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Introduction

Water intake structures in common with other river engineering structures, as bridge
abutments, piers, guide banks, spurs, and others, are exposed to flow hence risk of local
scouring at structures in floods should be considered as one of the significant causes of
possible failures, because obstructed structures considerably disturbs flow regime, inducing
flow contraction and local flow conditions. Local scour can expose foundation of intakes and
can lead to substantial adverse economical, sanitary, and environmental consequences.

Local scour at water intakes in rivers has not been studied yet. Calculation method for
equilibrium scour depth estimation at water intakes is needed to ensure the reliability of
structure in floods, because engineers should design hydraulic structures to withstand the
effect of scour from the design flood and super-flood (flood with the magnitude of 100-year
flood and 500-years flood, respectively) with little risk of failing [1].

Because of the similarity of the shape, location, and consequently of similarity in
influence on flow conditions by river intakes and other hydraulic structures, it is accepted that
methods designed for scour estimation at structures with vertical walls can be used for
equilibrium scour depth calculation at water intakes, abutments, as well as, at similar
hydraulic structures.

The equilibrium scour depth under clear-water conditions at abutments were studied and
different empirical and non-empirical equations were proposed by Liu et al. [2], Gill [3],
Laursen [4], Froehlich [5], Richardson et al. [6], Sturm & Janjua [7], Lim [8], Young et al.
[9], Chang & Davis [10], Melville [11], Richardson & Davis [1, 12], Kothyari & Ranga Raju
[13], Rahman & Haque [14], Sturm [15], Benedict et al. [16], Gjunsburgs et al. [17], and
others. An analysis of the methods available in literature showed that many authors do not
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take into account the flow discharge contraction, local increase in velocity, and stratification
of the riverbed.

The objective of the research was to develop new equilibrium clear-water scour depth
calculation method for water intakes by combining into methodology following: flow
discharge contraction effect instead of geometric contraction or abutment length; backwater
effect induced by contraction; local flow velocity, which together with vortex structures forms
scour hole at abutment; stratified riverbed conditions; as well as, other hydraulic and riverbed
parameters already researched in literature.

Experimental data

The tests were carried out at the Transport Research Institute (Russia) in a flume 3.5 m
wide and 21 m long. The tests were carried out with rigid bed and sand bed under open flow
conditions studying scour at abutments. The experimental setup and data for the open-flow
conditions were published earlier by Gjunsburgs & Neilands [18, 19], and Gjunsburgs et al.
[20, 21].

Equilibrium scour depth calculation method

In the approach of bridge contraction the streamlines are bended and after that goes
parallel to embankment. The flow velocities along the extreme streamline dropped down to
almost zero, then gradually increase and reaches maximum at the corner of abutment [18]. As
found from the tests, the local velocity with vortex structures forms scour hole at abutments
[19].

Based on the flow-continuity relation, the discharge across the width of a scour hole
before and after the scour can be defined as:

Qf:k'Qsc (1)

where Oy — discharge across the width of the scour hole with a plain bed, Q. — discharge of
the scour hole with a scour depth 4, and k — coefficient depending on the contraction rate of
the flow (according to experimental data by Gjunsburgs & Neilands [19]).

The equation (1) can be written as follows:

mhy - h;Vy = k(mhgh s +m7h5-hs )7, )

where m — slope of the scour hole wall, 4, — depth of the scour hole, 4 — water depth in

floodplain, V; — local flow velocity, and ¥V}, — local flow velocity after time ¢ at a scour depth
hy.
Local flow velocity at any depth of scour #; is:

Vie = = 3)
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where ¢ — velocity coefficient (according to experimental data by Gjunsburgs & Neilands
[19]), g — gravitational acceleration, and 44 — maximum backwater determined by Rotenburg
& Volnov formula [22].

