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ANNOTATION

The flow parameters at the peak of the flood witinestricted or restricted duration
and the approach flow velocity are used in mosepiExl methods for local scour calculation,
but in nature the flood has a form of hydrograpll amsteady flow conditions must be
evaluated. At the present time, there is no fornaulenethod for finding the scour depth near
water engineering structures in the flow reflectthg changes of hydraulic and river bed
parameters during multiple floods.

A new method to calculate the development of thattdewidth and volume of the
scour hole in time during multiple floods has bemveloped. Based on the agreement of
experimental and calculated results, the computegrem was carried out to model time-
dependent scour development during a single flodd different slope of hydrograph and
during multiple floods with different duration, gorability, frequency and sequence.

The analysis of the influence of multiple floodsthwdifferent probability, duration,
sequence and frequency showed that, with less bildpaincreased duration and frequency
of the floods, and certain sequences of differabability, the scour depth, width and
volume increases. It was confirmed that the scewelbpment for a single flood depends on
the continuous changes of the hydraulic and riwes parameters because of the changes in
flood discharge and the depth of the local scole hear the water engineering structure. The
scour which developed after the previous flood nmestaken into account when the influence
of the forthcoming flood on scour depth is evaldate

The influence of the steepness of hydrograph linvhs also studied and analysed.
Significant changes in maximum scour depth develogering single wave floods with a
different hydrograph steepness were not found, kiewa direct impact to the time when
maximum scour is developed was found.

It was confirmed that during the local scour eviolutthe local velocity increases and
the critical one decreases because of increasetalge and the scour hole developed. The
scour stops when the local and critical velocitiesome equal. The figures are presented
which confirm the difference of local velocity frorapproach velocity near the water
engineering structure. It was confirmed that thealovelocity, but not the approach flow
velocity as accepted by different authors, forngsgbour hole.

The Thesis consists of: General Introduction, 5ptdra, General Conclusions, 2

appendixes, 121 references, 73 figures, 9 tabBspage together.



ANOTACIJA

Vietgjo izskalojumu apkiniem vairunid no pimemtagm meto@m tiek izmantoti
plamas parametri plu maksimuma laik ar neierobezotu vai ierobezotu ilgumuw;ualata
pladiem ir hidrogéfa forma un a@kinos gnem \era nestacioras plismas apakli. Patreiz
nav pieejamas formulas vai metodes, kagu noteikt viagfja izskalojuma daumu pietadens
tehnol@iju bavem plasma, ietverot hidraulisko un upes parametru izmasi laika
vairakkarteju pladu gadjuma.

Darba ietvaros izstdata metode, lai apkinatu izskalojumu bedres dama, platuma
un tilpuma izmajas laika vairakkartgjos plidos. Pamatojoties uz eksperimi#atun apekina
rezulétu atbilsibu, tika izstidata datorprogramma, lai modal izskalojumu atstbu laika
atsevikiem plidiem ar daZdu hidrogéfa sipumu un vaigkkartejiem plidiem ar daZdu
ilgumu, varfutibu, biezumu un sd&au.

Vairakkartgju pladu ar dazdu varhutibu, ilgumu, setbu un biezumu ietekmes arrsd
pafmdija, ka samazinoties fudu varhutibas &ditajam, palielinoties ilgumam un biezumana, k
ar pie noteiktas pidu ar atkirigu varhitibu setbas, izskalojuma diaims, platums un apjoms
palielinas. Tika apstipriats, ka izskalojuma veidoSasplidu laika atkafiga no neprtraukém
hidraulisko un upes gultnes parametru iziiia, kas saistas ar pidu radtas pkismas un
vieteja izskalojuma bedres pie konstrukciju pamatiem izamai Vietgja izskalojuma
dzilums, kas radies pirmouu laika ir svafigs, lai iz\ertétu sekojoSu pidu ietekmi uz
izmaipam.

Tika petita un analizta hidrogéfa ltknes sipuma ietekme uz vigfa izskalojuma
dzilumu. Netika konstats, ka hidrogifa sipums ietekrda maksinalo vietja izskalojuma
dzilumu, t&u tika apstipriats, kas hidrogifa slipumam ir tieSa ietekme uz laikuada
maksinalais izskalojuma diums tiek sasniegts.

Tika apstipriats, ka ptidu laika palielinoties vietja izskalojuma ddumam, viegjais
un kritiskais plismasatrums maias, jo notiek pismas izmaias un izskalojuma bedres
attisiba. Izskalojuma process afjas, kad vietjais un kritiskaisatrums Kast vierads. Darla
pamditi grafiki, kas apliecina ak&ibas starp viefa plismasatruma un pieakosas plismas
atruma \ertitbam un to izmaam laika. lzskalojuma bedres veidoSanos ietékmetgjais
plaismasatrums, nevis pieiko&s phismasatrums, K to apstipriajusi dazdi autori.

Darla ietverti: levads, 5 nodas, secigjumi, 121 literairas avots, 2 pielikumi, 73
ateli, 9 tabulas, kop 121 lapa.
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INTRODUCTION

The increase of unexpected and flash flood accsd@nEurope in the past decade and
information about environmental and economic logssesed by flooding confirm the impact
of climate change on this phenomenon and the niggéss predicting of possible damages.
The direct economic losses from the major eventwdsn 2003 and 2009 were about EUR
17 billion [91]. Exceptional flooding which produtsignificant impacts included the floods
of summer 2007 in the United Kingdom, which accedntor overall economic losses of
more than EUR 4 billion: the flooding of 2005 in i®&erland, Austria and Germany
accounted for EUR 2.8 billion and the winter storarsd flooding affecting France on
December 2003 caused EUR 1.6 billion in lossesef@¢areas were affected several times in
the relatively short period of time between 2008 @009. Fig.1.1. shows the occurrence of
major floods in Europe during the period from 1968009 [28]. Up to nine flood accidents
were registered for separate regions during a @ovadk period only and it is evidence of

multiple flood events.
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Figure 1.1 Flood events in Europe 1998-2009 [28]



Moreover, global climate change is projected tenstfy the hydrological cycle and
increase the occurrence and frequency of flood tevenlarge parts of Europe, although
estimates of changes in flood frequency and magaitemain highly uncertain [29]. Climate
change is generally expected to increase the mafmitand frequency of extreme
precipitation events [20,31], which may lead to enartense and frequent river floods. The
projected expected annual economic damages in Ewaypsed by floods in the 2080s range
from 7.7 to 15 billion € depending on warming sa@®[22]. If Northern Europe would have
lower damages, the Central Europe area and Bigiek would undergo a significant increase
in expected damages [22]. According to the Europ@ammission, there have been more
than 100 large flooding events in Europe over #m ten years [26]. These events have
caused more than 700 casualties and damages aixapptely 25 billion Euros. The EU
Floods Directive 2007/60/EC [27] aims to estimaisgluce and manage damaging floods in
order to protect the population, environment, galtheritage and economic activity.

The local scour on hydraulic structures is onehefmost significant problems which
are always considered by hydraulic engineers. dba&l lscour evaluation on foundations leads
to the damage of water engineering structures #adta transport and engineering systems.

Water engineering structures (water intakes, efliitflows or discharges, pipeline
foundations etc.) as well as other hydraulic strres like bridge abutments, piers, dams and
roads located on floodplain area are under the einpbmultiple floods. If the local scour
depth is estimated less than the real one it Ghtlee hydraulic structure to fail. On the other
hand, if this depth is estimated more than the Il scour depth, that construction has no
economic justification [23].

During the past few decades the equilibrium andptaad depth of scour has been
studied and new approaches have been elaborat&higpso & Bettess [12], Kothyari &
Ranga Raju [62], Balio & Orsi [3], Radiet al.[88], Hageret al.[53], Armitage & McGahey
[2], Yanmaz & Celebi [111], Grimaldet al. [51], Gjunsburgset al. [35-38], Tregnhaghi &
Marion [106], and Yanmaz & Kose [74]. In most oéth discharge on the peak of the flood is
used for computing equilibrium or temporal deptrsobur, they are not restricted in time for
all the maintenance period of the structure orrictstl in time for the temporal scour
estimation; in field conditions, flow loads on waengineering structures are in the form of a
hydrograph and the scour is formed by multiple doaevith a different probability, duration,
frequency, and sequence. Those parameters arecgeytad in modern methods or formulas,
they do not allow the computing of the depth of #mour formed in time near water

engineering structures during multiple floods, #fere predicting the development of scour



depth before, during, or after the floods, provihg safety of the foundations, and taking the
necessary protection measures.

The objective of this study is to develop a newhudtto determine the depth, width
and volume evolution of the scour hole in time dgrmultiple floods, and to estimate the
influence of hydraulic and flow parameters to tleptth of scour near engineering structures
in the flow under unsteady conditions.

The test results were processed using previoushjighed experimental data. The
new method for the depth, width and volume evotutaf the scour hole near water
engineering structure during multiple floods offelie€nt probability, duration, frequency and
sequence was elaborated. The method presentednfgnoed by the test results. The
computer modeling of time-dependent scour at watgineering structures under unsteady
flow conditions was elaborated. Computer modelireg wsed to study an influence of the
form of the flood hydrograph and the impact of nplét floods of different probability,
duration, frequency and sequence to the scour weolprocess at the foundations of
engineering structures. The discharge, grain sizeed materials, flow contraction rate and
duration were changed to study the interconnedfanultiple floods and scour development.

It was found that the local flow modification, nibie approach flow, is forming the
scour hole near the water engineering structuree Thanges of the local and critical
velocities during scour development in time wergd®d to define the implications of their
relation to the scour intensity. The local velodigpends on the contraction rate of the flow
and on the backwater value, and is considerablyatgrethan the approach flow. The
interaction and changes of the local and critiebeity velocities during multiple floods was
first described. The modeling of scour developmetitme during multiple floods of different
probability, duration, frequency and sequence amardhat, with less probability, increased
duration and frequency of the floods, and certagugnces of different probability, the scour
depth at the water engineering structures increadss impact of the floods with different
shapes of hydrograph on the maximum scour depthfevasl insignificant, however it was
accepted that the intensity of scour developmerreases and the time when the maximum
scour depth is reached reduces by increasing cfitipe of hydrograph rising part.

The following conditions are taken into accounthis study. Clear-water conditions
and alluvial river bed with homogenous river bedtenal was supposed. Constant cross
section of river bed and floodplain between floods accepted.

Scientific novelty and the application. The new method for computing the depth of

scour formed in time near water engineering stmestuluring multiple floods was developed.
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First established the impact of multiple flood pmbbity, duration, frequency and sequence
on the scour evolution at the structures foundatidhwas confirmed that the value of the
scour depth is different for various multiple flosdenarios. A new theory is proposed which
confirms that the interaction of changes in thealaend critical velocities is significant in
scour formation. The influence of the hydrograptepness at the time when the fixed scour
depth is reached was accepted.

Since the proposed method reflects the situatioratore, it can be used for predicting
the development of scour depth before, during,fiar ahe floods, proving the safety of the
water engineering structures, and taking necespeotection measures in due time. The
method also allows modeling the scour developmeeharios of forthcoming floods with
different probability, duration, frequency, sequenand flood hydrograph that can be used
for evaluating whether the construction will beeatd withstand flood impact.

The method suggested can be used as the partezrgnwarning system to evaluate
the stability of structures in river flow by usitige data from flood-forecasting models and
multi-sensors networks for a real-time and distelu monitoring of hydrological
measurements.

This work is a continuation of previous studiestie field of fluvial hydraulic
developed by researchers of the Institute of H&ats and Water technology of the Riga
Technical University B.Gjunsburgs [36, 48], R.R.ildleds [81] and R.Neilands [82, 83].
Further studies on the riverbed layering impacsoour development and equilibrium time of

the scour are in the process and studied by E.@Gdv€h 39] and O.Lauva [47] respectively.

Resear ch objective and tasks

The objective of the study is to work out a newmoetfor the scour hole depth, width
and volume evolution in time during multiple flogdand to estimate the influence of
hydraulic and flow parameters to the depth of sawmar water engineering structures under
unsteady flow conditions.

To achieve the research objective the followingdame defined:

1. Make an overview of the methods for calculatiorinaf local scour under steady and
unsteady flow conditions to find out parametersduee evaluation of the scour depth
at engineering structures in the river flow.

2. Develop a theoretical method for the local scowl@ion during multiple floods.



. Create a new program based on the developed méthaolde computer modeling of
the local scour at engineering structures undeteady flow conditions during
multiple floods of different probability, duratiofrequency and sequence.

. Process experimental data to find the influencdiféérent hydraulic flow parameters
and time on the local scour parameters.

. Analyse the changes in the local and critical viiognder unsteady flow conditions
and the local and approach flow interaction and hbwfluences the scour hole
evolution at structures.

. Study the impact of the form of flood hydrographtba scour evolution process.

7. Make a computer model of the real flow and study ithpact of multiple floods of

different probability, duration, frequency and seqce on the scour process at water

engineering structures.
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1 BACKGROUND AND LITERATURE REVIEW

The structures built in rivers are affected by scawound their foundations.
Depending on the depth of scour at the foundatemgneering structures keep their stability
or become damaged. Many factors are involved inrsdevelopment; they are complex and
differ due to the change of flow conditions andading to the type of structure. Natural
changes of flow in the channel, long-term morphmalgchanges of the river bed or man’s
activities are the reasons for the occurrence ofiscThe scour generally means the removal
of material from the bed and banks of a channehbyaction of water and can be classified as
natural scour, contraction scour and local sco8}.[7

a) local scour- scour that results directly from thepact of individual structural

elements (for example, piers and abutments) orfléwe and occurs only in the
immediate vicinity of those elements

b) constriction scour- scour affecting all or mostlué channel bed in the vicinity of

hydraulic structures, associated with higher véilesicaused by the narrowing of
the channel

c) natural scour- typically including bed degradateord lateral channel movement,

bend scour etc.

The local scour rises because of the presencestfuature in flowing water which
causes three-dimensional changes in the veloaty faround the structure- increases local
flow velocity in the horizontal plane, develops tieal velocities and separates flow from the
downstream parts of the structure. Scour developraaries according to the structures

located in the flow therefore scour calculation moels for different structures vary as well.

1.1 Local scour at steady flow conditions

Scour calculation methods are used at the desmge sbf hydraulic structures to
determine the depth of foundations and piles. Ththouds for the calculation of local scour at
the foundations of hydraulic structures and theho@s for the estimation of the equilibrium
depth of scour can be found in literature. Themegapproach was used to perform most of
the early investigations where scour depth wastaeldao the flow of discharge at the

contracted cross section. The regime concept atgthfrom the analysis of general scour in
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live-bed conditions and was extended to local squediction at spur dikes, piers and
abutments on the basis of observations.
Lacey [65] proposed a formula for the predictiortred maximum scour depth at piers

and spur dikes based on field data from irrigatianals:

1
3
Ns _oang| -2 | 1, (1.1)
f-hd

af

where hg - scour depth measured from the initial bed level;
has - approach flow depth;
Q - flow discharge;

f — silt factor, f =176,/dsq ;

k, - amplification factor depending on the type o$wbction;
dso - medium grain size.

Based on the Lacey regime formula Claude Ingli§ fgdposed a scour prediction

equation (Inglis-Lacey):

Wl

d, = 0946 [%j , (1.2)

where ds- scour depth;
g - flow discharge;

f - silt factor (Lacey silt factorf =1.59/H);
d - mean diameter of bed material.

The equation resulted from the collection of satata at various bridge sites in India.
He reasoned that the effect of bridge piers isdftedt the current like bend and therefore
proposed that the maximum scour depthisdproportional to Lacey’s [65] regime depth
(mean depth, equal to cross-sectional area divigiesirface width).

Inglis-Poona equation [57] after Melvil [75]

2 078

3
95 53 || (1.3)
h h

where ds- scour depth;
h - approach flow depth;
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Q —regime discharge.

The result was based on model tests carried olridig [57]. It was assumed that the
maximum scour depth at an obstruction could bemnedéd by multiplying this flood regime
depth by a factor dependent on the geometry ofabssruction.

In practice no distinction is made between clearewascour and scour with
continuous sediment motion, although Thomas [10%Bfed explicitly that the Poona
experiments were run without sediment load.

Ahmad (1953) [1] used the regime approach basethlooratory experiments and
proposed a maximum scour-depth relationship for dikes that used the “flow intensity” or

flow rate per unit width in the contracted sectiags the independent variable:

2
hs+haf :kz'qsa (1.4)

where hs - scour depth at spur dikes;
hys - approach flow depth;
k.- constant depending on flow intensity and anglmciination of spur dike;
g - flow rate per unit width.

Experiments in a flume were made by Laursen anchT@®56) [70] to study the
influence of foundation geometry, stream hydraulitise characteristics of sediments, the
geometry of the channel shape and alignment téotta# scour at piers and abutments. In the
laboratory the maximum scour depth was observatieatipstream corner of abutment and
authors accented that the contraction ratio wasdda be an important factor in influencing
abutment scour.

Another scour prediction approach is the empiriaatl semi-empirical approach,
when scour control parameters are correlated tirdugensional analysis.

Liu et al. (1961) [72] investigated the scour atll¢prough and vertical-wall
abutments in flume and used the regression anabysexperimental data to develop scour
prediction equations under clear-water and live loedditions. In a separate series of
experiments, clear-water scour was studied by pmeihg the scour hole and determining the
flow conditions necessary to just initiate sedimeaition in the bottom of the scour hole. In
this case, the dimensionless clear-water scouhdegs found as follows:

hs _1p5F7 (1.5)
h M
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where hs- scour depth;
h - normal flow depth;
Fr - Froude number;
M - geometric constriction ratio.

The geometric constriction ratM is defined by the ratio of the constricted chanmielth to
the approach channel width. Normal flow depth wetemined with sediment in equilibrium
transport before the abutment was placed in thradlu

Laursen (1963) [68] developed a relationship fattigal-wall abutment scour depth
through a long flow constriction under live-bed aridar-water conditions. The contracted
width was assumed to be equal to a scour-hole vaflth75 times the scour-hole depth. This

assumption resulted in a semi-empirical relatiom$br clear water £, < z.) scour depth:

i =275 s
haf

af To

(1.6)

where L,- abutment length;
has - average upstream flow depth;
hs- scour depth;
7, - bed shear stress of approach flow;

7. - critical shear stress for initiation of sedimemdtion for sediment siza.

The maximum scour depth that should be acceptad fraursen’s equation ilss =
4hy;, because the filed observations of scour around diges on the Mississippi River from
which the equation was derived never exceetlgd

Laursen’s scour depth calculation Eq. (1.6) wappsed for abutments that do not
extend over the floodplain into the river's mairanhel; for maximum clear-water scour at

threshold conditions, and was approximated by Mely1997) [76]:

how ~ 1930, . (1.7)

max

Gill (1972) [34] performed experiments on local sc@t spur dikes in sand beds
under clear-water and live bed conditions. He ssggge that the maximum scour depth

depends on the geometric contraction ratio (totdtiwto the width of the contracted section),

14



on the ratio of the sediment size to the flow deptid the ratio of the approach flow shear
stress to the critical shear stress. The derivedatesn under clear-water conditions

(z./7,>0)Iis:

3
(f—f’]“ , (1.8)
TC

where hs- scour depth;
h - initial flow depth;
dso- median grain size;
L - flume width;
La- length of the protruding structure;
7, - bed shear stress of approach flow;

7.~ critical shear stress of sediment particles.

Gill (1972) [34] noted that for bridge design pren of maximum scour depth it is
unimportant wherever clear-water or live-bed cadndg exist. However maximum clear-
water scour depth is about 10% larger than thelibgum local live-bed scour, because
clear-water conditions have greater sediment aagrgapacity.

Tey (1984) [104] managed a wide range experimettaly of the effect of flow depth
on clear-water scour at abutment, with a consttia of approach flow shear stress to critical

shear stress, /7, =0.90, while varying the flow depth, abutment length astthpe. The

author concluded that length and shape of abutprettuding into flow influences obtained
scour depth; scour depth increased with increafiowg depth, and at longer and blunter
abutments shapes.

Froehlich (1989) [32] used dimensional and multipdgression analysis of a large
number of clear-water laboratory experiment resafisscour at abutments and spur dikes.

