SCOUR DEVELOPMENT DOWNSTREAM OF APRONSWITH AND WITHOUT END-SILL
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Abstract

This paper focuses on the local bed scour dowmmstrefa
low-head spillways with stilling basins. Experimentere
carried out in a 1 m wide rectangular channel. fenesfall
jets from an ogee-crested spillway plunged intoositjve-
step stilling basin or a plain horizontal apronufFoearly
uniform bed sediments were used. All the experisardre
performed under steady approach flow conditions rand
lasted three days on average to achieve a quasibeigm
state and well developed scour pits. Tail watertltepere
set to minimize the combination of local and gehscaur
phenomena. Based on the experimental
features on the spatial and temporal evolutionheflbcal
bed morphology are provided highlighting the effeat the
end-sill. It was found that the main parametersegoiwng
the scouring process are the tailwater densimétrozide
number, the relative tailwater depth, and a dinwriess
time. The temporal variation of the scour hole getsgncan
be estimated by using simple power-type equatidrs t

approach to estimate the scour depth at the equilib
stage as function of the turbulence intensity doiefiit and
the reduced critical velocity for the initiation eédiment
transport. Dargahi (2003) made an experimentalystad
examine the similarity of scour profiles and theowsc
geometry. No experimental evidence was found irpstip
of the similarity. Power-law type equations wergaduced
to predict the scour geometry. Adduce and Sciort2Gi96)
presented both numerical and experimental invesbigsa
on local scour downstream of a sill followed by igid

apron. Adduce and La Rocca (2006) investigated the

different scouring processes due to different jetgeloping

data, Sa"emdownstream of a trapezoidal drop followed by a digi

apron. Farhoudi, Hosseini, and Sedghi-Asl (2010)
investigated the performance of a neuro-fuzzy mddel
estimating the properties of scour hole downstredna
U.S.B.R. Type I stilling basin. Results showedgn#icant
agreement between estimated and experimental
Finally, Pagliara and Palermo (2011) assessedffaet ®f
both the width and length of stilling basins on wgco

relate the scour geometry to the controlling scour features and flow pattern downstream of a blockram

parameters. Polynomial-type equations are alsongfee
the temporal axial scour profiles.

Introduction

Stilling basins are commonly built to keep ener¢pwk
from scouring the streambed. However, the flowalgbce
level within them is often high and local bed scaan
develop. Though a number of studies on local sbelow
low-head spillways have been made, the resultsstile
inconclusive mainly in regards to the spatial agehpioral
evolution of the local bed morphology. Literatumviews
are given by Breusers and Raudkivi (1991), Hage®Z),
Hoffmans and Verheij (1997), and Sarkar and Dep{20
Breusers (1967) accomplished a wide-ranging woikgus
various bed materials of different densities andngetric
configurations. A formula for the temporal scoupksion

was proposed. Kuti and Yen (1976) considered cuobesi

sediment beds analyzing the influence of clay nailser
mixed with cohesionless soils. Numerous tests warged

out by Farhoudi and Smith (1982; 1985) who used six

different materials. Results were in agreement witise of
Breusers (1967). Gisonni and Rasulo (1997) sugdesmte

Overall, the above studies consider simplified listl
basins such as plain aprons without appurtenanties.
present study, that follows previous contributig@iveto
& Comuniello, 2009; Oliveto, Comuniello, & Bulbule,
2011), aims to highlight the main differences betwehe
local bed morphology that develops downstream pliain
apron and that downstream of a more realistidrgilbasin
with an end-sill. The results would be useful fechnical
applications and the validation of numerical models

Experiments

Experiments were carried out in a 1 m wide and 2@mg
rectangular straight channel at the University abiicata,
Italy. An ogee-crested spillway with stilling basimas
placed in the channel 6 m from the inlet. The wwbight
above the downstream undisturbed bed lewelwas 0.20
m. Three stilling basins were tested. Two of thesadua
positive step at the end of the basin and theinldaagth,/,
was 0.93 and 1.43 m. The other consisted of a plpion
with /=1.65 m. The end-sill height;, was kept constant
and equal to 0.092 m. Details on the first twdistil basins
and the related experimental observations are given

data.