The critical velocity of the beginning of sediment movement V), can be found by
Studenitcnikov formulae [23], and critical velocity Vy, at any depth of scour 4, is given by:

I 0.25
Vo = Vol 1+—5— 4
or =P8 0(+2hf] 4)

where [ — coefficient of reduction in the critical velocity due to vortex structures.

The local flow velocity V7, is decreasing and velocity Vy, is increasing with development
of the scour hole. The clear-water scour reaches the equilibrium and ceases when V;, becomes
equal to Vy,:

Vi

o 0.25
—= V) -{l—i-%ml} ®))]
M1+ hequil. f
2hf

The equilibrium depth of scour at abutments can be determined from (5) as follows:

% 0.8

[

hequil :2hf (kﬂV j 1| ky kg kg (6)
0

where hy— water depth in floodplain, V; —local flow velocity, k — coefficient depending on the
contraction rate of the flow, £ — coefficient of velocity V), reduction because of flow vortex
structures, Vy — velocity of the beginning of sediment movement, k,, — coefficient depending
on the side-wall slope of the abutment (after Yaroslavcev [24]), ks — coefficient depending on
the abutment shape (after Richardson & Davis [1]), and &, — coefficient depending on the
angle of flow crossing (after Richardson & Davis [1]).

Because of the similarity in shape, location, and influence on flow conditions of water
intakes and abutment-like structures, presented methodology for abutment scour depth
estimation can be used for equilibrium scour depth calculation at water intakes, e.g., for
rectangular water intake structures shape coefficient k&, = 1 and side-wall slope coefficient £,
= 1 should be used, as it is for vertical-wall abutments.

Verification of the method

The laboratory experimental data and calculation method of scour development at
abutments in time during multiple floods by Gjunsburgs & Neilands [18, 19] were used for
computer program “RoBo” development. Program “RoBo” were used for computer modeling
of the scour depth development in time. By using computer modeling, the duration of
laboratory SL tests of 7 hours were prolonged. Computer simulation of the scour depth
development under steady flow conditions with time intervals 1 minute was performed for
each of the SL test (Fig. 1). The aim of the simulation of scour depth development was to find
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the equilibrium stage at which the scour development stopped. By using computer
modeling the duration of the simulations is not restricted, therefore the only question was to
find a criterion, which limits the changes of scour depth in time to find the equilibrium stage
for each of the experimental tests.

Coleman et al. [25] method were used which stated that time to achieve equilibrium
conditions, for scouring from a plane bed, is time required for the rate of scouring reducing to
5% of the smaller of the flow depth in the succeeding 24 hours period. Thus, when scour
depth changes were smaller than 0.0035 m in succeeding 24 hours period, experimental
equilibrium scour depth and equilibrium time values were derived for each of SL tests (Fig.
1). Obtained and accepted equilibrium time values were 0.16 — 2.25 days for SL tests.
Experimental equilibrium depth values were compared to calculated values by the suggested
method (Table 1). However, the computer modeling of SL tests showed that scour
development did not stopped at experimentally obtained equilibrium time, in fact, it continued
for several days, but with insignificant increase in scour depth.
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Fig. 1. Scour depth development in time for test SL7

Table 1. Updated calculated and experimental equilibrium scour depth values

Tests Q/Q, tequil hequit hequit Eequil
EXP EXP CALC

(days) (cm) (cm) (%)
SL1 5.27 1.53 15.67 16.19 3.34
SL2 5.69 2.16 20.67 21.25 2.84
SL3 5.55 2.25 22.45 23.12 3.02
SL4 3.66 1.05 11.38 11.82 3.82
SL5 3.87 1.56 15.78 16.30 3.30
SL6 3.78 1.99 19.27 19.83 291
SL7 2.60 0.48 6.33 6.70 5.89
SL8 2.69 0.96 10.63 11.05 4.00
SL9 2.65 1.27 13.41 13.88 3.52
SL10 1.56 0.16 2.86 3.22 12.39
SL11 1.66 0.27 4.10 4.46 8.74
SL12 1.67 0.39 5.34 5.71 6.84
SL16 3.66 0.25 6.67 7.02 5.33
SL17 3.87 0.46 10.31 10.68 3.51
SL18 3.78 0.64 13.18 13.55 2.84
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The calculated values of equilibrium scour depth at abutments showed good agreement
with experimentally derived equilibrium scour depth values (Fig. 2). An percent relative error
was calculated for each of the SL tests: &quii = (hequi.carc —hequit.exp)/hequirexp (Table 1). The
error frequency was found for the presented Eq. (6); 71% of all data set have less than 5 %
error, with average error 4.82 % for all SL tests (Fig. 3).
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Fig. 3. Error frequency of suggested equation
Analyze of the equilibrium scour depth calculation method

