 0.50
0.70 | 0.42 | 0.47 | 0.53 | 0.56 | 0.63 || 1.00 | 0.68 | 0.47 | 0.42
. | o.47{ 060060060 100100075 0.5
0.70 | 0.58 || 0.48 | 0.41 | 0.47 | 0.74 || 0.95 | 0.80 | 0.78 | 0.50
0.45 | 0.64 | 0.69 | 0.69 | 0.80 | 0.85 | 0.82 | 0.80
0-70 | 0.75 || 0.43 | 0.42 | 0.58 | 0.64 || 1.10 | 0.95 |.0.95 | 0.80
- 0.40 | 0.59 | 0.59 | 0.54 || 1.10 { 1.10 | 1.00 | 0.90
0.97 | 0.42 || 0.44 | 0.58 ] 0.53 | 0.67 | 0.95 | 0.75 | 0.55 | 0.45
' 0.43 | 0/38 | 0.47 | 0.50 || 1.05 ] 1.10 | 0.80 | 0.70
121 | 042 || 0.47 | 0.56 | 0.60 | 0.67 | 1.05 | 0.80 | 0.50 | 0.30
0.340.34 | 0.43 | 0.43 | 1.05 | 1.00 | 0.80 | 0.50
1.21 [0.73 | 0.40 [ 0.50 | 0.55 [ 0.72 || 1.15 | 0.95 | 0.80 | 0.45
0.47 | 0.47 | 0.46 | 0.45 || 1.15 | 0.95 | 0.80 | 0.65
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TableA.3: (...Continued)

Hump # | 1 ;%}- % = with hump * with hump
(cm) without hump without bump
@@ G @6
2 25 | 039 [0.33 | 0.43 | 0.47 | 1.00 { 1.00 || 1.20 { 0.95 | 0.80 | 0.55
0.39 | 0.79 | 1.00 | 1.00 || 1.00 | 1.00 | 1.00 | 1.00
0.53 | 0.42 | 0.61 | 0.61 | 0.73 | 1.00 || 1.00 | 0.78 | 0.65 [M.50
' 0.43 | 0.43 | 0.46 | 0.56 || 1.00 | 1.00 | 0.75 | 0.50
0.70 { 0.42 || 0.37 | 0.38 | 0.40 | 0.46 || 1.00 | 1.00 | 0.80 { 0.75
0.48 | 0.50 | 0.55 | 0.60 || 1.00 | 1.00 | 0.75 | 0.50
0.97 | 0.42 | 0.61 | 0.61 | 0.73 | 1.00 || 1.10 | 1.00 | 0.55 | 0.50
0.43 | 0.38 | 0.47 | 0.50 || 1.10 | 1.10 | 0.90 | 0.60
0.70 | 0.58 || 0.35 | 0.40 | 0.55 { 0.60 || 1.30 | 1.30 | 1.05 | 1.05
0.46 | 0.46 { 0.50 | 0.70 || 0.95 | 0.85 | 0.85 | 0.80
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TableA.4: Jet#Parameters (F;g:) for a "Fixed Bed” Condition |

o

hump # | 1 E%T o = with hump = with hump
(em) without hump ) without hump

, @I W I G|@]C@Ww] G
1 4.5 | 0.33 | 0.42 | 0.62 | 0.65|0.73 | 0.75 || 1.00 | 0.95 | 0.70 | 0.70
0.40 | 0.48 | 0.50 | 0.55 || 1.00 | 1.00 | 0.95 | 0.95
0.70 | 0.42 || 1.00 | 1.00 | 1.00 | 1.00 || 0.60 | 0.50 | 0.50 | 0.45
0.57 | 0.60 | 0.65 { 0.68 || 1.05 | 1.00 | 0.80 | 0.80
"1 0.97 {042 | 0.75 | 0.93 | 1.00 | 1.00 || 0.80 | 0.45 | 0.40 | 0.35
0.53 | 0.61 | 0.68 [ 0.73 || 0.95 | 0.95 | 0.95 | 0.95
1.21 | 0.42 || 1.00 | 1.00 | 1.00 | 1.00 || 1.00 | 0.80 | 0.80 | 0.70
1.00 | 1.00 | 1.00 | 1.00 || 1.00 | 0.95 | 0.80 | 0.75
1 0 }0.53 /042 067|073 |0.75]0.71 | 1.00 { 0.90 | 0.75 | 0.70
\*\ 0.40 | 0.48 | 0.50 | 0.55 || 1.00 | 1.00 | 0.95 | 0.95
0.70 | 0.42 §j 0.65 | 0.65 | 0.67 |-0.69 | 0.95 | 0.75 | 0.62 | 0.55
0.57 | 0.60 | 0.65 | 0.68 | 1.05 | 1.00 | 0.80 | 0.80
0.97 | 0.42 || 0.65{ 0.65 | 0.82 | 0.77 || 1.20 | 1.00 | 0.8¢ | 0.70
| 0.53 | 0.61 | 0.68 | 0.73 || 0.95 | 0.95 | 0.95 | 0.95
1 50 | 0.53 |0.42 || 0.54 | 0.54 | 0.60 | 0.68 || 1.10 | 0.80 | 0.70 | 0.62
0.40 | 0.48 | 0.50 | 0.55 || 1.00 | 1.00 | 0.95 | 0.95
0.70 | 0.42 [l 0.54 | 0.59 | 0.75 | 0.79 || 1.00 | 0.80 | 0.70 | 0.65
0.57 | 0.60 | 0.65 | 0.68 || 1.05 | 1.00 | 0.80 | 0.80
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TableA.4 (...Continued)

