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DARBA VISPAREJS RAKSTUROJUMS
Temas aktualitate

Neparedz&tu un intensivu pliidu izraisitu negadijumu skaita pieaugums Eiropa p&d€jas
desmitgad€s un informacija par vides un ekonomiskajiem zaud&jumiem pludu dél apstiprina
klimata izmainu ietekmi uz $o paradibu un nepiecieSamibu prognozet iesp&jamos zaud&jumus.
Saskana ar Eiropas Vides agenttras informaciju no 1998. Iidz 2009. gadam atseviskos Eiropas
regionos ir registréti Iidz pat devini plidu negadijumi tikai viena desmitgadé vien, un ta ir
lieciba vairakkartéju plidu gadijumiem. Udens tehnologiju biives (idens nemsanas ietaises,
notektidenu novadcaurules, caurulvadu pamati u. c.), ka arT hidrotehniskas buves, piem&ram,
tiltu balsti, piestatnes, dambji un celi, palienu zonas ir paklauti vairakkart&ju pladu ietekmei.

Lielakaja dala pienemto aprékina metozu lidzsvara vai pagaidu izskalojuma dziluma
noteikSanai tiek izmantota caurpliide, kada prognozéta visintensivakaja plidu bridi. Lidzsvara
izskalojuma dzilumu aprékina metodes ir neierobezotas laika, pagaidu izskalojuma dzilumu
aprékina metodes — ierobezotas laikda. Realajos apstaklos pliusmas slodze uz tdens
tehnologiju blivju pamatiem atbilst hidrografa formai, un izskalojumi veidojas vairakkart&ju
pludu (ar dazadu varbiitibas pakapi, ilgumu, biezumu un secibu) rezultata. Aprékinu metodgs
vai formulas, neizmantojot Sos parametrus, nav iesp&jams aprékinat dzilumu izskalojuma
bedrei, kas radusies vairakkart€ju pludu rezultatd. Savukart vairakkart€ju plidu ietekmei
atbilstoSa metode lautu paredzet izskalojuma dzilumu pirms, péc un plidu laika, ta sniegtu

informaciju par pamatu droSumu un Jautu veikt nepiecieSamos aizsardzibas pasakumus.

Darba meérkis un uzdevumi

Promocijas darba mérkis ir jaunas metodes izstradasana izskalojuma bedres dziluma,
platuma un tilpuma attistibas izvertéSanai vairakkart&ju plidu gadijuma un hidraulisko un
plidu parametru ietekmes novértéSana uz izskalojuma dzilumu pie Gdens tehnologiju biivju
pamatiem nevienmeérigas plismas apstaklos. Lai sasniegtu pétijuma mérki, tika noteikti $adi
uzdevumi:

1. izveidot parskatu par viet§ja izskalojuma aprékina metodém vienmeérigas un
nevienmerigas pliismas apstaklos, lai noskaidrotu parametrus, ko izmanto izskalojuma
dziluma novértésanai pie tdens tehnologiju bivém upes plisma;

2. izstradat teorétisku metodi viet§ja izskalojuma attistibas izveérté$anai vairakkartgju pludu

laika;



3. pamatojoties uz izstradato metodi, izveidot jaunu datorprogrammu vietéja izskalojuma
model&sanai pie idens tehnologiju blivém nevienmérigas pliismas apstaklos vairakkart&ju
pludu laika ar dazadu varbutibu, ilgumu, biezumu un secibu;

4, apstradat eksperimentu datus, lai noskaidrotu dazadu pliismas hidraulisko parametru un
laika ietekmi uz viet&ja izskalojuma parametriem;

5. izanalizét viet§ja un kritiska atruma izmainas nevienmérigas plismas apstaklos, vietgjas
un vid€jas plismas mijiedarbibu un to, ka ta ietekmé izskalojuma bedres attistibu pie
konstrukcijam;

6. 1izpétit saistibu starp plidu hidrografa formu un izskalojuma attistibas procesu;

7. veikt realas plismas datormodeléSanu un izpétit vairakkart§ju pludu (ar dazadu
varbiitibas pakapi, ilgumu, biezumu un secibu) ietekmi uz izskalojuma veidoSanas

procesu pie tidens tehnologiju bavém.

Zinatniska novitate un lietojums

Izmantojot diferencialvienadojumu grunts dalinu kustibas lidzsvaram tira tdens
plismas apstaklos, tika izstradata jauna metode izskalojuma dziluma aprékinasanai, kas
veidojas pie tdens tehnologiju biivéem vairakkartéju plidu laika. Pirmoreiz tika noteikta
vairakkartgju pludu varbiitibas, ilguma, biezuma un secibas ietekme uz izskalojuma attistibu
biivju pamatu tuvuma. Tika apstiprinats, ka izskalojuma dziluma v&rtiba atSkiras dazadiem
vairakkartéju pludu scenarijiem. Tiek piedavata jauna teorija, kas apstiprina, ka vietgja un
kritiska atruma izmainas ir butiskas izskalojuma veidoSanas procesa un ka viet€jam atrumam,
bet ne vidéjam plismas atrumam, ir ietekme uz viet&ja izskalojuma attistibu. Tika apstiprinata
hidrografa liknes slipuma ietekme uz laiku, kura tiek sasniegts noteikts izskalojumu dzilums.

Piedavata metode atspogulo situaciju daba, tap&c to var izmantot, lai prognozétu
izskalojuma dziluma veidoSanos pirms, péc un plidu laika, sniedzot informaciju par tidens
tehnologiju buvju droSumu, lai laikus varétu veikt nepiecie$amos aizsardzibas pasakumus.
Metode arT lauj modelét izskalojuma veidoSanas scenarijus turpmakiem plidiem ar dazadu
varbitibu, ilgumu, biezumu, secibu un pliidu hidrografu, ko var izmantot, lai izveértétu, vai
konstrukcija spés izturét pliidu radito slodzi nakotné.

Ieteikto metodi var izmantot ka agrinas bridinasanas sistémas sastavdalu, lai izvertetu

datus no hidrologisko mérijumu multisensoru tikla.



Darba struktiira un apjoms

Promocijas darba ir ievads, 5 nodalas, secinajumi, 2 pielikumi, 121 atsauce, 73 attéli,
9 tabulas — kopuma 121 lappuse.

1. nodala icklauj t€mas un literatiiras apskatu par vietéja izskalojuma aprckinasanas
metodém mainigas un nemainigas plismas apstak]os.

2. nodala «Vairakkartéju pliidu radita izskalojuma novértésanas teorija un metode»
tieck piedavata jauna metode izskalojuma dziluma attistibas aprékinasanai piec udens
tehnologiju buvém vairakkartéju pladu gadijuma.

3. nodala «Eksperimentu datu apstrade un salidzinasanas rezultati» ieklauj ieprieks
publicétu eksperimentu datu salidzinajumu ar aprékinu rezultatiem, pamatojoties uz metodi,
kas aprakstita 2. nodala. Apstradajot eksperimentu datus, tika pétita un aprakstita viet€jo,
kritisko un vidgjo plismas atrumu ietekme uz izskalojumu dzilumu.

4.nodala «DatormodeléSanas programma» tiek piedavata jauna programma
laikatkarigu izskalojumu veidoSanas aprékinasanai un novértéSanai pie tdens tehnologiju
biivju pamatiem upes plisma vairakkart€ju plidu laika ar dazadu varbiitibu, ilgumu, biezumu
un secibu. Nodala aprakstiti datormodeléSanai pienemtie pliidu hidrografa pamatkritériji.

5.nodala «DatormodeléSanas rezultati» tiek novérteta plidu hidrografa formas un
vairakkartéju dazadas varbutibas, ilguma, biezuma un secibas pliidu ietekme uz izskalojuma

veidoSanos, ka arT aprakstiti un ilustréti datormodel€Sanas rezultati.

LITERATURAS APSKATS

Pedgjas desmitgades izskalojuma pagaidu dzilumu un lidzsvara dzilumu ir p&tijusi un
jaunas metodes izstradajusi dazadi autori. Lielakaja dala So darbu izskalojuma lidzsvara un
pagaidu dziluma aprékinasanai tiek izmantota pliismas vértiba pludu intensivakaja bridi; laiks
Sajas metod€s nav ierobezots, lai aprékinatu izskalojuma lidzsvara dzilumu, vai ari ir
ierobezots, ja tiek veikts pagaidu izskalojuma dziluma aprékins. Lielakaja dala aprakstito
metozu izmanto vidéjo plismas atrumu, lai gan vietgjos izskalojumus konstrukciju tuvuma
veido pliisma ar atbilstoSu viet€jo atrumu. Dabigos apstaklos plismas radita slodze uz tidens
tehnologiju bavém atbilst hidrografa formai, un izskalojumi veidojas vairakkart&ju pladu
ietekmé.