Froehlich regression equation was proposed in HIRE:

) L0 h 3043
=S = 078K K, =& Fralf-lﬁ(ifJ o 8741, (1.9)
haf haf d50

where hs - scour depth;
hys - approach flow depth;
K1 - coefficient for abutment shape;

Kz - (©/90)%13 - coefficient for angle of embankment to flow;
@ - angle of embankment to flow;
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L, - abutment length;
Fras- Vob/(ghaf )0'5- approach flow Froude number upstream of the abotm

Vob - approach flow velocity in obstructed area by ankment,
dso - medium grain size;

o- (dgq/d1g)®° - geometric standard deviation of the sedimer digtribution,

ds4 andd;s - medium sediment grain size (particle size foicht84% and 16%
are finer by weight, respectively);
g - gravitational acceleration.

Froehlich proposed that a factor of safety FS fhdukl be added to the valuelefh,s
obtained from the regression analysis, and it e bncluded on the right-hand side of Eq.
(1.9). The safety factor makes the equation preaitour depth larger any of the measured
scour depth in the data.

“Highways In The River Environment” (HIRE) by Riatisonet al. (1990) [95] and
the U.S. Department of Transportation recommends&dguthe live-bed and clear-water
abutment scour calculation equations obtained etial. (1961) [72], Laursen (1980) [69]
and Froehlich (1989) [32] for bridge foundationigesin the United States.

For predicting scour around long abutments (Witfn. > 25) terminating in the main
Channel, the original equation was presented inEMile later HEC-18 [92] recommended
using the modified HIRE equation by added coeffitseof abutment shape and alignment

hs 4 _ 033
Ns _ 4 o33y, 1.10
h, 055 & 12 (1.10)

where hs- scour depth;
h. - depth of flow at the abutment on the over-banindhe main channel;

Fr,=V,/ (ghaf)o's- approach flow Froude number upstream of the abotm
K1 - coefficient for abutment shape;

K, - coefficient for angle of embankment to flow edéted as for (1.9).

Equation (1.10) was developed from the U.S. ArmypSaf Engineers field data for
scour at the end of spur dikes on the MississippeiR and it should be accented that scour
depth was recommended to be calculated at bridgenamts if conditions are similar to the
field conditions from which the equation was dedve

Melville (1992) [75] summarized a large number ofperimental results on the
abutment scour from the rectangular channels aopoged the generalized, empirical scour
prediction equations. He termed temporal maximuousdepth as equilibrium scour depth

16



under a certain set of conditions and derived ¥alhg the maximum scour depth calculation

equations depending on empirical correction factors

h

for short abutments L—2K1Kd K,KsKyKg,

a

hy

for long abutments h—zloKleKGKSKHKG,
af

. . hs * *

for intermediate abutments = 2K, K4 K, KKy K,

a'‘af

where hs- local scour depth;
L,- abutment length;
ha - approach flow depth;
K - flow intensity factor;
Kq - sediment size factor;
K. - sediment size factor;
Ks - abutment shape factor;

Ks - adjusted shape factor for intermediate abutments

K - abutment alignment factor;

K* ¢ - adjusted alignment factor for intermediate afmrits;

K - channel geometry factor.

(1.11)

(1.12)

(1.13)

He classified abutments as shduf (hys < 1), long (La/ has < 25), and intermediate &L, /

has < 25). Melville used experimental data to defineeotk factors.

Melville (1995) [77] used Dongol's (1994) [24] exprental data to investigate the

compound channel geometry effect on abutment sampth. The experiments were

conducted in a rectangular laboratory flume with@deled idealized compound channel with

the wing-wall abutment placed perpendicular toftbw. It was proposed that the scour depth

at abutment terminating into the main channel cooéd calculated as the scour in an

equivalent rectangular channel of the same widthwith a depth equal to the main channel

depth by calculating the channel geometry factdggs. (1.11), (1.12) and (1.13), as follows:

where L, - total length of the abutment projected into mzhannel;

(1.14)

L. - projected length of abutment panning Ehe floadpl (consequently, if
abutment is terminating into main channel thgn= width of floodplain);
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h. - flow depth in main channel,

ha - approach flow depth in floodplain;

n. - Manning’s roughness coefficient for main channel

s - Manning’s roughness coefficient for floodplakuor rectangular channeis; =
1.

Sturm and Janjua (1994) [102] performed a seriegxgleriments in a compound
channel, i.e., a flume with a fixed-bed main charamel a movable-bed floodplain in which
the abutment terminated. Flow depth, discharge,poamd-channel geometry, and abutment
length were varied, and measurements of approdobityedistribution and scour depth were
obtained. On the basis of a dimensional analysistia@ application of Laursen’s analysis of
relief bridge scour in a long contraction to compduchannels, authors suggested a
preliminary relationship for the dimensionless défuum scour depth to illustrate the

compound-channel effects on scour:

_(Vaﬂ J ]
h \Y/
S = 770~—*=2_035

afl 1

: (1.15)

where hs - scour depth;
has - approach flow depth in floodplain;
Var - approach flow velocity in floodplain;
V. - sediment critical velocity;
M; - discharge contraction ratio defined as the foacof the total flow discharge
in the bridge approach section.

The authors showed that the approach of flow thstion and its readjustment by the
abutment in the contracted section are importaotofa that should be included in the
equations for predicting scour depth in naturahcieds.

Lim (1997) [71] proposed a scour prediction equatiased on the flow continuity
equation before and after scour, scour geometry, aageneralized form of the power-law
formula for flow resistance in an alluvial Channiy the estimation of the dimensionless
equilibrium clear-water scour depth at an abutmgné rectangular Channel for uniform

sediments:

Ks(09X -2), (1.16)

n
haf
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where hs - scour depth;
has - undisturbed approach flow depth;
Ks - abutment shape factor;

X = 07 %75 075(dgy / iy )°2|09(L, /1y )8 +1,
6= uZ /[(S-1)gds,] - Shield’s entrainment function;

Fry =V /[(S—l)gdso]o's- densimetric particle Froude number of approactvil
dso - median grain size;

L,- abutment length;

Vat - average approach flow velocity;

W - critical shear velocity of particle motion;

S- specific gravity of sediment;

g - gravitational acceleration.

The proposed equations were obtained for an abutplaned perpendicular to the
flow direction in the rectangular laboratory flumehich evolves approach flow velocity,
median size of cohesion-less sediment, and progtength of an abutment. The author used
a large amount of clear-water scour experiment datained by his own study, Dongol
(1994) [24], Kandasamy (1989) [60], Kwan (19884][6Tey (1984) [104], Rajaratham and
Nwachkukwu (1983) [90], Wong (1982) [108], Zagl¢ub74) [115], Gill (1972) [34], Garde
et al (1961) [33], and Liuet al. (1961) [72] to verify a developed method, howetlrex
method is limited to the range of experiment dataddtions;L, / hy < 1; andX > 2.22. Under
the maximum clear-water scour condition, e,/ U, = 1, Lim (1997) [71] admitted that it
achieved good agreement with the Melville (199%] [@hd Laursen (1963) [68] formulas for

scour depth calculation in uniform sediments byuoilg Eq. (1.16) to:

Mo = 18,/LNy (1.17)

For scour calculation at abutment in sediment meguLim (1997) [71] used the
effective sediment sizaso,, Which corresponds to the critical armour-layetecion proposed
by Chin et al. (1994) [17], and is introduced tac@amt for the effect of non-uniform
sediment:dsoy = dma)1.8, Wheredsp, = median grain size of critical armor layer, ahgx =
maximum particle size.

Chang (1996) [14] has applied Laursen’s long catitsa theory to both clear-water
and live-bed scour. He suggested a velocity digtioln in the contracted section, and a spiral-
flow adjustment factorl;, at the abutment toe that depends on the appfeacide number.

The value ok, was based on potential flow theory, dadvas determined from a collection
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of abutment scour experiments in rectangular laboydlumes. The resulting scour equation

was:

K ®
Yo _y, (_quJ , (1.18)
Y1 Ch

where y. - flow depth in contracted section after scour;

y1 - approach flow depth;

0. - flow rate per unit width in approach section;

0. - flow rate per unit width in contracted section;

O - 0.857 for clear-water scour.
The value ok, = 0.8(g/g2)1.5+1 andk = 0.1+4.5F for clear-water scour, whillk = 0.35 +
3.2F; for live-bed scour. The approach Froude numbBer= Vi/(gh)0.5. The effect of
sediment size on clear-water abutment scour isideel in modified formula (Chang 2001)
[15] and has the form:

h, =k, (k

\

)% "h,.., (1.19)

where h, - total depth of flow at the abutment including ttumtraction scour depth only;
ki andk, -are unchanged from the previous formulation;
hsc - is calculated frongp/V;
O - unit discharge at the contraction;
V, - critical velocity obtained from expressions givgy Neill (1973) [84].

The evaluation ofy, is unclear for the case of the contracted sedti@aving a compound
section with a variablg, across the cross section.

For scour calculation at abutment in sediment meduLim used the effective
sediment sizélsp, Which corresponds to the critical armor-layeterion proposed by Chiet
al., and is introduced to account for the effect of moiform sedimentdsg, = dmay1.8, where
dspa IS median grain size of critical armor layer, ahgyis maximum particle size.

Kouchhakzadeh, S. & Townsend, R.D. (1997) [63],wahdhat the ratio of flow
obstructed by abutmen@,, to flow at a specific width near the tip of abetm, Q,, was a
significant parameter in estimating the equilibrissoour depth. The formulation of the
functional relationship is based on:

dse _ Qa
h _f(FC,Ff,Q ,Sj, (1.20)

f w
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where Q, - specific discharge for a certain width™near the abutment tip;
h - approach flow depth;
S— construction shape factor;
Q. - discharge for widthw” at the approach section;
F: - Froude number of at approach section;
Fc - Froude number when the sediment is at incimiestion condition.

Young et al. (1998) [112] developed a regression equation foutraent scour
prediction under clear-water and live-bed condgiosing the calculated contraction scour as

a non-dimensional parameter for the local scouttdapabutment:

~N | w

hyth, =137 — (hye -V )7 (1.21)
af s T*C(S— )dso af R/ :

where hys - approach flow depth;
hs - scour depth;
n - Manning’s roughness coefficient;
7+¢ - Critical value of Shields’ parameter;
S- specific gravity of sediment;
dso - median grain size;
VR - resultant flow velocity adjacent to the endlué albutment due to contraction.

The resultant local velocity was calculated f\gn=V, /cosd”, where Vy is an

average contraction velocity from continuity, &hd= 69.85(a/ A) 02425 \vherea is blocked

flow area by the embankment and abutment, Amsl total unobstructed flow area including
floodplain and to the centre of main channel.

The U.S. Maryland State Highway Administratidaeveloped methods for abutment
scour prediction by using coefficients applied emtraction scour. These methods were based
on research by Chang and Davis (1999) [13], whdieghhaursen’s long contraction theory.
The authors defined a velocity adjustment fadpto account for the non-uniform flow
velocity distribution in the contracted sectiondaa spiral-flow adjustment factd¢, was
based on potential flow theory, akdwas determined from the analysis of abutment scour
experiments in laboratory flumes. The abutment saepth including contraction scour
under clear-water conditions, when the shear swésgpproach section is less than critical

shear stresg;, < 7, can be found:

h, :[kf .kV0857%—hJ-K1-K2, (1.22)

c
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where hs - total scour depth;
h - average flow depth in contraction prior to sgour
ki - spiral-flow adjustment factor equal @1+ 4.5Frgs ;

Fras - approach flow Froude number upstream abutmgg{ghys)0.5;

Vob - @approach flow velocity in obstructed area by ankment;

g - gravitational acceleration;

k,- dimensionless velocity adjustment factor, eqod.Bn/a)*+1;

0. - flow rate per unit width in the approach section

0. - flow rate per unit width in contracted section;

V. - sediment critical velocity;

K; - abutment shape factor;

K, - coefficient for angle of embankment to flow as [Froehlich’s equation (1.9).

The values ok, were limited to the range from 1.0 to 1.8, &ndiithin range from 1.0
to 3.3. A factor of safety of 20-40% of computedwcvalue was proposed to be used for
engineers.

Hamill (1999) [56] recommended using a modifiedsien of Froehlich’s equation
presented in HEC-18 for clear-water abutment spoeuliction.

Hydraulic Engineering Circular No. 18 (HEC-18) isduby U.S. Federeal Highway
Administration for bridge engineers in the U.S. Bychardson and Davis (2001) [93]
recommended a modified version of Froehlich’s Inexl abutment scour equation for both,
live-bed and clear-water scour depth calculationsonditions that Eq. (1.23) is not consistent
with the fact that ak’ tends to Oys also tends to O:

h L 043
—S 227K1K2(—J Fr06l41, (1.23)
hy ht

where hg - scour depth;
h: - average depth of flow in floodplain, equalAgL;
A.- flow area of the approach cross section obsttuby the embankment;
L - length of embankment projected normal to the flow
K; - coefficient for abutment shape;
K, - coefficient for angle of embankment to flow;
L’ - length of active flow obstructed by embankment;
Fr - Froude Number of approach flow upstream of thetrabuot, equal to
Vel (gh)™®
Ve - QJAe, approach flow velocity in the obstructed arealmbankment;
Qe - flow obstructed by the abutment and approachagkiment;
g - gravitational acceleration.

Gjunsburgs and Neilands (2001, 2004) [36,37] anth&jurg=set al (2006) [49] used

the differential equation of equilibrium of the bsddiment movement under clear-water
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conditions, and worked out a fundamental methodcfculating the scour development

under unsteady flow conditions:
h, = 2h; (x=1)-k,, - ks - kg, (1.24)

where hs - scour depth;
h; - flow depth in floodplain;
X - parameter determined from graphical relatibr f(x), Ni = (t/(4Dih)) + Ni-1
= 1/6x°— 1/5%°;
t; - time interval,
D; - constant parameter in steady flow time step;
kn - coefficient depending on the side wall slopehaf abutment (by Yaroslavcev
[121]);
ks - coefficient depending on the angle of flow cimgs(by Richardsoret al
[92]).
Oliveto and Hager (2002) [85] presented a scouragou that involves the scour

depthz as a function of timé
Z=2/25=0068N-o Y2.F1®.logT, (1.25)

where zg = (hoD?)"? for the cylindrical pier;
zr = (hob®)*> for the rectangular abutment;
N=1orN=1.25- a shape factor for circular-shaped cyloal pier and vertical
abutment, respectively;

o = (dga/dre)¥? - the sediment uniformity parameter;

T =t/tr - the relative time.
The authors found that the dominant parameter gavgrscour processes is the densimetric
particle Froude numbdty = V / (g'dsg)™’? with approach velocity, the relative gravitational
accelerationg’ = [(os - p)/ o]0, Whereps is sediment densityy is fluid density anddsg is a
median grain size. The limitations of this methoérev also described by authors: (1)
sediment sizalsp > 0.80 mm in order to exclude viscous effects; (2armel geometry; (3)
relative flow depth to exclude macroroughness ¢dfeand (4) approach flows producing
essentially clear-water bridge scour.

Rahman and Haque (2003) [89] used Lacey’s equadimh compared the results
against the observed maximum scour depth arountinglodrlike pier-like structures along
the major rivers in Bangladesh. They found out thatcalculated scour values usually over-
predicted the observed ones. The authors accepéegyls equation applicability, but
accented that equations do not take into accounstiucture’s dimensions, therefore using

the flow-continuity approach and concept of flowncentration into a restricted region of the
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scour hole, Rahman and Haque (2003) [89] derivedliiled Lacey’s equation for the

prediction of maximum scour depth at abutments:

1
3
N _ garm 213[1+ 1.55] -1, (1.26)
haf haf

where hs - scour depth;

hy - approach flow depth;

L, - abutment length;

M, - constant for a specific river equal#u-/(1.760a Nat’);

¥ = 8.5+5.75log(hkyr) - for turbulent flow;

L - channel width;

W - approach flow critical bed shear velocity;

dso - median grain size;

kgr - grain roughness, equal to @5

Rahman and Haque (2003) concluded that modifiedeya equation is applicable for
abutment-like structures adopted in the major sxadrBangladesh withih,/hys < 10, but the
applicability is questionable when the equationded for sloped-wall abutments.

Sturm (2004) [100] performed a large number expenits on the abutment scour in a
compound channel flume. The scour depth was medsigra function of discharge, sediment
size, abutment shape and length, as well as wattaeg profiles, velocities and scour hole
contours were also measured. Sturm observed tleatidtharge distribution factor is the
appropriate variable to use rather than abutmemgtihe to measure the effects of flow
contraction and flow redistribution in the contesttsection on local scour depths. He
suggested the scour prediction equation for eitletiback (shorter abutments terminating in
floodplain) and bank-line abutments (located at ¢dge of the main channel) under clear-

water conditions:

hg Qa
—=Kg1-C, | ————-C, |+ FS, 1.27

where hg - scour depth;
h: - normal flow depth in floodplain for un-constect conditions;
Kst— spill-through abutment shape factor;
C: - best-fit coefficient in proposed equation, ecioaB.14;
Co - best-fit constant in proposed equation, equél 40;
M; = [Q +(QflI-Qa)]/Q - discharge distribution factor in approach settio
Q - total flow discharge;
Qc - flow discharge in main channel for uniform flemvcompound channel;
Qxn - flow discharge in approach floodplain;
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Q. - flow discharge in obstructed area over a lergjinal to abutment length;
Oait = Vafhan - flow rate per unit width in the approach obstedcportion of
floodplain;
Van - average approach flow velocity in the obstrugiedion of floodplain;
ha - average approach flow depth in the obstructetiqgroof floodplain;
V. - Ve sediment critical velocity for abutments locatedtioe floodplain;
V. - Ve Sediment critical velocity for abutments locatexshinthe bank of the main
channel,
Vae - critical velocity for the un-constructed apprbaftow in the floodplain
evaluated fory ;
V¢ - critical velocity for the un-constructed apprbatow in the main channel
evaluated for normal flow deptl in the main channel.
Sturm recommended adding a valud-8f= 1, becaus€Sis greater than the standard error of
0.75 for h/hs for the best-fit of the experimental data. Thdlg¢prough abutment shape factor
Is: Kst=1.52€-0.67)/€-0.40) for 0.6 << 1.2;Kst=1for§ > 1.2; andKst= 0 for§ < 0.67,
whereé = gan/(M1VcH¢). Sturm (2004) [100] concluded that the abutmeapshvas important
for shorter abutments, while no experimental déferes in the abutment shape effects was
detected with increased length abutment when mam&action is caused with encroachment
on the main channel. Sturm (2004) [100] admittest thpinion where contraction and local
scour are independent is overly conservative, tberehis proposed abutment scour
prediction method does not distinguish betweenrectibn and local scour.

Sturm (2005) [101] presented a conversation ralabetween approach hydraulic
variables and local hydraulic variablegx/Ve-1 = 1.56[cki/(M10hc)-0.4]4"8 , where Vg is
resultant depth-average velocity at the upstreamecof the abutment fac¥, is a critical
velocity at the upstream corner of the abutmerg,fgqg = Vchy is a critical flow rate per unit
width in un-constructed floodplain at normal flowpmh h. However, the author did not use
resultant depth-average velocity in his scour dataan equation.

Benedictet al. (2006) [5] using Young'®t al.(1998) [112] abutment and contraction
scour equation and unpublished data presentedtiteaction adjustment factér, which was
derived from a multiple regression laboratory tastlysis of contraction and abutment scour,

and modified original Young’s equation:

37
h: +h Vo )2
fh S—SK!M} KK, (1.28)
f

where hs - scour depth;
h: - normal flow depth in floodplain;
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K = 1+1.5393(a/f))®*"® - adjustment factor as a ratio of total scour fe t
abutment to contraction scour;

a - blocked flow area by the embankment and abutment

n - Manning’s roughness coefficient;

dso - median grain size;

Vk - resultant local velocity adjacent to the endhef abutment due to contraction;

K, — coefficient for abutment shape;

K, - coefficient for angle of embankment to flow.
Resultant local velocity at the abutment end duedotraction depends on the geometric
constriction of the flow area and average un-caotett flow velocity: VR = V{[A/(A-
a)]*+{a/(0.43A)]%}°>, whereA is the total unobstructed flow area including fibedplain and
to the centre of the main chann¥l,is the average flow velocity over arda Previously
defined constants for specific gravi§/= 2.65 for sand, and the critical value of Shigld’
parametets. = 0.047 for sand motion were used in Eq. (1.28).

