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ABSTRACT

EFFECT OF FLOW INTENSITY AND COLLARS ON SCOUR DEPTHS
AROUND BRIDGE ABUTMENTS

Gokmener, Serkan
Doctor of Philosophy, Civil Engineering
Supervisor : Prof. Dr. Ayse Burcu Altan-Sakarya
Co-Supervisor: Prof. Dr. Mustafa Gogiis

May 2023, 315 pages

In this experimental study, the temporal development of the local scour was studied
around semi-circular end and rectangular bridge abutments under unsteady-state
clear-water flow conditions in a rectangular sediment channel. Six different
abutment lengths having constant width with uniform sand as bed material were
tested for 3 different successive flow intensities each applied continuously for 2
hours. Effects of the abutment length, flow intensity and temporal variation on the
scour depths around semi-circular end and rectangular bridge abutments were
investigated. According to the results, it was shown that flow intensity is the most
important parameter in scour development and the maximum scour depth always
occurs at the front noses of the abutments. Then, the performance of collars on
reducing local scour depth around semi-circular end and rectangular bridge
abutments under unsteady-state clear-water flow conditions was examined. Three
different abutment lengths having constant widths were tested with varying sizes of
collars that are located at different elevations relative to the bed level. The effect of
abutment length, collar width, collar elevation, flow intensity and temporal variation
on local scour reduction performances of collars were tested. According to the
experimental results, it can be stated that the application of collars around semi-



circular end and rectangular bridge abutments decreases the local scour depth by up
to 72%. Best collar performances were generally achieved for the largest collar width
located around bed level. Also, semi-circular end collars gave more efficient results
in reducing the scour depths than rectangular collars. Finally, additional experiments
were carried out in order to understand the effect of flow depth on scour reduction
efficiencies of the collars and it was observed that the flow depth had no significant
effect in reducing the scour depth for longer abutments but had a significant effect
for shorter ones.

Keywords: Collar, Rectangular abutments, Scour, Scour Countermeasures, Semi-

circular end abutments, Unsteady-state flow conditions
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0z

AKIM SIDDETI VE YATAY PLAKALARIN KOPRU YAN AYAKLARI
ETRAFINDA OLUSAN OYULMA DERINLIKLERINE ETKISI

Gokmener, Serkan
Doktora, Insaat Miihendisligi
Tez Yoneticisi: Prof. Dr. Ayse Burcu Altan-Sakarya
Ortak Tez Yoneticisi: Prof. Dr. Mustafa Gogiis

Mayis 2023, 315 sayfa

Bu deneysel ¢alismada; dikdortgen Kkesitli bir sediman kanalinda, diizensiz akis ve
temiz su oyulmasi kosullarinda yari dairesel ve dikdortgen koprii yan ayaklari
etrafindaki yerel oyulmalarin zamansal gelisimi incelenmistir. Sabit genislige sahip
6 farkl1 yan ayak uzunlugu, tiniform kum yatak malzemesinde, 2 saat boyunca stirekli
olarak uygulanan 3 farkli ardisik akim siddeti i¢in test edilmistir. Yan ayak
uzunlugunun, akim siddetinin ve zamansal degisimin, yari dairesel ve dikdortgen
koprii yan ayaklar etrafindaki yerel oyulmalarin derinligine olan etkisi
incelenmistir. Sonuglara gore, akim siddetinin oyulma derinliginin gelisiminde en
onemli parametre oldugu goriilmiis ve maksimum oyulma derinligi her daim yan
ayaklarin 6n uglarinda olusmustur. Ardindan, diizensiz akis ve temiz su oyulmasi
kosullarinda yar1 dairesel ve dikdortgen koprii yan ayaklar etrafindaki yerel oyulma
derinligini azaltmak ic¢in yan ayaklarin etrafina yatay plakalar monte edilmis ve
etkileri incelenmistir. Sabit genislige sahip ti¢ farkli yan ayak uzunlugu, yatak
seviyesine gore farkl yiiksekliklerde bulunan farkli plaka boyutlar1 kullanilarak test
edilmigtir. Yan ayak uzunlugunun, plaka genisliginin ve konumunun, akim
siddetinin ve deney siiresinin, plakalarin yerel oyulma derinligini azaltmasina olan

etkisi ortaya konmustur. Deneysel bulgulara goére, plakalarin, yerel oyulma
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derinligini %72 mertebesine kadar azalttigi goriilmiistiir. En iyi plaka performanslari
genellikle yatak seviyesine yerlestirilen en biiyiik plaka genisligi igin elde edilmistir.
Ayrica, yart dairesel yatay plakalarin, dikdortgen yatay plakalara gore oyulma
derinligini azaltmada daha etkili oldugu ortaya konmustur. Son olarak, akim
derinliginin, plakalarin oyulma derinligini azaltma verimliligi lizerindeki etkisini
anlamak icin ek deneyler yapilmis ve akis derinliginin daha uzun yan ayaklarda,
plakalarin oyulma derinligini azaltma performansina 6nemli bir etkisinin olmadigi,

kisa yan ayaklarda ise onemli bir etkisinin oldugu goriilmiistiir.

Anahtar Kelimeler: Dikdortgen Yan Ayaklar, Diizensiz Akim Kosullari, Oyulma,
Oyulma Tedbirleri, Yar1 Dairesel Yan Ayaklar, Yatay Plakalar

viii



Herkes ve hi¢ kimse icin,



ACKNOWLEDGMENTS

The author wishes to express his deepest gratitude to his supervisors Prof. Dr.
Mustafa Gogiis and Prof. Dr. Ayse Burcu Altan-Sakarya for their guidance, advice,
criticism, encouragement and insight throughout the research.

The author is so grateful to Assoc. Prof. Dr. Elif Oguz for her inspiration, advice and

encouragement throughout his study period in METU Hydraulics Laboratory.

The author would also like to thank Prof. Dr. Mehmet Ali Kokpinar, Prof. Dr. El¢in
Kentel, Assoc. Prof. Dr. Asli Numanoglu Geng and Assoc. Prof. Dr. Ali Ercan for

their suggestions and comments.

The author would like to express his appreciation to Erkan Koyuncuoglu, Giilgin
Melek, Mehmet Vahit Asik, Mehmet Sedat Gozlet, Kaan Golli, Cemre Caglar, Orgin
Akgoniil, Ege Cem Saltik, Beyhan Ipekyiiz and Digdem Angin for their support and
friendship.

The author would also thank his lifelong friends and colleagues; Abiddin Berhan
Melek, Emre Haspolat, Kutay Yilmaz, Gokalp Dogukan Demirbas, Melih Ugur
Kondakgi1, Ezgi Budak Cotel, Doga Derman Cigek and Erhan Tarik Karayama for

their advice, helpfulness and friendship during the study period.

Within the scope of this study, many experiments were conducted in the METU
Hydraulics Laboratory. Those experiments could not have been completed without
the help of technical assistance. The author would like to thank Hiiseyin Giindogdu
and Eyiip Ugur for their technical efforts during the experiments. However, the
author especially expresses his gratitude to Emre Kavak, the wonderkid of
Hydraulics Laboratory, for his technical advice, effort and friendship during the

experiments.



The author is also so grateful to the mother of the Hydraulics Laboratory, Necla
Cankaya Lostar for her kindliness and helpfulness throughout his study period in
METU Hydraulics Laboratory.

The author finally would like to express his gratitude to his mother Tuna Gékmener
and his father Emin Biilent Gokmener for their endless love, patience and confidence

during his life.

Xi



TABLE OF CONTENTS

ABSTRACT e v
OZ o vii
ACKNOWLEDGMENTS ...ttt X
TABLE OF CONTENTS ...t Xii
LIST OF TABLES ...ttt XVii
LIST OF FIGURES ... ..ottt XiX
LIST OF ABBREVIATIONS ... XXXVi
CHAPTERS
1 INTRODUCTION ...t 1
1.1 General REMAIKS .......ccooiiiiiiiieieie e 1
1.2 The Motivation of the StUdY..........ccoeiiiiiiiiiic e 3
1.3 SYNOPSIS OF TNESIS .....ccuiiiiiiiiiiieiec e 5
2 BRIDGE ABUTMENT SCOUR.....ccciiiiiiieiie et 7
2.1 Definition OF SCOUN ......c.oiiiiiiiiiieieee s 7
2.2 TYPES OF SCOU ...ttt 7
2.3  Bridge Abutment Scour Mechanism ..........ccccceviivieiieie i 9
2.4  Parameters Influencing Local Scour At Abutments...........ccccceveveinenen. 12
241 EFfeCt OF TIME. ..o e 14
2.4.2  Effect of Flow Velocity and INtensity ..........ccocoevveve i, 16
243 Effect of Flow Depth......c.ccoiiiiiiiii e 17
2.4.4  Effect of SEdiment SIZe ... 18
2.4.5  Effect of Sediment Gradation.............ccocvvveiieienininiisisceeeeees 19

Xii



2.4.6  Effect of Abutment Length.........ccccooeoieiiiieiiie e 20

2.4.7  Effect of Abutment Shape..........cccceoeiieiiiiic i 21
2.4.8  Effect of ADUtment SKEWNESS..........cccviriiiiiiiieiseseeeee e 22

3 EXPERIMENTAL SETUP.....oiiiii e 25
3L FIUME e 25
3.2 Abutment and Collar Models...........ccooveieiiiiiiiiiiie 27
3.3 SaNd Material ......c.ooieiiiee s 30
3.4 FIOW CharaCteriStiCS. ... ccueiueiuiriiriisiisieiieierie et 30
3.5  Devices Used in the Measurements ...........ccoccovevrereeieneneienieneneenennens 31

4 TEMPORAL DEVELOPMENT OF LOCAL SCOUR AROUND BRIDGE

ABUTMENTS L.t 35
4.1 LIterature REVIEW.........coiiiiiiiiiieiesieeese e 35
4.2 DIimensional ANAlYSIS ........ccceiiiiiiieii e 45
4.3  Experimental ProCEAUIE.........cceeviieeiicie e 46
4.4 Analysis and Discussion of Experimental Results...........c.cccccocevvieieennnne 52

4.4.1  Scour Profiles Around The ADUIMENTS..........ccooviiiiieiinencriseee 52
4411  Semi-Circular End Bridge AbUtments.........cccooereniiencnnnnnn. 52
44.1.1.1 The Abutment of Length La= 40 CM ....cocvviiiiiiiiiiee 52
4.4.1.1.2 The Abutment of Length La=35CmM ...ccoovviiiiiiiiiiiiee 59
4.4.1.1.3 The Abutment of Length La= 30 CM ....ooviiiiiiiiiniicee 65
4.4.1.1.4 The Abutment of Length La=25CM ..cccoovviiiiiiiiicicee 71
4.4.1.15 The Abutment of Length La=20 CM ....coovviiiiiiiiccee 77
4.4.1.1.6 The Abutment of Length La=15CM ...cccoeviviiiiiiiiiiciieciee 83
4.4.1.2 Rectangular ADUIMENTS ........ccoieiiiiiiciie e 88

Xiii



4.4.1.2.1 The Abutment of Length La=40 CM...coooveviiiiiiiiiiiiiieien, 88

4.4.1.2.2 The Abutment of Length La=35CM....ccoovviieiveiecieceee 94
4.4.1.2.3 The Abutment of Length La=30 CM....ocoeevvevviieieececien, 101
4.4.1.2.4 The Abutment of Length La=25 CM....ccovevvevviieieeiecien, 107
4.4.1.2.5 The Abutment of Length La=20 CM....ooovviiiiiiiiiiiicee, 113
4.4.1.2.6 The Abutment of Length La=15CM...cccviiiiiiiiiiiice, 119

44.1.3  Summary of the Scour Hole Development Around the
ADULMENTS. ...t e et ae e e nrees 125

4.4.2  Scour Depths at the Downstream, Upstream and Front Sides of the
ADUIMENTS. ... bbb 126

4.4.3  Comparison of Experimental Results with the Relationship Proposed
by Oliveto and Hager (2002, 20058) ........cceeververiererinieienienie s 139

5 APPLICATION OF COLLARS AS A SCOUR COUNTERMEASURE

AROUND BRIDGE ABUTMENTS. ...t 143
51  General REMAIKS ........cccoiiiiiiiiiieiee e 143
5.2  Countermeasure Concept and Applications on Abutment Scour .......... 144
5.3 LIterature REVIEW .......cocciiiiiiiiiiicieiesie e 147
5.4  Methodology of the EXPeriments ..........ccccccveieiieieeiecie e, 156
55  Experimental ProCedUre ..........ccciieiiiie i, 158
5.6  Analysis and Discussion of the Experimental Results .......................... 161

5.6.1  Semi-Circular End Bridge Abutments...........cccccevvivveiievecciesreenenn, 162
5.6.1.1 The Abutment of Length La=40CM .....ccoeiiviiiiiiiieeiiec, 162
5.6.1.2  The Abutment of Length La=30 CM .....coeiiriiiiiiiiciiieee, 168
5.6.1.3  The Abutment of Length La=20 CM .....ccccoeriiiiiiiiiiiiieene, 174
5.6.1.4  SUMMANY ...ooiiiiiiiiieiiie ittt 179

Xiv



5.6.2  Rectangular ADUIMENTS........cccccveiieiiiiieieee e 190

5.6.2.1  The Abutment of Length La=40 CM........cccovevveveiieiecie s 190
5.6.2.2  The Abutment of Length La=30 CM........ccocoevvveveiiiieciecee, 197
5.6.2.3  The Abutment of Length La=20 CM........ccccoevveveiieiieiece, 203
5.6.2.4  SUMIMAIY ..ottt ettt ae e 209

5.6.3  Comparison of the Scour Reduction Performances of the Collars

Around the Semi-Circular End and Rectangular Abutments............c.cc.cee... 220
5.6.3.1  The Abutment of Length La=40 CM......ccooviiviiiiiiniiiee 220
5.6.3.2  The Abutment of Length La=30 CM.......ccooviivieiiiiiiiicie 225
5.6.3.3  The Abutment of Length La=20 CM........cccovevveviiiiiiciecee. 230
5.6.3.4  SUMMAIY ..coiiiiiiiiiie it siee e sibie e snbe e e nanees 234

5.6.4  Maximum Scour Depths Around the Abutments..............c.ccceeueeee. 235

5.6.5 Optimal Design of Abutment-Collar Arrangement .............c.......... 245

5.6.6  Comparison of the Experimental Results with the Previous Studies in
LTI I LT - L= 252

5.6.7  Effect of Flow Depth on the Maximum Scour Depth at Bridge

ADUIMENTS ... 261
5.6.7.1  The Abutment of Length La=40 CM........c.coevveviiieiicecee 264
5.6.7.2  The Abutment of Length La=30 CM........c.coevveviiieirciece, 268
5.6.7.3  The Abutment of Length La=20 CM........c.cooevveviiieieciece, 273
5.6.7.4  SUMMAIY ...ciiiiieiiiie ittt siee e stee et e s e s e e e nneees 276

6 CONCLUSIONS.. ... 281
REFERENCES ... .ot 289

XV



APPENDICES

A. Experimental Results of the Temporal Development of Local Scour Around
Bridge ADUIMENTS.......iiieiicce et 303

B. Experimental Results of the Application of Collars As a Scour

Countermeasure Around Bridge ADUIMENTS .........cccveveieeieeie e 307
C. Experimental Results of the Effect of Flow Depth on Scour Depths and
Efficiencies of the Collars As a Scour Countermeasure Around Bridge
ADUIMENTS.....cee b 311
CURRICULUM VITAE .ttt 315

XVi



LIST OF TABLES

TABLES

Table 2.1 Parameters that affect the local scour around the abutments (retrieved from
DaSKIN, 20T 1) ciiiiiiiiiiieiiie et 13
Table 4.1 Summary of previous studies conducted on the temporal scour
development around obstacles under unsteady-state flow conditions..................... 45
Table 4.2 Summary of the experimental conditions of this study (SC= Semi-circular
end abutment, RC= Rectangular abutment)............ccccocoviveiieieiic s 48
Table 5.1 Abutment scour countermeasures and their advantages and disadvantages
(Agrawal et al., 2007) (retrieved from Dagkin, 2011) ....ccoovvveiiiiiiiiiiicniens 145
Table 5.2 Summary of previous studies related to the abutment-collar arrangement

Table 5.4 The ranges of minimum and maximum % reductions in maximum scour
depths around the semi-circular end abutments tested .........c.cccccvvveiieiciiieceenn, 186
Table 5.5 The ranges of minimum and maximum % reductions in maximum scour
depths around the rectangular abutments tested ..........cccocvevevienieiie v 216
Table 5.6 The ranges of minimum and maximum % reductions in maximum scour

depths around the semi-circular end and rectangular abutments tested................ 235
Table 5.7 The linear relationships between [(ds)maxc/y] and \/8(L,/B.) for the semi-
circular end abutments with varying flow intensities, collar elevations and test
AUPALIONS ...ttt sttt e r e e s et e st e sbenbeebeerenneas 240
Table 5.8 The linear relationships between [(ds)maxcly] and /6(L./B.) for the
rectangular abutments with varying flow intensities, collar elevations and test
01U =LA o] USSR 241
Table 5.9 Optimal design parameters of semi-circular end abutments based on tested

COMLAT BIBVALIONS ...t eeeeenennennennnnnnnnnn 245

Xvii



Table 5.10 Optimal design parameters of rectangular abutments based on tested

COHAr BIBVALIONS......cviiiiiiicieee bbb 246
Table 5.11 The linear relationships between [(ds)max,c/Y]opt and /0(L,/B.) for
varying flow intensities and test durations ............cccovrveeienene s 250

Table 5.12 The exponential relationships between the [Reduction%]opt and La/Bc for
the varying flow intensities and test durations ............cccccveveveeve v, 252

Table 5.13 Abutment, collar, flow and sediment properties of Kayatiirk’s (2005),

Dogan’s (2008), Daskin’s (2011) and Tekin’s (2012) studies .......cccccceervrriueenenenn 253
Table 5.14 The linear relationships between [(ds)max.c/Y]opt and /6(L,/B.) for the
present study and previous studies in the literature...........cccocveveiienienie e ieennene, 258

Table 5.15 The exponential relationships between the [Reduction%]opt and La/Bc for
the present study and previous studies in the literature............ccccoceevvevveieieenenn, 261
Table 5.16 The ranges of minimum and maximum % reductions in maximum scour

depths around the semi-circular end abutments testes during FPE and SPE ........ 278

XViil



LIST OF FIGURES

FIGURES
Figure 1.1. Main causes of bridge failures (Imhof, 2004) ........c..cccevvevviiiiieieeen, 2
Figure 1.2 Different natural hazards cause bridge failures (Imhof, 2004)................ 3

Figure 2.1 Scour types that can occur at bridges (Melville and Coleman, 2000)..... 8
Figure 2.2 General view of the abutment scour (Kwan, 1984)............cccccvvvvevvennne 10

Figure 2.3 Temporal variation of clear-water and live-bed scour (Chabert and

ENQEldiNger, 1956) ........ciiiiiiiieiiieiee et 15
Figure 2.4 Abutment shape factors (Barbhuiya and Dey, 2004) .........ccccocevvrnnnnns 22
Figure 2.5 Abutment SKeWNESS angle ........cccveveiieiiiiieiiese e 23
Figure 3.1 Sketch of the experimental setup (Gogus et al., 2023)..........cccccveeveenene 26
Figure 3.2 View of the experimental setup from upstream ..........cccccevvineninnnnnns 26
Figure 3.3 View of the experimental setup from downstream.............cccccocervrnnnne 27

Figure 3.4 Sketch of the abutment-collar arrangement for semi-circular end abutment
(GOQUS €t al., 2023)....c.iiiieiieccieeie e nas 28
Figure 3.5 View of abutment-collar arrangement.............ccccvvevvrinienencnencsnninns 29
Figure 3.6 Semi-circular end abutment of L.=35 cm with a collar of B.=7.5 cm at

ZIYT=0.25 .o ettt enes 29
Figure 3.7 Rectangular abutment of L.=40 cm with a collar of B=10 cm at
ZlYZH0.00 ..ttt nre e 30

Figure 3.8 View of the electromagnetic flowmeter attached to the intake pipe ..... 32
Figure 3.9 Sea Tek 5 MHz Ultrasonic Ranging System (Tekin et al., 2012) ......... 32
Figure 3.10 View 0Of the point-gauge .........ccceeveiieie e 33
Figure 4.1 Stepwise hydrographs used in the experiments (Chang et al., 2004).... 37
Figure 4.2 Scheme of the pier and pier foundation (Lu et al., 2012)...................... 39
Figure 4.3 Stepwise hydrograph used in the experiments (Gokmener and Gogus,