Joprojam ir tikai neliels skaits p&tfjumu par laikatkarigiem izskalojumiem balstu
tuvuma nevienmeérigas plismas apstaklos. Visas piedavatas metodes fokusgjas uz maksimalo
izskalojuma vertibu salidzinajumu, kas aprékinatas, izmantojot pagaidu izskalojumu metodes
vai nemot veéra mainigos pladu apstaklus saskana ar pladu hidrografu. Neskatoties uz

salidzinosi lidzigiem eksperimentu uzdevumiem, no aprékinu rezultatiem izrietoSie 1€mumi

7



atSkiras. Autoru kopgjais secinajums: izskalojumu dzilums, kas ir aprékinats ar vienkarS$am

metodém, biitiski neatSkiras no dziluma, kas ir aprekinats, nemot véra plismas apstaklu

izmainas; tomer visos petijumos tika izmantoti tikai vidgjie pliismas atrumi.
Literaturas apskata izcelas turpmak min€tie secinajumi.

1) lzskalojuma aprékinasanai vienmérigas Un nevienmérigas plasmas apstaklos tiek
izmantots vid€jais pliismas atrums, lai gan izskalojuma bedri veido vietgjas pliismas
viet€jais atrums, virpula struktiiras izmainas un turbulences pieaugums.

2) Literatura nav plasu pétijumu aprakstu par hidrografa liknes stavuma saistibu ar
izskalojuma bedres dziluma, platuma un tilpuma raditajiem.

3) Paslaik literatiira nav pieejamas formulas vai metodes izskalojuma dziluma aprékinaSanai
vairakkartgju pludu laika.

4) Literatira nav pieejama izskalojumu veidoSanas teorctiska analize, kura pemta véra

vairakkart&ju pladu ar dazadu varbiitibu, ilgumu, secibu un biezumu ietekme.

METODE IZSKALOJUMA NOVERTESANAI VAIRAKKARTEJU PLUDU
GADIJUMA

Diferencialvienadojums sanesu kustibas lidzsvaram tira iidens pliisma:

dw
Tl Qs. 1)

kur t— laiks, d;
w — tilpums, m?;
Qs — sanesu kustiba no izskalojuma bedres, m*/d.

Vienadojuma (1) kreisa puse var tikt izteikta ka

h h
d—WzlmzhgdS:ahgdS, )
dad 2 dt dt
kur hs — izskalojuma dzilums, m;
m — izskalojuma bedres sienas slipums;
a— vienads ar 1/2wm®.
Sanesu kustiba tiek noteikta ar Levi (1969) formulu:
Qs =AB 'V|4: 3)

kur Qs — sane$u kustiba, m°/d;
B — izskalojuma bedres platums, vienads ar mhg, m;
V| — vietg&jais atrums pie tdens tehnologiju btives upes plisma, m/s;
A — parametrs Levi (1969) formula.

Parametrs A ir atkarigs no izskalojuma, viet§ja atruma, kritiska atruma un grunts
dalinu izméra. Aprékina gaita janem véra, ka viet€jais un kritiskais atrums mainas lidz ar
izskalojuma dziluma izmaipam laika, tade] §is vértibas tiek izteiktas ar parametriem Vi —
viet€jo atrumu pie noteikta izskalojuma dziluma un Vo — kritisko atrumu pie noteikta

izskalojuma dziluma. Izsakot vienadojumu (1) ar vienadojumiem (2—3), aizvietojot mainigas
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vertibas un to integréjot, tiek iegtita aprékina formula izskalojuma aprékina parametra N;
noteikSanai:

t.
Ni =——+Nj_g, (4)

kur tj— laika intervals noteiktam aprékina posmam, d;
Di — konstants parametrs noteikta laika ietvaros;
hi — Gidens dzilums upes paliena, m.
Izmantojot grafiku N = f(x) aprékinatajai N; vértibai, tick atrasta X; vértiba un izskalojuma
dzilums noteikta laika intervala beigas:
hy = 2h (x-1). (5)
Pilns aprékina metodes apraksts izklastits pamatdarba 2. nodala.

Izejot no ta, tika izstradata jauna metode izskalojuma attistibas noteikSanai
vairakkartgju pludu laika. Atbilstosi piedavatajai metodei katru nakamo plidu hidrografs tiek
sadalits atseviSkos laika solos, un katrs solis — mazakos laika intervalos.

Laika sola ietvaros tiek pienemts vienmerigs plismas rezims. Pirms izskalojuma
sakSanas tiek aprekinats viet&jais plusmas atrums Vyun Kritiskais atrums Vo ;. Plismas rezims
laika sola ietvaros tiek pienemts vienmeérigs, tade] izskalojuma d€l vietgja atruma Vy; vertiba
samazinas, bet kritiska atruma vertiba picaug. Laika sola beigas tiek atrastas vietgja atruma V;
11 un kritiska atruma Vo |.1 veértibas un izskalojuma dzilums hs .1, kas radies pirmaja soli (kur
romiesu cipars apzimeé pludu kartas skaitli, bet arabu cipars — pliidu sola kartas skaitli).

Nakamajam laika solim tiek aprékinatas jaunas vietgja un kritiska atruma vértibas, jo
palielinas caurplide un janem véra izskalojuma dzilums hg .1, kas izveidojies pirmaja soli.

Sola beigas tiek atrasta hs |., vertiba un aprékins turpinas nakamajiem hidrografa soliem.

Att. 1. Izskalojuma attistiba vairakkart&ju pladu laika

Laika solu ietvaros hidrografa pac€luma Iliknes dala vietgjais atrums tiecas

samazinaties izskalojuma pieauguma dé| un taja pasa laika palielinaties, jo pieaug plismas



dzilums paliena, caurpliide un maksimala tdens uzstadinajuma vertiba. Kritiska atruma
vertiba palielinas, pieaugot gan plusmas, gan izskalojuma dzilumam. Hidrografa lejupejosas
liknes dala viet€jais atrums strauji samazinas caurpliides samazinajuma dgl, ka ar samazinas
kritiska atruma vértiba. Izskalojums apstajas kada hidrografa Iiknes lejupejosa dalas punkta
Xi-2, kur vietgjais atrums Vj |.n klst vienads ar kritisko atrumu Vo 1o un var tikt noteikts
izskalojuma dzilums hs |, kas sasniegts pirmo pliidu laika (att. 1). Nemot véra izskalojuma
dzilumu hs |, kas sasniegts pirmo pliidu laika, tiek atrastas jaunas vietja atruma Vi un

kritiska atruma Vo ) vértibas otro plidu hidrografa pirmajam laika solim:

Vi
Vit Ty (6)
k[1+—— !
2hg
kur Vi, — viet&jais atrums pie izskalojuma dziluma hs, m/s;
Vi 1— otro plidu vietgjais atrums, nenemot vera izskalojumu, m/s;
hs| — pirmo pladu laika sasniegtais izskalojuma dzilums, m;
h¢ 1 — pliismas dzilums paliena otro plidu pirmaja laika soli, m,
un
h 0.25
0.25 0.25 sl
Vot =3.6d7 -hg I+ —1| (7
2ht
kur Vi1 — kritiskais atrums pie izskalojuma dziluma hg,, m/s.

Aprekins tiek turpinats katram nakamajam hidrografa solim, kameér tiek sasniegts
nosacijums, ka viet&jais atrums Vy; j ir lielaks neka kritiskais atrums Vo jj un sak veidoties
izskalojums (punkts X1, Att.1). Atbilstosi metodei, tiek atrasts izskalojuma dzilums hg, kas

izveidojas otro plidu laika un tiek izmantots treSo plidu viet€ja un kritiska atruma aprékinam.

EKSPERIMENTU DATU APSTRADE UN SALIDZINASANAS REZULTATI

Testa rezultatu analizei tika izmantoti iepriek$ publicéti eksperimentu dati. Testi tika
veikti 3,5 m plata un 21 m gara Gdens tekn€. Eksperimentu dati tika iegliti val&jas gultnes
apstaklos, vienmérigai un nevienmérigai plismai ar mainigu plismas saspiestibas pakapi.
Testos izpildijas noteikums, ka Frg = Fr¢ , kur Frg ir Frida skaitlis palienas upei un Frs ir

Fruda skaitlis laboratorijas teknei.
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Testa un aprekinato rezultatu salidzinajums izskalojumiem vienmerigas plismas
apstaklos

Tika veikta datu apstrade testa rezultatiem, kas iegtti vienmérigas pliismas apstak]os.
Tika pétiti un grafikos att€loti $adi procesi: viet§ja atruma Vi un kritiska atruma SV
izmainas; izskalojumu dziluma hs, platuma B un tilpuma w attistiba; relativa viet&ja atruma
ViV un relativa kritiska atruma Vo/Vo izmainas; izskalojuma attistiba testu laika ar dazadu
caurpludi; laika ietekme uz izskalojumu dzilumu vienmérigas plasmas apstaklos, paildzinot
plusmas ietekmi no septinam stundam, kas tika izmantotas testos, lidz 28 stundam.