Oliveto et al. (2011), while details on the physical mo
with the plain apron and the relatedperimentadata are
provided in Oliveto (2012).

Four (almost)uniform bed sediments were u for the
positive-step stilling basins. Namely) §and with media
grain size dsp=1.7 mm and sediment gradati
0=(dga/ di6)*5=1.5, (ii) sand withdso=2.5 mm anco=1.2,
(iif) gravel with dso=9.0 mm ando=1.5 and (iv) lead
spheres (of density p=11400kg/m?3) with dsp=1.3 mm
and o=1.1. Gravel was used to expl@ediment grain siz
effects. Lead spheres were used to further investigate
role of the sczalled densimetric Froude number. The si
bed sediments, except lead spheres, were consifor the
plain apron.The undisturbed bed surface was horizo
and flushed with the stilling basin end.

All the experiments were performed keeping consover
the time discharge and tailwater depth. Runs typic
lasted three days to get quasi equilibrium condgtias wel
as welldeepen scour holes, but also some runs of
duration were performed to collect reliable expenial
data at the earlier scour stag€ailwater depths were set
minimize the overlapping of local and general sc
phenomena. In general, undr hydraulic jumps develope
when positivestep stilling basins were uswhile undular
hydraulic jumps or hydraulic jumpsbdsically over thi
apron formed when the plain apron was te. Figure 1
shows the flow conditions for two runs with diffate
stilling basin.

Figure 1 Flow features for two runs characterized a
positive-step stilling basijphotograph on the top) ara
plain horizontal aprofphotograph on the bottor

The water discharge was measured with an orifigae
with accuracy of +3%. The water surface was meak
with a conventional point gauge with accuracy te
nearest millimetre and the sediment surface witkhae
gauge. For the runs of long duratiolgw depths and be
levels were usually measured at 2, 24, 48 houns fiiee
start and at the end of the run. Bed level readingse

taken with water continuing to flow except for thest
inspection that wadone after stopping the flc

Once the bed wasccurately levelled, the channel v
gradually filled submerging the working section hwian
adjustable sharp crested weir placed at the chi
downstream end, avoiding in this way any sedin
movement. The water discharge was then grad
increased ah set to the prselected value. Finally, the
experiment started when also the tailwater depth sed tc
the preselected value lowering the wi Some photographs
for run Cl6are provided in Figur2. They show hydraulic
and bed morphology features witime. For this run a
submerged hydraulic jump form:

Figure 2:Hydraulic and bed morphologeatures with time
for run C16 with discharge ¢=60 |/s, tailwater depth
hw=0.21 m andds,=1.7 mm. Photographs from 1 top to
the bottom refer to times=2, 12, 24, 48, and 72 hours frc

run starting.

Dimensional Analysis

For a given spillway,lte axial maximum scour depz can
be expressed as function of the following indepeah
variables

z=fil,s,q, hew, v, p, dso, 0, ps, g, t) 1)



with £ unspecified functiong overflow discharge per unit
width, A, tailwater depth,v kinematic viscosityp water
density,g gravitational acceleration, ardyeneric time. For
two-phase flow phenomena involving sediment-water
interaction, g, p, and p; can be grouped into

g’ =g(ps — p)/p. In turbulent flow,v has small effect on
scour and can be neglected. The application of the
Buckinghammtheorem yields

d fz(F iihﬂavg'd“t) @)

hew

with £ unspecified function, anB, tailwater densimetric
Froude number = V/(g'ds,)® with V' cross sectional flow
velocity. z/ Aw can be hypothesized to be proportional to
the product of the powers of these dimensionless
parameters as
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with m, m, m, m, m, ns, and ns coefficients to be
estimated and7=(g'ds0)%>¢/ i Analogously, it can be
assumed
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whit x the horizontal distance from the stilling basirl exf
the site wherez occurs andy the axial scour hole length.
Clearly, the parametes/hs, vanishes in case of plain
apron.