XiX



Figure 4.4 Schematic illustration of the semi-circular end abutment and the location
of the inducers belonging to the acoustic measuring device to measure the scour
depths (diMensioNS are 1N CIM) .....ccueeieiieiieie e nreas 50
Figure 4.5 Schematic illustration of the rectangular abutment and the location of the
inducers belonging to the acoustic measuring device to measure the scour depths
(dIMENSIONS @€ TN CM) .ttt et e esreesreeneesreene e 51
Figure 4.6 Temporal development of scour hole around the semi-circular end
abutment of length La=40 cm for U/U; = 0.70 along Inducers 1 - 8.........c..cevee. 53
Figure 4.7 Temporal development of scour hole around the semi-circular end
abutment of length La=40 cm for U/U; = 0.70 along Inducers 9 - 16..................... 54
Figure 4.8 Temporal development of scour hole around the semi-circular end
abutment of length La=40 cm for U/U. = 0.70 along Inducers 17 - 24 ................... 54
Figure 4.9 Temporal development of scour hole around the semi-circular end
abutment of length La=40 cm for U/U; = 0.80 along Inducers 1 - 8...........c..c........ 55
Figure 4.10 Temporal development of scour hole around the semi-circular end
abutment of length La=40 cm for U/U.; = 0.80 along Inducers 9 - 16 ..................... 56
Figure 4.11 Temporal development of scour hole around the semi-circular end
abutment of length L.=40 cm for U/U; = 0.80 along Inducers 17 - 24 ................... 56
Figure 4.12 Temporal development of scour hole around the semi-circular end
abutment of length La=40 cm for U/U; = 0.90 along Inducers 1 - 8.........c.ccevuee. 57
Figure 4.13 Temporal development of scour hole around the semi-circular end
abutment of length La=40 cm for U/U; = 0.90 along Inducers 9 - 16.................... 58
Figure 4.14 Temporal development of scour hole around the semi-circular end
abutment of length La=40 cm for U/U.; = 0.90 along Inducers 17 - 24 ................... 58
Figure 4.15 Temporal development of scour hole around the semi-circular end
abutment of length La=35 cm for U/U; = 0.70 along Inducers 1 - 8..........c..ccue.... 59
Figure 4.16 Temporal development of scour hole around the semi-circular end
abutment of length La=35 cm for U/U; = 0.70 along Inducers 9 - 16 ..................... 60
Figure 4.17 Temporal development of scour hole around the semi-circular end
abutment of length L.=35 cm for U/U; = 0.70 along Inducers 17 - 24 ................... 60

XX



Figure 4.18 Temporal development of scour hole around the semi-circular end
abutment of length La=35 cm for U/U; = 0.80 along Inducers 1 - 8..........c............ 61
Figure 4.19 Temporal development of scour hole around the semi-circular end
abutment of length La=35 cm for U/U. = 0.80 along Inducers 9 - 16..................... 62
Figure 4.20 Temporal development of scour hole around the semi-circular end
abutment of length L.=35 cm for U/U; = 0.80 along Inducers 17 - 24................... 62
Figure 4.21 Temporal development of scour hole around the semi-circular end
abutment of length La=35 cm for U/U; = 0.90 along Inducers 1 - 8...........cc.cceue.e. 63
Figure 4.22 Temporal development of scour hole around the semi-circular end
abutment of length L,=35 cm for U/U; = 0.90 along Inducers 9 - 16..................... 64
Figure 4.23 Temporal development of scour hole around the semi-circular end
abutment of length L.=35 cm for U/U. = 0.90 along Inducers 17 - 24................... 64
Figure 4.24 Temporal development of scour hole around the semi-circular end
abutment of length L,=30 cm for U/U; = 0.70 along Inducers 1 - 8....................... 65
Figure 4.25 Temporal development of scour hole around the semi-circular end
abutment of length La=30 cm for U/U. = 0.70 along Inducers 9 - 16..................... 66
Figure 4.26 Temporal development of scour hole around the semi-circular end
abutment of length L,=30 cm for U/U; = 0.70 along Inducers 17 - 24................... 66
Figure 4.27 Temporal development of scour hole around the semi-circular end
abutment of length La=30 cm for U/U; = 0.80 along Inducers 1 - 8..........ccccceuenee. 67
Figure 4.28 Temporal development of scour hole around the semi-circular end
abutment of length L,=30 cm for U/U; = 0.80 along Inducers 9 - 16..................... 68
Figure 4.29 Temporal development of scour hole around the semi-circular end
abutment of length La=30 cm for U/U. = 0.80 along Inducers 17 - 24................... 68
Figure 4.30 Temporal development of scour hole around the semi-circular end
abutment of length La=30 cm for U/U; = 0.90 along Inducers 1 - 8........c...ccccne... 69
Figure 4.31 Temporal development of scour hole around the semi-circular end
abutment of length La=30 cm for U/U. = 0.90 along Inducers 9 - 16..................... 70
Figure 4.32 Temporal development of scour hole around the semi-circular end
abutment of length Lo=30 cm for U/U; = 0.90 along Inducers 17 - 24................... 70

XXi



Figure 4.33 Temporal development of scour hole around the semi-circular end
abutment of length La=25 cm for U/U. =0.70 along Inducers 1 - 8 ...........c.ce.e. 71
Figure 4.34 Temporal development of scour hole around the semi-circular end
abutment of length La=25 cm for U/U; = 0.70 along Inducers 9 - 16 ..................... 72
Figure 4.35 Temporal development of scour hole around the semi-circular end
abutment of length La=25 cm for U/U; = 0.70 along Inducers 17 - 24 ................... 72
Figure 4.36 Temporal development of scour hole around the semi-circular end
abutment of length La=25 cm for U/U; = 0.80 along Inducers 1 - 8............ccvee. 73
Figure 4.37 Temporal development of scour hole around the semi-circular end
abutment of length L.=25 cm for U/U; = 0.80 along Inducers 9 - 16.................... 74
Figure 4.38 Temporal development of scour hole around the semi-circular end
abutment of length La=25 cm for U/U. = 0.80 along Inducers 17 - 24 ................... 74
Figure 4.39 Temporal development of scour hole around the semi-circular end
abutment of length La=25 cm for U/U; = 0.90 along Inducers 1 - 8............c..c........ 75
Figure 4.40 Temporal development of scour hole around the semi-circular end
abutment of length La=25 cm for U/U; = 0.90 along Inducers 9 - 16 ..................... 76
Figure 4.41 Temporal development of scour hole around the semi-circular end
abutment of length L.=25 cm for U/U; = 0.90 along Inducers 17 - 24 ................... 76
Figure 4.42 Temporal development of scour hole around the semi-circular end
abutment of length La=20 cm for U/U; = 0.70 along Inducers 1 - 8.........c.ccoevuee. 77
Figure 4.43 Temporal development of scour hole around the semi-circular end
abutment of length L,=20 cm for U/U; = 0.70 along Inducers 9 - 16 ................... 78
Figure 4.44 Temporal development of scour hole around the semi-circular end
abutment of length L,=20 cm for U/U. = 0.70 along Inducers 17 - 24 ................... 78
Figure 4.45 Temporal development of scour hole around the semi-circular end
abutment of length L.=20 cm for U/U; = 0.80 along Inducers 1 - 8..........c..cco....... 79
Figure 4.46 Temporal development of scour hole around the semi-circular end
abutment of length L,=20 cm for U/U.; = 0.80 along Inducers 9 - 16 ..................... 80
Figure 4.47 Temporal development of scour hole around the semi-circular end
abutment of length L.=20 cm for U/U. = 0.80 along Inducers 17 - 24 ................... 80

xXii



Figure 4.48 Temporal development of scour hole around the semi-circular end
abutment of length La=20 cm for U/U; = 0.90 along Inducers 1 - 8..........c............ 81
Figure 4.49 Temporal development of scour hole around the semi-circular end
abutment of length La=20 cm for U/U. = 0.90 along Inducers 9 - 16..................... 82
Figure 4.50 Temporal development of scour hole around the semi-circular end
abutment of length La=20 cm for U/U; = 0.90 along Inducers 17 - 24................... 82
Figure 4.51 Temporal development of scour hole around the semi-circular end
abutment of length La=15 cm for U/U; = 0.70 along Inducers 1 - 8...........cc.coeuenee. 83
Figure 4.52 Temporal development of scour hole around the semi-circular end
abutment of length La=15 cm for U/U; = 0.70 along Inducers 9 - 16..................... 84
Figure 4.53 Temporal development of scour hole around the semi-circular end
abutment of length La=15 cm for U/U. = 0.70 along Inducers 17 - 24................... 84
Figure 4.54 Temporal development of scour hole around the semi-circular end
abutment of length L.=15 cm for U/U; = 0.80 along Inducers 1 - 8....................... 85
Figure 4.55 Temporal development of scour hole around the semi-circular end
abutment of length La=15 cm for U/U. = 0.80 along Inducers 9 - 16..................... 85
Figure 4.56 Temporal development of scour hole around the semi-circular end
abutment of length L,=15 cm for U/U; = 0.80 along Inducers 17 - 24................... 86
Figure 4.57 Temporal development of scour hole around the semi-circular end
abutment of length La=15 cm for U/U; = 0.90 along Inducers 1 - 8...........ccccceunee. 87
Figure 4.58 Temporal development of scour hole around the semi-circular end
abutment of length La=15 cm for U/U; = 0.90 along Inducers 9 - 16..................... 87
Figure 4.59 Temporal development of scour hole around the semi-circular end
abutment of length La=15 cm for U/U. = 0.90 along Inducers 17 - 24................... 88
Figure 4.60 Temporal development of scour hole around the rectangular abutment
of length La=40 cm for U/U; = 0.70 along Inducers 1 - 8.........ccccevveviviiiieiiiiennns 89
Figure 4.61 Temporal development of scour hole around the rectangular abutment
of length La=40 cm for U/U. = 0.70 along Inducers 9 - 16.........cccccevererenernninne. 89
Figure 4.62 Temporal development of scour hole around the rectangular abutment
of length La=40 cm for U/U; = 0.70 along Inducers 17 - 24.......c...ccccccvivveiieennnns 90

XXiii



Figure 4.63 Temporal development of scour hole around the rectangular abutment
of length La=40 cm for U/U; = 0.80 along Inducers 1 - 8.........cccccvevvriververresiennnnnn 91
Figure 4.64 Temporal development of scour hole around the rectangular abutment
of length La=40 cm for U/U. = 0.80 along INducers 9 - 16.......cccccoevvvrvrvrnnnennn. 91
Figure 4.65 Temporal development of scour hole around the rectangular abutment
of length La=40 cm for U/U; = 0.80 along Inducers 17 - 24 .........c.cccoevvvvveveivvernns 92
Figure 4.66 Temporal development of scour hole around the rectangular abutment
of length La=40 cm for U/U. = 0.90 along Inducers 1 - 8......cccccoovviiininininnnennen, 93
Figure 4.67 Temporal development of scour hole around the rectangular abutment
of length La=40 cm for U/U; = 0.90 along INducers 9 - 16.......c.cccevvvvvereevresieennnn 93
Figure 4.68 Temporal development of scour hole around the rectangular abutment
of length La=40 cm for U/U. = 0.90 along Inducers 17 - 24 ..........ccccocvvvrvnvnnenn, 94
Figure 4.69 Temporal development of scour hole around the rectangular abutment
of length La=35 cm for U/Uc = 0.70 along INnducers 1 - 8.........cccccveverveveenesinennnnn 95
Figure 4.70 Temporal development of scour hole around the rectangular abutment
of length La=35 cm for U/Uc = 0.70 along INducers 9 - 16.......ccccceeevvrvrinnneennn, 96
Figure 4.71 Temporal development of scour hole around the rectangular abutment
of length Lo=35 cm for U/U; = 0.70 along Inducers 17 - 24 ........cc.cccoevvevvevreinennn, 96
Figure 4.72 Temporal development of scour hole around the rectangular abutment
of length La=35 cm for U/U. = 0.80 along Inducers 1 - 8......cccccooeviriniivnnnnennn, 97
Figure 4.73 Temporal development of scour hole around the rectangular abutment
of length Lo=35 cm for U/U; = 0.80 along INnducers 9 - 16.........ccceveevevvecreieennnn 98
Figure 4.74 Temporal development of scour hole around the rectangular abutment
of length La=35 cm for U/U. = 0.80 along Inducers 17 - 24 ..........ccccocvvivnnnnennn. 98
Figure 4.75 Temporal development of scour hole around the rectangular abutment
of length La=35 cm for U/U; =0.90 along Inducers 1 - 8........cccccovevvevviveeinnennn. 99
Figure 4.76 Temporal development of scour hole around the rectangular abutment
of length La=35 cm for U/Uc = 0.90 along Inducers 9 - 16.......cccceevvvrvrvrnnnne 100
Figure 4.77 Temporal development of scour hole around the rectangular abutment
of length La=35 cm for U/U; = 0.90 along Inducers 17 - 24 .........c.cccoevvvviveennnnnn 100

XXV



Figure 4.78 Temporal development of scour hole around the rectangular abutment
of length La=30 cm for U/Uc = 0.70 along Inducers 1 - 8.......c.cccevvvvvevviiieseennnns 101
Figure 4.79 Temporal development of scour hole around the rectangular abutment
of length Lo=30 cm for U/U. = 0.70 along Inducers 9 - 16.........ccccceverereninnnnnns 102
Figure 4.80 Temporal development of scour hole around the rectangular abutment
of length La=30 cm for U/U¢ = 0.70 along Inducers 17 - 24..........cccccevvvvvernenns 102
Figure 4.81 Temporal development of scour hole around the rectangular abutment
of length Lo=30 cm for U/U. = 0.80 along Inducers 1 - 8........ccccccoevenerininnnnns 103
Figure 4.82 Temporal development of scour hole around the rectangular abutment
of length La=30 cm for U/U¢ = 0.80 along Inducers 9 - 16.........c.ccceeevevvriverreennnns 104
Figure 4.83 Temporal development of scour hole around the rectangular abutment
of length Lo=30 cm for U/U. = 0.80 along Inducers 17 - 24.........cccccoeevvrvnnnnns 104
Figure 4.84 Temporal development of scour hole around the rectangular abutment
of length La=30 cm for U/Uc = 0.90 along Inducers 1 - 8.........ccceevevvevvivesnenns 106
Figure 4.85 Temporal development of scour hole around the rectangular abutment
of length La=30 cm for U/U. = 0.90 along Inducers 9 - 16.........cccccevviererirnnnnns 106
Figure 4.86 Temporal development of scour hole around the rectangular abutment
of length La=30 cm for U/U¢ = 0.90 along Inducers 17 - 24..........c.ccoeveeveenennnns 107
Figure 4.87 Temporal development of scour hole around the rectangular abutment
of length La=25 cm for U/U. = 0.70 along Inducers 1 - 8........ccccevvviniicncnnnnnne 108
Figure 4.88 Temporal development of scour hole around the rectangular abutment
of length La=25 cm for U/U¢ = 0.70 along Inducers 9 - 16........cc.ccceeveveivernennnns 108
Figure 4.89 Temporal development of scour hole around the rectangular abutment
of length La=25 cm for U/U. = 0.70 along Inducers 17 - 24.........cccocevvienvnnnnnne 109
Figure 4.90 Temporal development of scour hole around the rectangular abutment
of length La=25 cm for U/U; = 0.80 along Inducers 1 - 8.......c..cccceevvvevvviiierinnnnn 110
Figure 4.91 Temporal development of scour hole around the rectangular abutment
of length La=25 cm for U/U. = 0.80 along Inducers 9 - 16.........cccccevvnvreivnnnnnns 110
Figure 4.92 Temporal development of scour hole around the rectangular abutment
of length La=25 cm for U/U. = 0.80 along Inducers 17 - 24........c...cccccovvvvernnennn. 111

XXV



Figure 4.93 Temporal development of scour hole around the rectangular abutment
of length La=25 cm for U/Uc = 0.90 along Inducers 1 - 8.......cccccovvvevvivervenene 112
Figure 4.94 Temporal development of scour hole around the rectangular abutment
of length La=25 cm for U/U. = 0.90 along Inducers 9- 16.........ccccevvvrvrinnennn 112
Figure 4.95 Temporal development of scour hole around the rectangular abutment
of length La=25 cm for U/U¢ = 0.90 along Inducers 17 - 24 ........c.ccceevivevvenenne. 113
Figure 4.96 Temporal development of scour hole around the rectangular abutment
of length La=20 cm for U/U. = 0.70 along Inducers 1 - 8......c.ccccoevvrinviinncnenn 114
Figure 4.97 Temporal development of scour hole around the rectangular abutment
of length La=20 cm for U/U¢ = 0.70 along Inducers 9 - 16.........ccccevvevviverrvenenne. 114
Figure 4.98 Temporal development of scour hole around the rectangular abutment
of length La=20 cm for U/U. = 0.70 along Inducers 17 - 24 .........ccccocvvvrvnnennn. 115
Figure 4.99 Temporal development of scour hole around the rectangular abutment
of length La=20 cm for U/U¢ = 0.80 along Inducers 1 - 8........cccccceeeevviiervenenne. 116
Figure 4.100 Temporal development of scour hole around the rectangular abutment
of length La=20 cm for U/U. = 0.80 along Inducers 9 - 16........cccceevvvrvrinnennn 116
Figure 4.101 Temporal development of scour hole around the rectangular abutment
of length La=20 cm for U/U¢ = 0.80 along Inducers 17 - 24 ........c.ccecvevevvennenne. 117
Figure 4.102 Temporal development of scour hole around the rectangular abutment
of length La=20 cm for U/U. = 0.90 along Inducers 1 - 8......c.cccooevirinviinnnnenn 118
Figure 4.103 Temporal development of scour hole around the rectangular abutment
of length La=20 cm for U/U¢ = 0.90 along Inducers 9 - 16..........ccecvvevvivevrvenenne. 118
Figure 4.104 Temporal development of scour hole around the rectangular abutment
of length La=20 cm for U/U. = 0.90 along Inducers 17 - 24 .........ccccoovvvvvnnenenn. 119
Figure 4.105 Temporal development of scour hole around the rectangular abutment
of length La=15 cm for U/U; =0.70 along Inducers 1 - 8........cccceevvevivevieivieennnnn 120
Figure 4.106 Temporal development of scour hole around the rectangular abutment
of length La=15 cm for U/Uc = 0.70 along Inducers 9 - 16.......ccccevvvvrvrvnnnnne 120
Figure 4.107 Temporal development of scour hole around the rectangular abutment
of length La=15 cm for U/U; = 0.70 along Inducers 17 - 24 ..........c.cccovevvvviveennnnnn 121

XXVi



Figure 4.108 Temporal development of scour hole around the rectangular abutment
of length La=15 cm for U/U; = 0.80 along Inducers 1 - 8.......c.cccevvvvvevviiieseenns 121
Figure 4.109 Temporal development of scour hole around the rectangular abutment
of length La=15 cm for U/U. = 0.80 along Inducers 9 - 16.........cccccevevvrvninnnnnns 122
Figure 4.110 Temporal development of scour hole around the rectangular abutment
of length La=15 cm for U/U¢ = 0.80 along Inducers 17 - 24..........cccccevvevveinennns 122
Figure 4.111 Temporal development of scour hole around the rectangular abutment
of length La=15 cm for U/U. = 0.90 along Inducers 1 - 8........cccceveveneiciinnnnns 123
Figure 4.112 Temporal development of scour hole around the rectangular abutment
of length La=15 cm for U/Uc = 0.90 along Inducers 9 - 16........ccccccevvevvrieinennnne 124
Figure 4.113 Temporal development of scour hole around the rectangular abutment
of length La=15 cm for U/Uc = 0.90 along Inducers 17 - 24..........ccccceevvvninnnnnne 124
Figure 4.114 Variation of dimensionless scour depth with dimensionless time for
various semi-circular end abutment lengths at Inducer 5 (upstream side)............ 129
Figure 4.115 Variation of dimensionless scour depth with dimensionless time for
various semi-circular end abutment lengths at Inducer 12 (front side)................. 130
Figure 4.116 Variation of dimensionless scour depth with dimensionless time for
various semi-circular end abutment lengths at Inducer 17 (downstream side)..... 131
Figure 4.117 Variation of dimensionless scour depth with dimensionless time for
various rectangular abutment lengths at Inducer 5 (upstream side).............c........ 132
Figure 4.118 Variation of dimensionless scour depth with dimensionless time for
various rectangular abutment lengths at Inducer 12 (front side) ..........cccceveenenee. 133