Iepriek§ min€to pétijumu rezultati apstiprina galvenos noverotos faktus, piemé&ram,
lielaks izskalojumu dzilums tiek panakts lielakas caurplides gadijuma pie mazaka grunts
dalinu izméra un ilgakas plusmas iedarbibas. Vienlaikus rezultati liecina par kritiska un
vietgja atruma, ka ari relativa dziluma izmainam, tade] var apstiprinat, ka viet€jie izskaloSanas
procesi pie tdens tehnologiju blivju pamatiem ir saistiti ar nepartrauktam pliismas un upes
gultnes raditaju izmainam.

legiitie rezultati liecina par svarigu raditaju izmainam: hs, Vi, Vo, ViV, un Vo Vo, ko
izmanto izskalojuma dziluma aprékinasanai vienmérigas pliismas apstaklos. Tomer daba pladi
atbilst hidrografa formai, tad€] svarigak ir pétit izskalojumu procesu nevienmérigas pliismas

apstaklos.

Testa un aprékinato rezultatu salidzinajums izskalojumiem nevienmeérigas pliismas
apstaklos

Nevienmerigas pliusmas testi tika veikti diviem hidrografa soliem ar atSkirigu
caurpliidi. Katra sola ilgums t bija 7 stundas, un tests nevienmeérigas plismas apstaklos ilga
14 stundas. Caurplide pirmaja un otraja hidrografa soli palielinajas, ka ari palielinajas Fruda

skaitlis val&jas plismas apstaklos un viet&jais Frada skaitlis.

0.20 - 0.50 - Tt 11 ste
hg, m [ step 11 step V, m/s l S e
0.40 7
0.15 1/ V,
; 0.20 x»x-x—‘\x- . HOEKHK =X=de X
0.05 - Calculated J v )
0.10 ﬁ[/ O Vittess === Vycat
X Test results ’ ot X BVoies === BV catc
0.00 » 0.00 - ‘
0.0 3.5 7.0 10.5 14.0 0.0 35 7.0 10.5 14.0
t,h t,h

Att. 2. Izskalojumu attistiba (kreisa puse) un vietgja un kritiska atruma izmainas (laba puse)
mainigas pliisma apstaklos (TL1 tests)

Attela (2) att€lots izskalojumu dzilums (kreisas puses Iikne), ka ar viet€ja un kritiska

atruma izmainas (labas puses Ilikne) nevienmeérigas pliismas apstaklos. Nevienmérigas
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plusmas apstaklos izskalojuma bedres dzilums, platums un tilpums pirma sola laika attistas
lidzigi ka vienmeérigas pliismas apstaklos. Tomeér, palielinoties plismai nakamaja soli,
izskalojums attistas intensivak (att. 2, kreisas puses grafiks).

Viet&jais atrums V¢ pirmaja soli pakapeniski samazinas, jo izveidojas izskalojuma
bedre (att. 2, labas puses grafiks). Otra sola sakuma viet&jais atrums palielinas, jo otraja soli ir
izmantota lielaka plisma, tacu aprékina tiek nemts véra ari pirmaja soli raditais izskalojuma
bedres dzilums. Otra posma laika vietgjais atrums atkal pakapeniski samazinas, jo $aja posma
izskalojumu bedres dzilums turpina pieaugt.

Vienlaikus izskalojuma attistibas laika nevienmérigas plusmas apstak]os Kritiskajam
atrumam Vy ir tendence palielinaties. Kritiskais atrums pakapeniski palielinas gan pirmaja,
gan otraja soli, jo pieaug izskalojuma dzilums. Otra posma sakuma kritiskais atrums strauji
pieaug, jo strauji pieaug plismas dzilums paliené un ari izskalojuma dzilums, kas radies
ieprieksgja soli (skat. att. 2 labas puses grafiku).

Vietgja un kritiska atruma vertibas tiecas izlidzinaties. Izskalojuma raSanas intensitate
ir lielaka, ja ir lielaka attieciba starp vietgjo un kritisko atrumu. IzskaloSanas laika notiek divi
vienlaicigi procesi, kas ietekm& vietgja atruma izmainas mainigas plismas apstaklos. No
vienas puses, viet€jais atrums Vi samazinas radusas izskalojuma bedres dgl, bet, no otras
puses, tas pieaug, jo piecaug pliidu intensitate. Savukart kritiskais atrums pieaug, gan

palielinoties izskalojuma bedres dzilumam, gan plasmai.

Vieteja, kritiska un vidéja plismas atrumu ietekme uz izskalojumu dzilumu
Tika noskaidrots, ka viet&ja un vidgja plismas atruma attieciba V| /Vyp ir atkariga no
plusmas Frida skaitla (att. 3). Palielinoties Friada skaitlim, atSkiriba starp viet€jo un vidéjo

pliismas atrumu samazinas.

54 . VI / Vup 7
Vl / chlp“ Fr, °
g 5 °
5.0 5 \/.
L)
4.6 3 N
4.21 ¢ Test bt F/'_, e Test
——Calculated | — Calculated
3.8 ; ‘ = , T
2 1 2 3 4 5 6
0.0 0.09 0. 0.13 7 )
7 P 11 13 Q / Q/)
Att. 3. Vietgja un vidgja plusmas atruma Att. 4. Vietgja un vidgja plismas atruma
Vi/V4p attiecibas saistiba ar Frouda skaitli attiecibas saistiba ar pliismas saspiestibas
(AL testi 4, 5, 6) pakapi.

Vietgja un vidgja plusmas atruma attieciba V| /Vyp ir atkariga no plismas saspiestibas
pakapes (att. 4). Palielinoties pliismas saspiestibas pakapei, atskiriba starp vietgjo un vid&jo
plismas atrumu pieaug.
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Saja nodala aprakstitie testu rezultati apstiprinaja vietéja atruma ietekmi uz vietgja

izskalojuma attistibu, bet ne vidgja pliismas atruma ietekmi, ka paslaik uzskata dazadi autori.

DATORMODELESANAS REZULTATI

Tika veikta datormodelésana laikatkarigam izskalojumam, kas veidojas atsevisku
plidu laika ar dazadu hidrografa formu, un vairakkart&ju pludu laika ar dazadu varbiitibu,
ilgumu, biezumu un secibu. Izejas dati plidu plismas modelésanai ir pieejami pamatdarba
| piclikuma. Rezultati $aja nodala uzraditi vienam grunts dalinu izméram, bet izpéte ir veikta
Setriem dazadiem izmériem—d; = 0,24 mm, 0,59 mm, 0,67 mm un 1,0 mm, un salidzinasanas

rezultatu atteli ir pieejami pamatdarba I pielikuma.

Plidu hidrografa formas ietekme

Tika veikta laikatkariga izskalojuma datormodeléSana, kas radies pludu laika ar
atSkirigu hidrografa formu. Hidrografa forma tika mainita, mainot laiku Gdens limena
cel$anas un atkapsanas periodiem. Tika pétiti divi hidrografu formu tipi (att. 5).

Pirma tipa hidrografu gadijuma tdens Iimepa cel$anas laiks bija nemainigs, bet
kopégjais pludu ilgums t; atskiras, palielinoties pliidu atkapsanas laikam. Tika model€tas Sadas
laika attiecibas starp hidrografa picaugosas un kritosas liknes dalam: 1:2, 1:3, 1:4, 1:6 un 1:8
(att. 5, kreisas puses modelis).

Otra tipa gadijuma (att. 5, labas puses modelis) plidu kopgjais ilgums bija nemainigs.
Udens Iimena cel3anas un atkap3anas laikiem bija dazadas attiecibas, pieméram, 1:2, 1:3, 1:4,

1:6 un 1:8, kur pirmais un otrais skaitlis ir idens limena cel$anas un atkapsanas periodu laiks.
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Att. 5. Hidrografi ar nemainigu tidens Itmena celSanas laiku (kreisas puses modelis) un
hidrografi ar vienadu ilgumu, bet dazadam tidens [imena celSanas un atkapSanas laiku
attiecibam (labas puses modelis)

Pirma tipa hidrografu izpéte (kreisas puses modelis 4. attela) apstiprinaja: jo ilgaks ir
pludu atkapsanas periods, jo lielaks to kopgjais ilgums un izskalojumu dzilums (att. 6). Tika

noskaidrots, ka pat plidu plismas samazinaSanas laika turpinajas grunts dalinu aizpliide no
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izskalojuma bedres, bet tikai tik ilgi, kamér viet€jais atrums bija liclaks neka kritiskais atrums,

reizinats ar samazinasanas koeficientu f.