Various scour prediction models have been devel@mebreported in the literature.
Most of these models are of empirical charactericiwtare based on clear water scour
conditions. A comparison of the methods of différanthors as well as a comparison of the
results achieved by methods and measured in lavgregsts is objective of many studies.
Grimaldi & Gaudio (2006) [52] analysed laboratorgtal by different authors to verify the
onset of the equilibrium state and this compareth whe empirical formulae on time
evolution of the scour depth at piers and abutmerite results of studies showed that the
scour depth at the abutments was generally overatdd by Shert al. (1966) [96] and
Melville & Coleman (2000) [78], Franzett al (1994) [30] and Hager & Oliveto (2002) [53]
formulas, while Lauchlaet .al (2001) [67] formula gave the best prediction. Bu¢hors did
not accept the extrapolation of the test resultdh Bertoldi & Jones’ (1998) [6] formula
because the results showed that the percentageatifve error on the assessment of scour
depth presented strong oscillation over time.

Yanmaz (2008) [110] discussed the results obtafin@oh various scour-prediction
models dealing with the temporal variation of cleater scour depth. It was found that time-
dependent scour depths obtained from Melville ardeW's (1999) [79] equations are
slightly smaller than those of Hager and Olivet(?902) [53] equation. The discrepancy
between the Hager and Oliveto (2002) [53] equati@md Melville and Chiew (1999) [79]
equation decreases with increasing duration [110].

26



1.2 Scour development during unsteady flow conditions

The severity of a flood is a function not only tf flood peak, volume, and duration,
but also of the shape of its hydrograph. Varioushiwds have been proposed to construct the
shape of a design-flood hydrograph (DHF) and thesthods may be placed into the
following four classes [113]: (1) the traditionahitthydrograph (TUH) methods (Sherman
1932 [97]; Dooge 1959 [25]; Chow 1964 [18]; Chetval. 1988 [19]; Pilgrim and Cordery
1993 [87]; Yue and Hashino 2000 [114], Yang and 12806 [109]); (2) the synthetic unit
hydrograph (SUH) method, such as the Snyder megi®ogder 1938 [98], Bhunyet al2004
[8], Bhunyaet al. 2011 [7]) and the Soil Conservation Service (S@®8})hod (US-SCS 1985
[107]); (3) the typical hydrograph (TH) method (Métovsky 1971 [117]; Sokoloet al
1976 [99]); and (4) the statistical method (SM) 461961 [50]; Sokolowet al. 1976 [99];
Ciepielowski 1987 [21]; Haktanir and Sezen 199Q)55

The shape of a flood hydrograph is a random evéarg.et al. (2002) [113] developed
a method for describing the statistical properbéshe shape of a flood hydrograph. Two
shape variables, namely, shape mé&gjh 4nd shape variancg& ), were defined to express the
randomness of a flood hydrograph. The shape ofltoel hydrograph was represented by
employing the Beta Probability Density Functionfpalith two parametera andb.

Beta pdf
25
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Figure 1.1 Different shapes of Beta pdf [113]

The shape of the pdf is shown in Figure 1.1:
positively skewed or prior-peak shape, wiena > 1
symmetrical or mid-peak shape, whren b
negatively skewed or posterior-peak shape véei > 1
According to the relationship between the floodkpeecurrence time from the origin

(tp) and the horizontal distance of the centroid #bad hydrograph from the origirj, flood
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hydrographs can be roughly classified into theofwlhg three shape types: (1) Positively
skewed or prior-peak shapg € t); (2) symmetrical or mid-peak shapg € tc); and (3)

negatively skewed or posterior-peak shape () and schematic illustrated as shown in Fig.

(1.2) [113].
i > C\ > i \ -

=1, |é £, t
tC

T t,
(a) ®) (©)

Figure 1.2 A schematic illustration of differentagies of flood hydrographs: (a) prior-peak
shape; (b) midpeak shape; (c) posterior-peak sHa/3}

Although bridge foundations fail mainly during fld®, the effect of an unsteady
hydraulic load on bridge piers and abutments hesived no systematic attention so far [86].
Many researchers have reported that the failuresasfs-river bridges mainly occur during
floods. The scouring process during a flood isliptdifferent from that under steady-flow
conditions. This is because during floods, the dwicbiers become exposed to flood
hydrographs with varying flow conditions. Hence,ist very important to investigate the
scouring process during unsteady flows. Briaaidal. (2001) [11] proposed the SRICOS
method to predict the depth of the local scour elsus time curve around a bridge pier in a
river for a given velocity hydrograph and for adegd soil system. The method was limited to
cylindrical piers and water depths larger than twmees the pier width. Changt al. (2004)
[16] and Oliveto and Hager (2005) [86] used a samitoncept to calculate the temporal
variation of pier scour depth under unsteady flatvsniform piers and abutments.

Lai et al. (2009) [66] investigated the temporal effect dfatient rising hydrographs
on local scour depth under clear water scour cmmditat bridge piers. A relation for
estimating the maximum scour depth in uniform depths proposed where the flow
unsteadiness effect is taken into account by ateadyg flow parameter combining the peak-
flow intensity and time-to-peak factors. Two typsshydrograph in the form of approaching

flow velocity V versus time were considered (Fig. 1.3.).
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Figure 1.3 Two types of hydrograph in the form pp@aching flow velocity versus time.
Hydrograph A with steady flow, hydrograph B withdar rising limb[66]

The method for maximum scour dejgkl, calculation was proposed:

dgm—aKd KnhP, (1.29)

where « - coefficient equal to 3.9;

Kq - adjustment factors for sediment size effect ffma depth effect respectively;

Ky - adjustment factors for sediment size effect fémd depth effect respectively;

P - unsteady flow parameter incormporating the plé@k-intensity factor (\/V.)
and the time-to-peak factopfteo;

V, - approach velocity at peak discharge;

V. - critical approaching velocity;

t'p - equivalent scour duration under hydrograph A;

teo - €quilibrium scour time (days).

Changet al2004 [16] investigated and analyzed experimentt da the scour-depth
evolution at circular piers in nonuniform sedimefstscheme for computing the scour-depth
evolution under unsteady flow was proposed usingy@ograph with stepwise discharge
(Fig. 1.4).
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Figure 1.4 Stepwise hydrographs for Runs U1-U13[16]

29



In the unsteady flow experiments of Chaetgal 2004, general observations showed
that the scour depth increases steadily duringisivey period of the hydrograph, and changes
only slightly during the recession period. Simwas of scour-depth evolution under a
stepwise hydrograph for the experimental runs vmeaele and good agreement between the
simulated and experimental results indicated thatproposed scheme may be employed to
simulate scour depth evaluation under the steptwskograph flow. The method proposed
by Melville and Chiew (1999) [79] was used for scalepth calculation during this
investigation.

Oliveto and Hager (2005) [86] carried out resealthe effect of unsteady flow on
scour development at bridge elements. Two typeffoofl waves were defined: (1) single-
peaked floods with time to pesk= 1,800 s and peak discharg@gs= 0.070, 0.090, and 0.110
m>/s, plus two runs withy, = 900 and 3,600 s with a peak discha@ye 0.090 ni/s; and (2) a
double-peaked flood wave with times to pggk 1,800 and 3,600 s f@, = 0.090 n/s.
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Figure 1.5 Scour advance due to unsteady discliaiy€left) with resulting scour depth z(t)
(right) with (white circle) observations and (blagkcle) predictions for runs: single-peaked
floods @) 11.11.00 (1);d) 03.03.01 and double-peaked flood waiyeDd.03.01[86]
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It was demonstrated that the basic scour Eq. (X¥&&esented by Oliveto and Hager
2002 [85] applies also to such phenomena, provithed parameters are adapted to the
experimental configurations. . The authors’ confiirat all present experiments followed the
nonuniform data well when using a constant but ceducoefficient in Eq. (1.25) and the
computational procedure is straightforward, allogvan prediction of the scour depth with a
simple subroutine.

Hager and Unger 2010 [54] investigated the efféa single-peaked flood wave on
pear scour. It was made theoretically using Olivatal Hager's 2002 [85] equation and
confirmed by the experimental results. By the aggpion of form coefficienN = 1 for the
circular bridge pier an®l = 1.25 for the abutment in the formula, the resalso related to
the scour at the bridge abutments. Based on sapuilE25) for a steady approach flow and a
model flood hydrograph, the evolution of maximunowcdepth was predicted. It was found
that the end scour depth depends essentially opeéle approach flow velocity, neutrally on
the element shape parameter, the pier diametersatignent nonuniformity, the fluid and
sediment densities, and the sediment size, butsiglgtly on the additional variables.

The influence of the unsteady flow hydrograph shapdocal scouring around the
bridge pier was studied by Borghei al. 2012 [10]. Triangular shaped hydrographs with
repeatable peaks where used to simulate the upystiead (Fig.2.6). It was found that both
sharp and flat increases to the peak of the hydpdgr have a negligible effect on the scour

depth of the same base time.
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Figure 1.6 (a) Different tested hydrographs andl{tberent hydrograph shapes to reach to
the peak [10]

Experimental and numerical investigations on theadyic behaviour of bed-load
sediment transport under unsteady flow conditioas ©e found in literature from a
hydrology point of view (De Suttest al. 2001 [103], Bombaet al. 2011 [9]). It confirms the
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topicality of research necessity for natural floanditions, when the flow has a form of
hydrograph.

Kothyari et al. [61] studied the temporal variation of scour degtibridge piers under
clearwater scour conditions with unsteady flow,agproximated by a stepwise discharge
hydrograph. Mia and Nago [80] considered the dgwaknt of bed-shear stress around the
pier incorporated with the bed-load sediment transgheory, and they proposed a method for
computing the local scour depth varying with time.

Changet al. [16] accepts that the general practice of emplpyeak-flow discharge
to evaluate the maximum scour depth for design beyguestioned because the maximum
scour depth occurring under a flood hydrograph lbamrmuch smaller than the calculated
value using peak-flow discharge and using the pleak-discharge for design can greatly
overestimate the maximum scour depth in compatigdhe actual conditions under the flood

hydrograph.

1.3 Conclusons

Although many studies on local scour around brigges have been found in the
literature, investigations dealing with time depenidscour studies at abutments under an
unsteady flow are still limited. The study of losalour described in chapter 2.1 shows that in
line with base variables, like construction lengtid shape, flow depth, critical velocity and
grain size of sediments, there are several whiehredluded or avoided. Most of the methods
described include the average approach flow vel@athough local scour at constructions is
formed by a flow with a velocity near it. Most dfet research describes scouring for unsteady
flow conditions at the foundations of bridge pigt$], [16], [66], [10]. Hager and Unger [54]
suggest using coefficieM = 1 for the circular bridge pier aridl = 1.25 for the abutment in
their formula, though tests were carried out foidgpe piers. Oliveto and Hager's [86]
investigation was based on scour experiments fdgemiers and abutments. All the methods
proposed are focused on the comparison of the mamiracour value developed during
temporal scour, calculated using temporal scouhat or taking into account varying flow
conditions according to the flood hydrograph.

In the unsteady flow experiments and calculatioescdbed in literature, general
observations show that the scour depth increaseslit during the rising period of the

hydrograph, and changes only slightly during theession period. Despite of comparatively
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similar experimental tasks, decisions accordingcatrulation results differ. The common
decision of authors is that scour depth calculdigdsimple methods and those including
changes of flow conditions give results with anigngicant difference, however only
approach flow characteristics were used in allasge

Literature overview highlights the following conslans:

1) Approach flow parameters are used for scour cdiomaat steady or unsteady flow
conditions, although local flow modification as &bovelocity, vortex structures and
increased turbulence form the scour hole.

2) The influence of the hydrograph steepness on thee\a the depth, width and volume
of the scour hole is not studied well in literature

3) At present there are no formulae or methods foumditerature for scour depth
calculation during multiple floods.

4) A theoretical analysis of scour development duringltiple floods with different
probability, duration, sequence and frequency vaagaund in literature.
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2 THEORY AND METHOD OF SCOUR EVALUATION DURING
MULTIPLE FLOODS

The flow obstruction at the engineering structuaeises flow acceleration, vortex
structure development, local increase in veloaitg acour hole. The hydraulic characteristics,
the contraction rate of flow, the local and critigalocities, the grain size in different layers
of the bed, the sediment discharge, the depthwidéh and the volume of the scour hole
varied during the flood and influence scour develept in time.

The method for computing the development of scoeptld in time at the water
engineering structures during multiple floods isa#ed in this section. The method is
confirmed by experimental results in Chapter 4.

The differential equation of equilibrium for thedbsediment movement in clear water
conditions has the form:

o Qs (1.1)

where t-time, d;
w - volume, ni;
Qs - sediment discharge out of the scour ho¥dm

According to laboratory testsy = 1/6znths> (volume of cone isv = 1/3zr’hs, steepness of
right angle trianglen = ctga andr = mhs, (Fig.2.1). Steepness is defined according to the

river bed material size.

Figure 2.1. Steepness, depth and radius of scder ho

The left-hand part of Eq. (1.1) can be written as

2 dhg
dt 2 S dt L (1.2)

dt
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where hs- scour depth, m;

m - steepness of the scour hole (Fig. 2.1);
a -equal tol/2zn?.

The sediment discharge was determined by the 1&@9) [116] formula:

Qs = AB-V 4, (1.3)

where Q - sediment discharge®/dy
B -the width of a scour hole, equalrtdy, m;
V, - the local velocity at the water engineering ¢angion, m/s;
A - a parameter in the Levi (1969) [116] formula (Edt).
The sediment discharge concept by Levi is presantégpendix Il (Eqs. A2.1 — A2.13).

562(, Mo 1
A= Y (1_ V| Jd025hf 025"’ (14)

where 1y - the specific weight of sediments, #/m
S - the coefficient of reduction in critical velogiV, due to the vortex system;
Vo - the velocity required to start the movementedfisients, m/s;
d - the grain size of the bed material, m;
h - the depth of water on the floodplain, m.

The sediment discharge concept by Levi is desciitbvéghendix II.
The local and critical velocities vary during adth An investigation of the critical

and local velocities changes during flood was edrout by and a calculation method for
critical and local velocities was derived [37] [41]
Stagnation Embankment
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Figure 2.2. Velocity distribution in the vicinityf an abutment [37]

When approaching the contraction of the bridge, dtteamlines were bent by the
embankment, and then the flow went parallel toTihe velocities along the extreme

streamline dropped down almost to the minimum &ed tgradually increased (Fig. 2.2), and

35



a spiral vortex system developed. At the cornerthif abutment, the concentration of
streamlines, a sharp drop in water level, and @ riaprease in velocity were found (Fig. 2.3).
Tests accepted that the local velocity near thdnaéwits existed at any contraction of the
flow.

To calculate the local velocity, the Bernulli eqoatfor two cross sections of a unit
streamline is used. Then the formula for the loedbcity near the abutment is:

V| = p\[2gAZ , (1.5)

where V, - local velocity, m/s;
¢ - the local velocity coefficient [48] (Fig.3.4);
AZ - the difference in water levels at the cornethef abutment, m;
g - gravitational constant, nfis

AZ [em] ¥ [cm/s]

| ‘ Velocity F,
ty 1
46 /

44 \
Ty

31 — 42 \
Water

surface level \
— 40

38/ \,.---"“" T

Figure 2.3. Changes in the velocity and water leear the abutment [37]
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It was found in tests that the water level diffeenZ is equal to the maximum
backwaterAh. The maximum backwater value can be determinedidiyg the Rotenburg
(1969) [118] formula

: 2
Ah = Dhy, +% Fr (gj e (1.6)
|

where Ah - the maximum backwater, m;
D - the coefficient depending on flow contractioter@/Q, and kinetic parameter
Pxg of the flow in bridge opening (Egs. 1.7, 1.8 an2R)
hy - the average depth in the opening
Qs - the discharge through the bridge opening ungendlow conditions, riis;
Q - approach flow discharge,’fs;
L - the flow width, m;
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i - the slope of the river bed;
Fr - the Froude number;
V - approach flow velocity, m/s;

V2

—, 1.7
ghy &9

Pk =

where hy, - the average depth in the bridge opening.
VW, - the flow velocity in the bridge opening undercantracted conditions, m/s;

2
D kB (2] 1l (1.8)
2 1\ Qp

The velocity coefficient in Eqg. (1.5) depends oe thte of contraction of the flow (Fig. 2.4).
p 0.90

0.80
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0.60 ~.
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~
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Figure 2.4. Coefficieny versus the contraction of the flow [37]

The critical velocityV, can be found by Studenitcnikov formula [120]:
Vg = 36d 925n 025, (1.9)

where Vj - the critical velocity, m/s;

d - the grain size of the bed material, m;

h; - the depth of water on the floodplain, m.
The critical velocity concept by Studenitchnikovpsesented in Appendix Il (Egs. A2.14 —
A2.24).

The hydraulic characteristics, the contraction cdtBow, the velocities/p andV,, the

grain size in different layers of the bed, the sedit discharge, the depth, the width and the
volume of scour hole varied during the flood. Imediate value¥, Vo: andh,, must be used

in formulas to study time dependant scour develagme
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The local velocity at any depth of the scour hade de found based on flow-continuity
relation. According to it, the discharge acrosshdth of a scour hole before and after the

scour can be defined as:

Qf =k-Qgc, (1.10)

where @ - discharge across the width of the scour holl wiplain bed, fifs;
Qsc - discharge of the scour hole with a scour dégtim3/s;
k - coefficient depending on flow contraction rafey( 2.5) [48].

The Eg. (1.10) can be written as follows:

mh -heVj = k[mkghf +m—2h5- hsj-v“, (1.11)

where V. —the local flow velocity after timeat a scour depths, m/s;
m - steepness of the scour hole (Fig.2.1).

From Eq. (1.11) the local velocity at any depthire scour hole can be determined by
formula [37]:

(1.12)

where k - the coefficient of changes in the discharge ttuéhe scour, depends on the
flow contraction rate (Fig. 2.5).
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Figure 2.5. Coefficient k versus flow contracti@ter [48]

The medium scour depth during the flood is (Gjumgbu2004) [42]:



" mhs-hf+;ml"5-hs )
hy=— = =h¢|1+—-|, (1.13)
B mi‘g 2hf
where hy, - medium scour depth, m.
Then from Eqg. (1.9) and (1.13) the critical velgat any depth of scour:
H 025
Vot = 36d 92°.h,,92° = 36d 025 . h; 025(1+ f] , (1.14)
f

where Vy - the critical flow velocity after timeat a scour depths, m/s.

From Eg. (1.3) and (1.12) the sediment dischargenugevelopment of the scour can be
found:

h 4 ’ h “
1+ 3 1+ 3
oh; oh,
where b —equal toAm-\k;

k - the coefficient of changes in the discharge ttuéhe scour, depends on the
flow contraction rate (Fig. 2.5).

(1.15)

The hydraulic characteristics, the contraction wt#ow, the velocitiesVy andV,, the grain
size in different layers of the bed, the sedimestithrge, the depth, the width and the volume
of scour hole varied during the flood.

Upon the development of the scour, we have

y Vii ) d925p 025y Y
1 . (1.16)

' 025
d 925, 025(1 N hs ]

125
A~ 5.62(1_ ﬂvmj_ 1 562|,_kAVo (1+ h J |

2h;

Taking into account Eq. (1.2) and (1.15), differa@nEq. (1.1) can be presented as
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ahs? ds _, R (1.17)

or

4
D; -hg| 1+ s dhg = dt, (1.18)
2h;

where D; = a/b - constant inside time interval.

After integration we have

X, h 4
t=0j | h{l+f] dh, . (1.19)
Xy f

According to the method [37], the flood hydrograplas divided in time steps, and

each step in turn was divided into small time was (Fig. 2.6).

Time ""'"TJ"J

y!l N steps
&s Time
£ intervals
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7t ty t ot t

Q a e
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Figure 2.6. Flood hydrograph dividend in time stapd time intervals

After integration with new variables= 1 + hs/ 2h, hs = 2hy(x - 1)anddhs = 2hxdx we
obtain

+Nj_1, (1.20)

where N, = 1/6x° — 1/5x;
t - time interval, d;
Ni.1 - the value oN; in previous step.
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Using the grapiN = f(x) or the data from Table 2fbr the calculatedN;, we findx; and the
depth of scour at the end of time interval:

hg = 2h¢ (x—1). (1.21)

Table 2.1
The value ol; as a function ox;

Xi 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 26 2|8
Ni -0.033| 0.0002| 0.18 | 0.70] 1.900 4.29 8.62 15.987.2 | 46.07

The flow discharge is determined as the ratio betwtbe discharge through the bridge
openingQ, and floodplain discharg€; under open-flow conditions. Discharge through the

bridge opening under open-flow conditions can hatbby Rotenburg (1965) [119] formula:

(1.22)

where Q- discharge through the bridge openind/sn
Q - approach flow discharge ’fs;
Ks - discharge modules of floodplain;
Ky - discharge modules of bridge opening;

w
K =n—fhf 075, (1.23)
f

Ky, =2 h, 075, (1.24)
Ny

where s - cross section of the flow in floodplain?m
wp, - cross section of the flow in bridge opening; m
ne - roughness coefficient for floodplain (0.025.98) [4],
ny - roughness coefficient for channel bed (0.052} [3],
hx - average depth of the flow on the floodplain, m;
h, - average depth of the flow in bridge opening, m.