Figure 4.119 Variation of dimensionless scour depth with dimensionless time for

various rectangular abutment lengths at Inducer 17 (downstream side)............... 134
Figure 4.120 Variation of (ds)a/y With (ds)u/Y «..ceevvereeriieiiiiiiseeee e 136
Figure 4.121 Variation of (ds)#/y With (ds)a/y ......ccoeveiiiiniiiiiicc 137
Figure 4.122 Variation of (ds)#/y With (ds)u/y ....oeoereiiiiniiiiiicee e 138

Figure 4.123 Comparison of the dimensionless scour depth data of this study
belonging to semi-circular end abutments with those calculated by the equation
proposed by Oliveto and Hager (2002, 20058) ........cccccvvveviierieiiieeiieiiiee e 141

XXVil


file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046470
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046470
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046471
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046471
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046472
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046472
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046473
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046473
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046474
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046474
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046475
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046475

Figure 4.124 Comparison of the dimensionless scour depth data of this study

belonging to rectangular abutments with those calculated by the equation proposed

by Oliveto and Hager (2002, 20058) ........ccerverrerierieninieniieieiesresie e 142
Figure 5.1 Stepwise hydrograph used in the experiments with the divided stages
............................................................................................................................... 161

Figure 5.2 Effect of collar size and elevation on the maximum scour depth around
the semi-circular end abutment of length La=40 cm (t= 2 hours) .........ccccevveenen. 163
Figure 5.3 Effect of collar size and elevation on the maximum scour depth around
the semi-circular end abutment of length La=40 cm (t= 4 hours) ...........cccevenee.n. 164
Figure 5.4 Effect of collar size and elevation on the maximum scour depth around
the semi-circular end abutment of length La=40 cm (t= 6 hours) ..........ccccevvennee. 165
Figure 5.5 Effect of collar size and flow intensity on the maximum scour depth
around the semi-circular end abutment of length L.=40 cm for Z./y, ;= +0.00..166
Figure 5.6 Effect of collar size and flow intensity on the maximum scour depth
around the semi-circular end abutment of length L.=40 cm for Z./y, ;= -0.25...166
Figure 5.7 Effect of collar size and flow intensity on the maximum scour depth
around the semi-circular end abutment of length L.=40 cm for Z./y,.,=-0.50...167
Figure 5.8 Variation of the dimensionless maximum scour depth with dimensionless
time as a function of collar size and elevation for semi-circular end abutment of
1ENGLN Lam40 CM oo 168
Figure 5.9 Effect of collar size and elevation on the maximum scour depth around
the semi-circular end abutment of length La=30 cm (t= 2 hours) ...........ccccueenee.n. 169
Figure 5.10 Effect of collar size and elevation on the maximum scour depth around
the semi-circular end abutment of length La=30 cm (t=4 hours) .........c.ccccevvennene. 170
Figure 5.11 Effect of collar size and elevation on the maximum scour depth around
the semi-circular end abutment of length La=30 cm (t=6 hours) ............cc.ccueeennnn 171
Figure 5.12 Effect of collar size and flow intensity on the maximum scour depth
around the semi-circular end abutment of length L.=30 cm for Z./y, = +0.00..172
Figure 5.13 Effect of collar size and flow intensity on the maximum scour depth

around the semi-circular end abutment of length L.=30 cm for Z./y, ,=-0.25...173

XXVilii



Figure 5.14 Effect of collar size and flow intensity on the maximum scour depth
around the semi-circular end abutment of length L.=30 cm for Z./y,,=-0.50 .. 173
Figure 5.15 Variation of the dimensionless maximum scour depth with
dimensionless time as a function of collar size and elevation for semi-circular end
abutment of 1ength La=30 CM......cooiiiiiiecce e 174
Figure 5.16 Effect of collar size and elevation on the maximum scour depth around
the semi-circular abutment end of length La=20 cm (=2 hours) ........c.cccevvvrnnnnee. 175
Figure 5.17 Effect of collar size and elevation on the maximum scour depth around
the semi-circular end abutment of length La=20 cm (t=4 hours) ...........c.cc.cervnene 176
Figure 5.18 Effect of collar size and elevation on the maximum scour depth around
the semi-circular end abutment of length La=20 cm (t=6 hours) ............c.ccceu.... 176
Figure 5.19 Effect of collar size and flow intensity on the maximum scour depth
around the semi-circular end abutment of length L.=20 cm for Z./y, = +0.00.. 177
Figure 5.20 Effect of collar size and flow intensity on the maximum scour depth
around the semi-circular end abutment of length La=20 cm for Z./y, = -0.25 .. 178
Figure 5.21 Variation of the dimensionless maximum scour depth with
dimensionless time as a function of collar size and elevation for semi-circular end
abutment of 1ength La=20 CM......c.coiiiiieie e 179
Figure 5.22 Effect of collar size and elevation on the maximum scour depth around
the semi-circular end abutments (t=2 hOUIS) .......cccooviiiiiiiice s 182
Figure 5.23 Effect of collar size and elevation on the maximum scour depth around
the semi-circular end abutments (t=4 hOUurs) .......ccccccevieiiicic i, 183
Figure 5.24 Effect of collar size and elevation on the maximum scour depth around
the semi-circular end abutments (t=6 hOUIS) .........ccccoiiiiiiniiicci s 184
Figure 5.25 Effect of collar size and flow intensity on the maximum scour depth
around the semi-circular end abutments for Z./yo.7=20.00 ......ccccceveririvrvinnnns 187
Figure 5.26 Effect of collar size and flow intensity on the maximum scour depth
around the semi-circular end abutments for Z./yo7=-0.25 ....cccoceiiriniiiiiiinnnnns 188
Figure 5.27 Effect of collar size and flow intensity on the maximum scour depth

around the semi-circular end abutments for Z./y 7= -0.50 .......ccoceiiveiinnirnnnns 189

XXiX


file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046502
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046502
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046503
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046503
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046504
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046504
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046505
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046505
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046506
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046506
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046507
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046507

Figure 5.28 Effect of collar size and elevation on the maximum scour depth around
the rectangular abutment of length La=40 cm (t= 2 hours) ......ccccoccevevevvcveiieennenn, 191
Figure 5.29 Effect of collar size and elevation on the maximum scour depth around
the rectangular abutment of length La=40 cm (t=4 hours) ......ccccoccvvveerinieieennenn, 192
Figure 5.30 Effect of collar size and elevation on the maximum scour depth around
the rectangular abutment of length La=40 cm (= 6 hours) .......ccccccevevevveieiieennenn, 193
Figure 5.31 Effect of collar size and flow intensity on the maximum scour depth
around the rectangular abutment of length La=40 cm for Z./y, = +0.00............ 194
Figure 5.32 Effect of collar size and flow intensity on the maximum scour depth
around the rectangular abutment of length L.=40 cm for Z./y,,=-0.25............. 195
Figure 5.33 Effect of collar size and flow intensity on the maximum scour depth
around the rectangular abutment of length L.=40 cm for Z./y, ;= -0.50............. 195
Figure 5.34 Variation of the dimensionless maximum scour depth with
dimensionless time as a function of collar size and elevation for rectangular abutment
OF 1€NQLN La=40 CM i 196
Figure 5.35 Effect of collar size and elevation on the maximum scour depth around
the rectangular abutment of length La=30 cm (t= 2 hours) .......cccccceevvevvevieiieenenn, 197
Figure 5.36 Effect of collar size and elevation on the maximum scour depth around
the rectangular abutment of length La=30 cm (t= 4 hours) ........cccccovririniinenenn 198
Figure 5.37 Effect of collar size and elevation on the maximum scour depth around
the rectangular abutment of length La=30 cm (t= 6 hours) ........ccccccevvevveieiieenenn, 199
Figure 5.38 Effect of collar size and flow intensity on the maximum scour depth
around the rectangular abutment of length L.=30 cm for Z./y, = +0.00............ 201
Figure 5.39 Effect of collar size and flow intensity on the maximum scour depth
around the rectangular abutment of length of L.=30 cm for Z./y,,=-0.25......... 201
Figure 5.40 Effect of collar size and flow intensity on the maximum scour depth
around the rectangular abutment of length L,=30 cm for Z./y,,=-0.50............. 202
Figure 5.41 Variation of the dimensionless maximum scour depth with
dimensionless time as a function of collar size and elevation for rectangular end
abutment of 1ength La=30 CMl...oooiiiiii e 203

XXX



Figure 5.42 Effect of collar size and elevation on the maximum scour depth around
the rectangular abutment of length La=20 cm (=2 hours)........cccceecevvevveviernnenne. 205
Figure 5.43 Effect of collar size and elevation on the maximum scour depth around
the rectangular abutment of length La=20 cm (t=4 hours)........cccceecvvvvrvirninnne. 205
Figure 5.44 Effect of collar size and elevation on the maximum scour depth around
the rectangular abutment of length La=20 cm (t= 6 hours)..........cccccvevvevvevnrnenne. 206
Figure 5.45 Effect of collar size and flow intensity on the maximum scour depth
around the rectangular abutment of length L.=20 cm for Z./y, = +0.00 ........... 207
Figure 5.46 Effect of collar size and flow intensity on the maximum scour depth
around the rectangular abutment of length L.=20 cm for Z./y,,=-0.25 ............ 208
Figure 5.47 Variation of the dimensionless maximum scour depth with
dimensionless time as a function of collar size and elevation for rectangular abutment
OF 1eNGN La=20 CIM .ottt 209
Figure 5.48 Effect of collar size and elevation on the maximum scour depth around
the rectangular abutments (t=2 NOUIS) ........coeiiiiiiiiiii s 212
Figure 5.49 Effect of collar size and elevation on the maximum scour depth around
the rectangular abutments (t=4 OUIS) .......ccccoeiieiicic e 213
Figure 5.50 Effect of collar size and elevation on the maximum scour depth around
the rectangular abutments (t=6 NOUIS) ........cccoiiiiiiiiii s 214
Figure 5.51 Effect of collar size and flow intensity on the maximum scour depth
around the rectangular end abutment for Z./y 7= £0.00.......ccccceiireiiiieiiniinnns 217
Figure 5.52 Effect of collar size and flow intensity on the maximum scour depth
around the rectangular abutments for Z./y 7= -0.25......ccoiiiiiiniiieee 218
Figure 5.53 Effect of collar size and flow intensity on the maximum scour depth
around the rectangular abutments for Z./y 7= -0.50.......ccccereiiriniiniiiiiencnn 219
Figure 5.54 Comparison of the effects of collar size and elevation on the maximum
scour depth around the semi-circular end and rectangular abutments of length L.=40
(o0 T (o TU £ PSPPSR 221

XXXI


file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046528
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046528
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046529
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046529
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046530
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046530
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046531
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046531
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046532
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046532
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046533
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046533

Figure 5.55 Comparison of the effects of collar size and elevation on the maximum
scour depth around the semi-circular end and rectangular abutments of length L.=40
CIM (T2 4 NOUIS) ettt sttt sneenre e nnes 222
Figure 5.56 Comparison of the effects of collar size and elevation on the maximum
scour depth around the semi-circular end and rectangular abutments of length L.=40
CM (12 6 NOUIS) ettt e sre e enes 222
Figure 5.57 Comparison of the effect of collar size and flow intensity on the
maximum scour depth around the semi-circular end and rectangular abutments of
La=40 cm for Z. /v 7= £0.00 ..ccuiiiieece e 224
Figure 5.58 Comparison of the effect of collar size and flow intensity on the
maximum scour depth around the semi-circular end and rectangular abutments of
La=40 M FOr Z /Y077 =0.25 oo 224
Figure 5.59 Comparison of the effect of collar size and flow intensity on the
maximum scour depth around the semi-circular end and rectangular abutments of
La=40 M fOr Z /Y077 -0.50 coeuiiriiiiieciiee e 225
Figure 5.60 Comparison of the effects of collar size and elevation on the maximum
scour depth around the semi-circular end and rectangular abutments of length L.=30
(oI (o TU ) I TSRS 226
Figure 5.61 Comparison of the effects of collar size and elevation on the maximum
scour depth around the semi-circular end and rectangular abutments of length L.=30
(oI i o (o TU ) I PSSR 227
Figure 5.62 Comparison of the effects of collar size and elevation on the maximum
scour depth around the semi-circular end and rectangular abutments of length L.=30
CM (T2 6 NOUTS) .t 227
Figure 5.63 Comparison of the effect of collar size and flow intensity on the
maximum scour depth around the semi-circular end and rectangular abutments of
length La=30 cm for Z,/y5.7= £0.00 ....coiiiiieiiiieeeee e 229
Figure 5.64 Comparison of the effect of collar size and flow intensity on the
maximum scour depth around the semi-circular end and rectangular abutments of
length La=30 cm fOr Z,/y5.7= -0.25 c.oveiiiieeeesese e, 229



Figure 5.65 Comparison of the effect of collar size and flow intensity on the
maximum scour depth around the semi-circular end and rectangular abutments of
length La=30 cm for Z./y0.7= =0.50....ccciiiiiiieieieee e 230
Figure 5.66 Comparison of the effects of collar size and elevation on the maximum
scour depth around the semi-circular end and rectangular abutments of length L.=20
CM (12 2 NOUTS) ..ttt ettt e e b e e aesneenreeeens 231
Figure 5.67 Comparison of the effects of collar size and elevation on the maximum
scour depth around the semi-circular end and rectangular abutments of length L.=20
CM (E7 4 NOUTS) .t 232
Figure 5.68 Comparison of the effects of collar size and elevation on the maximum
scour depth around the semi-circular end and rectangular abutments of length L.=20
CM (T2 6 NOUTS) .t 232
Figure 5.69 Comparison of the effect of collar size and flow intensity on the
maximum scour depth around the semi-circular end and rectangular abutments of
length La=20 cm for Z./y0.7= 20.00.......ccoeiiieiiiieieeieee e 233
Figure 5.70 Comparison of the effect of collar size and flow intensity on the

maximum scour depth around the semi-circular end and rectangular abutments of

length La=20 M fOr Z¢/y0.7= “0.25. e iuieiiieee e 234
Figure 5.71 Variation of [(ds)maxc/y] with /0(L,/B.) for semi-circular end
ADUIMENTS ...t s et e e aneesreeteeneenreenneas 237

Figure 5.72 Variation of [(ds)maxc/y] with \/6(L,/B.) for rectangular abutments 239

Figure 5.73 Variation of [(ds)max.c/y] with \/8(L,/B¢) exp (UE) exp(ti) for semi-
c p

circular end aDUMENTS ........c.ooiiiieece e 243

Figure 5.74 Variation of [(ds)maxc/y] with /6(L,/B.) exp (UE) exp (ti) for
c p

rectangular @DUTMENTS .......c.ooiiiiiii e 244

Figure 5.75 Variation of [(ds)max.c/Y]opt with 6 for semi-circular end abutments .. 247

Figure 5.76 Variation of [(ds)max.c/Y]opt With 0 for rectangular abutments ............ 248
Figure 5.77 Variation of [(ds)max,.c/Y]opt With {/0(La/Be) cvverveviiiiieeiieeeee, 249

XXXiii


file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046551
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046551
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046552
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046553
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046553
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046554
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046554
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046557

Figure 5.78 Variation of [Reduction%]opt With La/Bc.......ccovvireiiiiiiiiiiicee, 251
Figure 5.79 Comparison of the variation [(ds)max.c/y]opt With \/8(L,/B,) obtained
from the present study and previous studies in the literature ............c.cccoceevveenenn, 257
Figure 5.80 Comparison of the variation [% Reduction]opt with La/B¢ obtained from
the present study and previous studies in the literature..........ccccccoeeveviiieieenenn 260
Figure 5.81 Temporal variation of the maximum scour depths without a collar for
FPE QNG SPE.... .ottt st 263
Figure 5.82 Comparison of the effects of collar size and elevation on the maximum
scour depth around abutment of length L.=40 cm for FPE and SPE (t=2 hours) .265
Figure 5.83 Comparison of the effects of collar size and elevation on the maximum
scour depth around abutment of length L.=40 cm for FPE and SPE (t=4 hours) .265
Figure 5.84 Comparison of the effects of collar size and elevation on the maximum
scour depth around abutment of length La=40 cm for FPE and SPE (t=6 hours) .266
Figure 5.85 Comparison of the effects of collar size and flow intensity on the
maximum scour depth around abutment of length La=40 cm for FPE and SPE
(Z/ Y077 20.00) ...ttt e 267
Figure 5.86 Comparison of the effects of collar size and flow intensity on the
maximum scour depth around abutment of length L.=40 cm for FPE and SPE
(Ze/F07= 70.25) 1ttt 267
Figure 5.87 Comparison of the effects of collar size and flow intensity on the
maximum scour depth around abutment of length L,=40 cm for FPE and SPE
(Ze/F0.7= 70.50) 1ttt 268
Figure 5.88 Comparison of the effects of collar size and elevation on the maximum
scour depth around abutment of length L.=30 cm for FPE and SPE (t=2 hours) .269
Figure 5.89 Comparison of the effects of collar size and elevation on the maximum
scour depth around abutment of length L.=30 cm for FPE and SPE (t=4 hours) .270
Figure 5.90 Comparison of the effects of collar size and elevation on the maximum
scour depth around abutment of length L.=30 cm for FPE and SPE (t=6 hours) .270

XXXIV


file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046558
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046559
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046559
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046560
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046560

Figure 5.91 Comparison of the effects of collar size and flow intensity on the
maximum scour depth around abutment of length L,=30 cm for FPE and SPE
(Z/ Y077 20.00) oot 271
Figure 5.92 Comparison of the effects of collar size and flow intensity on the
maximum scour depth around abutment of length L.=30 cm for FPE and SPE
(Z/ 077 "0.25) ottt 272
Figure 5.93 Comparison of the effects of collar size and flow intensity on the
maximum scour depth around abutment of length L,=30 cm for FPE and SPE
(Z/F07= 70.50) oo 272
Figure 5.94 Comparison of the effects of collar size and elevation on the maximum
scour depth around abutment of length L.=20 cm for FPE and SPE (t=2 hours). 273
Figure 5.95 Comparison of the effects of collar size and elevation on the maximum
scour depth around abutment of length L.=20 cm for FPE and SPE (t=4 hours). 274
Figure 5.96 Comparison of the effects of collar size and elevation on the maximum
scour depth around abutment of length L.=20 cm for FPE and SPE (t=6 hours). 274
Figure 5.97 Comparison of the effects of collar size and flow intensity on the
maximum scour depth around abutment of length L,=20 cm for FPE and SPE
(Ze/ 077 F0.00) oo 275
Figure 5.98 Comparison of the effects of collar size and flow intensity on the

maximum scour depth around abutment of length L.=20 cm for FPE and SPE

(Ze/Y0.77 70.25) 1ttt 276

Figure 5.99 Variation of [(ds)maxc/y] with \/8(L,/B.) exp (Ui) exp (ti) during the
c p

FPE and SPE for semi-circular end abutMEeNtS .........coovveooeeeeeee e 280

XXXV


file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046579
file:///D:/Akademik/DOKTORA%20TEZ/Tez%20Metni/Tez12.docx%23_Toc135046579

LIST OF ABBREVIATIONS

CFD  Computational Fluid Dynamics
FHWA Federal Highway Administration
FPE  First Phase Experiments

RC Rectangular Abutment

SC Semi-circular End Abutment
SPE  Second Phase Experiment

SSIIM  Sediment Simulation in Intakes with Multiblock

XXXVi



LIST OF SYMBOLS

Aubutment abutment area on the horizontal plane (m?)