5 m

d=0.67mm

\

VAN

h.\' 172 hs 1/3 s 1/4 h.\' 1/6 s 1/8

T T

0 3 6 9 ¢ days

Att. 6. Izskalojumu attistiba atbilstosi trisstiirveida hidrografiem, ja tidens ITmena celSanas

laiks ir nemainigs

Otra tipa (att. 5, kreisas puses modelis) hidrografa modelis liecinaja, ka ta formas

saistiba ar radito izskalojumu dzilumu bija neliela, ta¢u pludu sakuma stadija izskaloSanas

process bija atskirigs (att. 7). P&c vienada laika t; pludu sakuma izskalojuma dzilums bija

atSkirigs dazadu hidrografa slipumu gadijuma. Jo 1saks bija Gdens Iimena celSanas laiks, jo

dzilaks bija izskalojums. Saskana ar aprékina rezultatiem izskalojums attistas intensivak tadu

pludu laika, kam atbilstosa hidrografa pac€lums ir stavaks. Laiks 1idz maksimala dziluma hs

sasniegSanai dazadu hidrografa formu gadijuma atSkiras. Jo 1saks ir idens Iimena celSanas

laiks, jo atrak tiek sasniegts izskalojuma dzilums, kas var izveidoties So pludu laika.

52

\ d=0.67mm

hs 18 1
|

h.s‘ 1/6
h.\' 172
s 1/3
s 1/4
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!
[
1
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i 3 6 9 f' days

Att. 7. 1zskalojumu attistiba pliidu gadijuma ar vienadu ilgumu, bet dazadu cel$anas un

atkapSanas periodu attiecibu hidrografa likné

Vairakkarteju pludu varbiutibas ietekme

Tika izvertéta vairakkartgju plidu varbitibas ietekme uz izskalojumu veidoSanos. Tika

izmantotas divas pliidu s€rijas ar vienadu ilgumu un hidrografa formu, bet katra modeli tika

izmainits vairakkart&ju plidu caurpladums (att. 8).
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Att. 8. Vairakkartgji pladi ar caurpliidi, atbilstoSu 1 % un 5 % varbiitibali

Izskalojuma attistibas process un viet€ja un kritiska atruma izmainas vairakkartgju
plidu laika ar 5 % varbiitibu un septinu dienu ilgumu ir paradits attéla (9). Pelékas Iinijas
attelo viet€ja (raustita Iinija) un kritiska (nepartraukta linija) atruma izmainas. Melna Iinija
att€lo izskalojuma veidoSanas procesu vairakkartéju pladu laika. Ka redzams attéla,
izskalojums veidojas (melna, nepartraukta Iinija hs) tad, ja viet&jais atrums parsniedz kritisko,
savukart izskalojuma dzilums saglabajas nemainigs (melna, raustita Iinija hg), ja vietgjais
atrums V) ir vienads vai mazaks neka kritiskais atrums SVo. Grunts dalinu izskaloSanas
intensitate no izskalojuma bedres samazinas ar katru nakamo pliidu reizi un ir atkariga no

vietgja un kritiska atruma attiecibas.

- 2.0

V, m/s
- 1.5
- 1.0

- 0.5

! . 0.0
0 7 14 21 t. davs

Att. 9. Apvienotais izskalojumu veidosanas un atruma izmainu grafiks vairakkart&ju plidu ar
5 % varbutibu gadijuma

Salidzinot radito izskalojuma dzilumu divam vairakkart&ju plidu s€rijam ar vienadu ilgumu
un hidrografa formu, bet atskirigu caurpladi (Q19 Un Qse), tika konstatéts, ka izskalojumu
dzilums ir lielaks pladu s€rijas ar zemaku varbiitibas pakapi gadijuma (att. 10). Tika
noskaidrots, ka izskalojumu veidoSanas intensitate katras plidu epizodes laika saglabajas

augstaka Itmeni pludu sérijas ar zemaku varbiitibu.
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Att. 10. Izskalojumu attistibas salidzinajums triju pliidu sérijai ar dazadu varbutibu

Vairakkartéju pladu ilguma ietekme
Vairakkartéju plidu ilguma ietekme tika pétita vairakkartéju plidu modelos ar

vienadu caurpliidi un hidrografa formas slipumu, bet ar atskirigu ilgumu (att. 11).
“ | xa 0, o, 2| p& 0, 0,

I II 11 | II I
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Att. 11. Plidu s@rijas ar vienadu caurpliidi un hidrografa slipumu, bet atskirigu ilgumu

Izskalojuma veidosanas laika un vietéja un kritiska atruma izmainas triju pladu sérija
ar vienadu caurpladi, hidrografa formu un ilgumu t = 14 dienas (att. 11, labas puses modelis)
ir att€lotas attéla (12). Vietgjais un kritiskais atrumi ir att€loti ar pelekam linijam, bet melnas
Iinijas uzrada izskaloSanas procesu. Vairakkartgju plidu laika izskalojumi rodas, ja vietgja
atruma vertiba V|; parsniedz kritiska atruma vertibufVoy; izskalojumu bedre intensivi veidojas
pirmo pludu laika, bet turpmakos pliidos turpina palielinaties tikai zona ap maksimalo

caurpladi (att. 12).

hy, m 12 20 ¥ om/s
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Att. 12. Izskalojumu veidoSanas un atrumu izmainu apvienotais grafiks
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Tika salidzinata izskalojumu veidoSanas un dzilums vairakkart€ju plidu rezultata ar 7
un 14 dienu ilgumu saskana ar modeliem, kas atainoti att€la (11). Redzams — jo ilgaki ir

pludi sérijas ietvaros, jo dzilaks ir to raditais izskalojums (Att.13).

d.=0.67

h,m 14 - o o st o 0.67mm
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Atte. 13. Triju plidu sérijas ar 7 vai 14 dienu ilgumu radita izskalojuma salidzinajums

Vairakkartéju pludu bieZuma ietekme
Tika modeléti vairakkartgji pludi ar dazadu biezumu. Tika pienemts noteikts periods,
kura notiek vairakkart&ji pltidi, un mainits plidu bieZzums $aja perioda (Att.14). Viena perioda

tika modeléti divi, tris un Cetri pludi.

A A IAAARN

e,—> <—t—> <—[% <—f—> <—[%
t; t

0

Att. 14. Vairakkarteji pladi ar dazadu bieZzumu; divu un Cetru plidu piemérs ir sniegts attiecigi
kreisaja un labaja pusé vienada perioda

Lai izpétitu plidu biezuma ietekmi uz izskalojumu veidoSanos, tika izvéléts,
piem&ram, piecu gadu periods, un pienemts, ka $aja perioda notika divi vai Cetri pladi ar
vienadu varbiitibu, ilgumu un hidrografa formu. Tika izv€léts divu pladu (ar ilgumu septinas
diena) modelis un papildinats ar diviem papildu plidu gadijumiem. Saskana ar pienémumu,
ka izskalojuma dzilums perioda starp plidiem nemainas, izskalojuma veidoSanos var atainot
ar vienu grafiku, kura ir att€lotas izskalojuma dziluma izmainas laika Cetru pladu sérijas

rezultata (att. 15).

17



h,m 12 7 . , . 05, d;=0.67mm
‘ 10 i i ______ E _______ :L -—m P 'i
I — -~ N
j 1 hg, i hy i hy i i hs 1y i
2 - I o E mo v
0 ? E : ;

0 7 14 21 28 ¢ days

Att. 15. Izskalojumu veidosanas plidu rezultata ar dazadu biezumu; hs | 1idz hg v ir
izskalojuma dzilums, kas izveidojies attiecigi péc pirmajiem lidz ceturtajiem pladiem.
IzskaloSanas intensitate un izskalojuma bedres papildu dzilums samazinas ar katriem
nakamajiem plidiem. To var izskaidrot ar at$kiribas samazinasanos starp vietgjo atrumu Vi, un
kritisko atrumu SV perioda, kad vietgjais atrums ir lielaks neka kritiskais (att. 16). Citiem

vardiem sakot, izskalo$anas intensitate samazinas, ja Vi /fVy attieciba tuvojas 1.

h_s,,m 12 - . Qs%d_l_f_(z67 mm 2.0 v, m/s
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Att. 16. Izskalojumu veidoSanas un atrumu izmainu apvienotais grafiks ¢etru plidu sérijai

Ir redzams, ka plidu biezuma piecaugums izraisa izskalojuma dziluma pieaugumu, un
no (15) un (16) attela izriet, ka izskalojuma dzilums péc diviem pladiem hg; pienemtaja
perioda ir mazaks neka hgy péc trim pluadiem, kas notikusi taja pasa perioda, hgyv > hg Utt.
Péc katriem nakamajiem pladiem izskalojumu dzilumi summgéjas, un to summa tuvojas
lidzsvara dziluma vértibai.