To determine the scour depth development durindldloel, the hydrograph is divided
into time steps, and each time step is divided titee intervals. For each time step, the
following parameters must be determinég:— depth of water on the floodplaiQ/Q, —

contraction rate of the flomh — maximum backwated — grain sizeH — thickness of the
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bed layer withd — size, ang — specific weight of the bed material. As a resultVo, A, D,

Ni, Ni.1, andhs must be found at the end of the time intervalsfamally at the end of the time
step. For the next time step, the flow parametkemged because of the flood and the scour
developed during the previous time step.

From this, the method for the calculation ssbur development during multiple
floods was derived. At first flood scour starts from the moment whigre floodplain is
flooded. According to the method presented the doyyd@ph of each following flood wave is
divided in time steps (Fig. 2.7).

i

[
Time
intervals

A Time
Q 5 steps

Floodplain
flooded

t1 t2 t3 ti tn t

Figure 2.7. Multiple floods hydrographs dividendiime steps and time intervals

The steady flow condition is considered within three step. The local velocity,
and the critical velocityy | are found at the start of the scour process. Becatithe steady
flow conditions considered, the value of local ity V; is reducing and the value of critical
velocity Vi is increasing because of the scour within the tatep. At the end of time step,
values of local velocity .1, critical velocityVy .1 and the scour depth developed during first
stephs .1 can be found (where the Roman numeral in a sultsairjariables indicates number
of flood and the Arabic numeral indicates numbetirok step).

For the second time step new values of local artgtalrvelocities should be found
because of the increased discharge and takingasdount the scour deptfy .1 evolved in
first step. The scour depth 2 is found at the end of the second time step anclilzion
continued for further steps.

For time steps in the rising limb of hydrograph tbeal velocity leads to a reduction
because of the scour and at the same time it isesdaecause the depth of the flow, discharge
and backwater value are increasing. The critickbony is increasing in time from step to
step of hydrograph, because of the constant ineredsthe average depth of the flow,

including the depth of scour.

42



At the recession limb the local velocity is consatdy reducing from step to step
because of the flood as well as this, the critigbcity is reducing. The scour stops at some
point of recession limb of hydrograpf,, when the local velocity); ., becomes equal to the

critical oneVo 1.n, and the scour depth, ,reached during the first flood wave can be found
(Fig 2.8).

Figure 2.8. Scour evolution during multiple floodisli and 11l are a number of floods

Taking into account the scour defith reached in the first flood, the new values/pf

1 andVy y are found for the first time step of the secondditydrograph.

M
k(l-f- s ]
2hg

where V) - local velocity at the depth of the scour hiolg m/s;
Vi - local velocity of the second flood, with the flater bed supposed, m/s;
hs | - scour depth developed during the first flood, m;
bt - depth of the floodplain of the second flood, m,

Men = (1.25)

and

hs 025
VOI = 3.6d 025' hf Il 025 1+—I ) (126)
2ht

whereVy, ) - critical velocity at the depth of the scour hblg m/s.

The calculation is continued for each time stepleviine condition when the local

velocity Vi is higher than the critical onéy , is found and the scour starts (po¥at;, Fig.
2.8).
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Because of the scour evolved during a previousdfitioe scour process starts only at
the sufficient flood discharge when the local vélpds higher than the critical one.
According to the method presented and Eqs. (1.22, &nd 1.14), the scour depth achieved
during the second flools | is found. The scour stops at the point of the oeslimb of
hydrographX;.., when the local velocity); .., becomes equal to the critical ovig -n.

For the third flood the scour depth developed dytire second floobs ; is taken into
account and the new values of the local and ctitiecities found, whil&/; ..n > Vot 1-n. The
scour starts at some point of hydrograph risindI¥n.; and stops on recession limb at some
point X;;.. when conditiorVy ..n = Vot 1-n IS reached.

The method presented is taking into account laodl critical velocities evolution in
time from step to step and from flood to flood.

The scour in nature nowadays is a result of metffldods, and to predict it possible

with the method presented if we know the historyhef multiple flood of the river.
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3 EXPERIMENTAL DATA PROCESSING AND COMPARISON
RESULTS

The test results were processed using previoudbfighed experimental data [46].
The tests were carried out in a flume 3.5 m widan(Table 3.1) and 21 m long. Experimental
data obtained in the flumes in open flow conditi@me presented in Table 2.1. The flow
distribution between the channel and the floodplaas studied under open channel flow
conditions. The rigid-bed tests were performed diferent flow contractions and Froude
numbers to investigate the changes of velocity watkr level near the modelled abutment.
The Froude numbéefr; varied from 0.01 to 0.12&Re varied from 7500 to 16010 arite
varied from 4390 to 14300, wheRx. andRg are the Reynolds numbers for the channel and
floodplain, respectively; the slope of the flumesvwia0012. The floodplain depbawas 7 and
13 cm. The condition th&rg = Fry was fulfilled, where~rg andFr; are the Froude numbers
for the plain river and for the flume, respectivelyne approach flow velocity,, varied from
6.47 cm/s to 10.30 cm/s for the discha@yom 16.66 I/s to 47.10 I/s.

Table 3.1
Experimental data for open flow conditions

Test L hy Vap Q Fri Re Re
N° [cm] [cm] [cm/s] [I/s]

1) (2) 3) 4) 5) (6) (1) (8)
L1 350 7 6.47 16.66 0.078 7500 4390
L2 350 7 8.58 22.70 0.103 1001( 6060
L3 350 7 10.30 23.60 0.124 1228 7190
L7 350 13 7.51 35.48 0.067 13700 9740
L8 350 13 8.74 41.38 0.076 1601(¢ 11395
L9 350 13 9.90 47.10 0.088 1430( 14300

To study the local scour process, tests in the itond of different contraction rates
of the flow, grain sizes of bed material, Froudenbers of the open flow, different depths of
the floodplain, and steady and unsteady flow caoowit were carried out. The time intervals
were one 7-h step and two steps, 7 hours eachihdosteady and unsteady flow conditions
respectively. The tests were carried out with fhoedplain model and one side contraction
of the flow.

Table 3.2 presents flow parameters during teststady flow conditions. The flume
width was 350cm and the bridge model opening wasn8d he grain sized, were 0.24 and

0.67 mm. For steady flow tests, the flow contractiateQ/Q, (whereQ is the discharge and
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Qp is discharge through the bridge opening under dloen conditions) varied, respectively,
from 3.66 to 3.87 for the floodplain degth7 cm, the Froude numbEr varied from 0.078 to
0.124. The local velocity, varied from 35.0 cm/s to 45.2 cm/s and the backwadluedh
from 1.19 cm to 2.35 cm respectively. The sand{ests were carried out under clear water

conditions. The tests in the flume lasted for 7radf).

Table 3.2
Experimental data for steady flow conditions

Test hf Q QG Vi Fr t d 4h
N° [cm] [I/s] [cm/s] [hours] [ [mm] [cm]

1) (2) 3) 4) 5) (6) (1 (8) 9)
AL 4 7 16.66 3.66 35.0 0.078 7 0.24 1.1
AL 5 7 22.7 3.87 39.0 0.103 7 0.24 1.8
AL 6 7 23.6 3.77 45.2 0.124 7 0.24 2.3%
AL 16 7 16.66 3.66 35.0 0.078 7 0.67 1.1
AL 17 7 22.7 3.87 39.0 0.103 7 0.67 1.8
AL 18 7 23.6 3.77 45.2 0.124 7 0.67 2.3

Unsteady flow tests were performed with the flowapaeters presented in Table 3.3.
Two stages of the hydrograph were modelled withddyeth of flowh; 7 cm and 13 cm, and
different discharge® [I/s] at both stages. For example, at the test fHel discharges were
16.66 I/s and 35.48 |/s for the first and secoagetrespectively.

Table 3.3
Experimental data for unsteady flow tests

Test hf Q Q/Q Vi t d 4h
N° [cm] [I/s] [cm/s] [hours] [mm] [cm]
1) (2) 3) 4) 5) (6) (1 (8)
7 16.66 3.66 35.0 1.19

L 13 35.48 4.05 33.6 14 0.24 1.42
7 22.7 3.87 39.0 1.8

L2 13 41.38 3.99 38.3 14 0.24 1.8
7 23.6 3.77 45.2 2.35

L3 13 47.1 4.05 49.15 14 0.24 2.7
7 16.6 3.66 35.0 1.19

T4 13 35.48 4.05 33.6 14 0.64 1.42
7 22.7 3.87 39.0 1.8

LS 13 41.38 3.99 38.3 14 0.64 1.8
7 23.6 3.78 45.2 2.35

TLO 13 47.1 4.05 49.15 14 0.64 2.7

Durationt was 7 hours at each stage or 14 hours for wheteFeom test to test the discharge
at the first and second stage of the hydrograpteased, as well as the Froude number of the
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flow at open flow conditions, the local Froude nwnland the densimetric Froude number
increased. The grain sizet were 0.24 or 0.67 mm for both stages of the teblse
contraction rate&/Q,, the local velocityv, and the backwater valu¢h were calculated for
each step of the test.

The test results were compared with those calalilayehe method proposed.

3.1 Comparison of test and calculated results of scour at steady flow
conditions

At steady flow conditions scour, local and criticatlocities change in time are
presented in Fig.3.1. According to the test resarid the method presented in Chapter 3, the
scour is developing rapidly at the initial stagesobur and the rate of the development in time
is gradually reducing. For long test periods thetkleof scour is going to reach the
equilibrium stage. The local velocity is reducimgtime because of the scour hole developed,
while the critical velocity is increasing in timedause of dependence on the floodplain depth
and the grain size diameter. The scour stops, wihernocal velocity becomes equal to the
critical one. According to the method, for this d@adher calculation of the critical velocity,
the coefficients is applied because of the reduction in criticdowity due to the vortex
system.

The calculated and measured values of scour deythhe development of local and
critical velocities (Test AL 4, Table 4.2) are prated in Fig.3.1.

hpm 0.40 - 0.12 V, m/s

- 0.10

0.30
e o o o2V Loos
0.20 i 3 * A - 0.06
0.10 BV, Calculated i 88;
0.00 o ® Test results i 0.00

0 1 2 3 4 5 6 7 8
t,h

Figure 3.1. Scour depth, local velocityV); and critical velocity5Vq: changes in time at
steady flow conditions (test AL4)

The development of the scour-hole width (Eg.1.1d anlume (Eq.1.3) increases together

with the increase in its depth. The left and rigatts of Fig. (3.2) present the development of
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the scour widthB and volumew respectively, calculated for Test AL4 at steadgwfl

conditions.
B, m 0.20 - w, cm3 1500 -
B\ W
0.15 - N\
1 000 -
0.10 -
0.05 - 500 1
00() T T 1 0 T T T 1
0 2 4 6 8 0 2 4 6 8
t,h t.h

Figure 3.2. Development of the scour hole wiithnd volumew in time at steady flow
conditions (test AL4)

The changes of the relative local velodiy/ V, in time are presented in Fig. 3.3. At
the same contraction rate of the flow, the locdbeity at the initial stage of scour M.

During scour process, both the local velo&ityand relative local velocity reduce.

Vlt/ Vl 1.05 -
e o Test results
. &t’ - == Calculated
0.85 A .
h 2 .
0.75 - ’-.’--’--"‘-_"-—-Q_---’
0.65 ' ' ' I
0 2 4 ° 8
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Figure 3.3. Relative local veloci®j; / V| changes in time at steady flow conditions

The changes in time under steady flow conditiomgHe relative critical velocito:/
Vo are presented in Fig. 3.4. At the initial stagesodur at the floodplain deptih and grain
sizedso the critical velocity is equal tdp (Eq.1.9). The critical velocity at any depth obsc
Vot (EQ.1.14) increase due to the increase in thehd#fgcourhs, therefore the relative critical

velocity Vot / Vo also increase.
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Figure 3.4. Changes of relative critical velocitytime at steady flow conditions

Using the test results, the scour development casbsdifferent flow rates were
compared. Fig. 3.5 shows a comparison of scourldewent during tests AL16, AL17 and
AL18. In all of those tests, the geometrical chaastic of the channel was equlalwas 7cm
and ground particle siz# was 0.67mm. The flow rate was different in thegetherefore the
calculated maximum backwater valdbe and flow contraction rat®/Q, also differed (Table
3.2)

As can be seen from Fig. 3.5, the scour develop® imbensively and the scour depth has a

higher value during test AL18 with the highest tmsge.

hg, mo0.14 -
0.12
0.10
0.08
0.06
0.04
0.02
0.00 - . : . : : ; : .

d;=0.67 mm, h,=7 cm

Figure 3.5. Scour development during tests witfedght discharge under steady flow
conditions

Based on the conformity of the test results conpéoethe calculated ones, the modeling of
further scour development for tests AL4 and AL16waade to find results for a discharge
time equal to 14, 21 or 28 hours. The differenctests AL4 and AL16 is the grain size used
for bed material. Grains with a size of 0.24mm &/mm were used for tests AL4 and
AL16 respectively. Fig.3.6 shows the results adhikfor test AL4 when the discharge time

from 7 hours was prolonged to 14 hours, 21 hour 2théhours. The modeling results show
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the increase of scour depth due to the increagbeotlischarge duration. The reduction of
scour development intensity by each following tistep also is shown.
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Figure 3.6. Test AL4 with modelled increased daratt steady flow conditions

In addition, for test AL 16 scour depth increadethe duration of flow impact is prolonged
(Fig. 3.7), however the intensity of scour develepiis not as high as for test AL 4 and the
scour stops at time, because a greater grain size was used in tedt6Adnd because of the

lack of flow power to remove sediments from thewsdwle.
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Figure 3.7. Test AL16 with modelled increased doratinder steady flow conditions

The test results and those achieved by calculatene in good agreement. As can be
seen from the figures presented, the main factsobserved, i.e. a higher scour depth is
reached due to a higher discharge, with less sedisiee and by longer flow impact. At the
same time the results showed changes in criticdllacal velocities and relative depth of
scour in time therefore it can be confirmed that fitcal scour process at the foundations of
engineering structures is connected to continuchenges of the flow and river bed

parameters.
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Figures (3.1 —3.7) describe the changes of impbgarametershs, Vi, Vor, Vit / V|
and Vo / Vo used for scour depth calculation at steady flowdtitons. However, in nature, a
flood is in the form of a hydrograph, thereforasitmore important to study the scour process

under unsteady flow conditions.

3.2 Comparison of test and calculated results of scour at unsteady flow
conditions.

The results for a two stage hydrograph at unstefémy conditions are presented. A
comparison of experimental results and data cakedlay applying the presented in Chapter 3
method was made. In Figs. (3.8 — 3.12) scour deptith and volume, as well as local and
critical velocities changes in time are presentdw dependence of the changes of the relative
depth of scouhdh; in time on the ratiogVodVir, Vi/Vi andVedVp are presented.

For unsteady flow conditions the depth, width ammilme of the scour hole at the
initial stage- during the first step develops saril as under steady flow conditions.
However, when the discharge increases for the stept of unsteady flow, the intensity of the

scour development also increases (Fig. 3.8).

hsa m 9-16 7
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X Test results
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Figure 3.8. Scour development in time during urdytdbow conditions (test TL1)
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Figure 3.9. Development of the scour-hole wiithnd volumew in time at unsteady flow
conditions (test TL1)

The development of the scour-hole width (Eqg. 1rd @olume (Eqg. 1.3) was calculated and is
presented in Fig. 3.9The left and right parts show the developmentaaius widthB and
volumew respectively, calculated for test TL1 at unstefly conditions.

The local velocityV,; gradually reduce in time at the first step becanfsthe scour
hole developed (Fig. 3.10). At the beginning of seeond step the local velocity increases,
because of the higher discharge value used fosdhend step, but also it takes into account
the influence of the scour hole formed in the figgetp. During the second step the local
velocity reduces again because of the scour hohedd in this period.

At the same time the critical velocitf; tends to increase during scour development at
unsteady flow conditions. The critical velocity dually increases in the first or second step
because of the increased depth of scour. At thénbieg of the second step the critical
velocity rises rapidly because of the rapid inceeaf the depth on the floodplain and the
scour depth developed in the previous step (Fif)3.
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Figure 3.10. Local and critical velocities changesme at unsteady flow conditions
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As can be seen in Fig. (3.10), the values of twoalland critical velocities tend to
approach one other. The intensity of scour devetoyrs higher for the higher ratio between
local and critical velocities. By using formulasr focal velocity (Eq.1.12) and critical
velocity (Eg.1.14), the calculation can be made #m new understanding of the scour
process for unsteady flow conditions can be expthifror local velocity development in time
at unsteady flow conditions, there are two sim@tars processes during the scour. On one
hand, the local velocity); is reducing because of the scour hole developedot the other
hand it is increasing because of the increasinchdigie during floods. The critical velocity is
increasing because of increase of the depth ofrsaod the increasing discharge during
floods.

The relative local velocity,/V, is reducing with the development of scour holey(Fi
3.11). The rapid increase at the beginning of #@sd step is based on the rising of the
discharge for the second step. The relative velatithe beginning of the second step is less
than at the beginning of the first one, but itighler at the end of the second step than at the

end of the first one.
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Figure 3.11. Relative local veloci¥:/V, changes in time at unsteady flow conditions

The relative critical velocitywo/Vy is increasing in time (Fig. 3.12). At the begimiof the
second step it is rapidly reducing because of tiaepsrise of the value of critical velocit
calculated for the second step, and is furthere@sing. The critical velocity at the beginning
of the second step is higher than at the beginafrtge first one, and it is less at the end of

the second step than at the end of the first one.
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Figure 3.12. Relative critical velocit/Vo changes in time at unsteady flow conditions

The ratio between critical velociVo: and local velocity, is determined by the rate
of scour development in time and its value (Fid.33. During the scour process the ratio
Vol Vir increases. At the beginning of the second steth, thie increase of the depth of water
on the floodplain and discharge of the flow, thigor#Vo/ Vi reduces and then increases again.
During the scour process the rafo/Vi; approaches 1. The scour stops when the critical

velocity fVo: becomes equal to the local velocity.
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Figure 3.13. Changes of the ratfdy/V; in time at unsteady flow conditions

The relative depth (width, volume) of scour gratiuahcreases during the first step, than
because of the sharp increase of the floodplaithdépeduces at the beginning of the second

step, after that it gradually increases again.(&it4).
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Figure 3.14. Development of the relative depthaoius in time at unsteady flow conditions

The relation between the relative depth of scour the ratio of the critical and local
velocities is presented in Fig. 3.15. Due to theease of the relative depth of scour, the ratio
of critical and local velocities within the stemiis is increasing. There is a reduction in both
— the relative depth of scour and the ratio oficaltand local velocities between steps with

different discharge and the depth of water on khediplain.
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Figure 3.15. Relation of the relative depth of sdwth; to the ratio of critical and local
velocitiesVq: / Vit at unsteady flow conditions

The value of the relative critical veloci¥/V, increases when there is a reduction in
the relative local velocity,/V, (Fig. 3.16). The relation between the values ef itblative

critical velocityVod Vo and the relative local velocit/V, is almost the same in both steps.
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Figure 3.16. Relation of the relative local velgd#; / V| and the relative critical velocity
Vo Vo at unsteady flow conditions

An evaluation of the relative depth of scour undbeanges of the relative local
velocity is presented in Fig. 3.17. The relationwsen the values of the relative depth of

scourhdh; and the relative local velocii/V, leads to be similar in both steps.
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Figure 3.17. Relation between relative depth olisbgh; and the relative local velocit/V,
at unsteady flow conditions

An evaluation of the relative depth of scour undeanges of the relative critical
velocity is presented in Fig. 3.18. The relationwsen the values of the relative depth of
scourhg/h; and the relative critical velocityy/Vo is practically the same in both steps.