Acollar  area of the abutment with a collar on the horizontal plane (m?)

ao regression coefficient
a1 regression coefficient
a regression coefficient
as regression coefficient
a4 regression coefficient
B channel width

Ba abutment width

Bc collar width around the abutment
C cohesiveness
Cu uniformity coefficient, C, = jﬁ
10
dio sediment size for which 10% of the sediment is finer

die sediment size for which 16% of the sediment is finer
dso median size diameter

dso sediment size for which 60% of the sediment is finer
dsa sediment size for which 84% of the sediment is finer
ds scour depth

(ds)max  maximum scour depth at the abutment at the end of the given time duration

(ds)maxc maximum scour depth at the abutment with collar

XXXVIi



(ds)u scour depth at the upstream nose of the abutment
(ds)t scour depth at the front nose of the abutment

(ds)d scour depth at the downstream nose of the abutment
Fd densimetric Froude number, Fq4 = U/(g'dsg)%°

Ft threshold Froude number, F, = U/U,

F Froude number, F, = U/,/gy

g gravitational acceleration

g reduced gravitational acceleration
Ka abutment shape factor

Ky sediment size effect factor

Ko geometry of channel factor
Kn flow factor

La abutment length

Lr reference length

N shape factor

P unsteady flow parameter
R? correlation coefficient
Re’ particle Reynolds number
Rn hydraulic radius

Q discharge of the flow

So slope of the channel

Se energy slope of the flow

XXXViii



Sy specific gravity

Sp particle shape factor
t generic time
tp time period of the experiment for a given flow intensity starting from the

beginning as 2 hours, 4 hours and 6 hours
T dimensionless time

tmax total time period of the experiment (=6 hours)

U mean approach flow velocity
Uc value of the U at the threshold of grain motion
U= shear velocity of the approach flow

Usc value of the U~ at the threshold of grain motion

Ut threshold approach velocity

w fall velocity of the particle
X axial distance along the flow direction
y flow depth

Yo.7 flow depth operated during U/U:=0.7

Ye critical flow depth at the threshold of grain motion

Zc is the collar level on the abutment with reference to the bed level
a regression coefficient

Oa skewness

O dimensionless critical shear stress

Og standard deviation of the particle size distribution, o, = j—:

XXXiX



Ps

density of the fluid

density of the sediment

dynamic viscosity of the fluid
perpendicular distance to the flow direction
angle of response

(Aabutment + Acollar)/Aabutment

x|









CHAPTER 1

INTRODUCTION

1.1 General Remarks

Humankind has struggled with difficult natural conditions to supply necessities such
as water, nutrition, and shelter since ancient times. The increasing population has
brought increasing demands, so humans started to travel, migrate and trade to find
new resources to supply their needs. In order to achieve these challenges and
especially provide easy transportation across the water, bridges have been
constructed on the waterways. Most of the bridges consist of vertical columns and
piers to reduce the effect of shear forces and bending moments to increase the
structural capacity of the bridges. However, these elements create another severe
problem due to the relation between flow structure and erodible material while

solving structural issues. This problem is called "scour."

The "scour" phenomenon is basically the removal of sediments such as sand and
gravel from the river bed when the flow faces an obstacle such as piers and
abutments. In other words, the separation of flow because of the interaction of bridge
elements (e.g., piers, abutments) and water causes scour around bridge foundations.
Scour failure of bridges occurs suddenly, so monitoring these failures is almost
impossible during flood events. These failures cause not only substantial economic

loss and also loss of lives.

The statistical studies that have been conducted in the last decades indicate that the
most common reason for bridge failures is the degradation of the bed material around
bridge foundations (Kayatiirk, 2005). According to the Federal Highway
Administration of the USA, 17 bridges in New York and New England were
damaged or collapsed by scouring due to the spring floods in 1987. Over 50 bridges



in Georgia sustained damage from storm-related flooding in 1994, costing about
$130 million (Federal Highway Administration, 2001). Wardhana and Hadipriono
(2003) analyzed 500 bridge failures in the United States between 1989 and 2000 and
revealed that 53% of the bridge failures were caused by flood events. Imhof (2004)
stated that the main causes of bridge failures are natural hazards such as

flood/scouring events (Figure 1.1 and Figure 1.2).
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Figure 1.1. Main causes of bridge failures (Imhof, 2004)
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Figure 1.2 Different natural hazards cause bridge failures (Imhof, 2004)

Considering the statistical studies that have been conducted, it is obvious that the
hydraulic design of the bridges against flood/scouring events is critical, as well as
the structural design of the bridges.

1.2 The Motivation of the Study

According to previous studies, the abutment scour during flood events is one of the
most common reasons for bridge failures (Melville, 1992; Richardson and
Richardson; 1993). Based on an analysis of the 383 bridge failures in the United
States caused by flood/scouring events in 1973, 75% of failures were attributed to
abutment scour, while 25% were caused by pier scour (Federal Highway
Administration, 2001). Moreover, Kandasamy and Melville (1998) stated that the
abutment and approach scour were the main reason for 6 out of 10 bridge failures in
New Zealand during Cyclone Bola. Despite the studies mentioned above, abutment
scour get still less attention than pier scour. Hence, abutment scour and its
countermeasures should be focused on more to understand its mechanism and to

prevent possible bridge failures due to the abutment scour.



Furthermore, increased uncertainty of runoff and precipitation prediction due to
climate change increases the importance of the hydraulic design of bridges.
According to Barkdoll (2012) and Nasr et al. (2020), flooding risk starts to grow with
the increase in precipitation due to climate change in most regions. So, scour
formation around the bridge elements under flood or unsteady approach flow
conditions is more important nowadays. However, there are few studies on the scour
mechanism under flood waves due to the complexity of the experimental procedure
related to the fast variation of the flow parameters and the difficulty of obtaining a
generalized formula to predict scour depth (Oliveto and Hager, 2005a). For that
reason, the effect of flow variation on scour development and the behavior of scour
countermeasures against scour formation must be studied in more detail by
considering both experimental and numerical approaches to understand scour

formation under flood waves.

In this study, investigations had been conducted by using experimental approaches
rather than numerical approaches, since in the literature, there is not any
experimental study considering the effect of collars as a scour countermeasure
around bridge abutments under unsteady-state approach flow conditions. In addition,
the facilities of the METU Hydraulic Laboratory provide vast experimental
opportunities to carry out an experimental study on scour formation around bridge
elements. However, the existing computing capacity of the laboratory is limited to
carrying out long-continued scour formation studies by using numerical approaches.

Hence, it was decided to investigate the subject experimentally.

The scope of this experimental study is to investigate the effect of collars as scour
countermeasures and the impact of flow intensity on local scour formation around
bridge abutments under unsteady-state clear-water approach flow conditions. For
this reason, semi-circular end and rectangular abutments of various sizes were tested
using uniform cohesionless sand of dso=1.50 mm at the Middle East Technical
University Hydraulics Laboratory under unsteady-state clear-water approach flow
conditions with and without collars. To get unsteady-state approach flow conditions,

a step-wise hydrograph having a 6-hour duration was applied in the experiments.



Firstly, abutments were tested without collars to examine the effect of flow intensity,
abutment length and time on local scour development around the abutments. Then,
collars of varying sizes at various elevations with respect to the bed level attached to
the abutments were tested to investigate the scour reduction efficiencies of collars.
Results of the experiments were compared with the studies of Kayatiirk (2005),
Dogan (2008), Daskin (2011) and Tekin (2012), which were conducted with
different abutment shapes, flow depths and the grain sizes of the uniform
cohesionless bed material under steady-state clear-water approach flow conditions
in order to indicate the effect of unsteadiness on the temporal development of scour

and scour reduction efficiencies of the collars.

1.3 Synopsis of Thesis

In Chapter 2, scour and bridge abutment scour mechanism is explained by referring
to the literature. Experimental setup, materials, measurement techniques, and devices
are mentioned in Chapter 3. The temporal development of the scour around bridge
abutments and the application of collars around bridge abutments as a
countermeasure is discussed based on the experimental results of this study in
Chapters 4 and 5, respectively. Relevant studies in the literature are also presented
in those chapters. Finally, Chapter 6 includes the conclusions and recommendations

for future studies.






CHAPTER 2

BRIDGE ABUTMENT SCOUR

As mentioned in Chapter 1, one of the primary reasons for bridge failures is the scour
at the foundations of bridges that consist of piers and abutments (Barbhuiya and Dey,
2004). For this reason, the abutment scour mechanism and the parameters that affect
it should be discussed in detail at the beginning. Accordingly, this chapter will
represent fundamental issues on bridge abutment scour before considering this
study's methodology and findings.

2.1 Definition of Scour

Scour is a natural phenomenon that occurs in streams and rivers caused by the erosive
action of flowing water (Breusers et al., 1977). In other words, scour is the result of
the degradation and transportation of sediment from the bed, banks of streams, and
from around the piers and abutments of the bridges by the erosive action of flowing
water (Arneson et al., 2012). The amount of degradation in the river bed according
to the natural bed level after the scour formation starts is called the scour depth
(Alabi, 2006). Bridge elements that are constructed in rivers cause contraction and
separation of the flow. Thus, a significant amount of scour occurs around these
bridge elements and the continuity of that scour formation around the bridge

foundation can cause the bridge's failure.

2.2 Types of Scour

According to Melville and Coleman (2000), there are three types of scour that affect

the safety of bridges: general scour, contraction scour and local scour (Figure 2.1.).
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Figure 2.1 Scour types that can occur at bridges (Melville and Coleman, 2000)

The development of General Scour is independent of the existence of the bridge on
the riverbed. The lowering of the riverbed and erosion process can be attributed to
geomorphological changes, hydrometeorological changes, or human activities. It can
develop either long-term or short-term general scour. Short-term general scour is
related to single or several closely-spaced flood events. On the other hand, long-term
general scour can develop on a longer time scale, even longer than the service life of

a bridge.

Contrary to General Scour, Contraction Scour and Local Scour occur due to the
artificial structures on the riverbed. Constriction of the flow due to the bridge or its
road approaches encroaching onto the floodplain causes the development of
Contraction Scour. When flow faces into the bridge elements, the flow accelerates
to the narrowest section and this accelerated flow induces scour at the contracted
section where contraction scour occurs. In cases of abutments, contraction scour is
only critical when the abutment length is notably high relative to river width
(Hoffmans et al., 2022).

Local Scour is directly developed through the interaction between bridge elements
and the flow. The occurrence of scour holes around the bridge elements can be

observed immediately. Local scour can occur as either clear-water or live-bed scour



(Melville and Coleman, 2000). When no sediment is provided by approaching flow
into the scour hole while scour formation is in progress, the condition is referred to
as clear-water scour. In clear-water scour conditions, the possible maximum local
scour depth, or equilibrium scour depth, is obtained when the removal of the bed
material from the scour hole slowdowns almost to stop. On the hand, live-bed scour
occurs when scour hole is filled with bed material due to continuous sediment
transport by the approaching flow. The equilibrium scour depth for the live-bed scour
is obtained when the time-averaged movement of bed material into the scour hole
equals that removed from it (Melville and Coleman, 2000). The equilibrium live-bed
scour depth was observed to be almost 10% lesser than the clear-bed scour depth
(Barbhuiya and Dey, 2004).

2.3  Bridge Abutment Scour Mechanism

Bridge elements in the waterway cause highly complex flow-boundary interactions
(Arneson et al., 2012). In a river, disturbed flow by bridge abutments starts to
accelerate and separate at the upstream face of the abutment while passing the bridge
abutment (Abou Seida et al., 2009). This separation at the flow causes degradation
and transportation of the bed material around the abutments. As the scour hole
around the abutments increases, the complexity of the flow field increases and the
separation of the flow induces a 3D vortex flow system around the abutment
(Barbhuiya and Dey, 2004). This 3D vortex system involves downflow vortex,
primary vortex, secondary vortices and wake vortices (Kwan, 1984), as illustrated in

Figure 2.2.
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Figure 2.2 General view of the abutment scour (Kwan, 1984)

When flow interacts with the upstream face of the abutment, it accelerates downward
toward the sediment bed in a jet motion. Therefore, local shear stresses around the
abutment increase with flow acceleration. When the shear stress of the flow exceeds
the critical shear stress for the bed material, incipient motion on the bed material
starts at the upstream corner of the abutment. Then, the flow tends downward due to
the flow separation and initiation of scour at the upstream side of the abutment starts.
This downflow motion causes the formation of primary vortex that occurs parallel to
the bottom surface of the abutment. This primary vortex or principal vortex was
identified by Kwan (1988) and Kwan and Melville (1994), similar to the horseshoe
vortex at piers along with the downflow that is the main reason for local scour at
bridge abutments (Barbhuiya and Dey, 2004). Since the abutment causes flow
constriction, the downflow vortex and the primary vortex are combined with the
secondary vortices. Then wake vortices start to occur at the downstream end of the

abutment due to the flow separation at the abutment side (Papanicolaou and Hilldale,

10



2002). The secondary and wake vortices define the boundaries of the stagnant wake
region (Papanicolaou et al., 2004). Secondary vortices occur next to the primary
vortex with a counter-rotational direction to the primary vortex (Kwan and Melville,
1994). On the other side, Barbhuiya and Dey (2004) define wake vortices as unstable
shear layers that roll up to form eddy structures due to flow separation. The wake
vortices move downstream due to the flow, act like small tornadoes and lift
sediments from the bed. The strength of wake vortices is very small compared to the
primary vortex (Barbhuiya and Dey, 2004).

The size and depth of the scour hole increase as the strength of the primary vortex
and downward flow increase because of erosion and the removal of more sediment
particles from the scour hole (Daskin, 2011). The scour hole deepens and enlarges
because the sediment particles are removed from the scour hole due to the flow field
and bottom shear stress until the equilibrium condition is reached. In the equilibrium
condition, there is almost no change in the scour pattern with time for clear-water
scour conditions; in other words, the development of the scour pattern comes to an
end when the equilibrium condition is reached. On the contrary, for live-bed scour
conditions, sediment supply into the scour hole continues so that the scour pattern
may change over time. However, the scour shape around the abutments can generally
be described as an inverted cone with some secondary groove formations in the river

bed brought on by secondary vortices. (Abou Seida et al., 2009).

The three-dimensional turbulent flow field in a scour hole at a semi-circular end and
vertical-wall end abutments under clear-water scour conditions was investigated by
Dey and Barbhuiya (2005a, 2006). Based on experimental results, Dey and
Barbhuiya (2005a, 2006) stated that the main characteristic features of the flow at a
semi-circular end and vertical-wall abutments are attributed mainly to the primary
vortex and skewed velocity distribution. The scour hole's upstream border operates
as a line of separation where the approaching flow divides, creating a vortex flow
inside the scour hole that behaves as a separation zone. The vortex pushes up the
downflow, which was created by the downward negative stagnation pressure

gradient of the approaching flow velocity along the upstream face of the abutment.
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Additionally, a primary vortex flow, which migrates downstream by the side of the
abutment, was shown to form as the oncoming flow curves down into the scour hole
and rolls. In the downstream, the flow characteristics become turbulent, erratic, and
reversed. This situation occurs because of the shedding of wakes downstream of the

abutment generated by the flow separation at the abutment side.

2.4 Parameters Influencing Local Scour At Abutments

According to Arneson et al. (2012), the parameters that affect the magnitude of the
local scour depth around the abutments can be given as; the flow depth, approach
flow velocity, length of the abutment that is perpendicular to the flow, shape of the
abutment, angle of attack of the approach flow to the abutment, bed configuration,

size and gradation of bed material, and ice formation or jams and debris flow.

On the other hand, Barbhuiya and Dey (2004) classified the parameters related to the
scour depth around the abutments into 6 basic groups. These parameters are related
to the channel geometry (1), the fluid (2), the approaching flow conditions (3), the
abutment (4), the bed material (5), and time (6). These parameters are listed in more

detail below;

1. Channel geometry parameters: Cross-section shape, slope and width.

2. Fluid parameters: Density, temperature and viscosity.

3. Approaching flow parameters: flow depth, gravitational acceleration, mean

flow velocity, shear velocity, and roughness.

4. Abutment parameters: Shape, size, surface condition and the position of the
abutment relative to the flow.

5. Bed material parameters: Angle of response, cohesiveness, grain size

distribution and mass density.

6. Scouring time can be considered an additional parameter for the scour hole

development.
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Moreover, related parameters with the scour depth around the abutments, according
to Li et al. (2006), are shown as a function of the local scour depth, ds, below and
listed in Table 2.1:

ds = f[p, , ¥, U,Se, 8 B, So, Kg, dso, Sg, 04, W, Sp, @, C, a, Rg, Ly, iy, Ky, t] (2.2)

Table 2.1 Parameters that affect the local scour around the abutments (retrieved from
Dagkin, 2011)

Parameter Name Symbols Attribution
Density p
Dynamic Viscosity u FLUID
Gravitational Acceleration g
Normal Flow Depth y
Mean Approach Velocity U FLow
Energy Slope of Flow Se
Width of Channel B
Slope of Channel So CHANNEL
Geometry of Channel Ke
Median Size dso
Specific Gravity Sy
Standard Deviation Oy
Fall Velocity w
Particle Shape Factor Sp M A?Egl AL
Angle of Repose o)
Cohesiveness C
Dimensionless Critical Shear Stress Oc
Particle Reynolds Number Re”
Length of Abutment La
Skewness Oa ABUTMENT
Shape of Abutment Ka
Time t TIME
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These parameters that are given above can be simplified by neglecting some of them
for specific conditions. Thus, the remaining parameters that are given below in a
nondimensionalized form can be accepted as the most critical parameters affecting
the scour development around the abutments (Li et al., 2006):

ds

U L L
_:ft__a_a
L ('Uc'dso'

SO K Kg, 03) (2.2)

where Uc is the critical mean velocity at which the sediment particles start to move
at the channel bed and U/Uc¢ is the flow intensity.

Each parameter that is underlined above has significant effects on the scour
formation around the bridge abutments, so considering these parameters during the
design process is a critical issue. Therefore, some of these parameters are explained

detailed in the following sections.

24.1 Effect of Time

Development of local scour around the bridge elements is a time-dependent process.
As it is expected, scour hole enlarges with increasing time. Therefore, the temporal
development of scour and the required time to reach its equilibrium state should be

investigated carefully to make a proper bridge foundation design

Equilibrium scour depth is the maximum scour depth in a scour hole when the scour
formation stops and the size and shape of the scour hole become constant. In other
words, the scouring rate becomes insignificant as the asymptotic state of the scour is
attained (Tekin, 2012).

A schematic diagram of the temporal variation of clear-water and live-bed scour at
a cylindrical pier is shown in Figure 2.3 (Chabert and Engeldinger, 1956). It can be
seen that from Figure 2.3, the necessary time to reach an equilibrium state is longer

for the clear-water scour than for the live-bed scour.
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Figure 2.3 Temporal variation of clear-water and live-bed scour (Chabert and
Engeldinger, 1956)

According to Melville and Chiew (1999), the necessary time to reach the equilibrium
state of the scour hole increases rapidly with the increasing approach flow velocity
for clear-water scour; on the other hand, a rapid decrease occurs for the live-bed
scour. They also mentioned that for a given approach flow velocity and flow depth,
the necessary time to reach equilibrium scour depth increases as the pier diameter
increases. Although it takes a very long time to get the equilibrium scour depth,
Melville and Chiew (1999) observed that between 50% and 80% of the equilibrium
scour depth is developed after 10% of the time to reach equilibrium scour depth.
Moreover, several experimental studies showed that 70% and 90% of the equilibrium
scour depths are achieved during the first 30 and 150 minutes of the experiments,
respectively (Borghei et al., 2012).

Barbhuiya and Dey (2004) stated that "Rouse (1965), Gill (1972), Rajaratnam and
Nwachukwu (1983), Dargahi (1990), Ettema (1980), Kohli and Hager (2001),
Oliveto and Hager (2002) and Coleman et al. (2003) think that the variation of the
scour depth with time is logarithmic. Ahmad (1953), Franzetti et al. (1982),
Kandasamy (1989), Whitehouse (1997), Cardoso and Bettess (1999), and Ballio and
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Orsi (2000) propose an exponential time-variation of the scour; while Breusers
(1967) and Cunha (1975) give a power law distribution”.

In addition, most studies stated that the equilibrium scour depth developed under
laboratory conditions does not show consistency with the real-time scour
development under flood events. Also, predicting the maximum scour depth with its
time is very difficult for flood events. This issue will be discussed in detail in Chapter
4,

2.4.2 Effect of Flow Velocity and Intensity

Flow intensity can be defined as the ratio of the shear velocity (U+) to the critical
shear velocity (U=c). According to Melville and Chiew (1999), the ratio of the
approach mean velocity (U) to the critical mean velocity (Uc) can also be accepted
as the flow intensity because of the measuring problems of the shear velocity. The
maximum scour depth occurs when the ratio of U«/U«=1 that is identified as the
threshold peak. However, scour depth around the abutment starts to decrease and
then increases again to its maximum value while increasing flow intensity at higher
flow intensities than the threshold peak (Melville, 1992). Therefore, it is obvious that
the maximum scour depth occurs at the threshold condition under clear-water scour

conditions.