bump # | 1 ;?;T nyE with hu.mﬁ & with hump

(cm) without hump without hump
REOREIORIOAEOEROREORED)
0.97 [0.42 | 0.63 | 0.61 | 0.65 [ 0.74 || 1.00 | 0.95 | 0.75 | 0.70
0.53 061 |0.6810.73| 0.95]0.95|0.950.95
1 10.0 | 0.53 | 042 048 | 0.58 { 0.58 | 0.58 {| 1.00 { 1.00 | 0.80 | 0.85
0.40 1 0.48 | 0.50 | 0.55 | 1.00 |{ 1.00 | 0.95 | 0.95
¢ 3 -4.5 .1 0.70 | 0.42 || 1.00 | 1.00 | 1.00 | 1.00 |'0.70 | 0.70 | 0.70 | 0.70
) 0.57 | 0.60 | 0.65 | 0.68 { 1.05 | 1.00 | 0.80 | 0.80
0.97 [0.42 || 1.00 | 1.00 1.00 | 1.00 || 0.70 | 0.30 | 0.50 | 0.45
0.53 | 0.61 | 0.68 | 0.13 0.951 095|095 0.9
0.70 | 0.58 | 0.60 | 0.62 | 0.70 0‘&?‘6 1.0510.85; 0.65 | 0.65
0.45 0./58 0.63 | 0.68 || 0.90 { 0.85 | 0.70 | 0.70
4 4.5 | 0.70 | 0.42 || 1.00 :\I./.OO 1.00 1 1.00 } 0.90 | 1.05 | 1.05 | 1.00
0.5710.60 | 0.65 | 0.68 || 1.05 | 1.00 | 0.80 | 0.80
0.97 | 0.42 || 1.00 | 1.00 | 1.00 | 1.00 || 0.65 { 0.70 | 0.70 0.70
0.53{0.61]0.680.73 | 0.95 | 0.95 | 0.95 | 0.95
0.70 | 0.58 || 0.90 | 1.00 | 1.00 | 1.00 |{{ 1.00 | 0.80 { 0.65 | 0.55
0.45 | 0.58 | 0.63 | 0.68 || 0.90 } 0.85 | 0.70 | 0.70
5 0 0.53 10421068 ]0.7210.74 |0.75] 1.00 | 0.85 | 0.75 | 0.70
0.4{j 0.48 | 0.50 | 0.55 | 1.00 | 1.00 | 0.95 | 0.95
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Table A.4: (...Continued)

r

bump # | 1 §-Zr| % | ¥ | with bump & | -~ with bump
(cm) without hump without hump
HREOREORIORECAROREORNG
0.70 | 0.42 | 1.00 | 1.00 | 1.00 | 1.00 || 0.70 | 0.55 | 0.50. | 0.45
0.57 | 0.60 | 0.65 | 0.68 || 1.05 | 1.00 | 0.80 | 0.80
0.97 | 0.42 | 1.00 | 1.00 | 1.00 | 1.00 || 0.85 | 0.75 | 0.50 | 0.50
0.53 | 0.61 | 0.68 | 0.73 || 0.95 | 0.95 | 0.95 | 0.95
6 0 [053|042| - [1.00|1.00[1.00{ - [1.05!0.85]0.70
0.50 | 0.55 | 0.64 | 0.69 | 1.25 | 1.25 | 1.25 | 1.25
\ 097|042 - |oss|oss|oss| - |0s80|g60|0.55
0.77 } 0.77 | 0.72 | 0.70 || 1.10 | 1.10 | 0.75 | 0.90
7 0 [053]042| - lo069|073[080 | - |0.95]|0.80]0.70
0500355 064|069 1.25[1.25]1.25]1.25
0.97 042 - {1.00|100|100] - |0.90]0.75]0.60
0.77 1 0.77 | 0.72 [ 0.70 || 1.10 | 1.10 | 0.75 | 0.90
8 0 |053|042| - [070|074]085| - |o0.80]|0.70|0.65
| .0.50 | 0.55 | 0.64 | 0.69 || 1.25 [ 1.25 | 1.25 | 1.25
097 |042| - |0s86|0.88|088| - |0.80]0.80 | 0.70
0.77 | 0.77 | 0.72:{ 0.70 || 1.10 | 1.10 { 0.75 | 0.90
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(1) Outlet submerged B
>
w >; "
Full foy
)