From the Figs. (3.15 - 3.18) it can be concluded tith the increase of the depth of
floodplain hs the relative local velocity,/V, increases, the relative critical velocitg/Vo

reduces and also relation between the criticallacal velocitiessVo/ Vi reduces.
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Figure 3.18. Relation between relative depth olisbgh; and the relative critical velocity
Vo Vo at unsteady flow conditions

With the increase of the scour depththe relative local velocity/V, reduces, the relative
critical velocity Vo/Vp increases and also relation between the critiodl lacal velocities
Aol Vi increases. With the increase in the local velodjtthe relative critical velocityo/Vo
increases, as well as the relative local velodifly, increases by rising of the critical velocity
Vo. It indicates that both the local and criticalo@ty changes have simultaneous impacts- the
floodplain depth and scour depth changes. The leedbcity increases with a higher
floodplain depth but decreases because of the ales@lscour depth. The critical velocity
increases with the increase in both the floodpd@pth and the scour depth.

3.3 Influenceof thelocal, critical and approach velocities on the scour
depth

With the development of scour in time, under stedldw conditions, the local
velocity reduces and the critical one increasedodfies become more equal with the
increase in depths of scour (Figs. 3.1, 3.3, 3M)h the increase of relative depth of scour
/ h at uniform sand bed, the ratio of critical to lbe@locity fVo: / it increases and

approaches one, when the scour stops (Fig. 3.19).
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Figure 3.19. Relative depth of scduth; development in time versus relative critical véipc
SVoilVir in one uniform sand bed layer at steady flow (Pdst)
The ratioV; /Vap (local to approach velocity) is dependent on theuBle number of
the flow (Fig. 3.20). With an increased Froude namlihe difference between local and

approach velocity of the flow is decreasing.
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Figure 3.20. Ratio of the local to approach flouoegy Vi/Va, versus Froude number (Tests
AL 4,5,6)

The ratioV, /V4, (local to approach velocity) is dependent on tbetiaction rate of
the flow (Fig. 3.21). With an increased contractiate, the difference between local and

approach velocity of the flow increases.
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Figure 3.21. Ratio of the local to approach floloegy versus contraction rate of the flow

The difference in local velocity at any depth obgcV; and approach flow velocity
Vap changes during scour (Fig. 3.22). The ratio obeiiles is higher at the start of the scour
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process and gradually reduces because of reducadl Welocity due to the scour hole

developed in time.
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Figure 3.22. Changes of the ratio of the local e#joat any depth of sco; to the approach
flow velocity V,p at steady flow conditions (test AL4)

The research on the test results described irchizipter confirmed the influence of the
local velocity on the local scour evolution at gteuctures, but not approach flow velocity as
it is accepted now by different authors.

At steady flow conditions, when scour is developmgime, the local velocity reduces
and the critical velocity increases due to the stmle developed. The scour stops when the
local velocity becomes equal to a critical one.

For local velocity development in time at unstedlbyv conditions, there are two
simultaneous processes during the scour. On ond, tha local velocityVy; is reducing
because of the scour hole developed, but on ther éthnd it is increasing because of the
increasing discharge during floods. The criticdbegy is increasing because of the increase
of the depth of scour and the increasing dischdugimg floods.

It was confirmed by test result processing andhgyrhethod presented that the scour
evolution depends and can be evaluated by the &wlcritical velocities. As both of them
are changing in time because of the scour evoluéso the local to critical velocities ratio to

the approach flow velocity is changing.
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4 COMPUTER MODELING PROGRAM

Based on the method described in Chapter 3, theoetmn program was elaborated
using Microsoft Excel to calculate and evaluateetidependant scour development at the
foundation of engineering structure in river flowuroshg multiple floods with different
duration, probability, frequency and sequence. &g flood wave the influence of flood
hydrograph steepness on the scour depth was igatsdi The program can be divided in to
the following parts- initial data field, modelingeld, calculation field and output field.

4.1 Description of the computer modelling program

The initial data data should be prepared first ® used for flood hydrograph
modeling. The cross section of river flow, floodplaelief, contraction rate of the flow and
flow discharge during a flood was assumed and taled by the formulas described in
Chapter 3. Input data for multiple flood modelirrg ahown in Table 4.1. A flood hydrograph
is built step by step using the data in this taflelumn No.1 includes flood probabilif,

from number 0,33 to number 90,6%.

Table 4.1
Initial data for multiple flood modeling
Pn N h 4h Q/IQ Q
[m] [m] [m’/s]

1 2 3 4 5 6
90,60% 1 0,185 0,2172 1,047 510
77,10% 2 0,975 0,1926 1,542 760
63,60% 3 1,720 0,3156 1,865 1440
50,00% 4 2,300 0,4242 2,021 2200
36,50% 5 2,500 0,4646 2,052 2500
23,00% 6 2,700 0,5698 2,112 3000
10,00% 7 2,900 0,6400 2,124 3470
9,50% 8 3,000 0,6636 2,206 3500
5,00% 9 3,250 0,7147 2,177 4065
2,00% 10 3,600 0,8292 2,221 4858
1,00% 11 3,800 0,9002 2,243 5354
0,33% 12 4,000 0,9879 2,392 6208
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The second column indicates the number of floodsste andQ are given for assumed flood
discharge,Qy, is the discharge through the bridge opening urmfen-flow conditions
calculated by Eq. (1.22) and maximum backwatters calculated by Eqg. (1.6).

The characteristics of river bed material are deed in another data-input table
belonging to the program. The river bed grain sigeg(mm), the specific gravity of the river
bed materialy and the thickness of the layer with specified riked materiaHy must be
entered in this table (Table 4.2). As mentionedt®efa current investigation is being made
for a case with a homogenous river bed. Howewelyrither investigation this input field can
be enlarged by the possibility to present a rived lvith different layers of the river bed
material. As only one layer of river bed is usdu value of layer thickness is used as a large
number.

Table 4.2

Initial data describing river bed material

River bed material| Layer thickness
di y Hqg
[mm] [m]
0.24 1.60 20
0.50 1.70 20
0.67 1.70 20
1.00 1.80 20

Coefficientskm, ks, k, andg and are written in the data-input field. Coeffidi¢? of the
reduction in critical velocity according to the med is 0.8 ,km,, ks, k, are the coefficients
depending on the side-wall slope [121], shape &edangle of flow crossing [94] of the

foundation of water engineering structure and greakto 1 in this research.

Flood modeling field

Using the data from the flow data input table (EaBll) the flood hydrograph or
multiple flood hydrographs are built in the floododeling field. As it follows from the
method, the flood hydrograph was divided into tisteps- this is a field where time steps are
inputted and the duration of each separate tingeistBcated. The calculation program allows
adding information up to 4-5 flood hydrographs (@®put lines), depending on the step
number chosen for each hydrograph. A sample oftidjata for one triangle-shaped flood
hydrograph is shown in Table 4.3. According to éméered number in column®® columns

N°3-N°6 are filled from the data shown in Table 4.1. @uiuN°’7 allows us to input the time
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of each flood step, it can be changed to modeldflopdrographs with a different duration.
Hydrograph steepness can be changed using coldfhmy\changing the ratio between the
time of the hydrograph steps in the rising part @wéssion part of the hydrograph.
Table 4.3
Flood hydrograph (-s) modeling field, sample foedlood of 7 day duration

Step| N hy Q/Q 4h Q tep
N° [m] [m] [m/s] [h]
1 2 3 4 5 6 7
1 1 0.185| 1.047 | 0.2172 510 10.5
2 2 0.975| 1.542 0.1926 760 10.5
3 3 1.720| 1.865 0.3156 1440 10.5
4 5 2.500| 2.052 0.4646 2500 10.5
5 7 2.900| 2.124 0.6400 3470 10.5
6 9 3.250| 2.177 0.7147 4065 10.5
7 7 2.900| 2.124 0.6400 3470 21
8 5 2.500| 2.052 0.4646 2500 21
9 3 1.720| 1.865 0.3156 1440 21
10 2 0.975| 1.542 0.1926 760 21
11 1 0.185| 1.047 0.2172 510 21
168 h total, or 7 days

Table 4.3 presents data for one flood of 7 dayatdur and includes 11 steps of hydrograph.
Steps N1 — 5 are chosen for the rising limb of hydrograsteps 147 — 11 for the recession
limb of hydrograph. Step 96 indicates a peak discharge of flood. The timthefstep of peak
discharge was chosen equal to the time of stejpeimydrograph rising limb. The time of the
peak discharge step is divided in two parts acogrdo the ratio of hydrograph steepness
when time of the rising and recession parts mustidfened. If the ratio of the rising and
recession parts of hydrograph is 1:2, then 1/hefgeak discharge time is concerned to the
rising and 2/3 to the recession time of hydrogrdur.the sample in Table 4.3 the rising time
is 5x10.5h plus 1/3 of the time of the stef6Mr 3.5h so the time of rising part is 56h. The
recession time is 5x21h plus 2/3 of the time tlep $f6 or 7h so the time of recession time is
112h, and the ratio of the rising and recessiotsparqual to 1:2.

The multiple flood models were created by repeatihg input of the initial data of

hydrograph steps for forthcoming floods.

62



Calculation field

By using data inputted and prepared for use inctileulation method described, the

program works out the calculation of scour depthefach time step and in the frame of time

step for each time interval.

A B T D E F G M N 0 P Q R 5 T
1 Nr. ti di Yi  V.(mis) V,(mJs) h, h, B w Vit Vo | BV | BV
2 0 0 0.0067 170 0675 169 0.00 00000 00000 00000 1783 0675 03197 03030
3 1 00018  0.0067 170 0675 169 022 02207 03099 00111] 1117 0789| 03197 054379
4 2 0.0018  0.0067 170 06755 1.69 025 02637 03561 00168 1058 0770| 03197 05819
5 3 0.0035  0.0067 170 06755 1,69 029 02045 04135 0.0264| 0993 0782] 03197| 06300
6 4 0.0035  0.0067 170 0675 169 032 03202 04495 00338 0956 0789 03197| 0.6606
7 5 0.0035  0.0067 170 06755 1.69 034 03395 04765 0.0404| 0930 0795 03197 06837
8 6 0.0069  0.0067 170 06755 1,69 037 03685 05173  0.0516] 0893 0803 03197 07189
9 7 0.0069  0.0067 170 0675 169 039 03880 05447 0.0603| 0871 0808] 03197 0.7427
10 8 0.0069  0.0067 170 06755 1.69 041 04055 05692 00688 0851 0813 03197 0.7641
11 9 0.0069  0.0067 170 06755 1,69 042 04179 05866 0.0753| 0838 0616] 03197| 07794
12 1| 10 0.0104  0.0067 170 06755 169 043 04348 06103  0.0848] 0820 0820] 03197 038003
13 1 0.0104  0.0067 170 06755 1,69 045 04486 06297 00931| 0806 0824 03197 08175
14 12 0.0104  0.0067 170 06755 1,69 046 04592 06446 00999 0796 0.826] 03197 0.8308
15 13 0.0104  0.0067 170 06755 1,69 047 04690 06583 0.1064| 0.787) 0829 03197 0.8431
16 14 0.0208  0.0067 170 06755 1,69 049 04857 06819 01182] 0771 0833| 03197 0.8642
17 15 0.0208  0.0067 170 06755 1,69 050 04979 06989 01273| 0760 0.836] 03197| 0879
18 16 0.0208  0.0067 170 06755 1,69 051 05086 07140 041358 0751  0.839) 03197| 038932
19 17 00208  0.0067 170 0675 169 052 05181 07273 01436 0743 0841 03197| 09082
20 18 0.0208  0.0067 170 06755 1.69 052 05247 07366 01490 0738 0842] 03197 0.9137
21 19 0.0208  0.0067 170 06755 1,69 053 05307 07450 0A4542] 0733  0.844| 03197 09214
22 20 0.0418  0.0067 170 06755 1.69 054 05417 07604  01640]  0.724]  0.846] 03197] 09384

Figure 4.1 Fragment of calculation table

Fig.(4.1) presents part of a calculation tabledioe hydrograph time step divided into

twenty time intervals. The following variables aralculated by the equations described in

Chapter 3:

Vo - critical velocity (Eq. 1.9),

V, - local velocity (Eg. 1.5),
A - parameter in the Levi (1965) [116] formula (EdL6),
m - steepness of scour hole (Fig. 2.1),
B - width of scour hole, equal tah; (Eq. 1.3),

Di, N; andx; - intermediate variables (Egs. 1.18, 1.20).

Graphs of modelling results

Basically the program provides hydrograph, scounlion and velocity graphs,

however, graphs which describe velocity changesugeflow contraction rate can also be

acquired as well as graphical descriptions of oflaetors which affect or interact during

scour development in time.

63



1. 3000

Q. m’/s — Hydrograph steps

4000 + - - - - Hydrograph shape
3000
2000 -
1000

0 T T T
0 7 14 21 t, days

Figure 4.2 Multiple flood hydrograph, I, Il and HBre numbers of flood

Three flood hydrographs with equal probability al®wn in Fig. 4.2. They are not
separated in this graph. That is because there isater on the floodplain during the low-
water period and any significant changes of scale lyeometry happen. As it was found
from further research, scour development stopst glitar achieving flood peak discharge, at
the beginning of the flood hydrograph recessiort. pHne removal of sediments from the
scour hole returns only, when the local velocityref next flood exceeds the critical velocity.

Each flood in this sample has duration of 7 dayssimailar peak discharge and
distribution to time steps. Using an input fieldftifod hydrograph those parameters can be
changed to simulate floods with a different dunatiprobability, frequency and sequence. The
graph presented in Fig. 4.2 shows the main parametethe hydrograph input table —
discharge and duration of each time step (contisdme). The dashed line indicates the

average form of the hydrograph.

o | e
i
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6 _
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> I 11 11
0 i i i
0 7 14 21 7, days

Figure 4.3 Results of the scour evolution duringéhfloods

A graph of time dependant scour development acegrth the sample of multiple
flood model is presented in Fig. 4.3. The bold oardus line represents the time and the
development of scouring; the dashed line appeasnwbour does not proceed because local

velocity becomes less than critical velocity. Tharmges of local and critical velocities during
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multiple floods are printed in the velocity graphig. 4.4). Scour develops when local

velocity exceeds the value of the critical one iplitd by reduction coefficieyt

t, days
Figure 4.4 Output of locaM;) and critical ¥o: and Vo) velocities

For a better description of flood and scour dewvalept interaction, joined graphs can
be used. Figure 4.5 presents a joined graph otims and scour development while Fig. 4.6

presents a joined graph of flood hydrograph andrsdevelopment.

h,, m h - 20 7, m/s
? 10 - 5 \ ___________ f_ ------- ?
8 - ?t!‘"k‘ """"" - 15
,‘l =4 o) BV -1
6 - T ' Vo i
N - =L 4L - Lo
1 1 1 ]
4 N - o 1 ' i
: ' =5 T =5 - 0.5
21, e Lo L,
It et L_d [
0 T T T 0.0
0 7 14 21 t, days

Figure 4.5 Joined graph of locé{ and critical ¥o;) velocities and scour depli

The joined graph of velocities and scour depth.(Ei§) shows the relationship between the
changes in local and critical velocities and scdavelopment. The curve of scour depth
moves up only when the curve of local velocity exceeds one of critical velocityy:

multiplied by coefficieng.

65



0. m*s 009 s L 10 hs, m
4000 -
. = hydrograph 8
3000 1 14
-6
2000 - L4
1000 - I II III -2
0 T T T 0
0 7 14 21 t, days

Figure 4.6 Joined graph of flood hydrographs amdisdepth

As can be seen from Fig. 4.6, scouring betweerdfla@nts does not proceed because
of the lack of flow power to remove sediments frahe scour hole. It confirms the
assumption that during the modeling of scour degwelent, the separation of flood
hydrographs is not required. This confirms the sdwmles developed at the foundations of
water engineering structures located in floodpki@as. It must be taken into account that in
nature, flow channel geometry can change over temd scour development during

forthcoming flood events must be calculated usieqy mput parameters.

4.2 Modedingtask

Based on the method described in Chapter 3, a dempoodeling of the time-
dependent scour during multiple floods with differgprobability, duration, frequency, and
sequence was performed. The impact of flood hyawdyrshape was studied and the
influence of multiple floods with different probdiby, duration, frequency and sequence on
the scour process was investigated. The triangipesth hydrograph was used during the
investigations of multiple floods and the hydrodreghape impact on scour development at
the foundations of engineering structures locatethe floodplain of river flow.

The influence of the hydrograph steepness on scewelopment in time was
investigated. The duration of flootisncludes the timéise, when the flood discharge reaches
its peak value, and the tintg..s when the flood discharge decreases down to thenater

|eve|, t = trise + treces(Fig. 4.7).
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Figure 4.7 Ratio between the time periods of temg and recession parts of hydrograph is
equal to 1/3

The steepness of the rising part of the hydrogidggends on many factors, namely
rainfall intensity, relief, soil type, etc. Aforemigoned reasons also have an influence on the
steepness of the hydrograph recession part. The dbithe hydrograph is also characterized
by the ratio between the time periods of the risind recession partige / treces(Fig. 4.7).

The impact of the floods with different shapes ofdiograph on the scour at
engineering structures was studied. The shapeeohyldrograph was changed at the time of
the rising and recession parts of the flood. Twwesyof the hydrograph shape were studied.
For the first one the discharge and the rising twas the same for all models, however the
flood duration was changed by increasing the reéaedsne of the flood. For the second type
the flood discharge and duration remain the sametHe steepness of the hydrograph was
changed by the ratio between the time of risingr@cdssion parts.

The impact of multiple floods with different durati, probability, frequency and
sequence was studied using triangular-shaped hsapbg with a ratio 1:2 between rising and
recession parts for all models. A certain time gebivas assumed, in the example 5 years, and
a series of floods were modelled by changing therbementioned parameters within this
period. For each flood the duratigrand the peak dischar@® can be changed, as well as the
number of floods during a certain time period. Hanple of multiple flood models with

three forthcoming floods of similar discharge amdation is presented in Fig. 4.8.

Qf Qf Qf
T T T T T il
<« —=> «— ;> “— 1 = t

Figure 4.8 Series of three floods of similar prabighQ; and duratior;

-

Q
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The results of computer modeling as well as comahssabout the impact of the form
of flood hydrograph and the impact of multiple fitsoof different probability, duration,
frequency and sequence to the scour developmeengiheering structures in flow are
presented in Chapter 7.

The initial data of each flood model according toieh the calculation was made and
results are presented in Chapter 7, are shown pegix I.

The following conditions are taken into accounthis study. Clear-water conditions
and alluvial river bed with homogenous river bedtenal was supposed. Constant cross

section of river bed and floodplain between floo@s accepted.
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5 RESULTSOF COMPUTER MODELING

A computer modeling of the time-dependent scoumdusingle flood with different
shape of hydrograph or during multiple floods wdifferent probability, duration, frequency,
and sequence was performed. The patterns of the development in time in all modeling
results are similar, namely the rapid developmetiestart of the scour process and gradual
reduction with time was observed.

According to the method described in Chapter 3usstops when the local velocity
Vi becomes less than the critical velogity:.. The scour process usually stops just after the
peak of the flood, therefore the scour developmnigneé ts, when the maximum depth is
reached, is less than the duration of the flp@eig. 5.1).

£, > t, days
L;

'}

Y

Figure 5.1 Scour development in time. Comparisdawéen the flood duratioth and scour
development timé& when the maximum scour depth is reached duringraiat flood event
[43]

5.1 Theinfluence of the steepness of flood hydrograph

A computer modeling of the time-dependent scoumduiioods with different shapes
of hydrograph was performed. The shape of the lydph was changed by time of the rising
and recession parts of the flood. Two types ofyarograph shape were studied.

For the first type of hydrograph, the rising ¢irof the flood has the same value, but
the flood durationt; was different because of the increase of recessinae. The ratios
between the time of rising and recession parth@fitydrograph were: 1:2, 1:3, 1:4, 1:6 and
1:8 (Fig. 5.2).
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Figure 5.2 Hydrographs with constant time of rigoagt of the flood

The sediment size of 0.67mm was used for this mdrising timet;ise was equal to 24h for

each model and recession titpg.sincreased according to the ratig./ treces The scour depth
achieved during each flood model is presented lield.1 and Fig. 5.3. The flow parameters

used for flood time steps are presented in the Agpipel, Chapter 7.9 (Table A1.12 and

A1.13).