Flow intensity is directly related to the Froude Number, F,. So, researchers such as
Garde et al. (1961), Zaghloul and McCorquodale (1975), Zaghloul (1983),
Rajaratnam and Nwachkwu (1983) and Froehlich (1989) considered the Froude
number in their studies (Barbhuiya and Dey, 2004). Garde et al. (1961) stated that
the approach flow velocity could be expressed as the Froude number while predicting
the maximum scour depth. Kandasamy (1989) demonstrated that the depth of
scouring increases as the depth of flow increases, which is caused by the inclusion

of the Froude number.
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Dongol (1994) observed that increasing the shear velocity and flow velocity until the
threshold condition leads to increased local scour depth. Laursen and Toch (1956),
Chabert and Engeldinger (1956), Gill (1972), Breusers et al. (1977), Ettema (1980),
Raudkivi and Ettema (1983), Chiew (1984), and Melville and Chiew (1999) also
indicated the same trend. In recent years, Tabarestani and Zarrati (2017) stated that
the scour depth increases approximately 4.6 times when the flow intensity is
increased from 0.55 to 0.95.

2.4.3 Effect of Flow Depth

The relationship between scour depth and flow depth has been studied by many
researchers such as Chabert and Engeldinger (1956), Laursen and Toch (1956), Gill
(1972), Breusers et al. (1977), Ettema (1980), Wong (1982), Tey (1984), Kwan
(1988), Kandasamy (1989), Breusers and Raudkivi (1991), Dongol (1994),
Hoffmans and Verheij (1997), Melville and Coleman (2000). Experimental data
from Gill (1972), Wong (1982), Tey (1984) and Kandasamy (1989) showed that an
increase in approaching flow depth leads to an increase in the maximum scour depth
for a given flow intensity. According to Richardson and Davis (2001), an increase in
flow depth can increase the scour depth with a ratio of 1.1- 2.15 depending on the
abutment shape. Moreover, the maximum scour depth might increase 2 times or more
with increasing flow depth for the pier, whereas the increasing rate of the maximum
scour depth is smaller for the abutments depending on the abutment shape (Arneson
etal., 2012).

Experimental results of Wong (1982), Tey (1984), Kwan (1988), Kandasamy (1989)
and Dongol (1994) indicated that the scour depth around the abutment increases at a
decreasing rate with flow depth until normalized flow depth, La/y, reaches a limit
value (Li et al., 2006). When the limit value exceeds, the scour depth becomes
independent of flow depth. In other words, the effect of flow depth on the equilibrium
scour depth was investigated by considering the impact of the abutment length on
the equilibrium scour depth. Dey and Barbhuiya (2004) stated that the equilibrium
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scour depth increases with increasing flow depth for shallower flow depths; on the
other hand, the equilibrium scour depth is not affected by a change in flow depth for

higher flow depths.

244 Effect of Sediment Size

The median size diameter of sediment particles, dso, is an important factor in

evaluating the effect of bed material on the scour formation.

According to Ahmad (1953), Izzard and Bradley (1958) and Garde et al. (1961), the
rate of scour is faster for fine sediments than for coarse sediments. Gill (1972) stated
that although coarse sediments cause more scour than fine sediments under clear-
water scour, scour depth for fine sediments is greater than coarse sediment for a

given absolute approaching bed shear stress.

Dongol (1994) presented the sediment coarseness as the ratio of abutment length, La,
and median sediment size, dso, to show the effect of sediment size on scour depth.
He classified sediment coarseness into four groups: fine (La/dso>100), intermediate
(40<L4/ds50<100), coarse (10<La/ds0<40) and very coarse sediment (La/ds0<10). It
was also stated that the equilibrium scour depth increases with increasing median
sediment size for a given abutment length, where La/ds0<40. However, with larger

values of La/dso, the sediment size does not affect scour depth (Li et al., 2006).

Ettema (1980) and Chiew (1984) found when the median sediment size is smaller
than 50 times of a bridge pier, the effect of sediment size is insignificant on scour
depth (Melville, 1992). Later, Melville (1997) and Coleman et al. (2003) tested this
condition (i.e., La/ds0>50) for the abutments. For La/dso<50, scour depth increases
with increasing La/dso and has a peak value at La/dso=50; however, for larger values
of La/dso, scour depth does not depend on sediment size (Coleman et al., 2003).

On the other hand, Laursen (1960) indicated that the sediment size significantly
influences the maximum scour depth under clear-water conditions but not under live-

bed conditions (Barbhuiya and Dey, 2004). As Laursen (1960) did, some early pier
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scour studies discussed that sediment size has no noticeable impact on local scour
under live-bed conditions. In contrast, others proposed that as sediment size
increases, the scour depth decreases. The vast majority of studies have demonstrated
that particle size affects local scour when clear-water flow conditions are considered
(Li et al., 2006).

245 Effect of Sediment Gradation

Since river bed materials are generally nonuniform, the uniformity degree of the
sediment particles also affects the scour formation. Hence, the geometric standard
deviation of the particle size distribution, og, and coefficient of uniformity, Cy, which

are represented below, are used to measure the uniformity of sediment particles.

_ A

Og = die (2.3)

Cy= o (2.4)
d10

Ettema (1980) and Raudkivi and Ettema (1983) indicated a relationship between the
maximum scour depth at piers and the geometric standard deviation of particle size
distribution. The limit value of o4 is obtained at 1.35, where the bed materials having
ogbigger than the limit value are nonuniform sediments and smaller ones are uniform
sediments (Breusers and Raudkvi, 1991). Nonuniform sediments induce smaller
scour depths than uniform sediments. In nonuniform sediments, a process of
armoring in the scour hole starts, exposing the coarser fraction as the finer fraction
is washed out. The armor layer gradually raises the critical bed shear stress, which
inhibits the scour hole evolution (Dey and Barbhuiya, 2005b). Li et al. (2006), along
with Ettema (1980), Wong (1982), Melville (1992), and Dongol (1994), stated that

the scour depth gradually increases with decreasing og value.

The parameter as the coefficient of uniformity, Cy, is also used to determine the
uniformity of the sediments (Dogan, 2008). Sediment particles having Cy values less

than 3.0 are classified as uniform sediments, otherwise nonuniform sediments.

19



According to Dongol (1994), the effect of sediment grading on scour development

has more influence at lower flow velocities (Li et al., 2006).

2.4.6 Effect of Abutment Length

The effect of abutment length and contraction ratio on scour depth around abutments
has extensively been discussed in the literature. Researchers like Garde et al. (1961),
Gill (1972), Neill (1973), Zaghloul and McCorquodale (1975), and Rajaratnam and
Nwachukwu (1983) focused on the contraction ratio in their studies. However, Neill
(1973) stated that the contraction ratio becomes a secondary influence for short
abutment cases because the short abutments lead to a very wide channel; therefore,
the contraction ratio as a scaling parameter can not be considered for short abutment
cases (Barbhuiya and Dey, 2004). Moreover, Laursen (1963), Cunha (1975), Wong
(1982), Tey (1984), Kandasamy (1989), and Melville (1992) stated the local scour
formation is independent of the contraction ratio. Consequently, in abutment scour

studies, the abutment length has been considered an influential factor.

Kandasamy (1989) stated that the decreased opening ratio due to the increased
abutment length leads to a larger scour depth. Melville (1992) indicated the scour
depth increases with increased abutment length at a decreasing rate. He also
classified the abutment lengths as short (La/y<l1), intermediate (1< La/y<25) and long
(La/y>25) based on the ratio of abutment length to flow depth. Kayatiirk (2005) also
remarked that based on her experimental investigation, the maximum scour depth
increases with increasing the abutment length for a given Froude number. According
to Koken and Gogus (2015), the size and coherence of the primary horseshoe vortex
are much smaller for short spur dikes than for long spur dikes, and a larger bed shear
stress region occurs around the long spur dikes. Consequently, this situation explains
the less scour formation around smaller obstacles since the primary vortex and bed

shear stress region are closely attributed to the size of the scour hole.
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2.4.7 Effect of Abutment Shape

The abutment shape is a decisive parameter for the magnitude of the local scour
depth. Since streamlined obstacles, such as semi-circular, spill-through and wing-
wall abutments, produce weaker downflow and secondary vortices than blunt
obstructions, such as vertical-wall abutments, the magnitude of the local scour depth
for blunt obstacles is observed to be relatively larger (Barbhuiya and Dey, 2004).
According to the experimental studies conducted by Laursen and Toch (1956), Liu
et al. (1961), Garde et al. (1961) and Wong (1982), the observed scour depth value
is greater for the vertical-wall abutments than for the spill-through and wing-wall
abutments. Furthermore, Laursen and Toch (1956) stated that the local scour depth
is 15% smaller for streamlined abutments. Li (2005) reported that the deepest scour
depth occurs at the vertical-wall abutments and the smallest scour depth is produced
on the most gentle sloped spill-through abutment based on experimental data from
Dongol (1994). Based on the experimental study conducted for the short abutments,
Hosseinjanzadeh et al. (2021) indicated that the greatest scour hole magnitudes are
obtained for the vertical-wall abutments, then semi-circular and wing-wall
abutments, respectively. Although the semi-circular abutments produce greater scour

depths than wing-wall abutments, the differences can be considered insignificant.

Melville (1992) proposed the shape factor, Ks, to present the impact of the abutment
shape on equilibrium scour depth. The shape factors of the commonly used bridge
abutment shapes, according to Melville (1992), such as vertical-wall, semi-circular,
wing-wall and various types of spill-through, are presented in Figure 2.4. Data from
the experimental studies conducted by Gill (1972), Wong (1982), Tey (1984), Kwan
(1984, 1988) and Dongol (1994) were used to generate the values in Figure 2.4.
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Abutment model Abutment shape Shape factor, K

Vertical-wall 1-00

Semucircular ended 0-75

j; 45° wing-wall 0-75

Spill-through with slope
horizontal : vertical

: 0:5:1 0-60
1:1 0-50
1.5:1 0-45

Figure 2.4 Abutment shape factors (Barbhuiya and Dey, 2004)

Melville (1992) also indicated that the effect of abutment shape on scour depth
reduces as the abutment becomes longer. Therefore, for the La/y>10, where L is the
abutment length and y is the flow depth, K was proposed as an adjusted shape factor.

K5 varies linearly between the value of Ks at La/y = 10 and 25, then becomes unity.

2.4.8 Effect of Abutment Skewness

In general, bridges are built at a straight zone of the river channel and perpendicular
to the flow in order to provide the shortest span and eliminate skewness. However,
inclined abutments can be constructed because of the road layout limitations and the
river channel's geometry. The inclination of the abutment relative to the mean flow
direction is known as abutment skewness (Li et al., 2006). A scheme of abutment

skewness angle, oy, is illustrated in Figure 2.5.
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Figure 2.5 Abutment skewness angle

The effect of abutment skewness on local scour has been investigated by Ahmad
(1953), Laursen and Toch (1956), Laursen (1958), Garde et al. (1961), Sastry (1962),
Zaghloul (1983), Kwan (1984), Kandasamy (1985), Melville (1992) and Koken
(2011).

According to the experimental studies of Garde et al. (1961) and Kwan (1984), the
greatest scour depths are observed at the spur dikes with an inclination of 90° for the
same abutment, flow and sediment conditions. On the other hand, Zaghloul (1983)
revealed that the maximum equilibrium scour depth occurs in the case of an upstream
spur dike inclination, while the smallest equilibrium scour depth occurs at the spur
dike inclined downstream (Barbhuiya and Dey, 2004). Melville (1992) proposed an
alignment factor, Kg, which can be implemented for the longer abutments (La/y > 3),
whereas the skewness effect for the abutment lengths smaller than the limit value is
obtained as negligible. Koken (2011) stated that the magnitude of the primary vortex
is the largest when the spur is perpendicular to the flow direction (a, = 90°). The
potential scour area is approximately 2% and 15% smaller for the cases of a, = 60°

and 120, respectively, compared to the case of a, = 90",
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CHAPTER 3

EXPERIMENTAL SETUP

The experiments were carried out in a laboratory flume having a deep recess box
filled with sediment in the Hydraulics Laboratory of the Civil Engineering
Department of Middle East Technical University, Ankara, Turkey. Detailed
information about the experimental setup, flow characteristics, measurement
techniques and devices that were used during the experiments are mentioned in this

chapter.

3.1 Flume

Experiments were carried out in a rectangular sediment channel with plexiglass
walls, 28.5 m in length and 1.5 m in width with a slope of So= 0.001. The length of
the sand layer was 5.8 m in the flow direction having a depth of 0.48 m and located
at a distance of 13.5 m from the entrance section of the channel (Figures 3.1- 3.3).
By measuring the flow velocity distributions from upstream of the abutments along
the channel length, it was observed that the approach flow was fully-developed and
uniform during the experiments. The necessary discharge was supplied by a pump
from a constant-head water tank to the experimental setup. A control gate was set at
the end of the channel to regulate the flow depth and intensity. A sharp-crested
rectangular weir having a width of 1.5 m and a height of 0.30 m is mounted at the
upstream section of the flume. The crest of this weir is located about 1 m above the
channel bottom. Therefore, the flow coming over the weir first falls into an energy-
dissipating pool where the energy of the flow is dissipated. Then it passes through
bricks and a sheet-iron filter set at the entrance of the channel to reduce turbulence
of the flow and to provide stable, uniform flow conditions.
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Figure 3.2 View of the experimental setup from upstream
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Figure 3.3 View of the experimental setup from downstream

3.2 Abutment and Collar Models

Abutments of 6 different lengths, La= 15 ¢cm, 20 cm, 25 cm, 30 cm, 35 cm and 40
cm, made of plexiglass, were tested during the experiments. Since the effect of
abutment width, Ba, on the scour hole development is small and negligible (Oliveto
and Hager, 2002; Kumcu et al., 2007), the widths of the abutments within the scope
of this study were kept constant at 10 cm. As scour countermeasure, collars with
variable widths of B =5 cm, 7.5 cm, and 10 cm, which were made of 3 mm-thick
plexiglass, were tested during the experiments. The collars were located around the
abutment at sections Z./y, = -0.50, -0.25, +0.00, where Z. is the collar elevation
relative to the bed level. A sketch of the abutment model with the attachment of a
collar is given in Figure 3.4. Moreover, various abutment-collar arrangements from

the experiments are shown in Figures 3.5-3.7.
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Figure 3.4 Sketch of the abutment-collar arrangement for semi-circular end
abutment (Gogus et al., 2023)
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Figure 3.6 Semi-circular end abutment of L,=35 cm with a collar of B=7.5 cm at
Zly=-0.25
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Figure 3.7 Rectangular abutment of L,=40 cm with a collar of Bc=10 cm at
Z/y=+0.00

3.3 Sand Material

Uniform sand having a median size diameter of dso=1.5 mm, the standard deviation
of the particle size distribution of 64=1.29, and a uniformity coefficient of C,= dso/

dio =1.7 was used in the experiments as an erodible material.

3.4 Flow Characteristics

In scouring problems, the flow intensity is defined as either the ratio of shear
velocities, U«/ U« or the ratio of mean velocities U/Uc (Li et al., 2006). In this study,
the flow depth required to have clear-water flow conditions was determined by using
the ratio of U/Uc, where U is the average velocity of the approach flow and U is the
value of U at the threshold of grain motion (Li et al., 2006; Kumcu et al., 2007, 2014;

Khosravinia et al., 2018). Before starting the experiments, a series of preliminary
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experiments were conducted in the channel without an abutment by observing the
initiation of grain motion in order to determine the critical water depth and discharge.
From these experiments, the critical water depth and the mean approach flow
velocity were observed as y.= 12.1 cm and U= 0.3736 m/s, respectively, when the
discharge was Q=0.0678 m?®s. Critical shear velocity was also calculated
theoretically from Shield's diagram by using the equation proposed by Melville and
Coleman (2000), in which the units of the parameters U, . and dso are (m/s) and (mm),

respectively:

0.0065

U., = 0.0305/dg, — (3.1)

The critical shear velocity was calculated as 0.032 and 0.033 m/s from the

experimental and theoretical approaches, respectively.

35 Devices Used in the Measurements

An electromagnetic flowmeter was attached to the intake pipe of the flume to

measure the flow discharge with an accuracy of = 2% (Figure 3.8).

In order to investigate the temporal development of scour around abutments without
collars, the bathymetry of the bed was scanned at certain time intervals around the
abutments by an acoustic device with an accuracy of = Imm (Sea Tek 5 MHz

Ultrasonic Ranging System) (Figure 3.9).

However, for the experiments conducted with the attachment of the collar to the
abutment, the acoustic device could not give consistent results due to the reflection
problem caused by the collar. Therefore, for those cases, the maximum scour depths
around the abutments were measured with a point gauge with an accuracy of +1 mm

(Figure 3.10) after the experiments were completed.
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Figure 3.8 View of the electromagnetic flowmeter attached to the intake pipe

Figure 3.9 Sea Tek 5 MHz Ultrasonic Ranging System (Tekin et al., 2012)
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CHAPTER 4

TEMPORAL DEVELOPMENT OF LOCAL SCOUR AROUND BRIDGE
ABUTMENTS

In this chapter of this study, experimental results of the temporal evolution of local
scour depth around semi-circular end and rectangular bridge abutments under
unsteady-state clear-water approach flow conditions are presented and discussed.
However, before referring to the experimental results, previous studies conducted on
this subject will be presented, and then the methodology and procedure of the

experiments are explained in detail.

4.1 Literature Review

In the past, several studies were conducted to estimate the maximum scour depths
around bridge elements such as piers and abutments (Yanmaz and Altinbilek, 1991;
Melville, 1992; Kandasamy and Melville, 1998; Melville and Chiew, 1999; Cardoso
and Bettess, 1999; Francesco and Enrico, 2001; Oliveto and Hager, 2002; Coleman
et al.,, 2003, Kumcu et al., 2007). However, these studies mainly focused on
predicting equilibrium scour depth for steady-state flow conditions. Contrary to
laboratory studies conducted under steady-state flow conditions, bridge failures
generally occur during flood events under unsteady-state flow conditions.
Furthermore, it is revealed that the maximum scour depths under flood events are
much smaller than predictions for equilibrium scour- depths under steady-state flow
conditions (Chang et al., 2004; Lai et al., 2009; Borghei et al., 2012, Link et al.,
2017). According to Hager and Unger (2010), steady-state approaches overestimate
the maximum scour depth by approximately 30%. Nevertheless, several studies have
been conducted over the last decades to predict the scour depth around bridge

elements under unsteady-state approach flow conditions.

35



Kothyari et al. (1992) investigated the temporal variation of scour around circular
bridge piers under unsteady and steady-state clear-water approach flow conditions
by considering sediment uniformity. Experimental results showed that scour depth
increases with time for all cases. An algorithm was proposed to obtain the temporal
variation of scour depth for uniform sediments. Based on experimental data, a
dimensionless empirical formula related to flow, fluid, sediment properties and pier
geometry was derived to predict the maximum scour depth. Comparison of the
observed and computed data showed that the generated empirical formula reasonably
predicts the temporal development of the scour depth around bridge piers for both

uniform and nonuniform sediments.

Melville and Chiew (1999) conducted experiments on the temporal development of
local scour depth at cylindrical bridge piers in uniform sand beds. An equilibrium
time scale parameter was prepared and an empirical formula was developed to
calculate this parameter. Moreover, another empirical formula was provided to
estimate the necessary time taken to reach the equilibrium scour depth. In conclusion,
it was indicated that approximately 50%- 80% of the equilibrium scour depth is

developed in a period of 10% of the time to reach the equilibrium scour depth.

Oliveto and Hager (2002) investigated the temporal development of scour depth for
bridge piers and abutments. 6 rectangular abutment lengths and 8 circular pier
diameters with various uniform and nonuniform sediment sizes were tested during
the experiments. Experimental data were used to derive an empirical equation to
predict the maximum scour depth. The presented empirical equation will be

discussed in the next subsections in detail.

Chang et al. (2004) conducted several experiments under steady and unsteady clear-
water flow conditions with uniform and nonuniform-sized sediment particles to
observe the scour development around circular bridge piers. Different stepwise
hydrographs were tested for unsteady flow conditions with varying peak discharge
and time (Figure 4.1).