Cetru secigu pliidu (5% varbatiba, septinu dienu ilgums, d;=0,67 mm) raditu
izskalojuma veidosanas ir atainota (16) attéla. Lidzsvara izskalojuma dzilums, kas aprékinats
vienam plidu gadijumam ar iepriek§ minétajiem raditajiem, ir 18,2 m (Neilands, 2008).
Samazinoties izskalojuma intensitatei ar katriem nakamajiem plidiem, iesp&ja sasniegt
aprékinato lidzsvara dzilumu pliudu sérijas rezultata ar pienemto varbiitibu ir tikai teoretiska.
Biitu janotiek lielam skaitam vairakkartéju pliidu ar vienadu varbiitibu un ilgumu, lai radita

izskalojuma dzilums sasniegtu aprékinata lidzsvara izskalojuma veértibu.
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Vairakkartéju pladu secibas ietekme
Dazadas varbiitibas pliidu secibas ietekme uz laikatkariga izskalojuma veidosanos tika
parbaudita saskana ar trim scenarijiem (att. 17). Modelis (1) attélo triju plidu shému ar
vienadu varbatibu. Spécigi pladi, péc kuriem seko divi pladi ar mazaku caurpludi, att€loti

modeli (2), savukart divi augstakas varbiitibas pladi, péc kuriem seko pladi ar zemu

varbiitibu, attéloti modeli (3) (att. 17).

T T | |
<> > <t > ¢ <t > > <> «t, > <> <>t

Att. 17. Vairaku pludu sérija ar trim pliidiem ar vienadu varbitibu (1) un dazadu pliidu secibu
(2, 3).

Izskalojuma veidoSanos scenarija, kas atainots (17-1) att€la, raksturo likne 1 attcla
(18). lzskalosanas sakas, appliistot palienei, un strauji pastiprinas. Pirmo pladu laika radas
izskalojuma bedre, tapéc otrajos plidos izskaloSanas process sakas hidrografa posma, kad
Vien > Vo, un ir 1saks, turpreti tresajos plidos atrumi mainas izskalojuma dél, kas radies péc

iepriek$¢jiem diviem plidiem, un sakas tad, kad Vi > fVor i (att. 18, likne 1).
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Att. 18. Izskalojuma veidosanas laika vairakkartgjiem pladiem ar dazadu secibu

Attela (18) 2. Iikne ataino izskaloSanas procesu vairakkartéju plidu secibas
scenarijam, kad spécigiem pliidiem seko divi vajaki pludi (att. 17, modelis 2). Attela (19) Sim
scenarijam atainota izskalojuma veidosanas likne kopa ar vietgja un Kritiska atrumu Iikném.
Ka redzams attela, izskalojums izveidojas pirmo plidu laika un paliek nemainigs divu
nakamo plidu laika. To var izskaidrot ar vietgja un kritiska atruma izmainu grafiku (att. 19).
Viet&jais atrums V) samazinas, bet kritiskais atrums Vo pieaug pirmo pladu laika, pieaugot

izskalojuma bedrei. Nakamajos pludos plismas intensitate nav pietiekama, lai izskalotu
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grunts dalinas no izskalojumu bedres, jo V| ir mazaks neka SV Otrajos un treSajos plados

izskalojuma dzilums paliek tads pats, kads tas bija péc pirmajiem pliidiem (att. 19).
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Att. 19. Izskalojumu veidoSanas un vietgja un kritiska atruma izmainas pladu sérija, kura

specigiem pladiem seko divi vajaki pladi

Attéla (18) likne 3 attélo izskaloSanas procesu vairakkart&ju plidu secibas scenarijam,
kad diviem pladiem ar augstaku varbiitibu seko pliidi ar zemaku varbatibu. lzskalojums
veidojas atbilstosi viet&ja un kritiska atruma izmainam (att. 20). Tas sakas un attistas strauji
pirmo plidu laika. Otrajos pludos izskaloSanas process sakas hidrografa soli, kad Vit > Vot 1,
un ilgst 1saku laiku. TreSajos plidos izskaloSanas sakas hidrografa soli, kad Vi > SV, un
strauji palielinas caurplades dél, kas ir daudz lielaka neka ieprieks€jos divos plados (att. 20).
Izskalojumu veidoSanas intensitati skaidri raksturo laukums, ko ieklauj viet§ja un kritiska
atruma Iiknes $aja attela. Jo lielaka ir viet§ja Vy un kritiska atruma fVy starpiba, jo

intensivaka ir izskalojuma veidoSanas.
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Att. 20. Izskalojuma veido$anas un vietéja un kritiska atruma izmainas pladu sérijai, kura
diviem pliidiem ar augstu varbiitibu seko pludi ar zemu varbiitibu.

SECINAJUMI

1. Literataras analize liecina, ka paslaik nav pieejama metode izskalojuma aprékinasanai pie
tdens tehnologiju biivém upju straumé, kas pemtu véra vairakkartéju pladu ietekmi

ekspluatacijas perioda.
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10.

Tika izstradata jauna, teorctiska metode izskalojuma dziluma, platuma un tilpuma
aprékinasanai pie tUdens tehnologiju biivém up€s nevienmérigas pliismas apstaklos,
pamatojoties uz diferencialvienadojumu grunts dalinu kustibas lidzsvaram tira fidens
plusma.

Pamatojoties uz izstradato aprckina metodi, tika izveidota datorprogramma, kas lauj
izvertét izskalojuma dziluma izmainas vairakkartéju plidu ar dazadu varbitibu, ilgumu,
biezumu un secibu laika dazadiem scenarijiem.

Eksperimentu datu apstrade liecina par pliismas saspiestibas pakapes, ka ar tas dziluma,
Frada skaitla, vidgja plisma atruma un dazadu viet&ja un kritiska atruma SVod Vi, Vo/Vor,
Vi/V; attiecibu ietekmi uz vietéja izskalojuma veidoSanos, un ta sakrit ar aprékina
rezultatiem.

Vietgjo un vid€jo plismas atrumu grafiku salidzinajums pie dazadas plismas saspiestibas
pakapes un Friida skaitliem apstiprina, ka vietgjais atrums ir atkarigs no pliismas
saspiestibas pakapes un maksimala tidens uzstadinajuma vertibas un tas ir vairakas reizes
lielaks neka vidgjais plismas atrums tekng; palielinoties Frada skaitlim un samazinoties
plusmas saspiestibas pakapei, starpiba starp vietgjo un vidgjo plismas atrumu samazinas.
Izskalojumu bedri veido vietgjais pliismas atrums, nevis vidgjais pliismas atrums, ka
uzskata dazadi autori.

Pirmoreiz ir aprékinatas viet§ja un kritiska atruma izmainas nevienmérigas pliismas
apstaklos; izskaloSanas procesa vietgjais atrums samazinas izskalojumu bedres veidosanas
del, un vienlaikus pieaug ar caurplides pieaugumu; kritiskais atrums pieaug pliadu
pastiprinasanas laika; izskalojums apstajas tad, kad vietgjais un kritiskais atrums klast
vienadi.

Tika noskaidrots, ka laiks, kura vienu pliidu gadijuma tiek sasniegts noteikts izskalojuma
dzilums, ir atSkirigs pludiem ar dazadu hidrografa slipumu; izskalojuma attistibas
intensitate palielinas, pieaugot hidrografa liknes pac€luma dalas slipumam.

Pamatojoties uz realu vairakkartéju plidu datormodeléSanu dazados scenarijos, pirmoreiz
tika noteikta vairakkartgju plidu varbiitibas, ilguma, biezuma un secibas ietekme uz
izskalojuma veidoSanos pie Gidens tehnologiju bavém.

Tika noskaidrots, ka, samazinoties pliidu varbatibai, palielinoties ilgumam un biezumam,
un pie noteiktas pludu secibas ar dazadu varbiitibu, izskalojuma dzilums pie Tdens
tehnologiju buvém palielinas.

Tika apstiprinats, ka pat liela plidu (ar piepemtu varbiitibu) skaita gadijuma aprékinato
lidzsvara izskalojuma dzilumu nevar sasniegt un ka tikai neparedzeti pludi var izraisit

tidens tehnologiju buvju sabruksanu vietgja izskalojuma dgl.
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GENERAL DESCRIPTION
Introduction — Topicality

The increase of unexpected and flash flood accidents in Europe in the past decade and
information about environmental and economic losses caused by flooding confirm the impact
of climate change on this phenomenon, and the necessity for predicting the possible damage.
According to the European Environment Agency, during the period from 1998 to 2009 up to
nine floods accidents were registered in separate regions in Europe, serving the evidence of
multiple flood events. Water engineering structures (water intakes, effluent outflows or
discharges, pipeline foundations etc.) as well as other hydraulic structures like bridge
abutments, piers, dams and roads located in a floodplain area are under the impact of multiple
floods.

In most accepted methods, discharge on the peak of the flood is used for computing
equilibrium or temporal depth of scour, they are not restricted in time for the whole
maintenance period of the structure or restricted in time for the temporal scour estimation; in
field conditions, flow loads on water engineering structures are in the form of a hydrograph
and the scour is formed by multiple floods with a different probability, duration, frequency,
and sequence. These parameters are not accepted in modern methods or formulas, they do not
allow for the computing of the depth of the scour formed in time, near water engineering
structures during multiple floods, therefore predicting the development of scour depth before,
during, or after the floods, proving the safety of the foundations, and taking the necessary

protection measures.