Table 5.1

Flood duration and scour depth according to the Htrising and recession timetije is

constant

trise trece: f; hs

trise/ 1:rece: [h] [h] [h] [m]
1/2 24 48 72 6.88
1/3 24 72 96 7.22
1/4 24 96 120 7.50
1/6 24 144 168 7.95
1/8 24 192 216 8.30

The higher the recession time of floods, the gretdwteir duration, and the greater the

scour depth (Fig. 5.3).

h

S’mg_

\

h.s 1.2

d=0.67Tmm

T

h.s 1/3 5174

\

\

5178

3

6

9 1, days

Figure 5.3 Scour development with time for triamghaped hydrographs at constant time of

the rising part

However it must be taken into account that the leegmiangle-shaped hydrograph was used

in the model. In nature the reduction of flow digide during floods varies and is not regular.
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It was found that even during the reduction of dabscharge the removal of sediments from
scour-hole continued, but only while the local w#p is higher than critical velocity
multiplied by reduction coefficient.

For the second type (Fig. 5.4), the duration offthed was the same.

= L reces
: L

1

vy

Figure 5.4 Hydrographs with equal duration, butedént time ratio between the rising and
recession parts of the flood

The time of the rising and recession parts of thed had different ratios, for example, 1:2,
1.3, 1:4, 1:6, and 1:8, where the first and secamehbers are the rising and recession time
periods of the flood. It was found that the inflaerof its shape on the scour depthwas
small, but the scour process was different at nitei stage (Fig. 5.5). After an equal period
of time t; at the beginning of the flood, the depth of scaas not the same for different
hydrograph shapes (Table 5.2). The shorter the adintige rising part of the floods, the greater
the depth of scour. According to the calculatiosutts, the maximum scour depth develops

more intensively during the floods with a highes of the rising limb of hydrograph.

. d=0.67Tmm
h, m g hs s :
h.s 176 .
i 1
6 | h.s 1.2
h.s 1/3
47 ' A 1
1
2 A :
1
1
0 . T T T
0 L 3 6 9 ¢ days

Figure 5.5. Scour development for floods with anagluration and a different ratio between
the rising and recession parts of hydrograph
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between the rising and recession parts of hydrdgfgig. 5.5)

trise trece: ti hs 1.5day hs may

trise/ trece: (h] [h] [h] [m] [m]
1/2 72 144 216 3.24 8.61
1/3 54 162 216 4.55 8.51
1/4 43.2 172.8 216 5.70 8.43
1/6 30.84 185.16 216 6.66 8.35
1/8 24 192 216 6.90 8.30

Table 5.2
Scour hole depth aftér= 1.5 days of floods with an equal duration butfeecent ratio

The timeT,, when the maximum depth naxis reached, varies for different shapes of
the hydrograph. The shorter the time of the rigiag of the floods, the faster the maximum
scour depth is reached (Table 5.3) [44], [45].

Table 5.3

Dependence of the timie, when the maximum scour depth is reached, ondtine lbetween
the rising and recession parts of hydrograph (&)

rise 1 1 1 1 1
treces 2 3 4 6 8
T, days 54 4.95 4.68 4.37 4.2

5.2 Theinfluence of multipleflood probability, duration, frequency and
sequence on scour at engineering structuresin river flow

5.2.1 The influence of multiple flood probability
First the single flood model was studied. Singlevevlood with a different return

period was modelled to evaluate the influence addl probability on scour depth.

0 7 Qe

Figure 5.6. Floods with discharges of differentlqabilities
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Figure 5.6shows triangle-shaped hydrograph models for sifigtels with a probability of
1%, 5% and 23%.

Figure 5.7shows the scour development in time for the digphaf a single flood
with a probability of 1%, 5% or 23%. The initialtdaused for flood models are presented in
the Appendix |, Chapter 7.1. (Tables Al1.1 —Al.3)duxation of 7 days and the median grain
size of 0.67mm was chosen for floods. Even thobheghflood duration is 7 days, the sediment
discharge from the scour hole stops earlier, is #aimple- around™sday. The continuous
line in Fig. 5.7corresponds to the time when scour develops, lutddshed line shows a
period when the depth of the scour hole remains#mee. The sediment discharge proceeds
more intensely and the scour hole at the foundaifahe engineering structure is deeper for

the flood of a lower probability during the sameation of flood.

h,m 12 7 Q1%
10 ~ Oss
8 1 Os39
6 _
4 -
2 -
0 | | | | | | | |

t, days

Figure 5.7 Time-dependent scour development wihldirges of different probabilitidss 7
days,di = 0.67mm

The time dependant development of the local velo¥it (dashed line) and the critical
velocity SVo: (continuous line) during single floods of 23% pabbity is presented in Fig.
5.8. According to the method the flood hydrogra@swivided in to steps and each time step-
in to smaller time intervals. The local velochy gradually reduces and the critical velocity
Vot tends to increase within the time step becausieeoincrease of the scour hole depth. The
rapid increase or reduction of velocities at tleetstf each time step is related to the increase

or reduction of the flood discharge according te flood hydrograph. The scour develops

only while the local velocity at the engineeringusture is higher than the critical velocity.

73



V,m;520 7
""" Vi
L5 - :\ E‘\i“hj 1 ﬁVOf
[ "‘“"——-.
O U S S |
Lo R
~J
0.5 15 '
r—r-'—’— teeery
0.0 T T T T T —=== T 1
0 1 2 3 4 5 6 7 8

Figure 5.8 Development in time of the local velpait, and the critical velocityVo: during
single flood of 23% probabilityt,= 7 daysd; = 0.67mm

The influence of probability on scour developmentring multiple floods was
evaluated. Two series of floods with similar dusatiand hydrograph shape were used,;

however the discharge of multiple floods was chdrfge each model (Fig. 5.9).

| /iF% N% N%
T 1 / i il
! F
T T T T T T T T | 1

> > “—t—> t
o
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Figure 5.9 Multiple floods with discharges of 1%lpability and 5% probability

The scour evolution process during multiple floead$% probability and 7-days duration is

presented on Fig. 5.10. The initial data for mugtiffood model is presented in the Appendix
[, Chapter 7.1. (Table A1.4 and Al1.5). The gragdidisplay hydrographs of three floods; the
continuous gray line shows the changes of floodhdigge in time, the dotted gray line shows

the shape of the hydrograph.
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Figure 5.10 Scour development during multiple flood 5% probability

The black lines display the process of scour degraknt; the continuous black line- when
scour develops and the dashed black line- wherr stmes not proceed. As can be seen from
Fig. 5.10the scour develops intensely during the first fl@odl stops shortly after the peak
discharge of it. For the second and third flood gsheur process starts only when the floods
almost reach the peak discharge and stops soanitaffdne intensity of sediment discharge
out of the scour hole reduces with each flood agpkdds on the relation of the local velocity
and critical velocity. Figure 5.1firesents the changes of the local velocity andcalibne
during multiple floods. The scour develops when Il velocityVy; (continuous line) is

higher than the critical velociy§Vy: (dashed line).

V. m/s 2.0 q Oso; d; = 0.67Tmm
L5
1.0

0.5

0.0
0 7 14 21 t, days

Figure 5.11 Local and critical velocity changesime during multiple floods with equal peak
discharge and duration

The intensity of scour development decreases beaauthe reduction in difference between
the values of the local and critical velocities idgrthe period when the local velocity is
higher than the critical one (gray-marked aredSign5.11).

The joined chart of scour development and changdsdal and critical velocities
(Fig. 5.12) allows better understanding of the egpondence of those parameters. The gray

lines display changes in the local (dashed line) entical (continuous line) velocities. The
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black line displays the scour evolution processmdumultiple floods. As can be seen from
the figure, scour develops (black continuous Ingewhen the local velocity exceeds the
critical one, and the depth of the scour hole resm#ée same (black dashed Imgwhen the

local velocityV; is equal or less than the critical velogiyo:.
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Figure 5.12 Joined chart of scour development ahalcity changes during multiple floods of
5% probability

As mentioned previously, the influence of multipleods probability on local scour
development was evaluated using two series of fomith similar duration and hydrograph
shape but with different discharge. The discharfgie first flood series was used according
to 5% probability and the processes of scour dgveémt and velocity changes are described.
The discharge of the second series of multipledéowas used according to 1% probability.
The process of scour development during the sefiéods of 1% probability was found
similar to the described one; the high intensitysobur development during the first flood
event and reduction in it with each following floo@ihe intensity of scour development
within each flood remains higher for flood seriddawer probability. The scour depth was
found for each series of floods. The results wenamared and it was found that the scour

depth is greater for the flood series of lower bty (Fig. 5.13).

h, m 14 d, = 0.67mm
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Figure 5.13 Comparison of scour development duaisgries of three floods with different
probability
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The comparison of the calculation results usinfedeint sediment sizes are presented
in Appendix I, Chapter 7, Figs.A1.1 — A1.5.

5.2.2 The influence of multiple flood duration

The influence of multiple flood duration was studlior a model of multiple flood
series. First the difference in scour evolutionimyia single flood was studied. Initial data for
flood model is presented in the Appendix |, Chat8r(Table A1.6). Two single floods with
similar probability and shape of hydrograph weredgiled, however a duration of 7 days was
chosen for first one and 14 days for the other ame the results were compared. The scour
development in time for the two single floods offelient duration is illustrated in Fig. 5.14.
The black continuous line represents the periodwmgoaur develops, but the dotted line, the
period when the depth of scour hole remains theesémboth cases scour development stops
soon after peak discharge has passed and the dépthour remains without changes
throughout the flood hydrograph recession paiis #een that the scour depth increases with

the flood duration, i.e., the greater durationh& flood, the deeper the scour depth.

m 12 7 Ose, d; = 0.6Tmm

_________

0 7 14 1, days
Figure 5.14 Scour development in time: 7-day darafil) and 14-day duration (2)

Figure 5.14shows two models of a series of three floods dudedain period with
equal shape of hydrograph, probability and duratiaihile floods in the upper model have
durationt; = 7 days, the lower flood series include flood#hwdurationt, = 14 days. For both
models flood hydrographs with the same dischargk sd@eepness were used. Initial data of
these models is presented in the Appendix |, Chap8(Table A1.7).

77



1 09; ; ;
/1\ iy /II\ 11

E
T T T | 1

) e “— 1> “—ii—=> t

9;

O; O;
/\ A 1
T T T T T T T T | 1

> (> > ¢

Figure 5.15 Hydrographs with the same dischargetiarglratio between rising and recession
parts of hydrograph

The time-dependant scour development in a serigbret floods with similar discharge,
hydrograph shape and duratibsr 14 days (lowest model in Fig. 5.15) is illustchtin Fig.
5.16. The gray lines show the steps of hydrograggmt{(nuous line) and average form of
hydrograph shape (dashed line). The black linkeg ¢{lescribe the process of scour
development and indicate the flood hydrograph awba&re scour development proceeds
(black continuous line). As it was confirmed prawsty, scour develops when the local

velocity is higher than the critical velocity.
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Figure 5.16 Scour development during multiple flo@dth a duration of 14 days each

The relation of the scour evolution process in timehe changes of the critical and local
velocities of the flow is presented in Fig. 5fbr this model. The local and critical velocities
are shown by the gray lines and the black linegri®s the scour process. During multiple
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floods the scour develops when the value of loedbaity V; exceeds the value of critical

velocity SfVor; scour hole develops intensely during the firgbél, but a continuation of scour

development proceeds only in an area around the giseharge of the following floods (Fig.

5.17).
so, d:= 0.67Tmm
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Figure 5.17 Joined chart of scour development &athges in velocities

The scour development and the depth of scour dumalyiple floods of 7-days and

14-days duration according to the model presenteBli@. 5.15wvere compared. It is seen that

the greater duration of the floods in the series,deeper the scour depth (Fig. 5.18).
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Figure 5.18 Comparison of scour depth for threlmvahg floods with 7-days or 14-days

duration

Comparison of the results of scour evolution of tipié floods with different duration

and using different river bed particle sizes aespnted in the Appendix |, Chapter 7.4 (Figs.

A1.6 — A1.9).
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5.2.3 The influence of multiple flood frequency

The multiple floods with different frequency wereodeled. The period of multiple
floods was assumed similar however the flood nunwes changed during this time (Fig.
5.19). Two, three and four floods were modeledrdyuthe equal multiple floods period.

LACA
Q-N\/\A

et—> et—> et—> et—>

Figure 5.19 Multiple floods with different frequgnexample of two and four floods are
presented in top and bottom parts respectivelyndwsimilar multiple floods period

To investigate the influence of the flood frequencythe scour development in time,

a period of, for example, 5 years was chosen apgased that, during this period, two or
four floods of the same probability, duration ahd shape of hydrograph occurred. The initial
data for multiple flood model is presented in thepandix I, Chapter 7.5. (Table A1.8). A

similar discharge, duration and the form of hydegdr shape was used for all of the following
floods in the series. The model of the series af tlwods with 7-days duration was chosen
and supplemented by two additional flood eventodding to the assumption made for this
research that scour depth remains the same betiieeats, the scour development can be
described by one chart of time-dependant changdsidepth of scour for the series of four
floods (Fig. 5.20).

80



h.s: mil2 - Q5%= df: 0.67 mm

10 I E /________di__f—----_'i"'_"_T ------
84 R T : T :
T i hs rd
° hst i h, g hsm by’
4 A :
27 I 11 I v
0 | i | |
0 7 14 21 2% 1 days

Figure 5.20 Scour development in time for floodthwdifferent frequenciedis to hs v are
scour depths reached after first to fourth floogpesetively

The scour development intensity and additional hiepit scour hole reduces with each
following flood. It can be explained by the redoctiof difference in the local velociwy: and
the critical velocitypVy: in the period when the local velocity is highearththe critical one
(Fig. 5.21). In other words, the scour intensityuees when the rati; / fVo:approaches 1.

The scour evolution of four frequent floods (pabbity 5%, duration 7 daysj =
0.67mm) is presented in Fig.7.20. The equilibriuaptth calculated for one flood with the
aformentioned parameters is 18.2m (method by Né#ldB1]). As intensity of the sediment
removal decreases with each forthcoming flood, gbssibility to achieve the equilibrium
depth by the series of floods of the accepted fntibaseems to be only theoretical. Because
a large number of floods with same probability ahdation should follow in order for the
developed scour depth to reach the calculatedibguih depth.
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Figure 5.21 Joined chart of scour development d&adi@es in velocities for a series of four
floods

It is obvious that an increase in the frequencythef floods is accompanied by an
increase in the scour depth, and it follows fromst.20 and 5.21 that the scour depth after

two floodsh, at an accepted period of time is less than hatafter three floods occurred
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during the same periotls;y > hg) etc. After every flood, the depths of scour anased up,
and tends to reach the value of the equilibriunttilep

The scour evolution was modelled by using differeatliment size. The results are
presented in the Appendix I, Chapter 7.6 (Fig. AL.1

5.2.4 The influence of multiple flood sequence

The influence of the sequence of floods with aedéht probability on the time-
dependent scour development was examined accotdlitigee scenarios (Figs. 5.22, 5.23).
Figure 5.22 shows a scheme of three floods of diheesprobability.

0
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Figure 5.22 Multiple flood series with three fl@oadf the same probability

The high flood follows by two lower floods in theft scheme and two floods with higher
probability are followed by the flood with less pability in the right scheme of Fig. 5.23.

The initial data of multiple flood models describa@ presented in Appendix I, Chapter 7.7.
(Tables A1.9 — A1.11).
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Figure 5.23 Multiple floods with different sequence

The scour development for the scenario describdelgn5.22presents curve 1 in Fig. 5.24.
The scour starts when the flood-plain is flooded atreases rapidly. Because of the scour
hole developed during the first flood, in the setdinod, the scour process starts at the step

of hydrograph wheW;.;, > Vo and has less duration, while for the third flood #elocities
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change due to the scour developed after the twaque floods, and it begins %t > fVo
m (Fig. 5.24, curve 1).
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Figure 5.24 Scour development in time for floodsliffierent sequences

The curve 2 in Fig. 5.24 shows the scour processmoilltiple flood sequence scenario

when the high flood is followed by two lower floo@sft-side scenario in Fig. 5.23).
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Figure 5.25 Scour development for a series of #owten the high flood is followed by two
lower floods

Figures 5.25 — 5.26 present scour evolution cuougefl with a flood hydrograph chart and
with curves of the local and critical velocitiespectively. As seen from Fig. 5.25, during the
first flood, the scour depth develops and remaimes dame till the next flood. There is no
change in the depth of the scour hole during twthtmming floods.

An explanation of it can be described by a chakthainges in the local and critical velocities
(Fig. 5.26). The local velocity; reduces but the critical veloci¥ increases because of the
scour depth developed during the previous floodhénext flood, the capacity of the flow is
not sufficient to remove sediments out of the sdoole, andVy is less tharfVy:. In the

second and third floods, the scour depth remamsdéme, as after the first flood (Fig. 5.26).
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Figure 5.26 Scour development and changes in &wékritical velocities for a series of
floods when the high flood is followed by two lowfeyods

Curve 3 in Fig. 5.24 shows the scour process ofuldipte flood sequence scenario
when two floods with higher probability are follod/éy the flood with less probability (right-
side scenario in Fig. 5.23). The scour starts anlops rapidly during the first flood (Fig.
5.27).
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Figure 5.27 Scour development for a series of #owten the high flood is followed by two
lower floods

In the second flood, the scour process startseastip of the hydrograph wh&h, > AVor
and has less duration. In the third flood, the sctarts at the step of hydrograph whéar>
BVor and develops rapidly due to the discharge of live fvhich is much higher than during
the previous two floods (Fig. 5.27). Changes inltdwal and critical velocities are presented
in Fig. 5.28for this scenario. The intensity of scour developtms well presented by the area
surrounded by the curves of the local velocity aritical velocity in this figure. The higher

the local velocity; is than the critical ongVy, the more intensive scour development is.
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Figure 5.28 Scour development for a series of #oeten the high flood is followed by two
lower floods

The results of scour evolution during multiple fiigoof various sequence scenarios
using sediment sizel, = 1.0 are presented in Figs. 7.24 — 7.28. Thelteesaf scour
development with time for the sediment size 0.24@rG0mm and 0.67mm are presented in
Figs. (A1.11 — Al1.14) of the Appendix I, ChapteB.7.

Chapter summary

Using the differential equation of equilibrium difet bed sediment movement in clear
water, a method for calculating the scour develaprniretime at engineering structures during
multiple floods was elaborated and the scour deweémnt in time during multiple floods was
investigated. The following conditions are takernoiraccount in this study: clear-water
conditions and alluvial river bed with homogenouser bed material was supposed. The
constant cross section of the river bed and flomdgbetween floods was accepted.

A computer modeling of the scour process baseth®miethod described in Chapter 3
was performed, and the influence of floods withfedignt probability, duration, frequency,
and sequence on the scour depth at the abutmestset@rmined. A computer modeling of
the scour development in time was performed toysthe influence of a triangle-shaped
hydrograph shape on the time-dependent local soudler clear-water conditions.

It was established that the process of time-depenst®ur formation is similar both
for tests and calculations, namely the rapid dgweknt at the start of the scour process was
followed by its gradual reduction in time. Since tcour process stops just after the peak of
the flood, the time when the maximum depth is redcls usually smaller than the flood
duration. It was also stated that the scour depitith, and volume depended on the flow
hydraulics, the river-bed parameters, the proltgbdf multiple floods, as well as on their

duration, frequency, sequence, and shape of flgddolgraph [58], [59].
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It was confirmed that the scour develops if théorsf; / fVor > 1. The scour stops if
the ratioV); / fVo: < 1. Further investigations of the flood intensitsakiation can be carried
out by calculating the area incorporated by thevesirof local and critical velocities (grey-
marked areas in Fig. 5.11) however it was not & fas this research. Nevertheless those
areas visually clearly indicate the capacity to seensediments from the scour hole for each
of the forthcoming floods in the multiple flood .

Two types of the shape of flood hydrographs wenadistl. The first type of
hydrograph had a fixed time of the rising part, le time of recession was changed
according to the ratios 1:2, 1:3, 1:4, 1.6 and th8s the duration of the flood was increased.
The second type of hydrograph had constant flogdtaun and discharge, but the shape of
the hydrograph was changed because of the ratiebatthe time of rising and recession
parts. It was found that the for hydrographs wilnad discharge and fixed time of the rising
part, the scour depth increases if the time ofsgioa of the flood becomes longer. The scour
depth changes a little if the shape of the hydnolgraith a fixed duration is varied by the
ratio between the times of the rise and recesslomever, the time when the maximum scour
depth is reached is less for floods with a highepes of the rising limb. Similarly, the higher
value of the scour is reached during the equalodeof floods with a shorter time of the
hydrograph rising limb.

The results of computer modeling of the scour meaduring floods with different
probability, duration, frequency, and sequence stbthe influence on the scour depth near
hydraulic structures.

The scour hole at the abutments is deeper for ltul fof a lower probability- the
higher discharge, the deeper the scour hole.