To analyze the method, Eq. (6) is transformed to a form that shows clearly that equation
contain dimensionless parameters and characteristics of the flow and riverbed:

0.8
¢+ 2g4h

3.6-k-ﬁ-d°-25h}25

hequil. = 2hf —1|ky k- kg (7)

Rotenburg and Volnov [22] has found that the relative maximum backwater is a function
of the following parameters:

Ah 0 Fr h
— f K PK K PKb K - ’. (8)
hy (Qb o hy
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where O/Q;, = flow contraction rate, Px = kinetic parameter of the open flow, Pk, = kinetic
parameter of the flow under the bridge, Fr/iy = ratio of the Froude number to the river slope,
h/hy = relative flow depth, 7 = average depth of the flow, and A= water depth in the
floodplain.

Using the equation of Rotenburg and Volnov [22], Eq. (7) can be written as:

0.8
2 2
Pl Q) (| B | 1 |[Q
o |2g 5 [(ij 1}+ 5 FF/ioHQbJ +1}+PKb

gl = 2h 1|k, k- k
equi A 3.6-k-ﬂ-d0'25h§)»'25 m Ts Ta

) _ ©)
In the general form, the relative equilibrium depth of scour is a function of the following

parameters:

hequil :f[ 0 Fr h d,; v

= Pp Pyl R Sy Sy Y 10
Qb K>1Kb iO hf hf strat kﬂV() m> s a} ( )

where O/Q;, = flow contraction rate, Px = kinetic parameter of the open flow, Pk, = kinetic
parameter of the flow under the bridge, F7/iy = ratio of the Froude number to the river slope,
h/hy = relative flow depth, di/hy = dimensionless grain size, Hg.,, = stratified riverbed
conditions, Vy/kpV, = ratio of the local velocity to the critical velocity at which the sediment
movement starts, k = coefficient depending on the flow contraction rate, f = coefficient of
reduction in the critical velocity due to vortex structures, k,, = coefficient depending on the
side-wall slope of the structure, k; = coefficient depending on the structure shape, and k, =
coefficient depending on the angle of flow crossing.

Comparison of equilibrium scour depth calculation methods

Clear-water scour depth calculation methods available in literature were used to compare
computed scour depth values with laboratory SL test data. Following methods were applied:
Liu et al. (1961) [2], Gill (1972) [3], Laursen (1980) [4], original Froehlich clear-water
equation (1989) [5], modified Froehlich live-bed equation (1989) [5], modified HIRE
equation [1], Sturm & Janjua (1994) [7], Lim (1997) [8], Young et al. (1998) [9], Chang &
Davis (1999) [10], Melville (1992-2000) [11], Kothyari & Ranga Raju (2001) [13], Rahman
& Haque (2003) [14], Sturm (2004) [15], and modified Young equation [16]. Moreover,
selected equations were analyzed by main hydraulic and riverbed variables — scour control
parameters used in scour depth calculations at abutments (Table 2).