The Aim and Tasks of the Research

The aim of this Doctoral Thesis is to work out a new method for the scour hole depth,
width and volume evolution in time during multiple floods, and to estimate the influence of
hydraulic and flow parameters on the depth of scour near water engineering structures under
unsteady flow conditions.

To achieve the research aim, the following tasks have been defined:

1. To make an overview of the methods for calculation of the local scour under steady
and unsteady flow conditions, to find out parameters used for evaluation of the scour
depth at engineering structures in the river flow;

2. To develop a theoretical method for the local scour evolution during multiple floods;

3. To create a new program based on the developed method for the computer modeling
of the local scour at engineering structures under unsteady flow conditions during

multiple floods of different probability, duration, frequency and sequence;
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4. To process experimental data in order to find the influence of different hydraulic flow
parameters and time on the local scour parameters;

5. To analyze the changes in the local and critical velocity under unsteady flow
conditions and the local and approach flow interaction and how it influences the scour
hole evolution at structures;

6. To study the impact of the form of flood hydrograph on the scour evolution process;

7. To make a computer model of the real flow and to study the impact of multiple floods
of different probability, duration, frequency and sequence on the scour process at

water engineering structures.

Scientific Novelty and Application

A new method for computing the depth of scour formed in time near water
engineering structures during multiple floods has been developed using the differential
equation of equilibrium for the bed sediment movement under clear water conditions. The
impact of multiple flood probability, duration, frequency and sequence on the scour evolution
at the structures foundations has been established for the first time. It has been confirmed that
the value of the scour depth is different for various multiple flood scenarios. A new theory has
been proposed, which confirms that the interaction of changes in the local and critical
velocities is significant in scour formation and that the local velocity rather than the approach
flow has an influence on the local scour evolution at the structures. The influence of the
hydrograph steepness at the time when the fixed scour depth is reached has been accepted.

Since the proposed method reflects the situation in nature, it can be used for predicting
the development of scour depth before, during, or after the floods, proving the safety of the
water engineering structures and taking necessary protection measures in due time. The
method also allows modeling the scour development scenarios of forthcoming floods with
different probability, duration, frequency, sequence, and flood hydrograph that can be used
for evaluating whether the construction will be able to withstand the flood impact.

The suggested method can be used as part of an early warning system to evaluate the
stability of structures in river flow by using the data from flood forecasting models and multi-

sensor networks for the real-time and distributed monitoring of hydrological measurements.

Scope of the Doctoral Thesis

The Thesis consists of: Introduction, 5 Chapters, Conclusions, 2 Appendices,

121 references, 73 figures, 9 tables; its volume is 121 pages.
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Chapter 1 provides the background information and literature review on local scour
calculation methods under steady flow conditions and the scour development during unsteady
flow conditions.

In Chapter 2 “Theory and Method of Scour Evaluation during Multiple Floods”, the
new method for computing the development of scour depth in time at the water engineering
structures during multiple floods is presented.

Chapter 3 “Experimental Data Processing and Comparison Results” includes a
comparison of the previously published experimental data with the results of a calculation
based on the method described in Chapter 2. Influence of the local, critical and approach flow
velocities on the scour depth is studied by processing experimental data.

Chapter 4 “Computer Modeling Program” presents a new program for calculation and
evaluation of time dependent scour development at the foundation of engineering structure in
river flow during multiple floods with different duration, probability, frequency and sequence.
The basic criteria adopted for the flood hydrographs to perform computer modeling and to
investigate the impact of flood hydrographs shape and the influence of multiple floods of
different scenarios on the scour process are included in this Chapter.

In Chapter 5 “Results of Computer Modeling”, the influence of the shape of flood
hydrograph and the influence of the multiple floods of different probability, duration,
frequency and sequence on the scour development in time are evaluated, and the results of

computer modeling are presented by figures and described.

BACKGROUND AND LITERATURE REVIEW

During the past few decades, the equilibrium and temporal depth of scour have been
studied, and new approaches have been elaborated by different authors. In most of them
discharge on the peak of the flood is used for computing equilibrium or temporal depth of
scour, they are not restricted in time for the whole maintenance period of the structure or
restricted in time for the temporal scour estimation. Most of the methods described include
the average approach flow velocity although local scour at constructions is formed by a flow
with a velocity near it. Under field conditions, flow loads on water engineering structures are
in the form of a hydrograph and the scour is formed by multiple floods.

Investigations dealing with time dependent scour studies at abutments under an
unsteady flow are still limited. All the methods proposed are focused on the comparison of the
maximum scour value, calculated using temporal scour methods or taking into account
varying flow conditions according to the flood hydrograph. Despite the comparatively similar

experimental tasks, decisions according to calculation results differ. The common conclusion
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shared by the authors is that the scour depth calculated by simple methods and those including
changes of flow conditions gives results with an insignificant difference; however, only
approach flow characteristics have been used in all studies.

Literature review highlights the following conclusions:

1) Approach flow parameters are used for scour calculation under steady or unsteady flow
conditions, although local flow modification as local velocity, vortex structures and
increased turbulence form the scour hole;

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

3) At present there are no formulae or methods found in literature for scour depth
calculation during multiple floods;

4) A theoretical analysis of scour development during multiple floods with different

probability, duration, sequence and frequency has been not found in literature.

THEORY AND METHOD OF SCOUR EVALUATION DURING MULTIPLE
FLOODS
The differential equation of equilibrium for the bed sediment movement under clear-
water conditions has the form:
dw

E—Qs, 1)

where t—time, d;
w — volume, m*;
Qs — sediment discharge out of the scour hole, me/d.

The left-hand part of (1) can be written as follows:

d_WzlﬂmthZ%:ahSZ%l (2)
dt 2 dt dt
where hs — scour depth, m;
m — steepness of the scour hole;
a— equal to 1/2zm?.
The sediment discharge was determined by the Levi (1969) formula:
Qs =AB V", 3)

where  Q — sediment discharge, m®/d;
B — the width of a scour hole, equal to mhgs, m;
V|, — the local velocity at the water engineering construction, m/s;
A — a parameter in the Levi (1969) formula.

The parameter A depends on scour, local velocity, critical velocity and the grain size
of the bed material. It must be taken into account that the local and critical velocities are
changing within changes of scour depth in time and are determined by parameters V. — the
local velocity at any depth of scour and Vo — the critical velocity at any depth of scour.
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Expressing (Eq.1) by (Egs. 2-3), by substituting variables and integration, the value of
parameter N; can be found:
{j
Ni = 5 + Ni—lv 4
4Diht

where t; — the time interval, d;

D; — a constant parameter in steady flow step;

h — the depth of the floodplain, m.

Using the graph N = f(x) for the calculated value of N;, we find x; and the depth of
scour at the end of time interval:

h, = 2h; (x—1). (5)

This resulted in the method derived for the calculation of scour development during
multiple floods. At first, flood scour starts from the moment when the floodplain is flooded.
According to the method presented, the hydrograph of each subsequent flood wave is divided
in time steps.

The steady flow condition is considered within the time step. The local velocity V;
and the critical velocity Vy are found at the start of the scour process. Because of the steady
flow conditions taken into consideration, the value of local velocity V is reducing and the
value of critical velocity Vg is increasing because of the scour within the time step. At the end
of time step, values of local velocity Vy .1, critical velocity Vg ;.1 and the scour depth
developed during the first step hs .1 can be found (where the Roman numeral in a subscript of
variables indicates number of flood and the Arabic numeral indicates number of time step).

For the second time step, new values of local and critical velocities should be found
because of the increased discharge and taking into account the scour depth hs .1 evolved in
first step. The scour depth hg |, is found at the end of the second time step and calculation
continues for further steps.

For time steps in the rising limb of hydrograph, the local velocity leads to a reduction
because of the scour and at the same time it increases because the depth of the flow, discharge
and backwater value are increasing. The critical velocity is increasing in time from step to
step of hydrograph because of the constant increase of the average depth of the flow,
including the depth of scour.

At the recession limb, the local velocity is considerably reducing from step to step
because of the flood at the same time, the critical velocity is reducing. The scour stops at

some point of recession limb of hydrograph X,.,, when the local velocity V; ., becomes equal
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to the critical one Vo 1-n, and the scour depth hg | reached during the first flood wave can be
found (Fig. 1).
Q

Fig. 1. Scour evolution during multiple floods; I, Il and Il are a number of floods.

Taking into account the scour depth hs reached in the first flood, the new values of

Vienand Vo are found for the first time step of the second flood hydrograph.

Vi
Vit = ————~" )
hs |
k| 1+
2hs
where V| — local velocity at the depth of the scour hole hg, m/s;
Vin— local velocity of the second flood, with the flat river bed supposed, m/s;

hs | — scour depth developed during the first flood, m;
h¢ ;1 — depth of the floodplain of the second flood, m,

and

h (025
Vot =3.6d%% -h ) 0% L : (7)
2hg

where Vot — critical velocity at the depth of the scour hole hg |, m/s.