36



(b) (©) (d)

1
| S E——
1

LR o rrrtrtrTrT L L

[ |
0123456701234567012345670123456°7

time (hr) time (hr) time (hr) time (br)
0.12 o Craph| Ru [V [Vi [V, [V, [ V]V,
- (@) |U1,U6,U10[22.7[31.3[33.8[31.3]27.9]35.5
gz 00 (b) |U2,U7,U11]22.7(29.2{31.3|29.2|26.4]33.1
& 0.04- (¢) |U3,U8,U12|22.7|26.4|27.9]|26.4{24.7|29.2
@ U4 [22.7]29.2(33.1]33.1[29.235.5
0- (e) |U5,U9,U13]22.7]27.9]31.3]33.8(31.3|35.5
01234567 unit:cm/s

time (hr)

Figure 4.1 Stepwise hydrographs used in the experiments (Chang et al., 2004)

Results of the experiments under unsteady-state clear-water approach flow
conditions showed that scour depth and rate increase with increasing flow intensity,
but the falling limb has no significant effect on scour evolution. Although the time
to reach peak discharge affects instant scour depth, it does not affect final scour
depth. Finally, a numerical method based on the mixing layer concept was developed
to determine equilibrium scour depth for nonuniform-sized sediment particles

condition.

Oliveto and Hager (2005a) presented another study that follow up on the previous
study stated above. 4 different problems were examined about local scour at bridge
elements and specified limitations to use the presented equation in Oliveto and Hager
(2002); experiments were conducted to determine minimum laboratory dimensions
to apply Froude similitude, the effect of sloping abutments on scour formation, an
empirical equation to apply spur dikes and scour formation under unsteady clear-
water flow conditions. Both single and double-peaked hydrographs were applied
during the experiments. It was mentioned that although the experimental data were

fitted to the presented equation in Oliveto and Hager (2002) with a reducing
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coefficient of the equation, knowledge about the effect of threshold Froude number,
Fq = U/U, where U is the approach flow velocity and Ut is the threshold approach
velocity, U, = 1.65(g'dso) /263 (Ry,/dso) Y/, under unsteady flow conditions is

not enough yet.

Lai et al. (2009) discussed the effect of flow intensity, peak time and uniformity of
sediment on the maximum local scour depth around bridge piers under unsteady
clear-water flow conditions with uniform and nonuniform sized sediment particles.
An empirical formula was formed in order to calculate the maximum scour depth for
uniform-sized sediment, (ds)max, by using the experimental data of the previous

studies, as given below;

(dS)DmaX — aKthp 4.1

where a is the regression coefficient calibrated as 3.9, D is the pier diameter, Kq and
Kn presented by Melville (1992) are the factors for sediment size effect and flow,
and P is the unsteady flow parameter depending on flow intensity and properties of
the hydrograph. On the other hand, Equation 4.1 also shows good agreement for
predicting maximum scour depth for nonuniform-sized sediments in the case of

adapting dss as the effective sediment size.

Hager and Unger (2010) applied a previously proposed equation (Oliveto and Hager,
2002) to estimate the scour depth on single-peaked flood waves. It was indicated that
time-dependent scour formation and the end scour depth were mainly associated with
the densimetric Froude number and median sediment size. The impact of the peak
approach flow velocity, sediment and fluid properties, geometry and size of the pier

on scour formation was also emphasized.

Lu et al. (2011) investigated the temporal development of scour depth around
nonuniform cylindrical bridge piers with unexposed foundations (Figure 4.2). The
experiments were done in a rectangular channel under steady and unsteady-state
clear-water flow conditions using uniform sand particle size (dso= 0.52 mm). A semi-

empirical model was developed using the primary vortex and volumetric rate of
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sediment transport for both steady and unsteady-state flow conditions. In order to
achieve flood conditions, three different hydrographs in terms of flow intensity and
peak time values were used in the experiments. It was observed that scour formation
occurred at Zone 1 above the foundation level for small piers and low flow depths
during the experiments. In contrast, for larger piers and higher flow depths, scour
formation was observed at Zone 3 with a larger scour hole and the scour formation

reached below the foundation level.

Discontinuous
surface

1 I

Initial bed level

Figure 4.2 Scheme of the pier and pier foundation (Lu et al., 2012)

Finally, a superposition method using an effective pier diameter was applied to
model the scouring process for Zone 3. According to the comparison of the
experimental and calculated data, the generated model reasonably estimates the
scour depth at nonuniform piers under unsteady flow conditions with a maximum

error of 7%.

Borghei et al. (2012) studied the effects of unsteady flow hydrograph shape on scour
depth around bridge piers. Tests were carried out in a rectangular channel under
steady and unsteady-state clear-water approach flow conditions. Various types of

hydrographs were tested with varying peak flow discharges and time.
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As the study's main purpose, another empirical formula was created to calculate the

scour depth under unsteady flow conditions based on data from 60 experiments as

given below;

_ T 0.333
ds(T) _ [1-e 0.6931(;_ ] 4.2
dscum)

where ds(T), dswr), T and tso are total scour depth because of repetitions of the
hydrograph, equilibrium scour depth due to the hydrograph, time and base time of
hydrograph, respectively. Moreover, it was revealed that 70% of the total scour
develops in the first 30 minutes of the flow and 90% of the total scour depth occurs
in the first 150 minutes. Also, it was mentioned that total scour depth is related to
the peak discharge of the flow rather than the peak time of the maximum flow
discharge. The effect of the number of peak discharges on local scour depth was

found as insignificant.

Salamatian et al. (2014) investigated the temporal development of scour at
cylindrical bridge piers during a flood under clear-water approach flow conditions
with uniform-sized sediments. Flood conditions were generated by testing 8 different
hydrographs having different peak discharge, flow intensity, duration and time to
peak discharge. Experimental results indicated that scour depth increases during the
rising limb of the hydrograph. On the contrary, the falling limb of the hydrograph
has no significant effect on scour depth. Furthermore, the final scour depth is not
affected by the time occurrence of the peak discharge. It was also stated that when
flow intensity is increased by 25%, scour depth at the pier increases by
approximately 48%, so flow intensity was considered the most critical parameter

affecting temporal scour development.

Tabarestani and Zarrati (2017) studied local scour evolution around bridge piers
under various flood hydrographs. Authors stated that since longer peak flow intensity
or discharge durations had commonly been studied on scouring under flood
conditions, the rising duration of hydrograph in the experiments was limited to 30

minutes to predict the effect of sudden floods on scour formation around bridge piers.
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Experiments were performed in a horizontal flume that 14 m long, 0.75 m wide and
0.6 m deep with uniform sediment size. Thirty-six experiments were carried out with
different flow intensities and time to peak discharge. Based on experimental results,
scour depth increases 4.6 times by increasing flow intensity from 0.50 to 0.95 while
the width and length of the scour hole increase 5.8 times. Thus, it was concluded that
flow intensity is more influential on scour dimensions than scour depth. Accordingly,
as the rising limb duration of the hydrograph is increased, scour hole dimensions as
well as increase. Although the duration to peak flow discharge directly affects scour

hole development, it has no significant effect on the final scour hole geometry.

Link et al. (2017) and Pizzaro et al. (2017) proposed a mathematical model to predict
time-dependent scour depth around bridge piers under steady and unsteady-state
clear-water flow conditions. The model was developed based on dimensionless
effective work that includes the effect of the hydrograph shape, rising and falling
limbs of the hydrograph, peak flow discharge, duration, and its relationship with the
dimensionless scour depth. In this model, the hydrograph duration was discretized
to compute the dimensionless work for each interval of unsteady discharge. In order
to calibrate and test the model, a series of experiments were performed with varying
flood conditions having different hydrograph properties and peak flow discharges.
The developed model gives good results with the experimental results of this study

and previous studies in the literature.

Bombar (2020) carried out an experimental study on scour formation around bridge
piers under different asymmetrical hydrographs in terms of rising duration with high
unsteadiness. A five-step method that reasonably agrees with the experimental data
of several studies was developed by using the experimental data of this and previous
studies in the literature to predict the final scour depth for unsteady flood
hydrographs of short durations. It was stated that the scour formation started 25%
earlier at the front nose pier than at the side. The final scour depth and rate of the
scour development at the sides are higher than at the front nose, especially for higher
unsteadiness. Since the higher unsteadiness during the rising limb of the hydrograph
leads to increased turbulence intensity, the mobility of the erodible bed around piers
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accelerates. Hence, the rising limb of the hydrographs is dominantly responsible for

scour formation compared with the falling limb of the hydrographs.

Gumgum and Guney (2020) performed experiments by using 16 different triangular
hydrographs having different characteristics to investigate temporal scour evolution
around circular piers under unsteady-state live-bed water conditions. It was noticed
that the flow properties are the most significant parameter on scour depth evolution
during the rising limb. Also, the duration of the hydrograph significantly affects the
scour depth evolution. Likewise, either increasing the flow velocity or duration of
the hydrographs leads to an increase in scour depth. Contrary to clear-water flow
conditions, sediment movement into the scour hole was observed during the falling
limb of the hydrograph. Yet it was concluded that the scour depth magnitude

decreases during the falling limb.

Gjunsburgs et al. (2021) proposed a semi-analytical model based on the bed sediment
movement equation to predict the scour depth around vertical-wall abutments
located on floodplains under unsteady-state clear-water flow conditions. In order to
prove the reasonability of the model, more than 50 experiments were conducted with
varying flow depths, discharges, Froude numbers and contraction rates. According
to the comparison of experimental and calculated data, the model reasonably predicts

the scour depth and scour volume around vertical wall abutments.

Solati et al. (2021) investigated the effect of flood, peak flow duration, and
hydrograph pattern on the scouring process around cylindrical piers in sharp bend
channels under clear-water and live-bed scour conditions. Based on the experimental
results, for single-peaked hydrographs, the maximum scour depth increased by 25%
while increasing the hydrograph duration from 25 minutes to 100 minutes. Besides
that length of the scour pattern increases by 150% towards the downstream.
Moreover, the maximum local scour depth, scour hole area and volume were
observed by 35%, 80%, and 425%, respectively, greater for the unsteady-state flow
conditions when compared with the steady-state flow conditions. On the other hand,

experiments with double-peaked hydrographs having the same total duration as the
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single-peaked ones showed that despite the duration to reach the peak time and the
number of the peak of the hydrograph affects the temporal evolution of scour depth,

it is insignificant on the final scour depth.

Abolfathi et al. (2022) conducted a series of experiments to investigate the temporal
evolution of scour around pile groups that consists of 3 piles with the same distance
to each other under unsteady-state clear-water flow conditions. Twenty-seven
different single-peaked hydrographs with different shapes, durations and flow
intensities were tested to observe the effect of the unsteadiness parameter on scour
development. Based on experimental results, it was indicated that increasing the peak
flow discharge by 15% and 26% leads to an increase in the final scour depth around
the first pile by 17% and 37%, respectively. On the other hand, increasing the
duration of the hydrograph by 50% and 75% causes an 11-14% and 20-26% increase
in final scour depths around the first pile. Also, as the duration to reach the peak

discharge is increased by 33%, the final scour depth value occurs 44% faster.

Farshad et al. (2022) investigated the effect of spur dike permeability and orientation,
base and peak discharge, and duration of hydrograph on the evolution of scour depth
around spur dikes under steady and unsteady-state clear-water flow conditions. It
was indicated that the maximum scour depth for similar flow conditions and duration
is greater for steady-state flow conditions than for unsteady-state flow conditions, as
expected. Since the maximum flow discharge is given from the beginning of the
experiment during steady flow, the scour depth evolution will be faster. Moreover,
it was noticed that the base time of the hydrograph strongly influences the maximum
scour depth. As the base time was increased from 15 to 60 min, the maximum scour
depth increased by 18% to 37% for various cases. Furthermore, 70% to 90% of the
maximum scour depth developed until half of the hydrograph. For such cases, the
maximum scour depth was observed even during the hydrograph's falling limb, but

those differences were marked as insignificant.

Raikar et al. (2022) studied the temporal evolution of scour around wing-wall,

vertical-wall and semi-circular end abutments under steady and unsteady-state clear-
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water flow conditions. During the experiments, 3 different stepwise hydrographs
having the same peak flow intensity and duration but various shapes based on time
to reach peak flow intensity values were tested. It was concluded that the maximum
scour depth is greater for the vertical-wall abutments than the other tested shapes of
abutments. Besides, the finer sediments lead to larger scour depths than coarser
sediments. It was also claimed that the time to reach peak flow intensity is increased,
and scour depth increases. Accordingly, an abutment-scour model related to flow
intensity, flow shallowness, time and sediment coarseness was generated to predict
the scour depth around abutments under steady flow conditions.

2= a0(2)" (52) " F™ ogi Ty™ 43

5

where ds is the scour depth, L. is the abutment length, y is the flow depth, dsg is the
median sediment size, Fq is the densimetric Froude number, Tr is the reference time
and ai, a», as, as are regression coefficients. The regression coefficients were
determined for different ranges of flow shallowness. In order to implement the
generated empirical formula for unsteady flow conditions, a six-step superposition
method was recommended. Based on the comparison of experimental and calculated
data, the presented model reasonably estimates the scour depth for any time during
the rising limb of hydrographs.

Hydrograph, flow and sediment properties of the studies under unsteady-state flow
conditions mentioned above are listed in Table 4.1.
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Table 4.1 Summary of previous studies conducted on the temporal scour

development around obstacles under unsteady-state flow conditions

. Ranges of . Median Sediment .
Study Obstacle Type of Duration Flow Sediment Size. d Approaching
Hydrograph (hr) .| Uniformity 10 Flow Condition
Intensity (mm)
0.41, 0.50, 0.71,
Uniform 0.88, 1.00, 3.00,
Kothyari et al. (1992) Pier Triangular 7 0.82-0.98 . 4.00 (uniform) | Clear-water scour
Nonuniform
0.41 and 0.50
(nonuniform)
. ] Uniform
Chang et al. (2004) Pier Stepwise 7 0.6-0.9 . 0.71 & 1.00 | Clear-water scour
Nonuniform
Single & .
Oliveto and Hager (2005a) Pier Double 0.67- 2 Unrfqrm 310, 4 30 Clear-water scour
Nonuniform|  (nonuniform)
Peaked
Single Uniform 1.10 (uniform)
Hager and Unger (2010) Pier Peaked 0.083-6 . 3.10 and 3.90 | Clear-water scour
. Nonuniform .
Stepwise (nonuniform)
Luetal. (2011) Pier Stepwise 7 0.65-0.9 | Uniform 0.52 Clear-water scour
Borghei et al. (2012) Pier Triangular 0.5-2.5 0.83 Uniform 0.98 Clear-water scour
Salamatian et al. (2014) Pier Stepwise 0.75-0.95| Uniform 0.67 Clear-water scour
Tabarestani and Zarrati (2017)| Pier Stepwise 0.03-4 | 0.5-0.96 | Uniform 0.67 Clear-water scour
Link et al. (2017) Pier St{elese, 0.3-107 | 0.87-1 [ Uniform 0.36 Clear-water scour
Triangular
Pizzaro et al. (2017) Pier Stepwise | 0.25-150 |0.66-0.97| Uniform 0.36 Clear-water scour
Bombar (2020) Pier Continuous |0.083-0.1830.58-0.78| Uniform 0.43 Clear-water scour
Gumgum and Guney (2020) Pier Triangular 0.1-0.67 Uniform 1.63 Live-bed scour
ST Clear-water scour
Solati et al. (2021) Pier Double  [0.417-1.667 Uniform 15 .
Live-bed scour
Peaked
Gjunsburgs et al. (2021)  |Abutmen  Stepwise 14 Uniform | 0.24 and 0.67 | Clear-water scour
Abolfathi et al. (2022) Pile  |Single-Peaked| 0.25-1 |0.60-0.87| Uniform 0.7 Clear-water scour
Farshad et al. (2022) Spur DikgSingle-Peaked| 0.25-1 [0.48-0.95| Uniform 0.8 Clear-water scour
Raikar et al. (2022) Abutment]  Stepwise 7 0.7- 0.85[ Uniform | 0.52 and 0.712 | Clear-water scour

4.2

Dimensional Analysis

The dimensional analysis of the scour depth, ds, at an abutment presented in this
study is similar to the one given in Kayatiirk's (2005) study. For clear-water scour

conditions; the scour depth at an abutment is related to the following parameters:

ds = f{Lal Ba' U' Y, So; g Ps, P 1, d50' O-g' t, tpr tmax' B} 4.4

where L,= abutment length, Ba= abutment width, U= mean approach flow velocity,
y= flow depth, So= slope of the channel, g= gravitational acceleration, ps= density of

the sediment, p= density of the fluid, u= dynamic viscosity of the fluid, dsp= median

45



particle grain size, cg=(dsa/d16)*°= geometric standard deviation of sediment size
distribution, dss= sediment size for which 84% of the sediment is finer, d1s= sediment
size for which 16% of the sediment is finer, t= generic time, t,= time period of the
experiment for a given flow intensity starting from the beginning as 2 hours, 4 hours
and 6 hours, tmax= total period of the experiment (=6 hours) and represents the entire
duration of a flood, B=channel width. Here tmax represents, in real cases, the total

duration of a flood.

Parameters that are given in Equation 4.4 can be transformed into the dimensionless

parameters as:

ds La Ba ps U B pu Ut § dso
——f{——————— o, 350 45
vy’ 'p’Jey' vy Upy’ v tmax O &y

Since the experiments were carried out with one sediment size and constant channel
width, abutment width and bed slope, the related dimensionless terms given in
Equation 4.5 can be removed along with ignored viscous effects due to the turbulent
nature of the flows in open channels. The channel is wide enough to avoid sidewall

effects. The Froude number, U/\/5 can be replaced by the flow intensity, U/Uc.

Thus, Equation 4.5 can be simplified as:

d L U Ut t
_S=f{_a,_,_’ p } 4.6
y Yy Uc" ¥V tmax

where the scour depth normalized with the flow depth appears to be dependent on

dimensionless abutment length, dimensionless time, and flow intensity.

4.3  Experimental Procedure

In this experimental study, 12 different experiments were performed on abutments
of lengths L.=15 c¢cm, 20 cm, 25 cm, 30 cm, 35 cm and 40 cm, having a constant
width of Ba=10 cm under unsteady-state clear-water approach flow conditions to
investigate the local scour development around the semi-circular end and rectangular

bridge abutments. A stepwise hydrograph based on flow intensity was applied with
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a constant flow discharge (Q=0.0678 m?/s) for 6 hours by increasing flow intensity
every 2 hours from 0.7 to 0.8 and then 0.9, respectively (Figure 4.3). Based on
previous studies in the literature related to equilibrium scour, the necessary time to
reach the equilibrium conditions is approximately 50 hours (Farshad et al., 2022).
However, in real flood cases, the magnitude of the scour depth could not reach the
equilibrium conditions due to the duration of the flood that lasts before reaching the
equilibrium conditions (Cao and Gu, 2015; Gu et al., 2020; Hasegawa et al., 2020).
Hence, the experiments conducted under steady-state approach flow conditions to
achieve the equilibrium scour depth might mostly overestimate the scour depth for
flood conditions. Furthermore, researchers such as Tekin (2012), Khosravinia et al.
(2018) and Pandey et al. (2020) showed that approximately 70-75% of the
equilibrium scour depth is developed in less than 2 hours. Also, Melville and Chiew
(1999) stated that 50-80% of the maximum scour depth occurs at around 10% of the
equilibrium time. Therefore, considering the studies mentioned above, 6 hours which
consists of 2 hours for each successive flow intensity value is found sufficient to

conduct the experiments.
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Figure 4.3 Stepwise hydrograph used in the experiments (Gokmener and Gogus,
2022)
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Flow intensity was increased by decreasing the flow depth with the help of the
tailwater gate located downstream of the flume. Flow depth was measured with a
ruler having an accuracy of = Imm that is glued to the wall of the sand layer of the
flume. Before starting the experiments with an abutment, a series of experiments
were conducted without an abutment to obtain flow discharge and the velocity value
at the grain motion threshold. Detailed information about those experiments was
given in Section 3.4. The experimental conditions of each experiment are
summarized in Table 4.2.