Analyze of the scour calculation methods showed that there is no unified opinion which
flow velocity forms scour hole at abutment; either average approach flow velocity, approach
flow velocity in obstructed area by embankment and abutment or local flow velocity were
used in methodology; while presence of maximum (local) velocity near abutments was
confirmed by Latishenkov [26] in laboratory tests, Ahmed & Rajaratnam [27] observed
increased local flow pattern in detailed laboratory flow field study around abutment, Young et
al. [9] defined local flow velocity as a resultant velocity at abutment due to contraction, which
depended on average uniform flow velocity and geometric contraction, Sturm [15] presented a
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relationship between approach flow velocity and maximum resultant (local) flow velocity
near upstream corner of abutment by correlating laboratory data, but did not suggested to use
it in scour depth estimation,

because of difficult estimation of local flow velocity through numerical models, moreover,
Gjunsburgs & Neilands [18, 19] by using laboratory tests concluded that local velocity with
vortex structure was forming scour hole at abutments and was depending on characteristics of
the flow, backwater value, rate of contraction by bridge crossings, and depth of scour.

Table 2. Analyze of the equilibrium scour depth calculation methods

ain variables in proposed @
methods: | .§ 2 5 -
5|35 oy 3 = = 5
g £ | = SIS | | D] o S| o|E |E
£l 2| @ =18 |28l z|&|58| 2| 2| &
S| 8|58 Slap2sl 2|l 8|25 2|8 |2
o - = a =5 o =2 g o @? | '? <
[5) 9 - = B < 8 e | = [5) = [0} - | = -
2 E| 5| 5| & |gglsl gl ElS|E|E | B
Scour calculation Sl 2| E "; — g = ; 2l 2| S| 8| 2| EIE | E
methods: 2| 8| 2|38]8|2E|5 2| 2| E § S| 2|28 3
Al | < | kK| R |[<EE0| |0 |~|0O|<|<3| <
Liu et al. (1961) X | X | X X X
Gill (1972) X [ XX X X
Laursen (1980) X | X X X | X
Froehlich clear-water eq.
(1989) HIRE X | X X X | X | X X
Sturm & Janjua (1994) X X | X X X X
Lim (1997) X | X X X[ X[x[x
Young et al. (1998) X | X | X | X X X
Chang & Davis (1999) X X | X X X[ X | XX X
Melville & Coleman (2000) X | X X X X|X| X | X
HEC-18 (2001) modified
Froehlich live-bed eq. x| X X X X X
HEC-18 (2001) modified
HIRE eq. X | X X X X X
Kothyari & Ranga Raju
(2001) X | X | X X | X XX X
Rahman & Haque (2003)
modified Lacey eq. XX X X
Sturm (2004) X X | X X X X | X
Bene?dlct et al. (2006) x| x| x| x X | x X | x %
modified Young eq.
Proposed eq. X X | X | X X X | X | X|X]| X | X

Early scour calculation methods were derived from laboratory experiments in rectangular
flumes under steady flow conditions, where abutment length or geometric contraction rate
were used as one of the primary variables affecting scour, otherwise it is in nature, in plain
rivers, where distribution of the flow discharge between channel and floodplain exists that
should be considered. Abutment length is important control parameter, however the same
abutment length may result in different scour depths depending on the approach flow
distribution in the compound channel and its redistribution as it flows through bridge opening
[15], therefore discharge contraction factor rather than abutment length should be used as
appropriate variable to compute local scour depth. Rotenburg & Volnov [22] and Bradley [28]
studied flow contraction and backwater effects; Sturm & Janjua [7], and Sturm [15] proposed
equilibrium clear-water scour depth calculation equations, where dimensionless discharge
contraction ratio (ratio of discharge over bridge opening length upstream to the total
discharge) were used; Chang & Davis [10] used dimensionless velocity adjustment factor,
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which depended on the ratio of flow rate per unit width in the approach section to that in
contracted section; while Gjunsburgs & Neilands [20] used discharge contraction rate for
local flow velocity calculation and scour depth development at abutments in floods.