Analysis of data

A multiple regression analysis according to Equati(3) to
(5) yielded the results commented here below.

Characteristics of the scour hole

Oliveto et al. (2011) found that for apron with end-sill the
most important parameters (ranked in order of @iee)
areFy, T, g, andhq,/ dso, whereas the remaindesshs, and

I/ hyy are less significant. The negligibility off 4., was
expected becauss constant, while that ofl/4s, is in
contrast with literature findings according to whithe
maximum scour depth increases witHecreasing (Dey &
Sarkar, 2006). This can be probably due to the dwly

values of/ tested. In particular, the following equations
were proposed to estimatex, andy

-0.16
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They apply for 1.18F;<2.79, 4.410°<7x1.310°, and
16< A,/ ds0<154. By using the same analysis in the case of
the plain apron, it comes out that the most impurta
parameters (ranked in order of importance) Bre 7,
A/ dso, andl/ b, Wwhereasris less significant.

The unimportance ofr can be related to the grade of
uniformity of the bed sediments tested. Converséhg
dependence off A, appears surprising, becausgas kept
constant in this experimental work. Indeed thisapzater,
although only approximately, probably incorporatie
effect of the position of the jump on the apronisltwell
known that the flow leaving the apron is chargedhwi
turbulence whose intensity will be less when theoaps
long downstream of the jump. Then, the distanctheftoe
of the jump from the apron end would be more appate
than // A+, however its determination is not easy dhb..,
will be here considered as a substitute. In pdedicithe
following equations were found to estimater, and y

7 h —-0.51 l 0.49
[ 0.05F2'51 (ﬂ (_ T0.15 (9)
htw ¢ dSO htw

x h -0.34 l 0.77
—— = 0.05F%%° (ﬂ) (—) 014 (10)
htw ¢ d50 htw

—-0.43 l 0.90

(m) T012 (12)

with r2=0.84, 0.87, and 0.88 between the observed and the
computed values of/ Awm, x/hw, and x/hw, respectively.
The range of applicability of Equations (9) to (1)
1.3cF;<2.87, 2.410°<7<1.400°, and 20<hn,/dso<147.

But additional experiments varyingare needed to identify
physically consistent values of the exponend/éf,.

The above equations do not allow a simple compariso
between aprons with and without end-sill. Then, hwit