The scour depth increases with the flood duratien,the greater duration of the tests,
the deeper the scour depth.

It is obvious that an increase in the frequencythef floods is accompanied by an
increase in the scour depth. The scour depth aftefloods at an accepted period of time is
less than that after four floods occurred during $ame period. After every flood, the depths
of scour are summed up. Nevertheless the equilibstage can be reached only theoretically,
because of the decreased intensity of the remd\s#dments by the each forthcoming flood
of accepted probability. It can be concluded thay dloods with an unexpected probability
can be the reason for water engineering structamgade by the local scour at foundation.

It was found that the scour depth reaches highkrevior multiple flood sequence
when each forthcoming flood in sequence has lesisghility. The depth, width, and volume
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of scour increased with each subsequent flood. Xeemion was the case with varied
sequence of multiple floods with different probéapil The scour depth after the first flooding
remained the same if the first flood probability svsignificantly lower than that of the
forthcoming floods of a series of multiple floodBhis happened due to the scour hole
developed in the first flood event, which reducéeé tocal velocity of the flow and its
capacity to remove sediments.

It was determined that duration, probability, freqay and sequence as well as the

hydrograph shape effect the results of a time-dég@nscour depth near hydraulic structures.

87



CONCLUSIONS

. An analysis of literature observed that at presiwetre is no method for scour
calculation at water engineering structures inrriflew that takes into account the
influence of multiple floods during the period ofpdoitation.

. A differential equation of the bed sediment movetwveas used and a new theoretical
method for computing scour depth, width and volumesngineering structures in
river flow under unsteady flow conditions was deywsld.

. Based on the developed method for the computer Ingdef the local scour at
engineering structures under unsteady flow conabtioa computer program was
created allowing to evaluate the changes of tharsgepth during multiple floods of
different scenarios.

. Processing of the experimental data show influa@idbe contraction rate of the flow
and its depth, Froude number, approach flow velamitd different ratios of the local
and critical velocitiespVodVi;, Vo/Vor, Vi/Vi,, on the local scour evolution and it
corresponds with calculated results.

. The comparison graphs of the local and approaticiies at different rates of the
flow contraction and Froude numbers confirms thatlbcal velocity depends on the
flow contraction rate and the maximum backwateugaind is several times higher
than the approach velocity in the flume; with aoréased Froude number and with an
decreased contraction rate, the difference betwszt and approach velocity of the
flow is decreasing. The local velocity forms a scbale, but not the approach flow as
it is accepted by different authors.

. For the first time the relative local and critisadlocity changes under unsteady flow
conditions are described and calculated; in theursgmocess the local velocity
decreases due to the formation of the scour haleaaithe same time increases with
the growth of the discharge; the critical veloditgreases during flood intensification;
erosion stops when the local velocity and theaaitvelocity becomes equal.

. It was found that the time when maximum scour &hed during single wave flood
differs for hydrographs of various steepness; titvenisity of scour evolution increases

by the increase of the slope of the hydrograpledagsart
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8. The effect of multiple flood probability, duratiofrequency and sequence on the
scour at water engineering structures in flow ialadsshed for the first time, based on
the results of the computer modeling for a realiment flood in different scenarios.

9. It was found that the scour parameters increade a@trease in probability and with
increasing duration and frequency of the floods;gbquence of floods can increase or
reduce the scour evolution with time, dependingthair probability; the successive
floods of the same probability considerably incestiee value of the scour depth.

10.1t was confirmed that even with a high frequencylodds of accepted probability the
equilibrium depth of scour cannot be reached ang wmexpected flood event can be

the source of the failure of water engineeringdtites caused by local scour.
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LIST OF SYMBOLS

parameter in the Levi formula;

blocked flow area by the embankment and abutment
opening ratio;

parameter equal tam-\/'k;

width of a scour hole;

width of cylindrical pier;

size of analogous pier;

best-fit constant in Sturm equation;

best-fit coefficient in Sturm equation;

sediment size;

coefficient depending on flow contraction ratel &inetic parameteyg.
grain size of the bed material;

grain size (particle size for which 16% are fibg weight);
median grain size (particle size for which 508 fner by weight);
median grain size of critical armor layer;

medium grain size (particle size for which 84eé finer by weight);
constant parameter in steady flow time step;
maximum particle size;

scour depth;

Lacey silt factor;

Froude number when the sediment is at incimestion condition;
Froude number of at approach section;

Froude number;

approach flow Froude number upstream of therabnt;
gravitational acceleration;

flow depth;

total depth of flow including scour depth;

approach flow depth;

average depth of the flow in bridge opening;

flow depth in main channel,

equilibrium scour depth;

average depth of the flow in floodplain;

depth of the floodplain of the second flood;

average depth of flow in floodplain;

scour depth;

scour depth developed during first flood;

depth of scour in first step of hydrograph;

the slope of the river bed;

coefficient of changes in the discharge dudéoscour;
adjustment factor;

abutment alignment factor;

sediment size factor;

adjusted alignment factor for intermediate abuttse
abutment shape factor;

amplification factor depending on the type o$wbction;
coefficient for construction shape;

coefficient for angle of embankment to flow;

99



constant depending on flow intensity;

discharge module of bridge opening;

adjustment factor;

discharge module of floodplain;

spiral-flow adjustment factor;

channel geometry factor;

grain roughness;

adjustment factor,

coefficient of side wall slope;

abutment shape factor;

coefficient of the angle of flow crossing;

adjusted shape factor for intermediate abutments
spill-through abutment shape factor;

dimensionless velocity adjustment factor;

channel / flume / flow width;

length of active flow obstructed by embankment;
abutment length;

projected length of abutment panning the floadpl

the width of bridge opening;

geometric constriction ratio;

steepness of the scour hole;

discharge contraction ratio;

discharge distribution factor in approach segtion

constant for a specific river;

Manning’s roughness coefficient;

shape factor;

Manning'’s roughness coefficient for channel bed;
Manning’s roughness coefficient for main channel
Manning’s roughness coefficient for floodplain;

parameter for scour calculation;

unsteady flow parameter;

mass density of water;

flow discharge;

flow discharge;

flow rate per unit width in approach section;

flow rate per unit width in contracted section;

flow discharge in obstructed area over a lergphal to abutment length;
flow rate per unit width in the approach obsteacportion of floodplain;
discharge through the bridge opening under djmem<onditions;
discharge in main channel for uniform flow imgeound channel;
discharge in approach floodplain;

sediment discharge out of the scour hole;

specific discharge for a certain widtlhnear the abutment tip;
shape factor / specific gravity of sediment;

time;

relative time;

equivalent scour duration;

equilibrium scour time;

time interval,

approach flow critical bed shear velocity;
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average / approach flow velocity;

critical velocity;

critical velocity at the depth of the scour hbieg
critical velocity at the depth of the scour hbig
average approach flow velocity;

approach flow velocity in floodplain;

flow velocity in bridge opening under un-context conditions;

critical flow velocity;
sediment critical velocity;

critical velocity for the un-constructed apprbdtow in the main channel

evaluated for normal flow deptly in the main channel;

critical velocity for the un-constructed apprbaitow in the floodplain

evaluated fohy;
the local velocity at the abutment;

local velocity of the second flood, with the ftater bed supposed;

local velocity at the depth of the scour hiajg

local velocity at the depth of the scour hlale
approach flow velocity in obstructed area by ankment;
approach velocity at peak discharge;

resultant flow velocity;

volume of scour hole;

parameter determined from graphical relation;
approach flow depth;

flow depth in contracted section after scour;
specific weight of water;

specific weight of sediment;

coefficient equal to 3.9;

the coefficient of reduction in critical velogitiue to vortex;
the specific weight of sediments;

equal toys - ¥;

difference in water levels at the corner of dbeitment;
equal tqs - pr;

angle of embankment to flow;

mass density of water;

mass density of sediment;

parameter for turbulent flow;

cross section of the flow in bridge opening;

cross section of the flow in floodplain;

bed shear stress of approach flow;

critical shear stress of sediment particles;

critical value of Shields’ parameter,
sediment uniformity parameter;
the local velocity coefficient;
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APPENDIX |

Initial data for flood models and comparison of theour evolution results for
different sediment sizes are included in this agpernThe sediment size and specific weight
used for models: 0.24mm, 1.6 #r9.50mm, 1.7 t/h 0.67mm, 1.7 /) 1.00mm, 1.8 t/rh

5.1 Initial datafor floodswith different probability

Table Al1.1

Initial data for single flood model of 1% probatyland duration of 7 days (168 lf).=
0.67mmy = 1.7 t/n?

Step| N h; QQy 4h Q Tsep
N° [m] [m] [m°/h] [h]
1:2
1 1 0.185| 1.047| 0.2172 510 9.34
2 3 1.720| 1.865| 0.3156 1440 9.34
3 6 2.700| 2.112| 0.5698 3000 9.33
4 8 3.000| 2.206] 0.6636 3500 9.33
5 10 | 3.600| 2.221] 0.829P 4858 9.33
6 11| 3.800| 2.243 0.900P 5354 9.33
7 10 | 3.600| 2.221] 0.829P 48%8 22.4
8 8 3.000| 2.206] 0.6636 3500 22.4
9 6 2.700| 2.112| 0.5698 3000 22.4
10 3 1.720| 1.865 0.3156 1440 22.4
11 1 0.185| 1.047] 0.2172 510 22.4
Totalt, h 168
Totaltse, h 56
Totalt,ece, N 112

Table A1.2

Initial data for single flood model of 5% probatyland duration of 7 days (168 kf).=
0.67mmy = 1.7 t/n?

Step N hy Q/Qb 4h Q Tstep
N° [m] [m] | [m%h] | [h]
1:2
1 1 0.185]| 1.047] 0.2172 510 9.34
2 3 1.720| 1.865 0.3156 1440 9.34
3 5 2.500| 2.052] 0.4646 2500 9.33
4 6 2.700| 2.112] 0.5698 3000 9.33
5 7 2.900| 2.124] 0.6400 3470 9.33
6 9 3.250| 2.177| 0.7147 4065 9.33
7 7 2.900| 2.124] 0.6400 3470 22.4
8 6 2.700| 2.112] 0.5698 3000 22.4
9 5 2.500| 2.052] 0.4646 2500 22.4
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10 3 1.720| 1.865 0.3156 1440 22.4
11 1 0.185| 1.047| 0.2172 510 22.4
Totalt, h 168
Totaltise, h 56

Totalt,ece, N 112

Table A1.3

Initial data for single flood model of 23% probatyiland duration of 7 days (168 .=
0.67mmy = 1.7 t/n?

Step N hy Q/Qb 4h Q Tstep
N° [m] [m] [m°/h] [h]
1:2
1 1 0.185| 1.047| 0.2172 510 9.34
2 2 0.975| 1.542| 0.1926 760 9.34
3 3 1.720| 1.865 0.3156 1440 9.33
4 4 2.300| 2.021| 0.4242 2200 9.33
5 5 2500 | 2.052| 0.4646 2500 9.33
6 6 2.700| 2.112| 0.5698 3000 9.33
7 5 2.500| 2.052| 0.4646 2500 22.4
8 4 2.300| 2.021| 0.4242 2200 22.4
9 3 1.720| 1.865 0.3156 1440 22.4
10 2 0.975| 1.542] 0.1926 760 22.4
11 1 0.185| 1.047] 0.2172 510 22.4
Totalt, h 168
Totaltise, h 56
Totalt,ece, N 112

Table Al1.4

Initial data for multiple flood models of differeptobability. Three floods of 5% probability
and duration of 7 days (168h) eathe / treces= 1/ 2,di = 0.67mm y = 1.7 t/n?

Step| N hy QQy 4h Q Tsep
N [m] m] | [m¥s] | [h]
1 1 0.185| 1.047] 0.2172 510 9.34
2 2 | 0.975| 1542 0.1926 760 9.34
3 3 1.720| 1.865] 0.3156 1440 9.33
4 5 2.500| 2.052] 0.4646 2500 9.33
5 7 | 2.900| 2.124] 0.6400 3470 9.33
6 9 | 3.250| 2177 0.7147 4065 9.33
7 7 | 2.900| 2.124] 0.6400 3470 224
8 5 2.500| 2.052] 0.4646 2500 22.4
9 3 1.720| 1.865] 0.3156 1440 22.4
10 2 | 0975] 1542 0.1926 760 22.4
11 1 0.185, 1.047 0.2172 510 22.4
12 1 0.185| 1.047] 0.2172 510 9.34
13 2 0.975| 1.542] 0.1926 760 9.34
14 3 1.720| 1.865 0.3156 1440 9.33
15 5 | 2500 2.052 0.4646 2500 9.33
16 7 | 2900 2.124 0.6400 3470 9.33
17 9 3.250| 2.177] 0.714y 4065 9.33
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18 7 2.900| 2.124] 0.6400 3470 22.4
19 5 2.500| 2.052 0.4646 2500 22.4
20 3 1.720| 1.865 0.3156 1440 22.4
21 2 0.975| 1.542| 0.1926 760 22.4
22 1 0.185| 1.047, 0.2172 510 22.4
23 1 0.185| 1.047] 0.2172 510 9.34
24 2 0.975| 1.542] 0.1926 760 9.34
25 3 1.720| 1.865 0.3156 1440 9.33
26 5 2.500| 2.052] 0.4646 2500 9.33
27 7 2.900| 2.124| 0.6400 3470 9.33
28 9 3.250| 2.177] 0.714y 4065 9.33
29 7 2.900| 2.124) 0.6400 3470 22.4
30 5 2.500| 2.052 0.4646 2500 22.4
31 3 1.720| 1.865 0.3156 1440 22.4
32 2 0.975| 1.542] 0.1926 760 22.4
33 1 0.185| 1.047] 0.2172 510 22.4
11 1 0.185| 1.047| 0.2172 510 22.4

Totalt, h 504

Table A1.5

Initial data for multiple flood models of differeptobability. Three floods of 1% probability
and duration of 7 days (168h) eathe / treces= 1/ 2,di = 0.67mm y = 1.7 tin?

Step N hy Q/Qb 4h Q Tstep
N° [m] m] | [ms] | [h]
1 1 0.185| 1.047] 0.2172 510 9.34
2 3 1.720| 1.865 0.3156 14409.34
3 5 2.500| 2.052] 0.4646 2500 9.33
4 7 2.900| 2.124] 0.6400 3470 9.33
5 9 3.250| 2.177] 0.7147 4065 9.33
6 11| 3.800| 2.243 0.9002 5354 9.33
7 9 3.250| 2.177] 0.7147 4065 22.4
8 7 2.900| 2.124] 0.6400 347022.4
9 5 | 2500| 2.052] 0.4646 2500 22.4
10 3 1.720| 1.865 0.3156 144022.4
11 1 0.185| 1.047, 0.2172 510 22.4
12 1 0.185| 1.047] 0.2172 5109.34
13 3 1.720| 1.865 0.3156 14409.34
14 5 2.500| 2.052] 0.4646 25009.33
15 7 2.900| 2.124] 0.6400 34709.33
16 9 3.250| 2.177] 0.714y 4065 9.33
17 | 11| 3.800] 2.243 0.9002 53549.33
18 9 3.250| 2.177] 0.714y 406522.4
19 7 2.900| 2.124] 0.6400 3470224
20 5 2.500| 2.052] 0.4646 250022.4
21 3 1.720| 1.865 0.3156 144022.4
22 1 0.185| 1.047] 0.2172 510 22.4
23 1 0.185| 1.047] 0.2172 5109.34
24 3 1.720| 1.865 0.3156 14409.34
25 5 2.500| 2.052] 0.4646 25009.33
26 7 2.900| 2.124] 0.6400 34709.33
27 9 3.250| 2.177] 0.714y 4065 9.33
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28 11| 3.800| 2.243 0.900p 53549.33
29 9 3.250| 2.177| 0.7147 4065 22.4
30 7 2.900| 2.124) 0.6400 347022.4
31 5 2.500| 2.052] 0.4646 250022.4
32 3 1.720| 1.865 0.3156 144022.4
33 1 0.185| 1.047] 0.2172 51022.4
1 1 0.185| 1.047| 0.2172 510 9.34
Totalt, h 504

52 Comparison of the results of multiple floods with different
probability using different river bed particle sizes
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Figure Al.1. Comparison of scour development duarsgries of three floods with
probability 1% and 5% = 0.24mm
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Figure Al.2. Comparison of scour development duarsgries of three floods with
probability 1% and 5% = 0.67mm
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Figure A1.3.
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Figure Al1.4.
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5.3 Initial datafor floodswith different duration

Table A1.6

Initial data for single flood model of 5% probahyjliDuration 7 days (168h) and 14 days
(336h).tise / treces= 1 / 2,0 = 0.67mm y = 1.7 tin?

Step| N h; QQ, 4h Q Taepr | Tsep2
N° [m] [m] [m/h] (h] [h]
1:2 1:2
1 1 0.185| 1.047| 0.2172 510 7 14
2 2 0.975| 1.542] 0.1926 760 7 14
3 3 1.720| 1.865| 0.3156 1440 7 14
4 4 2.300| 2.021] 0.4242 2200 7 14
5 5 2.500| 2.052| 0.4646 2500 7 14
6 6 2.700| 2.112| 0.5698 3000 7 14
7 8 3.000| 2.206] 0.6636 3500 7 14
8 9 3.250| 2.177| 0.7147 4065 7 14
9 8 3.000| 2.206] 0.6636 3500 16 32
10 6 2.700| 2.112] 0.5698 3000 16 32
11 5 2.500| 2.052] 0.4646 2500 16 32
12 4 2.300| 2.021 0.424p 2200 16 32
13 3 1.720| 1.865 0.3156 1440 16 32
14 2 0.975| 1.542] 0.1926 760 16 32
15 1 0.185| 1.047] 0.2172 510 16 32
Totalt, h 168 336
Totaltse, h 56 112
Totalt,ece, h 112 224

Table A1.7

Initial data for a serie of three floods of 5% paibbity and duration for first model- 3 x 7
days (3 x 168h) and for second one — 3 x 14 days3@5h).trise / treces= 1 / 2,d; = 0.67mm,

7 =17t
Step N hf Q/Qb Ah Q Tstepl Tstepz
N° [m] [m] [m*/h] (h] [h]
1:2 1:2
1 1 0.185| 1.047| 0.2172 5109.34 18.66
2 2 0.975| 1.542| 0.1926 760 9.34 18.66
3 3 1.720| 1.865/ 0.3156 1440 9.33 18.67
4 5 2.500| 2.052| 0.4646 2500 9.33 18.67
5 7 2.900| 2.124| 0.6400 34709.33 18.67
6 9 3.250| 2.177| 0.7147 4065 9.33 18.67
7 7 2.900| 2.124| 0.6400 347022.4 44.8
8 5 2.500| 2.052| 0.4646 2500 22.4 44.8
9 3 1.720| 1.865| 0.3156 1440 22.4 44.8
10 2 0.975| 1.542] 0.1926 760 22.4 44.8
11 1 0.185| 1.047, 0.2172 51022.4 44.8
12 1 0.185| 1.047, 0.2172 5109.34 18.66
13 2 0.975| 1.542| 0.1926 760 9.34 18.66
14 3 1.720| 1.865 0.3156 14409.33 18.67
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15 5 | 2500 2.052] 0.4646 25009.33 18.67
16 7 2.900| 2.124] 0.6400 34709.33 18.67
17 9 3.250| 2.177| 0.714y 4065 9.33 18.67
18 7 2.900| 2.124] 0.6400 347022.4 44.8
19 5 | 2500 2.052] 0.4646 250022.4 44.8
20 3 1.720| 1.865 0.3156 144022.4 44.8
21 2 0.975| 1.542] 0.1926 760 22.4 44.8
22 1 0.185| 1.047] 0.2172 510 22.4 44.8
23 1 0.185| 1.047] 0.2172 5109.34 18.66
24 2 0.975| 1.542] 0.1926 760 9.34 18.66
25 3 1.720| 1.865 0.3156 14409.33 18.67
26 5 | 2500 2.052] 0.4646 25009.33 18.67
27 7 2.900| 2.124] 0.6400 34709.33 18.67
28 9 3.250| 2.177| 0.714y 4065 9.33 18.67
29 7 2.900| 2.124] 0.6400 347022.4 44.8
30 5 | 2500 2.052] 0.4646 250022.4 44.8
31 3 1.720| 1.865 0.3156 144022.4 44.8
32 2 0.975| 1.542 0.1926 760 22.4 44.8
33 1 0.185| 1.047] 0.2172 51022.4 44.8
Totalt, h 504| 1008

54 Comparison of the results of multiple floods with different duration
using different river bed particle sizes

Oso; d;= 0.24mm

hS: m 14 T .}?514
12
10
8 \
6 g -
4 -
2 -
0 T T T T T T
0 7 14 21 28 35 42 t, days

Figure A1.6. Comparison of scour depth for thrde¥ang floods with 7-days or 14-days
duration; sediment siz& = 0.24mm
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Oso; d;= 0.50mm

T
42 1, days

Figure A1.7. Comparison of scour depth for thrde¥ang floods with 7-days or 14-days
duration; sediment siz& = 0.50mm

Q5%, d = 0.67mm
h.s 14

42 1, days

Figure A1.8. Comparison of scour depth for thrde¥ang floods with 7-days or 14-days
duration; sediment siz& = 0.67mm
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Oso; d;= 1.0mm
h.s 14

7 14

T
42 1, days

Figure A1.9. Comparison of scour depth for thrde¥ang floods with 7-days or 14-days
duration; sediment siz¢ = 1.0mm
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5.5 Initial datafor multiple floods of different frequency

Table A1.8

Four floods of 5% probability and duration of 7 d4§68h) each;ise / treces= 1/ 2,di =

0.67mm.y = 1.7 t/n?