Table 4.2 Summary of the experimental conditions of this study (SC= Semi-circular

end abutment, RC= Rectangular abutment)

Experiment La t U Uc

PNo em 120 | o | am | sy | Fr | B | iy | U1V
sc1 0-2 | 17.4 | 0.262 | 0.2 |0.494]0.3736| 0.7
mC1 40 | 67.8 | 2-4 | 15.2 | 0.299 |0.24]0.575|0.3736 | 0.8
46 | 135 | 0.336 |0.29]0.658|0.3736 | 0.9

SC2 0-2 | 17.4 | 0.262 | 0.2 |0.494]0.3736| 0.7
35 | 67.8 | 2-4 | 15.2 | 0.299 |0.24|0.575|0.3736 | 0.8

RC2 46 | 135 | 0.336 |0.29|0.658|0.3736| 0.9
5C3 0-2 | 17.4 | 0.262 | 0.2 |0.494]0.3736| 0.7
30 | 67.8 | 2-4 | 15.2 | 0.299 |0.24]0.575|0.3736 | 0.8

RC3 46 | 135 | 0.336 |0.29]0.658]0.3736 | 0.9
sca 0-2 | 17.4 | 0.262 | 0.2 |0.494[0.3736 | 0.7
25 | 67.8 | 2-4 | 15.2 | 0.299 |0.24]0.575|0.3736 | 0.8

RC4 4-6 | 135 | 0.336 |0.29/0.658|0.3736| 0.9
scs 0-2 | 17.4 | 0.262 | 0.2 |0.494|0.3736| 0.7
20 | 67.8 | 2-4 | 15.2 | 0.299 |0.24|0.575|0.3736 | 0.8

RCS 46 | 135 | 0.336 |0.29|0.658|0.3736| 0.9
SC6 0-2 | 17.4 | 0.262 | 0.2 |0.494]0.3736| 0.7
15 | 67.8 | 2-4 | 15.2 | 0.299 |0.24|0.575|0.3736 | 0.8

RC6 46 | 135 | 0.336 |0.29|0.658|0.3736| 0.9

Before each experiment, the sand layer was compressed and flattened carefully to
have a smooth and homogenous surface. A small discharge was supplied to the flume
so that the surface of the sediment bed was not disturbed. After the flow reached the

tailgate of the channel, the discharge was slowly increased until it came to the target

48



value (Q=0.0678 m®s), and the tailwater gate at downstream was adjusted until
getting desired flow depth (y=17.4 cm) and flow intensity (U/U.=0.7). When the
flow depth was stabilized, the acoustic measuring device was activated to measure
the bathymetry of the erodible bed around the abutment. Temporal local scour
development around the abutment was measured at 24 different points by 24 inducers
of the measuring device (Figures 4.4 and 4.5). Scour development around the
abutment was recorded every 15 minutes by the device. 2 and 4 hours later, the
tailwater gate was again adjusted to obtain the flow depths, y=15.2 cm and 13.5 cm,
and flow intensities, U/U.=0.8 and 0.9, respectively. Then the same procedure was
repeated. Totally 6 hours later, the final scour depths were obtained, and the
experiment was ended. Since the effect of the falling limb of the hydrograph is not
significant for the local scouring under clear-water scour conditions (Chang et al.,
2004; Oliveto and Hager, 2005a; Lu et al., 2011; Borghei et al., 2012), the local

scouring during the falling limb was not considered in this study.
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Figure 4.4 Schematic illustration of the semi-circular end abutment and the location
of the inducers belonging to the acoustic measuring device to measure the scour
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4.4  Analysis and Discussion of Experimental Results

This section analyzes and discusses experimental results of the temporal
development of local scour around semi-circular end and rectangular bridge
abutments with varying lengths and flow intensities under unsteady-state clear-water

flow conditions. A sample of the related data is provided in Appendix A.

4.4.1 Scour Profiles Around The Abutments

Temporal development of the scour holes around semi-circular end and rectangular
bridge abutments having abutment lengths of 15 cm, 20 cm, 25 cm, 30 cm, 35 cm
and 40 cm under a stepwise hydrograph that is illustrated in Figure 4.3 are presented
and discussed in the following subsections. 24 inducers were used during the
experiments to measure the scour depths around the abutments (Figures 4.4- 4.5).
Inducers 1- 8, 9-16- 17-24 were located on the abutment's upstream, front and
downstream sides, respectively. Scour profiles were non-dimensionalized according
to the flow depth at the first 2 hours of the experiment with the flow intensity value
of 0.7 (yo.,=17.4 cm).

44.1.1  Semi-Circular End Bridge Abutments

44.1.1.1 The Abutment of Length La=40cm

The temporal development of the scour hole around the abutment of length L.= 40
cm is presented in Figures 4.6- 4.14. During the first 2 hours, with the flow intensity
value of 0.7, the scour hole development was rapid in the first hour of the experiment.
Then, the increasing rate of the scour hole development decreased gradually at the
following time intervals. Especially the development of the scour hole was relatively
small between the 105th and 120th minutes. At the upstream side of the abutment,

scour hole development was greater for the locations of -0.2<¢ /y, ,<0.3 during the
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first two hours, where & is the perpendicular distance to the flow direction and y, - is
the flow depth during the first 2 hours of the experiment with the flow intensity value
of 0.7. On the other hand, the development of the deposition of the sediment particles
was observed rather than scour formation for the location of -0.05<&/y, ,<0.4 at the
downstream side of the abutment. However, these zones were later covered by the
scour hole with increasing time and flow intensity. Maximum scour depths were
observed between Inducers; 4 and 7 along the upstream side, 12 and 13 along the
front side and 17 and 18 along the downstream side of the abutment. In other words,
the maximum scour depths were observed at the upstream, front and downstream
sides of the abutment for the locations of -0.05<&/y, ,<0.3, -0.05<yly, ,<0.05 and
&/yo.7=-0.4, respectively.

0.3 0.4 -03 0.2 01 0] 01 0.2 0.3 04 0.5

(ds)u/y0.7

-0:55

Inducers 1- 8

0.6

&/Yo.z

—8—time=15 min time=30 min time=45 min time=60 min ——time=75min —#¥—time=30 min ——time=105 min —&—time=120 min

Figure 4.6 Temporal development of scour hole around the semi-circular end

abutment of length L,=40 cm for U/U. = 0.70 along Inducers 1 - 8
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Figure 4.7 Temporal development of scour hole around the semi-circular end
abutment of length La=40 cm for U/U. = 0.70 along Inducers 9 - 16
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Figure 4.8 Temporal development of scour hole around the semi-circular end
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When the first 2 hours were completed with the flow intensity of 0.7, the flow
intensity was increased to the value of 0.8 and a rapid development on the scour hole
was observed between 120th and 135th minutes. Then, scour hole development
continued gradually with a decreasing rate between 135th and 240th minutes.
Maximum scour depths were observed between Inducers; 4 and 7 along the upstream
side, 12 and 13 along the front side, and 17 and 18 along the downstream side of the
abutment. In other words, the locations of the maximum scour depths measured

around all sides of the abutment were similar to those measured at the end of the 2nd
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Figure 4.9 Temporal development of scour hole around the semi-circular end
abutment of length La=40 cm for U/U. = 0.80 along Inducers 1 - 8
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Figure 4.10 Temporal development of scour hole around the semi-circular end
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Figure 4.11 Temporal development of scour hole around the semi-circular end
abutment of length La=40 cm for U/U. = 0.80 along Inducers 17 - 24
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After that, the increasing rate of the scour depth was slow until the flow intensity
was increased to 0.9. Scour hole development increased rapidly between 240th and
255th minutes at the upstream and downstream sides of the abutment due to the
increased flow intensity. Then, the scour hole development decreased gradually with
increasing time except for the location of -0.2<&/y,,<0.1 at the front side of the
abutment. In this zone, the development of the scour hole was more than the others.
On the contrary, at the downstream side for locations of -0.2<&/y, ,<0.4, scour depth
decreased between the 240th and 255th minutes due to the rapid accumulation of
sediment particles from upstream and increment was started after 255th minutes in
those zones. The development rate of scour hole was small around the abutment after
the 300th minute. The maximum or final dimensionless scour depths were recorded
as dsly, -=-0.79, -0.93 and -0.75 at the abutment's upstream, front and downstream
sides, respectively. Approximately 81% of the maximum final scour depth value was

observed at the 4th hour of the experiment.
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Figure 4.12 Temporal development of scour hole around the semi-circular end

abutment of length La=40 cm for U/U. = 0.90 along Inducers 1 - 8
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Figure 4.14 Temporal development of scour hole around the semi-circular end
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4.4.1.1.2 The Abutment of Length La=35cm

Figures 4.15- 4.23 show the temporal development of the scour hole around the
abutment with a length of La= 35 cm. During the first 2 hours of the experiment, with
the flow intensity value of 0.7, the scour hole rapidly enlarged and deepened within
the first hour of the experiment. In the eventual one hour, the scour hole’s
development continued, but the increasing rate of the development gradually
decreased. In particular, the development of the scour hole was relatively small
between the 90th and 120th minutes. At the upstream side of the abutment, the scour
depth value was greater for the location of -0.2<&/y, ,<0.3 during the first 2 hours
of the experiment. On the other hand, deposition of the sand particles was observed
at the downstream side of the abutment for the location of -0.1<¢/y, ,<0.4. However,
with increasing time and flow intensity, significant scour formations were observed
in these zones after the 30th minute of the experiment. Maximum scour depths were
measured between Inducers 4 and 7 along the upstream side, Inducers 12 and 13
along the front side, and Inducers 17 and 18 along the downstream side of the

abutment.
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Figure 4.15 Temporal development of scour hole around the semi-circular end
abutment of length L,=35 cm for U/U. = 0.70 along Inducers 1 - 8
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Figure 4.17 Temporal development of scour hole around the semi-circular end

abutment of length L,=35 cm for U/U. = 0.70 along Inducers 17 - 24
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After completing the first 2 hours of the experiment with the flow intensity of 0.7,
the flow intensity value was increased to the value of 0.8, and it was obtained that
the scouring rate was high between the 120th and 150th minutes. Then, the scour
development gradually continued at the subsequent time intervals. However, the
increasing rate of the scour development decreased at the 180th minute and scouring
proceeded quite slowly between the 180th and 240th minutes. The maximum scour
depths at the upstream and downstream sides of the abutment were observed for the
locations of -0.05<&/y, <0.3 and -0.4<&/y, ,<0.3, respectively. The maximum scour
depth around the abutment was observed at the front side, -0.05<x/y, ,<0.05, as
expected. At the end of the 4 hours of the experiment, deposition zones at the
downstream side of the abutment completely degraded with the removal of the

sediment due to the increased time and flow intensity.
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Figure 4.18 Temporal development of scour hole around the semi-circular end

abutment of length L,=35 cm for U/U; = 0.80 along Inducers 1 - 8
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Figure 4.20 Temporal development of scour hole around the semi-circular end
abutment of length La=35 cm for U/U. = 0.80 along Inducers 17 - 24
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Finally, for the last 2 hours, the flow intensity value was increased to 0.9 and scour
hole quickly enlarged and deepened between the 240th and 270th minutes. However,
at the downstream side for the locations of -0.3<€/y, -,<0.4, small instantaneous
decreases in the scour depths were measured between the 240th and 255th minutes.
This situation might occur due to the movement of the sediment particles with
increased flow intensity. Afterward, scour development gradually proceeded with a
decreasing rate like the previous flow intensity values of 0.7 and 0.8. The locations
of the maximum scour depths at the front and downstream sides of the abutment did
not change for the case of U/U.= 0.9; however, enlargement of the scour hole was
clearly observed at the upstream side of the abutment leads to similar scour depth
values all along the upstream side. The maximum or final dimensionless scour depths
were recorded as ds/y, ,=-0.73, -0.83 and -0.67 at the abutment’s upstream, front and
downstream sides, respectively. The 73% of the maximum final scour depth value
was observed at the 4th hour of the experiment, end of the case of U/U.= 0.8 for the
abutment of length La= 35 cm.
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Figure 4.21 Temporal development of scour hole around the semi-circular end
abutment of length L,=35 cm for U/U; = 0.90 along Inducers 1 - 8
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Figure 4.22 Temporal development of scour hole around the semi-circular end
abutment of length L,=35 cm for U/U. = 0.90 along Inducers 9 - 16
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Figure 4.23 Temporal development of scour hole around the semi-circular end
abutment of length La=35 cm for U/U. = 0.90 along Inducers 17 - 24
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4.4.1.1.3 The Abutment of Length La=30cm

For the abutment of length La=30 cm, the temporal development of scour hole is
presented in Figures 4.24- 4.32. In this case, during the first 2 hours with the flow
intensity of 0.7, the scour hole gradually developed until the 105th minute. After
that, the scour hole development nearly stopped at the upstream and front sides of
the abutment. On the other hand, the increasing rate of scour development slowed
down after the 60th minute at the downstream side of the abutment. The maximum
scour depths were observed for the zone of -0.05<&/y, ,<0.3 at the upstream side of
the abutment. The maximum scour depth at the front side of the abutment was
recorded at the x/y= 0.05 where Inducer 13 was placed. At the downstream side of
the abutment, deposition of the sediment particles was observed rather than scour at
the initial stages of the experiment, except for the location of -0.40<&/y, ,<-0.10.
Development of scour hole was apparently observed after the 60th minute at the
location of -0.40<&/y,,<0. At the location of 0.00<&/y,-<0.40, deposition of

sediment particles still occurred even though it reduced at the 75th minute.
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Figure 4.24 Temporal development of scour hole around the semi-circular end

abutment of length L,=30 cm for U/U; = 0.70 along Inducers 1 - 8
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Figure 4.25 Temporal development of scour hole around the semi-circular end

abutment of length L,=30 cm for U/U. = 0.70 along Inducers 9 - 16
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Figure 4.26 Temporal development of scour hole around the semi-circular end
abutment of length La=30 cm for U/U. = 0.70 along Inducers 17 - 24
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When flow intensity was increased to 0.8, a rapid development in the scour hole was
observed between the 120th and 150th minutes, as expected. After that, size of the
scour hole gradually increased at a decreasing rate and there was almost no change
between the 225th and 240th minutes. At the end of the 4th hour, the maximum scour
depths were recorded at the upstream side of the abutment for the region of -
0.05<€&/y,.,<0.15. At the front side of the abutment, the maximum scour depths were
observed for the region of -0.05<x/y, ,<0.15, where Inducers between 12 and 14
were placed. At the downstream side of the abutment, the maximum scour depths

were observed for the location of -0.4<&/y,,<0.3.
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Figure 4.27 Temporal development of scour hole around the semi-circular end

abutment of length La=30 cm for U/U.; = 0.80 along Inducers 1 - 8
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Figure 4.28 Temporal development of scour hole around the semi-circular end
abutment of length L,=30 cm for U/U. = 0.80 along Inducers 9 - 16
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Figure 4.29 Temporal development of scour hole around the semi-circular end
abutment of length La=30 cm for U/U. = 0.80 along Inducers 17 - 24
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Finally, for the last 2 hours, the flow intensity was increased to 0.9 from 0.8. Similar
to the previous cases, the increased flow intensity leads to a rapid increase in scour
development at the initial stages. Afterward, the scour hole development slowed,
especially after the 315th minute. At the upstream and front sides of the abutment,
the maximum scour depths were relatively observed at /y,,= -0.05 and x/y,,= -
0.05, respectively. Moreover, at the downstream side of the abutment, the location
of -0.4<€/y, ,<-0.3 was recorded as the maximum scour depth region. The maximum
or final dimensionless scour depths were recorded as ds/y, ,=-0.63, -0.71 and -0.55
at the abutment’s upstream, front and downstream sides, respectively. The 74% of
the maximum final scour depth value was observed at the 4th hour of the experiment,
end of the case of U/U.= 0.8 for the abutment of length L.= 30 cm.
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Figure 4.30 Temporal development of scour hole around the semi-circular end
abutment of length La=30 cm for U/U. = 0.90 along Inducers 1 - 8
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Figure 4.31 Temporal development of scour hole around the semi-circular end
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Figure 4.32 Temporal development of scour hole around the semi-circular end

abutment of length La=30 cm for U/U. = 0.90 along Inducers 17 - 24
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4.4.1.1.4 The Abutment of Length La=25cm

The temporal development of scour holes around the abutment of length La= 25 cm
is presented in Figures 4.33- 4.41. During the first 2 hours of the experiment, with
the flow intensity of 0.7, scour hole development was very slow relative to the
abutments of lengths La= 30, 35 and 40 cm. In this period, deposition occurred rather
than scouring at the abutment’s downstream side. Since the size and development
speed of scour hole decrease as the abutment length decreases, the deposition of the
sand particles during the first 2 hours of the experiment can be expected for this and
smaller abutment lengths. Although scour formations can be considered negligible
at the upstream site, scour hole development was observed at the upstream side of
the abutment. On the contrary, the scour hole development was relatively rapid in
the first 15 minutes at the front side of the abutment. Afterward, the development of
scour hole gradually continued until the end of the first 2 hours. However, it should

be noticed that the maximum scour depths were measured within the range of 3- 3.5
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Figure 4.33 Temporal development of scour hole around the semi-circular end
abutment of length La=25 cm for U/U; = 0.70 along Inducers 1 - 8
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Figure 4.34 Temporal development of scour hole around the semi-circular end

abutment of length L,=25 cm for U/U. = 0.70 along Inducers 9 - 16
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Figure 4.35 Temporal development of scour hole around the semi-circular end
abutment of length La=25 cm for U/U. = 0.70 along Inducers 17 - 24
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During the second 2 hours, with the flow intensity of 0.8, scour hole rapidly enlarged
and deepened due to the increased flow intensity at the abutment's upstream side
between the 120th and 135th minutes. Then scour hole development continues
gradually with a decreasing rate to the end of the 240th minute. The maximum scour
depths were observed at -0.15<&/y, ,<0.20 on this side. At the downstream side of
the abutment, the deposition of sand particles still occurred for the location of
0.00<&/y,.7<0.40 during this period; however, the scouring process was started and
gradually developed for the location of -0.40<&/y, ,<0.00. At the end of the second
2 hours, the whole region was scoured and the maximum scour depths were observed
in this region (-0.40<&/y,,<0.30). Contrary to the abutments' upstream and
downstream sides, deposition was not observed at the front side of the abutment.
After the rapid development of the scour hole between the 120th and 135th minutes,
scour hole development continued until the 225th minute. Between the 225th and
240th minute, there was almost no change in the scour hole geometry. On this side,
the maximum scour depths were measured at the -0.05<&/y, ,<0.05, where Inducers

12 and 13 were located.
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Figure 4.36 Temporal development of scour hole around the semi-circular
end abutment of length L,=25 cm for U/U. = 0.80 along Inducers 1 - 8
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Figure 4.37 Temporal development of scour hole around the semi-circular
end abutment of length L.=25 cm for U/U. = 0.80 along Inducers 9 - 16
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After the flow intensity was increased to 0.9, a rapid scour development was
observed between the 240th and 285th minutes of the experiment around all sides of
the abutment. Then, scour hole gradually grew with increasing time. At the upstream
and front sides of the abutment, the increasing rate of the scour hole development
decreased after the 285th minute. Between the 345th and 360th minutes, the
development of scour hole was recorded as negligible for all sides of the abutment.
Maximum scour depths at the abutment’s upstream, front and downstream sides were
observed for the locations of 0.10<&/y, ,<0.30, -0.20<x/y, ,<0.20, -0.40<&/y, ,<-
0.30, respectively. The location of the maximum scour depths at the upstream side
was oppositely shifted relative to the abutment compared to the first 4 hours of the
experiment. Also, the deposition of sand particles was observed at 0.30<&/y, ,<0.40
for the downstream side of the abutment. In this location, scouring proceeded after
the 345th minute. The maximum or final dimensionless scour depths were recorded
as ds'y 7,=-0.39, -0.54 and -0.40 at the abutment’s upstream, front and downstream
sides, respectively. The 62% of the maximum final scour depth value was recorded
at the 4th hour of the experiment.
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Figure 4.39 Temporal development of scour hole around the semi-circular end

abutment of length La=25 cm for U/U. = 0.90 along Inducers 1 - 8

75



0.5 -0.4 0.3 02 0.1 0 01 02 0.3 04

(dy)e/Yo.r

-0.05
0.1
y=13.5cm
-0.15
u
— =109
Ue
0.2
e _ &
|E| -0.25 tmax 6
Inducers 9- 16 .
15
06
X/Yo.7
—8—time=255 min —8—time=270 min —8—time=285 min time=300 min —8—time=315 min —®—time=330 min —&—time=345 min —8—time=360 min

Figure 4.40 Temporal development of scour hole around the semi-circular end
abutment of length L,=25 cm for U/U. = 0.90 along Inducers 9 - 16

Inducers 17- 24

045

0.5
&/Yor

—8—time=255 min —#—time=270 min —#—time=285 min time=300 min —8—time=315 min —#—time=330 min —&—time=345 min —&—time=360 min

Figure 4.41 Temporal development of scour hole around the semi-circular end
abutment of length La=25 cm for U/U. = 0.90 along Inducers 17 - 24
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4.4.1.1.5 The Abutment of Length La=20cm

The temporal development of the scour hole around the abutment with a length of
La= 20 cm is presented in Figures 4.42-4.50. During the first 2 hours of the
experiment, with the flow intensity of 0.7, there were almost no scour formations at
the upstream and downstream sides of the abutment. Furthermore, sediment particles
mainly accumulated around the downstream side of the abutment. On the other hand,
scour hole had already started to gradually develop at the front side of the abutment
during the first 15 minutes of the experiment. However, the maximum scour depth
end of the 180th minute was in the range of 1.5- 2.0 cm at -0.05<x/y, ,<0.05, and
there were almost no changes in the scour hole after the 60th minute. Therefore,

these formations may be accepted as insignificant.
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Figure 4.42 Temporal development of scour hole around the semi-circular end

abutment of length L,=20 cm for U/U; = 0.70 along Inducers 1 - 8
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Figure 4.43 Temporal development of scour hole around the semi-circular end
abutment of length L,=20 cm for U/U. = 0.70 along Inducers 9 - 16
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Figure 4.44 Temporal development of scour hole around the semi-circular end
abutment of length La=20 cm for U/U. = 0.70 along Inducers 17 - 24
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During the second 2 hours, with the flow intensity of 0.8, scour hole rapidly
developed between the 120th and 150th minutes at the front side of the abutment.
Then, scour holes gradually developed in this region. The maximum scour depth at
the front side of the abutment was obtained for the location of x/y,,=-0.05. On the
other hand, scour hole formation was observed at the upstream side, but the
magnitude of the scour hole can be accepted as insignificant. Moreover, in this time
interval, scour holes also started to develop at the downstream side of the abutment.
In particular, small scour depths were recorded after the 120th minute for the location
of -0.4<€/y, ,<-0.3 at the downstream side. In the other zones that are close to the

sidewall at the downstream side, deposition of sand particles was observed.
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Figure 4.45 Temporal development of scour hole around the semi-circular end
abutment of length La=20 cm for U/U. = 0.80 along Inducers 1 - 8
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Figure 4.47 Temporal development of scour hole around the semi-circular end
abutment of length La=20 cm for U/U. = 0.80 along Inducers 17 - 24
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After the flow intensity was increased to 0.9 from 0.8, scour hole around the
abutment rapidly enlarged and deepened. At the upstream side of the abutment,
deposited sand particles disappeared and noteworthy scour depths were observed,
especially after the 270th minute. On this side, the maximum scour depths were
observed for the locations of 0.00<&/y, ,<0.30. At the front side of the abutment,
the scour hole development stepped down after the 300th minute and small
alterations were observed during the last hour of the experiment. The maximum
scour depth was absolutely recorded at the x/y, = -0.05 on this side. On the other
hand, in this subsequent with the flow intensity of 0.9, notable scour depths started
to occur at the downstream side. Furthermore, sand particles at the deposited zones
of 0.0<¢/y, 7<0.4 were gradually degraded and scour hole development was started.
The maximum or final dimensionless scour depths were measured as ds/y, ,=-0.29,
-0.42 and -0.26 at the abutment’s upstream, front and downstream Sides,
respectively. The 56% of the maximum final scour depth value was recorded at the

4th hour of the experiment.