The calculation is continued for each time step while the condition when the local velocity
Vi is higher than the critical one Vo is found and the scour starts (point X1, Fig. 1).
Because of the scour that evolved during the previous flood, the scour process starts
only at the sufficient flood discharge when the local velocity is higher than the critical one.
According to the method presented, the scour depth achieved during the second flood hg, is
found. The scour stops at the point of the recession limb of hydrograph X,;.,, when the local

velocity Vi 1.n becomes equal to the critical one Vot jj-n.
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For the third flood, the scour depth that developed during the second flood hs, is taken
into account and the new values of the local and critical velocities found, while V¢ j1.n > Vo 11-n-
The scour starts at some point X1 of the rising limb of hydrograph and stops on recession

limb at some point X;;;., when condition Vi ., = Vot 1-n IS reached.

EXPERIMENTAL DATA PROCESSING AND COMPARISON RESULTS

The test results have been processed by using previously published experimental data.
The tests have been carried out in a 3.5 m wide and 21 m long flume. Experimental data
obtained in the flumes under open flow conditions, as well as experimental data for steady
and unsteady flow conditions are presented in Chapter 3 of the Doctoral Thesis. The condition
that Frr = Fry has been fulfilled in tests, where Frg and Fr; are the Froude numbers for the

plain river and for the flume, respectively.

Comparison of Test and Calculated Results of Scour under Steady Flow Conditions

Data processing of the test results for steady flow conditions has been made and the
following processes studied and presented by figures: changes in the local velocity Vi and
critical velocity SVo; evolution of scour depth hs, width B and volume w in time; changes of
the relative local velocity Vy/V, and the relative critical velocity Vy/Vo in time; the scour
development during tests with different discharge; the influence of the duration on the scour
depth under steady flow conditions by extending the duration of the flow impact from 7 hours
used in tests to 28 hours.

Results of the above-mentioned studies confirm the observed main facts, i. e., a higher
scour depth is reached due to a higher discharge, with less sediment size and by longer flow
impact. At the same time, the results have shown changes in critical and local velocities and
relative depth of scour in time; therefore, it can be confirmed that the local scour process at
the foundations of engineering structures is connected to continuous changes of the flow and
river bed parameters.

The achieved results describe the changes of important parameters: hs, Vi, Voi, Vit / Vi
and Vg / Vo used for scour depth calculation under steady flow conditions. However, in
nature, a flood is in the form of a hydrograph; therefore, it is more important to study the

scour process under unsteady flow conditions.

Comparison of Test and Calculated Results of Scour under Unsteady Flow Conditions

Duration t was 7 hours at each stage or 14 hours for the whole test under unsteady

flow conditions. The discharge at the first and second stage of the hydrograph increased, as
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well as the Froude number of the flow at open flow conditions and the local Froude number
increased.

In Fig. 2 scour depth (left graph) as well as changes of local and critical velocities in
time (right graph) under unsteady flow conditions are presented. For unsteady flow conditions
the depth, width and volume of the scour hole at the initial stage — during the first step —
develops similarly as under steady flow conditions. However, when the discharge increases
for the next step of unsteady flow, the intensity of the scour development also increases (left

graph of Fig. 2).
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Fig. 2. Scour development in time (left side) and the changes of local and critical
velocities in time (right side) under unsteady flow conditions (test TL1).

The local velocity V) gradually reduces in time at the first step because of the
developed scour hole (right graph of Fig. 2). At the beginning of the second step, the local
velocity increases because of the higher discharge value used for the second step, but also it
takes into account the influence of the scour hole formed in the first step. During the second
step, the local velocity reduces again because of the scour hole formed in this period.

At the same time, the critical velocity V tends to increase during scour development
under unsteady flow conditions. The critical velocity gradually increases in the first or second
step because of the increased depth of scour. At the beginning of the second step, the critical
velocity rises rapidly because of the rapid increase of the depth on the floodplain and the
scour depth developed in the previous step (right graph of Fig. 2).

The values of the local and critical velocities tend to approach one other. The intensity
of scour development is higher for the higher ratio between local and critical velocities. There
are two simultaneous processes during the scour that affect local velocity changes in time
under unsteady flow conditions. On the one hand, the local velocity V. is reducing because of
the developed scour hole; on the other hand, it is increasing because of the increasing
discharge during floods. The critical velocity is increasing because of an increase in the depth
of scour and the increasing discharge during floods.

The dependence of the changes in the relative depth of scour hg/hs in time on the ratios
PNo/ Vi, VidV) and Vol Vo is presented in the Doctoral Thesis.
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Influence of the Local, Critical and Approach Velocities on the Scour Depth

It has been found that the ratio V| /V4, (local to approach velocity) is dependent on the
Froude number of the flow (Fig. 3). With an increased Froude number, the difference between

local and approach velocity of the flow is decreasing.
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Fig. 3. Ratio of the local to approach flow Fig. 4. Ratio of the local to approach flow
velocity Vi/Vq, versus Froude number (Tests  velocity versus contraction rate of the flow.
AL 4,5,6).

The ratio V| /V4, (local to approach velocity) is dependent on the contraction rate of
the flow (Fig. 4). With an increased contraction rate, the difference between local and
approach velocity of the flow increases.

The research on the test results described in this chapter has confirmed the influence
of the local velocity on the local scour evolution at the structures, rather than the influence of

the approach flow velocity as it is accepted now by different authors.

RESULTS OF COMPUTER MODELING

The computer modeling of the time-dependent scour during a single flood with
different shape of a hydrograph or during multiple floods with different probability, duration,
frequency and sequence has been performed. Initial data of flow parameters used for flood
time steps are presented in Appendix | of the Doctoral Thesis. In this Chapter, the results are
presented for the one sediment size, but investigation is made on four different sizes
di=0.24 mm, 0.59 mm, 0.67 mm and 1.0 mm, and figures of comparison results are
presented in Appendix I of the Doctoral Thesis.

The Influence of the Steepness of Flood Hydrograph

The computer modeling of the time-dependent scour during floods with different
shapes of a hydrograph have been performed. The shape of the hydrograph has been changed
by time of the rising and recession parts of the flood. Two types of the hydrograph shape have
been studied (Fig. 5).
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For the first type of hydrograph, the rising time of the flood has the same value, but
the flood duration t; is different because of an increase in recession time. The ratios between
the time of rising and recession parts of the hydrograph are: 1:2, 1:3, 1:4, 1:6 and 1:8 (left
model in Fig. 5).

For the second type (right model in Fig. 5), the duration of the flood is the same. The
ratios between the time of the rising and recession parts of the flood are different, for
example, 1:2, 1:3, 1:4, 1:6 and 1:8, where the first and second numbers are the rising and

recession time periods of the flood.

Q Lyise 1.1 1 11
t

2’34768

reces

L, t

i reces

Yvy

< t >

; » < t

Fig. 5. Hydrographs with constant time of rising part of the flood (left model) and
hydrographs with equal duration, but different time ratio between the rising and recession
parts of the flood (right model).

Investigation of the first type of the hydrograph (left model in Fig. 5) confirmed that
the higher the recession time of floods, the greater their duration, and the greater the scour
depth (Fig. 6).
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Fig. 6. Scour development with time for triangle-shaped hydrographs at constant time of the
rising part.

It has been found that even during the reduction of flood discharge the removal of
sediments from scour-hole continues, but only while the local velocity is higher than critical
velocity multiplied by a reduction coefficient.

The second type (left model in Fig. 5) of the hydrograph model indicates that the

influence of its shape on the scour depth reached during flood is small, but the scour process
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is different at the initial stage (Fig. 7). After an equal period of time t; at the beginning of the
flood, the depth of scour is not the same for different hydrograph shapes. The shorter the time
of the rising part of the floods, the greater the depth of scour. According to the calculation
results, the scour depth develops more intensively during the floods with a higher slope of the
rising limb of hydrograph. The time when the maximum depth hs is reached, varies for
different shapes of the hydrograph. The shorter the time of the rising part of the floods, the

faster the maximum scour depth is reached.
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Fig. 7. Scour development for floods with an equal duration and a different ratio between the
rising and recession parts of hydrograph.

The Influence of Multiple Flood Probability
The influence of probability on scour development during multiple floods has been
evaluated. Two series of floods with similar duration and hydrograph shape have been used,;
however, the discharge of multiple floods has been changed for each model (Fig. 8).
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Fig. 8. Multiple floods with discharge of 1 % probability and 5 % probability.