Z htw
£ =0.16F%2% (—)
htw a dSO



reference to runs fog=0 (plain apron), the dimensionless

variable ¥ was considered as the ratio of a given estimated 2.5
value according to Equations (9) to (11) to the potrad "Uz
value from Equations (6) to (8) at the same hydcaul 20 %
conditions @ and A.) as the model with the end-sill. ;1: ..
Figure 3 shows¥,, ¢, and ¥, as function of the relative 15 | § £t
submergence..,/ dso with the subscript of depending on : ; T
the considered characteristic (either, or x) of the scour 10 F----------- 3 -E;- - %— ——F----- -
hole. ¥, was always found greater than or equal to unity. ;
Then the end-sill forces the location of the maximscour 0.5 |
depth closer to the end of the apron reducing #fetys of h /d
the structure. Conversely, the apron without efid-si 0.0 s ! i 750
induces overall deeper and longer scour holesafisstal 0 50 100 150 200
analysis on%; and ¥, revealed that they mainly depend on
the relative submergende,/ dso, the relative length of the (a)
apron // hw and the dimensionless time In particular,
they decrease a&./dso increases// i, decreases, ant 2.5
increases. Thus, the difference between the bebawdb "Ux
aprons with and without end-sill tends to vanistdem 20 r 5
submerged flows. Moreover, the decreasing trenth Wit x ¥ x
although not as significant as fby./ dso, is consistent with 1.5 | ; x
experimental evidences according to during some tha % i X §
toe of the hydraulic jump gradually moved upstresith a 0 N P §_§§ ______ §. _______
consequent reduction of the jet turbulence intgnaitthe
bed inlet. The plots in Figure 3 also reveal that dbout 05 |-
hew/ dso>100 ¥, and ¥, can be even lower than unity which h /d
would imply a some tendency of the end-sill in aifgjig 0.0 , , twl ~50
the scour magnitude probably due to the defleatifget. 0 50 100 150 500
Geometrical affinity of scour profiles
Farhoudi and Smith (1985) demonstrated the sirtylaoi (b)
the scour profiles by normalizing both the lengtid aepth 25
of each axial scour profile with respect 40 Conversely, W
Oliveto et al. (2011) did not find experimental evidences in 50 L X
support of this similarity for positive-step stili basins ' x
and a reduction in data scatter was achieved hyalting i X
the generic length of the scour hole wjtland the generic L5 F § ; N
depth with z resulting in X, and Z, respectively. In 3 § N %
particular, they suggested the following envelopere 10 pommmmmmmms FEPEEE P
T i
Z, = —0.53 — 3.06X, + 5.50X2 — 1.91X3 . (12) 05 |
. . . . B,/ ds
Here a similar analysis as that provided by Olivetal. 0.0 . . |
(2011) was applied for the plain apron. A few ruese not 0 50 100 150 200

considered due to the combination of general armallo
scour which made difficult an accurate determimat y. (c)
The results highlight that affinity, rather thamgarity, can
be the property of scour profiles. In particulahet
following equation was identified

Figure 3: Ratios¥,, %, and ¥, as function of the relative
submergencei,/ dso for the scour hole characteristics (a)
z, (b) x, and (c)y. Dashed horizontal lines represe#t ¥4,

Z, =—029 — 4.25X, + 7.28X§ - 2.74X; . (13) and #=1.



Finally, Figure 4 compares the experimental datsh wi
Equation (13) resulting in a satisfactory (neadylvelope
curve. Moreover, the comparison between the curve o
Equation (12) and that of Equation (13) shows asriing
limbs are practically identical while the fallingmbs are
clearly distinguishable with the curve for the pivsi-step
stilling basins indicating a some propensity of #ral-sill

in amplifying the scour magnitude just behind thidirsg
basin end.
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Figure 4: Temporal axial scour profiles normalizeith y
(streamwise direction) and (vertical direction). The full
curve represents Equation (13) and dashed curvesemms
Equation (12).

Conclusions

Laboratory experiments on local scour downstrearowf
head stilling basins were carried out. The expemnimevere
addressed to the temporal and spatial evolutioth@fbed
morphology downstream of aprons with and without-en
sill. Runs lasted from 1 up to 216 hours and thtags on
the average to approach nearly equilibrium condgiand
well definite scour holes. Four uniform sedimentsrev
used, among which lead spheres to better explereffect
of the densimetric Froude number and gravel toebett
distinguish grain size effects. The main results dee
summarized as follows: (i) dimensional analysisdiedo
the functional relationships (3) to (5) for the ¢licgion of
the main scour hole features; (ii) thus, the priadiamodels
(6) to (8) and (9) to (11) were derived from mubip
regression analysis. The tailwater densimetric &eou
number F;, the dimensionless timd&, and the relative
submergencéehs,/dso were found as the most significant
independent variables. Conversely, the relativélingti
basin length// Aw, was found less influential as compared
to the other variables probably due to the restiatange
investigated; (iii) for given hydraulic conditionthe main
scour hole dimensions for plain apron were foungatgr
than those for positive-step stilling basins, batrg¢asing
with An/ dso, Aw/l, and T; (iv) finally, no experimental

evidences were found in support of the similarifytle
axial scour profiles. Conversely, the experimentata
collected would reinforce the conjecture of Olivedad
Comuniello (2009) on the geometrical affinity.
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