110

Step N hf Q/Qb 4h Tsten
N° [m] [m] [m7s] [h]
1 1 0.185 1.047 0.2172 510 9.34
2 2 0.975 1.542 0.1924 760 9.34
3 3 1.720 1.865 0.3158 1440 9.33
4 5 2.500 2.052 0.4648 2500 9.33
5 7 2.900 2.124 0.640Q 3470 9.33
6 9 3.250 2.177 0.7147 4065 9.33
7 7 2.900 2.124 0.640Q 3470 22.4
8 5 2.500 2.052 0.4648 2500 22.4
9 3 1.720 1.865 0.3158 1440 22.4
10 2 0.975 1.542 0.1926 760 22.4
11 1 0.185 1.047 0.2172 510 22.4
12 1 0.185 1.047 0.2172 510 9.34
13 2 0.975 1.542 0.1926 760 9.34
14 3 1.720 1.865 0.3156 1440 9.83
15 5 2.500 2.052 0.4644 2500 9.83
16 7 2.900 2.124 0.6400 3470 9.83
17 9 3.250 2.177 0.7147 4065 9.83
18 7 2.900 2.124 0.6400 3470 22.4
19 5 2.500 2.052 0.4644 2500 22.4
20 3 1.720 1.865 0.3156 1440 22.4
21 2 0.975 1.542 0.1926 760 22.4
22 1 0.185 1.047 0.2172 510 22.4
23 1 0.185 1.047 0.2172 510 9.34
24 2 0.975 1.542 0.1926 760 9.34
25 3 1.720 1.865 0.3156 1440 9.83
26 5 2.500 2.052 0.46446 2500 9.83
27 7 2.900 2.124 0.6400 3470 9.83
28 9 3.250 2.177 0.7147 4065 9.83
29 7 2.900 2.124 0.6400 3470 22.4
30 5 2.500 2.052 0.46446 2500 22.4
31 3 1.720 1.865 0.3156 1440 22.4
32 2 0.975 1.542 0.1926 760 22.4
33 1 0.185 1.047 0.2172 510 22.4
34 1 0.185 1.047 0.2172 510 9.34
35 2 0.975 1.542 0.1926 760 9.34
36 3 1.720 1.865 0.3156 1440 9.83
37 5 2.500 2.052 0.46446 2500 9.83
38 7 2.900 2.124 0.6400 3470 9.83
39 9 3.250 2.177 0.7147 4065 9.83
40 7 2.900 2.124 0.6400 3470 22.4
41 5 2.500 2.052 0.46446 2500 22.4
42 3 1.720 1.865 0.3156 1440 22.4
43 2 0.975 1.542 0.1926 760 22.4
44 1 0.185 1.047 0.2177 510 22.4
Totalt, h 840




5.6 Comparison of the results of multiple floods with different frequency
using different river bed particle sizes

h.m 12 5 O, : hsp hsmr i ,_—d;=0.24mm
10 4 hsr ' = —~d,= 0.50mm
. L \d, = 0.67mm

d,=1.00mm
6 -
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Figure A1.10. Scour development in time for floedth different frequencies and sediment
sizes;hs to hs v are scour depths reached after first to fourtbdlcespectively

5.7 Initial datafor multiple floods of different sequence

Three following floods of 14 days (336h) duratioack were chosen. The floods of 1%
probability and 23% probability were modeled irfeliént order.
Table A1.9

Three floods of 1% probability and duration of Jaysl (336h) eachyise / treces= 1/ 2,di =
1.00mm,y% = 1.8 t/n?

Step| N he QQ, | 4h Q Teen
N° [m] [m] [m°/s] (h]

1 1 | 0185| 1.047] 0.2172 51018.68
2 3 | 1.720| 1.865] 0.3156 144018.68
3 5 | 2.500| 2.052] 0.4646 250018.66
4 7 | 2.900| 2.124] 0.6400 347018.66
5 9 | 3.250| 2.177| 0.7147 406518.66
6 11| 3.800| 2.243] 0.9002 535418.66
7 9 | 3.250| 2.177| 0.7147 406544.80
8 7 | 2.900| 2.124] 0.6400 347044.80
9 5 | 2.500| 2.052] 0.4646 250044.80
10 | 3 | 1.720| 1.865 0.3156 144044.80
11 1 | 0185 1047 02172 51044.80
12 1| 0.185] 1.047 0217 51018.68
13 | 3 | 1.720| 1.865| 0.3156 144018.68
14 | 5 | 2.500| 2.052] 0.4646 25(0018.66
15 | 7 | 2.900| 2.124 0.6400 347018.66
16 | 9 | 3.250| 2.177] 0.7147 406518.66
17 | 11| 3.800] 2.243 0.9002 535418.66
18 | 9 | 3.250| 2.177] 0.7147 406544.80
19 | 7 | 2.900| 2.124 0.6400 347044.80

111



20 5 2500 2.052] 0.4646 250044.80
21 3 1.720| 1.865 0.3156 144044.80
22 1 0.185| 1.047| 0.2172 51044.80
23 1 0.185| 1.047| 0.2172 51018.68
24 3 1.720| 1.865 0.3156 144018.68
25 5 2500 2.052] 0.4646 250018.66
26 7 2.900| 2.124] 0.6400 347018.66
27 9 3.250| 2.177| 0.7147 406518.66
28 11| 3.800| 2.243 0.9002 535418.66
29 9 3.250| 2.177] 0.714y 406544.80
30 7 2.900| 2.124| 0.6400 347044.80
31 5 2.500| 2.052 0.4646 250044.80
32 3 1.720| 1.865 0.3156 144044.80
33 1 0.185| 1.047| 0.2172 51044.80

Totalt, h 1008

Table A1.10

One flood with low probability (1%) followed by twitbods of higher probability (23%),
duration of each flood 14 days (336t)e / treces= 1 / 2,di = 1.00mm y = 1.8 t/n?

Step N hy Q/Qb 4h Q Teen
N° [m] m] | [ms] | [h]

1 1 0.185] 1.047] 0.2172 51018.68
2 3 1.720| 1.865] 0.3156 144018.68
3 5 | 2500| 2.052] 0.4646 250018.66
4 7 2.900| 2.124] 0.6400 347018.66
5 9 3.250| 2.177] 0.7147 406518.66
6 11| 3.800| 2.243 0.9002 535418.66
7 9 3.250| 2.177] 0.7147 406544.80
8 7 2.900| 2.124] 0.6400 347044.80
9 5 2.500| 2.052] 0.4646 250044.80
10 3 1.720| 1.865 0.3156 144044.80
11 1 0.185| 1.047 0.2172 51044.80
12 1 0.185| 1.047] 0.2172 51018.68
13 2 | 0975 1.542] 0.1926 76018.68
14 3 1.720| 1.865 0.3156 144018.66
15 4 2.300| 2.021] 0.4242 220018.66
16 5 2.500| 2.052] 0.4646 250018.66
17 6 2.700| 2.112] 0.5698 300018.66
18 5 2.500| 2.052] 0.4646 25(0044.80
19 4 2.300| 2.021] 0.4242 220044.80
20 3 1.720| 1.865 0.3156 144044.80
21 2 | 0975 1.542] 0.1926 76044.80
22 1 0.185| 1.047 0.2172 51044.80
23 1 | 0.185| 1.047] 0.2172 51018.68
24 2 0.975| 1.542] 0.1926 76018.68
25 3 1.720| 1.865 0.3156 144018.66
26 4 2.300| 2.021] 0.4242 22(0018.66
27 5 2.500| 2.052] 0.4646 25(0018.66
28 6 2.700| 2.112] 0.5698 300018.66
29 5 2.500| 2.052] 0.4646 250044.80
30 4 2.300| 2.021] 0.4242 220044.80
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31 3 1.720| 1.865 0.3156 144044.80
32 2 0.975| 1.542| 0.1926 76044.80
33 1 0.185| 1.047| 0.2172 51044.80

Totalt, h 1008

Table A1.11

Two floods with high probability (23%) followed kpne floods of low probability (1%),
duration of each flood 14 days (336t)e / treces= 1 / 2,di = 1.00mm y = 1.8 t/n?

Step| N h; QQy 4h Tsep
N° [m] [m] [m®/s] [h]
1 1 0.185 1.047 0.2172 51018.68
2 2 0.975 1.542| 0.1926 76018.68
3 3 1.720 1.865| 0.3156 144018.66
4 4 2.300 2.021| 0.4242 220018.66
5 5 2.500 2.052| 0.4646 250018.66
6 6 2.700 2.112| 0.5698 300018.66
7 5 2.500 2.052| 0.4646 250044.80
8 4 2.300 2.021] 0.4242 22(0044.80
9 3 1.720 1.865| 0.3156 144044.80
10 2 0.975 1.542] 0.1926 76044.80
11 1 0.185 1.047, 0.2172 51044.80
12 1 0.185 1.047] 0.2172 51018.68
13 2 0.975 1.542] 0.1926 76018.68
14 3 1.720 1.865 0.3156 144018.66
15 4 2.300 2.021) 0.4242 22(0018.66
16 5 2.500 2.052] 0.4646 250018.66
17 6 2.700 2.112| 0.5698 300018.66
18 5 2.500 2.052] 0.4646 250044.80
19 4 2.300 2.021) 0.4242 220044.80
20 3 1.720 1.865 0.3156 144044.80
21 2 0.975 1.542] 0.1926 76044.80
22 1 0.185 1.047, 0.2172 51044.80
23 1 0.185 1.047] 0.2172 51018.68
24 3 1.720 1.865 0.3156 144018.68
25 5 2.500 2.052] 0.4646 250018.66
26 7 2.900 2.124) 0.6400 347018.66
27 9 3.250 2.177) 0.714y 406518.66
28 11 3.800 2.243 0.9002 535418.66
29 9 3.250 2.177 0.714y 406544.80
30 7 2.900 2.124) 0.6400 347044.80
31 5 2.500 2.052] 0.4646 250044.80
32 3 1.720 1.865] 0.3156 144044.80
33 1 0.185 1.047] 0.2172 51044.80
Totalt, h 1008
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5.8 Comparison of the results of multiple floods with different sequence
using different river bed particle sizes

Curves in figures are marked by number 1, 2 and &n@here 1 — scour development
according to the flood sequence scenarig Qo - Qo 2 — flood sequence scenariqof

Q23%- Quzeand 3 — flood sequence scenarihd Qrzon- Qroe

h,mig 1 2 d;=0.24 mm
14 1 B
12 : : S
8§44 J T !
6 - | 3
4
5] I II I
0 i i i
0 14 28 42 ¢ days

Figure Al1.11. Scour development in time for floadigifferent sequences when the sediment
sized; = 0.24mm

h, Mg - 1 2 d;=0.50 mm
147 | \ S
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) I I1 II
0 . i i
0 14 28 42 7 days

Figure A1.12. Scour development in time for floadigifferent sequences when the sediment
sized; = 0.50mm
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h,mig 1 2 d;=0.67 mm
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Figure A1.13. Scour development in time for floadigifferent sequences when the sediment
sized; = 0.67mm

hs,mpg - 1 5 410 mm
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Figure Al.14. Scour development in time for floadgifferent sequences when the sediment
sized; = 1.0mm
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5.9 Initial data for flood models in a study of hydrograph steepness
influence on scour evolution

Table A1.12

Initial data for changing of hydrograph steepnéssing part has static duration and
recession part changes according to ratios 1:211431:6 and 1:8); = 1.00mm.y = 1.8 t/n?

Step N hf Q/ Qb 4h Q Tsteﬂ Tstep Tstep Tsteﬂ Tstep
N° [m] [m] [m*/h] (h] (h] (h] (h] [h]
1:2 1:3 1:4 1:6 1:8
1 1 0.185 1.047) 0.2172 510 4 4 4 4 4
2 2 0.975 1.542| 0.1926 760 4 4 4 4 4
3 3 1.720| 1.865| 0.3156 1440 4 4 4 4 4
4 5 2.500| 2.052| 0.4646 2500 4 4 4 4 4
5 7 2.900| 2.124, 0.6400 3470 4 4 4 4 4
6 9 3.250| 2.177) 0.7147 4065 4 4 4 4 4
7 7 2.900| 2.124, 0.6400 3470 9.6 14.4 19.2 28.8 38.4
8 5 2.500| 2.052| 0.4646 2500 9.6 14.4 19.2 28.8 38.4
9 3 1.720| 1.865| 0.3156 1440 9.6 14.4 19.2 28.8 38.4
10 2 0.975| 1.542 0.1926 760 9.6 14.4 19.2 28.8 38.4
11 1 0.185| 1.047f 0.2172 510 9.6 14.4 19.2 28.8 38.4
Totalt, h 72 96 120 168 216
Total t;ise, h 24 24 24 24 24
Totaltiece, N 48 72 96 144 192
Table A1.13

Initial data for changing of the ratio of hydroghegteepness 1:2, 1:3, 1:4, 1:6 and 1:8 for flootls w
equal duration of 9 days (216 hy} = 1.00mm,y = 1.8 t/ni

Step| N h; Q/IQp 4h Q Tsten Teen Teen Teep Teen
N° [m] [m] [m*/h] (h] (h] (h] (h] [h]

1:2 1:3 1:4 1:6 1:8
1 1 0.185 1.047, 0.2172 510 12 9 7.2 5.14 4
2 2 0.975 1.542| 0.1926 760 12 9 7.2 5.14 4
3 3 1.720 1.865] 0.3156 1440 12 9 7.2 5.14 4
4 5 2.500| 2.052| 0.4646 2500 12 9 7.2 5.14 4
5 7 2.900| 2.124| 0.6400 3470 12 9 7.2 5.14 4
6 9 3.250| 2.177, 0.7147 4065 12 9 7.2 5.14 4
7 7 2.900| 2.124, 0.6400 3470 28.8 32.4| 34.56| 37.03 38.4
8 5 2.500| 2.052| 0.4646 2500 28.8 32.4| 34.56| 37.03 38.4
9 3 1.720 1.865| 0.3156 1440 28.8 32.4| 34.56| 37.03 38.4
10 2 0.975 1.542| 0.1926 760 28.8 32.4| 34.56| 37.03 38.4
11 1 0.185 1.047, 0.2172 510 28.8 32.4| 34.56| 37.04 38.4
Totalt, h 216 216 216 216 216
Totalt e, h 72 54 43.2| 30.84 24
Totaltece, h 144 162| 172.8| 185.16 192
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APPENDI X |1

Sediment discharge concept by Levi |.1. [116]
Sediment discharge is a number of particles crgs$ia cross section in unit time, to
the weight of particles:

N -V
Qs =b-0s =r (A2.1)

where gs - sediment discharge in the unit width (in weightts);

N - number of particles passing the cross sectiowidth b in timet;
V - volume of the patrticles;

e .
e s

~

o .

It is proposed that the particles are moving widocity U g, with the distancé
between them. On the widththere will ben, =|9 particles.

The number of particles, which cross the cross@ean t [sec.], is determined as a
ratio between the distance which they are passitigniet and the distance between two next

following patrticles:

Ug-t
|

Ny = (A2.2)

where Ug - sediment particle velocity.
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The common number of particles on widilis equal:

N:nl-nzzb.uzs.t (A23)
I
Then the sediment discharge per unit width is:
NV Ug-V vV
_qs —bt = |2 —US d—lz'd—Usdm (A24)

where

5 - the ratio of of the one particle volume to tmire layer of the particles with
[<-d

diameterd on area 2 - or dynamic coefficient of continuity

2
m-—-29%_ ¢y, (A2.5)

12.4 12

where a - depending on the shape of particle,
d — diameter of particle

Velocity of the sediment particles:
Ug=f(U-Ug) (A2.6)

where U — flow velocity,
Up — critical velocity.

Coefficient of the continuity:

3
m= m{ J (A2.7)

E“c
o

where: my = f(%j

h — depth of the flow.

Then the sediment discharge:

3 3
s =7-Ug-m-d=f(U —Uo)-y-ml(%] d= f(ﬁj dU -Ug)- f[%j-y(AZ.S)



3
_Os_ [ YU | df; Uol(d
e == _co[@] h[l 5 jf(hj (A2.9)

where U — relative contents of sediments in flow,
g - relative flow discharge.

If we take into account that:

Ug =ay/gd fl(gj (A2.10)

where a — coefficient 1.15,

n
and presenlfl(gj in exponential form ,6’(%] , then we have:

el

where K=1+mn =125

According to the test results the figure % = f(Lj with different% is presented.

Jad

The results of the data processing allow us to fannequation foQs.

Sediment discharge in weight units is presented:

3 025
U d
Qs = oooz{ﬁj d(U _UO)'[HJ , [T/sed (A2.12)
In volumetric units:
562 U 1
QS :7(1—U—jw B'U4, [mS/daM (A213)
O .

The Eq.(13) is valid for ratio:

d 1
_>_
h  50C
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or can be valid till viscosity does not affect fteav motion:

d 1
—>—.
h  500(C

Critical velocity concept by Studenitcnikov B.I. [120]

The grain particles threshold stability in a ribed at clear water, steady uniform flow
can be determined by using critical velody which depends on the following parameters:

y - specific weight of water,

» - specific weight of particle,

d - size of particle,

h - depth of flow.
A stable bed is a rectangular channel, formeddorssiderable width of flow zon®&/(h > 2.5-
3), with normal turbulence and velocities distribatin depth.

1. Lifting force acting on the particle:

2 2n 2
CZVO h d
Fo=Kp—9 | 2| 2= A2.14
y 1 29 [d] 4 ( )
where K;j — coefficient.
2.  Weight of the particle in water:
3
G=(n-7)7% (A2.15)
Stability of the particle will be when:
2 2n 2 3
CZVO d d d
Ki-y—9 2| 22— (=) A2.16
17 g (h] 2 =)= (A2.16)
Then the critical velocity is equal to:
Vo _A u@ hNg 05-n (A2.17)
a 4

where A, — coefficient andr — constant = 1.1

120



or:
vV —A\/_ 71_7hn 05-n
o=AYg9,/~—=h'd (A2.18)
Y

Critical velocity depends od and h, and on the relative size of the particlke&% or

where A =1 (a).

d=k-h. Then:
VO — A\/E 7’1_7’k0.5—2n(h0.5—ndn) (A219)
4

Y Kk 05-2n

It is necessary to find value, at which coefficienvA\/a n-r will have constant

value at any relative grain size of the particles:

B=AJg 7/1—7/_7/k05_2” = f(k)=const (A2.20)

ValuesA, 1, ¥ do not depend on the relative grain size and wntkgd/5, 1/10, 1/100 and so
on) should reflect one condition 0.5 r2 0, thark®>?"= 0 andB = const

Solving equation 0.5+2= 0 we haven = 0.25 with:j; = const

_ yi—7,05-2n _ Vo _
B= Aﬁ ; k = 1025 025 = const (A2.21)
Processing of the test results and natural expetahdata in a wide range of relative depth of

flow g (or relative size of the particlé:]s) with value of theB accepted as constant, the value

B is equal tdB = 3.6 aty; = 2.65 andr= 1, and ther\ is equal to 0.9

Vo = 0.9‘/%\/5 (hd)©2° (A2.22)

For constant specific weights of particles 2.65

Vo = 115,/g(hd) %% (A2.23)

or

Vg = 36d 92°n 025 (A2.24)

121