The scour evolution process and changes in local and critical velocities during
multiple floods of 5 % probability and 7-day duration is presented in Fig. 9. The grey lines
display changes in the local (dashed line) and critical (continuous line) velocities. The black
line displays the scour evolution process during multiple floods. As can be seen from Fig. 9,
scour develops (black continuous line hs) when the local velocity exceeds the critical one, and

the depth of the scour hole remains the same (black dashed line hs) when the local velocity Vi
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is equal or less than the critical velocity SVo. The intensity of sediment discharge out of the
scour hole reduces with each flood and depends on the relation of the local velocity and
critical velocity.
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Fig. 9. Joined chart of scour development and velocity changes during multiple floods of 5 %
probability.

The influence of multiple flood probability on local scour development has been
evaluated using two series of floods with similar duration and hydrograph shape but with
different discharge. The discharge of the first flood series has been used according to 5 %
probability, and the processes of scour development and velocity changes are described. The
discharge of the second series of multiple floods has been used according to 1 % probability.
The scour depth has been found for each series of floods. The results have been compared and
it has been found that the scour depth is greater for the flood series of lower probability (Fig.
10). It has been found that the intensity of scour development within each flood remains

higher for flood series of lower probability.
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Fig. 10. Scour development during a series of three floods with different probability.

The Influence of Multiple Flood Duration
The influence of multiple flood duration has been studied for a model of multiple
flood series. Two series of foods with the same discharge and time ratio between rising and

recession parts of hydrograph have been used, but with different durations (Fig. 11).
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Fig. 11. Flood series with the same discharge and time ratio between rising and recession
parts of hydrographs, but with different durations.

The time-dependent scour development and changes in the local and critical velocities
in a series of three floods with similar discharge, hydrograph shape and duration t = 14 days
(right-side model in Fig. 11) are illustrated in Fig. 12. The local and critical velocities are
shown by the grey lines, and the black lines describe the scour process. During multiple
floods the scour develops when the value of local velocity V| exceeds the value of critical
velocity AVor; scour hole develops intensely during the first flood, but the continuation of

scour development proceeds only in an area around the peak discharge of the following

floods.
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Fig. 12. Joined chart of scour development and changes in velocities.

The scour development and the depth of scour during multiple floods of 7-day and
14-day duration according to the model presented in Fig. 11 have been compared. It can be

seen that the greater duration of the floods in the series, the deeper the scour depth (Fig. 13).
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Fig. 13. Scour depth for three following floods with 7-day or 14-day duration.

The Influence of Multiple Flood Frequency
Multiple floods with different frequency have been modeled. The period of multiple
floods is assumed to be similar; however, the number of floods is changed during this time
(Fig. 14). Two, three and four floods have been modeled during the equal period of multiple

floods.
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Fig. 14. Multiple floods with different frequency; example of two and four floods is presented
on the left and right sides, respectively, during a similar period of multiple floods.

To investigate the influence of the flood frequency on the scour development in time,
a period of, for example, 5 years has been chosen and assumed that during this period two or
four floods of the same probability, duration and the shape of hydrograph have occurred. The
model of the series of two floods with 7-day duration has been chosen and supplemented by
two additional flood events. According to the assumption that scour depth remains the same
between floods, the scour development can be described by one chart of time-dependent
changes in the depth of scour for the series of four floods (Fig. 15).

The scour development intensity and additional depth of scour hole reduce with each
subsequent flood. It can be explained by the reduction of difference in the local velocity Vi
and the critical velocity SV in the period when the local velocity is higher than the critical

one (Fig. 16). In other words, the scour intensity reduces when the ratio V;/fVoapproaches 1.
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Fig. 15. Scour development in time for floods with different frequencies; hs,to hs v are scour
depths reached after the first to the fourth flood, respectively.
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Fig. 16. Joined chart of scour development and changes in velocity for a series of four floods.

It is obvious that an increase in the frequency of the floods is accompanied by an
increase in the scour depth, and it follows from Figs. 15 and 16 that the scour depth after two
floods hg;, at an accepted period of time is less than that hg, after three floods occurred during
the same period, hgy > hg etc. After every flood, the depths of scour are summed up, and
they tend to reach towards the value of the equilibrium depth.

The scour evolution of the four subsequent floods (probability of 5 %, duration of
7 days, di =0.67 mm) is presented in Fig. 16. The equilibrium depth calculated for one flood
with the aforementioned parameters is 18.2 m (Neilands, 2008). As intensity of the sediment
removal decreases with each forthcoming flood, the possibility to achieve the equilibrium
depth by the series of floods of the accepted probability seems to be only theoretical. It is
because a large number of floods with same probability and duration should follow in order

for the developed scour depth to reach the calculated equilibrium depth.

The Influence of Multiple Flood Sequence
The influence of the sequence of floods with a different probability on the time-
dependent scour development has been examined according to three scenarios (Fig. 17).

Model 1 shows a scheme of three floods of the same probability. The high flood followed by
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two lower floods in model 2 and two floods with higher probability are followed by the flood

with less probability in model 3 of Fig. 17.
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Fig. 17. Multiple flood series with three floods of the same probability (1) and with different
sequence of floods (2, 3).

The scour development for the scenario described in Fig. 17-1 presents curve 1 in
Fig. 18. The scour starts when the floodplain is flooded and increases rapidly. Because of the
scour hole developed during the first flood, in the second flood, the scour process starts at the
step of hydrograph when Vi 1> Vo 1 and has less duration, while for the third flood the
velocities change due to the scour developed after the two previous floods, and it begins at
Viem = Vo (Fig. 18, curve 1).
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Fig. 18. Scour development in time for floods of different sequences.

The curve 2 in Fig. 18 shows the scour process of a multiple flood sequence scenario
when the high flood is followed by two lower floods (Model 2 in Fig. 17). Figure 19 presents
a scour evolution curve joined with curves of the local and critical velocities. As it can be
seen from Fig. 19, the scour depth develops during the first flood and remains the same. There
is no change in the depth of the scour hole during two forthcoming floods.

An explanation of it can be described by a chart of changes in the local and critical
velocities (Fig. 19). The local velocity V| reduces, but the critical velocity Vo increases
because of the scour depth developed during the previous flood. In the next flood, the

capacity of the flow is not sufficient enough to remove sediments out of the scour hole, and
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Vit is less than V. In the second and third floods, the scour depth remains the same, as after
the first flood (Fig. 19).
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Fig. 19. Scour development and changes in local and critical velocities for a series of floods
when the high flood is followed by two lower floods.

Curve 3 in Fig. 18 shows the scour process of a multiple flood sequence scenario
when two floods with higher probability are followed by the flood with less probability. Scour
develops according to the changes in the local and critical velocities (Fig. 20). It starts and
develops rapidly during the first flood. In the second flood, the scour process starts at the step
of the hydrograph when Vii;y > BVo: i and has less duration. In the third flood, the scour starts
at the step of hydrograph when V| > BVo; and develops rapidly due to the discharge of the
flow, which is much higher than during the previous two floods (Fig. 20). The intensity of
scour development is well presented by the area surrounded by the curves of the local velocity
and critical velocity in this figure. The higher the local velocity V|; is compared to the critical

one SV, the more intense scour development is.
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Fig. 20. Scour development and changes in local and critical velocities for a series of floods
when two lower floods are followed by the high flood.
CONCLUSIONS

1. The survey of literature has demonstrated that at present there is no method for scour
calculation at water engineering structures in river flow that takes into account the

influence of multiple floods during the period of exploitation.
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A differential equation of the bed sediment movement has been used and a new
theoretical method has been developed for computing scour depth, width and volume at
engineering structures in river flow under unsteady flow conditions.

Based on the developed method for the computer modeling of the local scour at
engineering structures under unsteady flow conditions, a computer program has been
created allowing one to evaluate the changes of the scour depth during multiple floods of
different scenarios.

Processing of the experimental data shows the influence of the contraction rate of the
flow and its depth, Froude number, approach flow velocity and different ratios of the
local and critical velocities VoV, Vo/Vor, VilVie on the local scour evolution and it
corresponds with the calculated results.

The comparison graphs of the local and approach velocities at different rates of the flow
contraction and Froude numbers confirm that the local velocity depends on the flow
contraction rate and the maximum backwater value and is several times higher than the
approach velocity in the flume; with an increased Froude number and with a decreased
contraction rate, the difference between local and approach velocity of the flow is
decreasing. The local velocity forms a scour hole, rather than the approach flow as it is
accepted by different authors.

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

It has been found that the time when maximum scour is reached during a single wave
flood differs for hydrographs of various steepness; the intensity of scour evolution
increases by the increase of the slope of the hydrograph raised part.

The effect of multiple flood probability, duration, frequency and sequence on the scour at
water engineering structures in flow is established for the first time, based on the results
of the computer modeling for a real recurrent flood in different scenarios.

It has been found that with less probability, increased duration and frequency of the
floods, and certain sequences of different probability, the scour depth at the foundations
of water engineering structures increases.

It has been confirmed that even with a high frequency of floods of accepted probability
the equilibrium depth of scour cannot be reached and only unexpected flood event can be

the source of failure of water engineering structures caused by local scour.
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