As a rule, in natural conditions riverbed is not homogeneous, but with stratified bed
which is composed of layers with different grain sizes, while most of scour calculation
equations considers uniform sediments. To account sediment non-uniformity some authors
like Froehlich [5], Lim [8], Melville & Coleman [11], and others, considers sediment size
distribution, but also stratified riverbed conditions should be considered. Gjunsburgs et al.
[17] used methodology to calculate critical velocity by taking into account stratification of
riverbed, and it was found that equilibrium scour value at the abutment with homogeneous
bed is greater than scour value calculated with stratified bed with layers of different grain
sizes d.

It should be accented primary that most of scour calculation methods selected above do
not take into account both — flow discharge contraction and local flow velocity, leading to
over-estimated results.

Conclusions

The shape, location and influence on flow conditions of water intakes in rivers are
similar to abutments-like structures. Because local scour at water intakes has not been studied
yet, it is proposed to use abutment scour methods as a base for equilibrium scour depth
estimation at water intakes. New method for equilibrium scour depth calculation at water
intakes was presented and verified by experimental data.

Suggested method in comparison with other earlier published equilibrium scour depth
calculation methods, beside primary hydraulic and riverbed parameters, also considers such
parameters as flow discharge contraction rate, local flow velocity, and stratified riverbed
conditions, which were not accounted into most of the formulas available in literature. The
lack of understanding of complex flow conditions, application of empirical calculation
methods, and simplification of scour process leads to inadequacy in results and over-estimated
scour depth values.

Theoretical analysis of the suggested method was presented and showed that relative
equilibrium scour depth depends on: flow contraction rate, kinetic parameter of the open flow
and flow under the bridge, ratio of the Froude number to the river slope, relative flow depth,
dimensionless grain size, stratified riverbed conditions, ratio of the local velocity to the
critical velocity at which the sediment movement starts, side-wall slope of the structure,
structure shape, and angle of flow crossing.
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Neilands R., Gjunsburgs B. Maksimalais izskalojuma dziJums pie iidens nemSanas bitvem.

Udens nemsanas bitves lidzigi ka citas upju hidrotehniskas biives, ka krasta balsti, balsti, pliismas novirzosie
dambji, krasta aizsardzibas dambji, u.c., ir paklautas plismas iedarbibai plidu laika, veidojot vietejo
izskalojumu pie pamatiem un iespéjamus So bavju bojajumus. Maksimala izskalojuma dzijuma aprékinasana pie
hidrotehniskajam biivem nodrosina to izturibu plidu laika un novérs bitiskas nelabveligas ekonomiskas un
apkartéjas vides sekas. Vietéjais izskalojums pie tidens nemsanas bitvem lidz Sim nav vel pétits. De| ta, ka iidens
nemsanas bitvem un citam hidrotehniskajam bivém ir lidziga forma, novietojums, un sekojosi lidziga ietekme uz
plusmas stavokli, ir pienemts, ka metodes, kuras ir domatas izskalojuma aprékinasanai pie biivém ar vertikalam
sienam, var tikt izmantotas maksimala izskalojuma dzijuma aprékinasanai pie iidens nemsanas bitvem un citam
hidrotehniskam buvém, pieméram, pie tiltu krasta balstiem. Ir piedavata jauna maksimala izskalojuma dzijuma
aprékina metode iidens nemsanas bitvem un parbaudita ar eksperimentalajiem datiem. Tika noskaidrota galveno
hidraulisko un upes grunts parametru ietekme uz vietejo izskalojumu un tika konstatets, ka citi parametri ka -
vietéjais pliusmas atrums, plismas saspiesana pakape, un noslanotas grunts apstakfi, kurus vairums agrak
publicéto izskalojuma aprékinu metozu nepem véra, arl ietekmé izskalojuma dzilumu, un tika nemti vera
piedavataja metode.

Neilands R., Gjunsburgs B. Equilibrium scour depth at water intake structures.