(2)

&)

4

(8)

(8

Qutlet unsubmerged
qH>H*

n<d

Partly full

Qutlet unsubmerged
H<H*

> Y
Subesitical flow

Outlet unsubmerged
H<H* -

W < Ve

Suberitical Sow
Control at outlet

Qutlet unsubmerged
H < H*

wn <y
Supercritical fow
Contrel 2t entrancs

o

Fig.1: Types of Culvert Flow ( after Chow, 1987).
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APPENDIX C: NUMERICAL
EXAMPLE
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Numerical Example

1. Data:
Culvert width W = 20m .
Downstream channel width B = 6.0m
Culvert height H = 20m
Length of barrel L = 200m
Discharge - Q = 50mds
Taillwater depth y» = 10m
Slope s = 0.005
Effective grain size d, = 0.5 mm .
2. Assumptions:
¢ Outlet control
e Flow is subecritical J
-

3. Scour depth computation

Use the equation developed in this study to predict scour

N

" depth in sand beds:

-

d, F.—2 d.. ~-0.275
- (exp ( 2.03 ) - 0‘373) (E) 0.1)

where F, = -Yo,
(3] —




[l

"

Velocity at culvert outlet Up = qu—‘; 2.5m/s. Therefore %"'.. =

g5 = 0.8 and % = 1.75.

- Note that almost the same value can :;1150 be obtaine}d using
Fig. 10 by interpolation where ﬁ; = 0.88 and & = 0.5. Thus
the scour depth is d, = 2 x 1.75 = 3.5m. This would imply that
sey"el:e;scour hole developmexft occurs because of tﬁe concentrated”
jet-t¥pe flow issuing from the culvert structure. Scour control
meas‘ufes are therefore required in order to minimize the severity
of scour. 4. Hump design:

- -

!
/

P@p height A = 0.8 x y, = 0.8m

Take hump width = culvert width = 2.0m

Hump location: For optimum hydraulic performance the
hump should be placed immediately downstream of the cul-

vert barrel (i.e I =0).

Hump leading‘length: Based on the experimental data, hump
# 5 performed best when placed immediaiely downstream

of the culvert barrel. This hump had an 'Eh:‘ slope of 1V : 2H.

Since the hump height 2 = 0.8m, then ¢; = 2 x A = 1.6m. Take a
total.hump length of 2 x ¢; = 3.2m. 5. Summary of design

¢ Hump height A = 0.8m.
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¢ Hump width w;, = 2.0m.
¢ Hump leading length 2, = 1.6m.

» Hump location: immediately downstream of the culvert bar-

rel.
&

P

6. Cost First cost estimation of the common rip rap protegtion
. .. r ‘
(without hump) will be performed and this will then be compared

with the corresponding cos with the hump in place.

The design of "rip-rap” protection is based on the Ontario

1

Ministry of Transport and Communication (1932). = . \

Y

the rip-rap median grain size :

\ _
= rr2 1.333
e () () e

Rip rap thickness is 2 x d;0 = 0.24m say 0.25m.

s
Y

Length of ”rip-rap” L, = 5x H =10.0m

Volume of rip-rap required on the channel bed Ys therefore:

10 x 6 x 0.25 = 15m°.
"Rip-rap” protect'?n at channel banks : 2(5-’%-1—’-’-) x 0.25 = 5.0m>.

dae
Thus, the total amount of rip-rap required is 15.0 + 5.0 = 20m?®.
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An average cost of "rip-rap” material is assumed to be $ 30/m?3,

which yields 4 total cost of $ 600.

~r

Now, based on the hump geometric dimensions, the latter vol-
ume was found to be roughly 2.0m®. As was mentioned earlier in
this study, even with the hump in place, “rip-rap” protection of
the region j}lst downstream of the culvertl-%arrel is still required.
Therefore the total amount offi”rip-rap” required (including the ’
hump) is: 2.0 + (2 x 2 x 6)(0.25) = 13m® angd thei\tot:,xl cost is ap-

. ! : o
proximately $ 400.

& -
This cost is lower than that of the traditional ”rip-rap” protec-

tion provided the hump is formed of stone material rather than

concrete which is'very expensive.
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