Water intake structures in common with other river hydraulic structures, as abutments, piers, guide banks,
spurs, and others, are exposed to flow in floods, leading to local scour at foundations and possible failures of
these structures. Calculation of the equilibrium scour depth at the hydraulic structures ensures the reliability of
the structures in floods and prevents from substantial adverse economical and environmental consequences.
Local scour at water intakes in rivers has not been studied yet. Because of the similarity of the shape, location,
and consequently of similarity in influence on flow conditions by river intakes and other hydraulic structures, it
is accepted that methods designed for scour estimation at structures with vertical walls can be used for
equilibrium scour depth estimation at water intakes and other hydraulic structures, e.g., at bridge abutments.
New equilibrium scour depth calculation method for water intakes was presented and verified by experimental
data. The influence of main hydraulic and riverbed parameters on local scour were established and it was found
that other parameters like — local flow velocity, flow contraction, and stratified bed conditions, which were not
accounted in most of the earlier published scour calculation methods, have also influence on scour depth and
were considered in proposed method.
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Neilands R., Gjunsburgs B. Maxcumanbvhas 2nyouna pazmoléa y 60003a00pHbIX COOPYIHCEHUIL.

Booosabopuvie  coopysicenuss  xax u  Opyeue  cUOpOmMeXHuUYecKue — Coopydcenue:  YCmou,  ONnopul,
cmpyenanpasasiowue 0amobvl, mpasepcul, u opyaue, n008ep2aromcs 8030elcmeuto NOMoKa 6 nepuoo naBooKd,
Umo npugoOUm K 00pA308AHUI0 MECHHO20 PA3Mbled Y (DYHOAMEHMOS U K 603MONCHO20 DA3PYUIEHUE IMUX
coopyoicenuii. Onpedenenue MAKCUMATLHOU 21YOUHBI GOPOHKU MECMHO20 pPA3Mbled Yy 2UOPOMEXHUUEeCKUX
CoopysiceHuil no36ojisem obe3neuums UuxX YCMOUYUBOCMb U U30eNCamb 3HAYUMENbHbIX IKOHOMUYECKUX U
9Kon02UYecKux nomeps. Mecmublii pazmvlg y 60003A00PHbIX COOPYICEHUL 00 HACMOSWE20 BPEMEHU He Obll
uccnedosan. B eudy moeo, umo ¢popma, nonodicenue u 6o3delicmsue HA NOMOK 60003AOOPHBIX U OpYeuUx
UOPOMEXHUYECKUX COOPYIHCEHULl ¢ BEPMUKANLHOU CMEHKOU CXOOHO, MO HAMU YCMAHOBIEHO, HMO NpU
onpeoenenul MaKCUMAaibHoU 21yOUHbl PA3ZMbIEd BO3MOICHO UCNOAb306AMb MEMOObl NPUMEHUGUIUE KAK Ol
80003A00PHBIX COOPYIHCEHUU, MAK U OPY2UX 2UOPOMEXHUUECKUX COOPYIUCEHULl, HANpumep, y ycmoes Mocmos. B
cmamve npeocmagier HoGUIL Memoo pacyema MaKCUMAibHOU 2yOUHbl pasmvléa y 60003A00PHBIX COOPYICEHUT
U NOOMBEPIHCOEH IKCHEPUMEHMANbHOIMU OAHHLIMU. YCMOHOGNEHO 6IUSAHUE OCHOBHBIX 2UOPABIUYECKUX
napamempos nomoKa u €20 OHA Ha GeIUYUHY MECTHO20 PA3Mbléd U GbIACHEHO Ymo Opyaue napamempvl Kax -
MECmHAsL CKOPOCHb, CMECHEHUe U CIOUCmoe CmpoeHue OHA NOMOKA, KOMOpUe HEyYUmbvledemcs: MHOSUMU
paHuie onyoaUKOBAHHLIMU MEMOOAMbL NO PAYemy pa3mMbled, MAKdICe GIUSION HA 21yObIHY pA3Mbléd, U YUMEHO 6
NPeoNoAHCeHHOM HaMU Memooe.
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