05 1184 -0.3 02 -0.1 0 01 0.2 03 04 0.5

-0.05

(ds)u/y0.7

tmax 6 045
Inducers 1- 8 05

-0.55

o

time=255 min time=270 min time=285 min time=300 min —8—time=315 min time=330 min —8—time=345 min —e—time=360 min

Figure 4.48 Temporal development of scour hole around the semi-circular end

abutment of length L,=20 cm for U/U; = 0.90 along Inducers 1 - 8

81



(dg)e/Yo7

5 -0.4 03 -02 01 1] 0.1 0.2 0.3 04
y=13.5cm
0.1
U
n= 0.9
E b _ 6
I
Inducers 9- 16
0.5
06
X/Yo7
—8—time=255 min —#—time=270 min —%—time=285 min time=300 min —#—time=315 min —#—time=330 min —#—time=345 min —#—time=360 min

Figure 4.49 Temporal development of scour hole around the semi-circular end
abutment of length L,=20 cm for U/U. = 0.90 along Inducers 9 - 16
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Figure 4.50 Temporal development of scour hole around the semi-circular end
abutment of length La=20 cm for U/U. = 0.90 along Inducers 17 - 24
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4.4.1.1.6 The Abutment of Length La=15cm

Figures 4.51- 4.59 shows the temporal development of scour hole around the
abutment with a length of La= 15 cm, which was the shortest abutment length tested
during the experiments. During the first 4 hours of the experiment, with the flow
intensities of 0.7 and 0.8, there was almost no activity of sediment particles at the
upstream side of the abutment. Also, it was observed that the sediment particles
slightly accumulated and created small ripples at the downstream side of the
abutment. Nevertheless, scouring proceeded at the front side for the location of -
0.2<x/y,7<0.2 during the first 2 hours of the experiment. Then, during the next 2
hours with the flow intensity of 0.8, scour hole was enlarged toward the location of
xlyo, -=0.3. However, it should be underlined that scour development was almost

negligible for those time intervals.

-0.5 0.4 -0.3 0.2 0.1 0 0.1 0.2 03 04 0.3
-0.05

-0.15

-0.25

(ds)u/y0.7

Inducers 1- 8
035

-0.55

&/Nor

time=15 min time=30 min time=45 min time=60 min —e— time=75 min time=30 min —e—time=105 min —e—time=120 min

Figure 4.51 Temporal development of scour hole around the semi-circular end

abutment of length L,=15 cm for U/U; = 0.70 along Inducers 1 - 8

83



(ds}f/YOJ

(ds}d/YD.Y

015
y=174cm
u
s 0.7

-0.25
o2
tmax 6
Inducers 9- 16 035

-0.45

-0.55

X/Yo.z
—8—time=15 min —&—time=30 min time=45 min time=60 min —&—time=75min —&#—time=30 min —&—time=105 min —&—time=120 min

Figure 4.52 Temporal development of scour hole around the semi-circular end
abutment of length L,=15 cm for U/U. = 0.70 along Inducers 9 - 16
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Figure 4.53 Temporal development of scour hole around the semi-circular end
abutment of length La=15 cm for U/U.; = 0.70 along Inducers 17 - 24
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Figure 4.55 Temporal development of scour hole around the semi-circular end

abutment of length L,=15 cm for U/U. = 0.80 along Inducers 9 - 16
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Figure 4.56 Temporal development of scour hole around the semi-circular end
abutment of length La=15 cm for U/U. = 0.80 along Inducers 17 - 24

When the flow intensity increased to 0.9 at the 4th hour of the experiment, scour
development around the abutment was finally started. At the front side of the
abutment, scour hole development gradually continued until the 330th minute and
then scour development slowed down to the end of the experiment. On this side,
maximum scour depths were observed at -0.2<x/y, ,<0.2. However, observed scour
depths around the upstream and downstream sides of the abutment were still less.
Nevertheless, at the downstream side, considerable scour depths were observed at -
0.4<€/y, ,<-0.20 after the 285th minute of the experiment. The maximum or final
dimensionless scour depths were measured as ds/y,,=-0.08, -0.15 and -0.15 at the
abutment’s upstream, front and downstream sides, respectively. Only 23% of the
maximum or final scour depth value was recorded at the 4th hour of the experiment
due to the immotility of the bed during the first 4th hour of the experiment. However,
a rapid scour hole development was observed after increasing the flow intensity
value to 0.9. Hence, 76% of the maximum scour depth was recorded at the 5th hour

of the experiment.
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Figure 4.57 Temporal development of scour hole around the semi-circular end
abutment of length La=15 cm for U/U. = 0.90 along Inducers 1 - 8
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Figure 4.58 Temporal development of scour hole around the semi-circular end
abutment of length L,=15 cm for U/U. = 0.90 along Inducers 9 - 16
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Figure 4.59 Temporal development of scour hole around the semi-circular end
abutment of length La=15 cm for U/U. = 0.90 along Inducers 17 - 24

44.1.2 Rectangular Abutments

4.4.1.2.1 The Abutment of Length La=40cm

0.5

In Figures 4.60-4.68, the temporal development of scour hole around the abutment

with a length of La= 40 is presented. During the first 2 hours of the experiments with

the flow intensity of 0.7, a rapid scour hole development was observed at the

upstream and front sides of the abutment. Especially the scour development was very

fast until the 15th minute. Then, scour holes gradually developed at a decreasing rate

with increasing time. Furthermore, on the upstream side, there is almost no change

in the scour depth between the 105th and 120th minutes. In this period, the maximum

scour depths were recorded at -0.05<&/y,-,<0.30 and -0.2<x/y,-<0.05 for the

upstream and front sides, respectively. On the contrary, on the downstream side,

scouring started to proceed after the 15th minute and significant scour depths were

measured after the 60th minute, particularly for the locations of -0.4<¢/y, ,<-0.10.
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Figure 4.60 Temporal development of scour hole around the rectangular abutment
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Figure 4.61 Temporal development of scour hole around the rectangular abutment
of length L,=40 cm for U/U. = 0.70 along Inducers 9 - 16
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Figure 4.62 Temporal development of scour hole around the rectangular abutment
of length La=40 cm for U/U. = 0.70 along Inducers 17 - 24

After the flow intensity was increased to 0.8, the rate of the scour hole development
accelerated, especially between the 120th and 150th and minutes at the upstream and
front sides of the abutment. Moreover, a rapid increment continued for the
downstream side even at the 180th minute. Afterward, the scour development
continued gradually with a decreasing rate until the end of this phase of the
experiment. In this stage of the experiment, the maximum scour depths at the
upstream, front and downstream sides of the abutment were recorded for the
locations of &/y, = -0.05, -0.2<x/y, ,<0.05 and at -0.40<&/y, <-0.30, respectively.
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Figure 4.63 Temporal development of scour hole around the rectangular abutment
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Figure 4.64 Temporal development of scour hole around the rectangular abutment

of length L,=40 cm for U/U. = 0.80 along Inducers 9 - 16
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Figure 4.65 Temporal development of scour hole around the rectangular abutment
of length La=40 cm for U/U. = 0.80 along Inducers 17 - 24

During the last 2 hours of the experiment, with the flow intensity of 0.9, scour hole
development was quite fast between the 240th and 270th minute. Then, scour hole
development was gradually slow until the end of the experiment. Especially between
the 345th and 360th minutes of the experiment, the alteration of the scour depth
around the abutment was almost negligible. Moreover, a small decrease in scour
depths was observed at the downstream side of the abutment between the 240th and
255th minutes because of the movement of the sediment particles from the upstream
and front sides of the abutment along with increased flow intensity. The locations of
the maximum scour depths were measured for the upstream, front and downstream
sides of the abutment at -0.05<&/y,,<0.30, -0.20<xly,,<-0.10, &/y,,=-0.40,
respectively. The maximum or final dimensionless scour depths were recorded as
dsly7=-1.03, -1.21 and -0.92 at the abutment's upstream, front and downstream
sides, respectively. For this case, 81% of the final scour depth was obtained at the

4th hour of the experiment.
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Figure 4.66 Temporal development of scour hole around the rectangular abutment
of length La=40 cm for U/U. = 0.90 along Inducers 1 - 8
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Figure 4.67 Temporal development of scour hole around the rectangular abutment
of length L,=40 cm for U/U. = 0.90 along Inducers 9 - 16
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Figure 4.68 Temporal development of scour hole around the rectangular abutment
of length La=40 cm for U/U. = 0.90 along Inducers 17 - 24

4.4.1.2.2 The Abutment of Length La=35cm

The temporal development of the scour hole around the abutment of length La=35
cm are presented in Figures 4.69- 4.77. At the initial stage of the experiment, with
the flow intensity value of 0.7, a rapid scour hole development was observed around
the abutment. At the upstream side of the abutment, scour hole development slowed
down after the 60th minute and then small increments were recorded until the end of
the first 2 hours. In this region, the maximum scour depths were recorded for the
locations of 0.20<&/y,,<0.30. At the front side of the abutment, scour depths
gradually increased between the 15th and 90th minutes. However, a significant
increase in scour depths was observed between the 90th and 105th minutes.
Afterward, during the last 15 minutes of this stage, any alterations were not seen in
the depth and shape of the scour hole. The maximum scour depths at the front side
of the abutment were recorded for the locations of -0.15<x/y,,<-0.05. At the

downstream side of the abutment for the locations of 0.00<&/y, ,<0.40, deposition
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of sediment particles was observed rather than scour formation. Nevertheless,

scouring started to proceed after the 60th minute in this region. In the regions apart

from that range, scour hole enlarged and deepened gradually until the end of the first

2 hours. The maximum scour depth at the downstream side of the abutment was

measured at the &/y, ,=-0.40.
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Figure 4.69 Temporal development of scour hole around the rectangular abutment

of length La=35 cm for U/U; = 0.70 along Inducers 1 - 8
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Figure 4.70 Temporal development of scour hole around the rectangular abutment
of length La=35 cm for U/U¢ = 0.70 along Inducers 9 - 16
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Figure 4.71 Temporal development of scour hole around the rectangular abutment
of length La=35 cm for U/U. = 0.70 along Inducers 17 - 24
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During the second 2 hours of the experiment, scour hole rapidly enlarged by
increasing the flow intensity from 0.7 to 0.8. Development of the scour hole was
particularly significant between the 120th and 135th minutes at the upstream and
downstream sides of the abutment. Development of the scour at the upstream was
small relative to the front and downstream sides and scour depth magnitudes were
approximately the same along all measurement points. Nevertheless, the scour depth
is a little bit larger for the locations of -0.05<&/y, ,<0.30. On the other hand, the
scouring process was gradual on the downstream side of the abutment and the
maximum scour depth was recorded at &/y, ,=-0.40. At the front side, a significant
enlargement on scour hole was measured between the 150th and 180th minutes.
Afterward, alternations of the scour depth magnitude were relatively small and the

maximum scour depths were recorded for the locations of -0.20<x/y ,<-0.05.
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Figure 4.72 Temporal development of scour hole around the rectangular abutment
of length L,=35 cm for U/U. = 0.80 along Inducers 1 - 8
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Figure 4.73 Temporal development of scour hole around the rectangular abutment
of length La=35 cm for U/U. = 0.80 along Inducers 9 - 16
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Figure 4.74 Temporal development of scour hole around the rectangular abutment
of length La=35 cm for U/U. = 0.80 along Inducers 17 - 24
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In the final stage of the experiment, with the flow intensity of 0.9, scour depths at
the upstream and front sides of the abutment rapidly enlarged and deepened between
the 240th and 255th minutes due to the increased flow intensity. On the contrary, the
scour depths were decreased at the downstream side of the abutment due to the
transportation of the sediment particles here from the upstream in this period.
However, after the 255th minute, scour depths gradually increased with a decreasing
rate at all sides of the abutment until the end of the experiment. In this stage, the
locations of the maximum scour depths along all sides of the abutment were similar
to the previous stages having smaller flow intensities. The final or maximum scour
depths around the abutment’s upstream, front and downstream sides are ds/y, ,=-
0.89, -1.03 and -0.70, respectively. Approximately %83 of the final scour depth was
recorded at the 4th hour of the experiment.
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Figure 4.75 Temporal development of scour hole around the rectangular abutment
of length Lo=35 cm for U/U, = 0.90 along Inducers 1 - 8
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Figure 4.76 Temporal development of scour hole around the rectangular abutment
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Figure 4.77 Temporal development of scour hole around the rectangular abutment
of length La=35 cm for U/U. = 0.90 along Inducers 17 - 24
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4.4.1.2.3 The Abutment of Length La=30cm

In Figures 4.78-4.86, the temporal development of the scour hole around the
abutment of length L.=30 cm is given. During the first 2 hours of the experiment,
with the flow intensity of 0.70, a rapid scour hole development was observed around
the upstream and front sides of the abutment at the initial stages. On the other hand,
the deposition of sediment particles was seen at the downstream side of the abutment
until the 30th minute of the experiment. Then, scouring proceeded for the locations
of -0.40<€/y,,<0.00 and maximum scour depth was recorded at &/y,,=-0.40.
However, it should be indicated that the scour depth magnitudes on the downstream
side are quite smaller compared to the upstream and front sides. At the upstream and
front sides of the abutment, scour hole gradually developed until the end of 2 hours.
Nonetheless, after the 60th minute, scour hole development decelerated and small
alternations were observed between the 105th and 120th minutes. The maximum
scour depths at the upstream and front sides of the abutment were observed for the
locations of 0.20<&/y, ,<0.30 and -0.30<x/y,, ,<-0.05.
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Figure 4.78 Temporal development of scour hole around the rectangular abutment
of length Lo=30 cm for U/U, = 0.70 along Inducers 1 - 8
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Figure 4.79 Temporal development of scour hole around the rectangular abutment
of length La=30 cm for U/U. = 0.70 along Inducers 9 - 16
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Figure 4.80 Temporal development of scour hole around the rectangular abutment
of length La=30 cm for U/U, = 0.70 along Inducers 17 - 24
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After the flow intensity was increased to 0.8, scour depths rapidly increased at the

upstream and front sides of the abutment between the 120th and 135th minutes. On

the other side, small alterations were observed on the downstream side because of

the accumulation of sediment particles from the upstream. But, for the deposited

zones of 0.00<€/y, ,<0.40 at the downstream side, scour formation started to occur

during the second 2 hours of the experiment. In this stage of the experiment, the

scour hole gradually deepened around the abutment at a decreasing rate.

Furthermore, scour depths were almost the same between the 225th and 240th

minutes. The locations of the maximum scour depths in this stage were

approximately the same as in the previous stage, with a flow intensity of 0.7.
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Figure 4.83 Temporal development of scour hole around the rectangular abutment

of length La=30 cm for U/U. = 0.80 along Inducers 17 - 24
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When the flow intensity was increased to 0.9 for the last 2 hours of the experiment,
the development rate of the scour hole rapidly increased between the 240th and 255th
minutes. At the upstream side of the abutment, the rapid development of the scour
hole continued until the 315th minute and then the development rate of the scour
hole decreased. On this side, the maximum scour depths were recorded for the
locations of -0.05<&/y, ,<0.30. Moreover, scour hole development was very fast at
the front side between the 255th and 270th minutes and then the development process
slowed down until the 345th minutes. However, during the last 15 minutes of the
experiment, between the 345th and 360th minutes, scouring proceeded very fast once
again. At the front side of the abutment, the maximum scour depths were recorded
for the locations of -0.20<x/y,,<-0.10. At the downstream side of the abutment,
alterations of the scour depths were small between the 240th and 255th minutes.
Afterward, the development of scour hole was gradual until the 345th minute.
However, between the 345th and 360th minute, a reduction in the scour depths was
observed. In other words, the maximum scours on the downstream side for this case
were obtained at the 345th minute rather than the end of the experiment. This
situation might be caused by the accumulation of sediment particles from the front
side because of the rapid development of the scour hole between the 345th and 360th
minutes, as it was mentioned above. On the downstream side, the maximum scour
depths were measured at -0.40<&/y,,<-0.30. The final or maximum scour depths
around the abutment’s upstream, front and downstream sides are ds/y, ,=-0.80, -0.93
and -0.60, respectively. Approximately 77% of the final scour depth was recorded at

the 4th hour of the experiment.
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Figure 4.84 Temporal development of scour hole around the rectangular abutment
of length La=30 cm for U/U. = 0.90 along Inducers 1 - 8
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Figure 4.85 Temporal development of scour hole around the rectangular abutment
of length L,=30 cm for U/U. = 0.90 along Inducers 9 - 16
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Figure 4.86 Temporal development of scour hole around the rectangular abutment
of length L.=30 cm for U/U. = 0.90 along Inducers 17 - 24

4.4.1.2.4 The Abutment of Length La=25cm

The temporal variation of the scour hole around the abutment of length L.=25 cm is
given in Figures 4.87-4.95. During the first 2 hours of the experiment with the flow
intensity of 0.7, scour hole development was fast until the 15th minute at the front
side of the abutment. Then, scour hole gradually developed and after the 90th minute,
there were almost no alterations on the eroded bed. At this side, the maximum scour
depths were observed for the locations of -0.20<x/y, <-0.10. On the other hand, the
scour hole development at the upstream side of the abutment was small relative to
the front side of the abutment. Nevertheless, for the locations of -0.05</y, ,<0.40,
significant scour depths were obtained. Contrary to the upstream and front sides,
scour hole development was relatively slow on the downstream side of the abutment.
In particular, despite scour hole development was started for the locations of -
0.40<€/y,.,<-0.20, after the 45th minute, the magnitude of the scour depths was

almost insignificant.
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Figure 4.87 Temporal development of scour hole around the rectangular abutment
of length La=25 cm for U/U, = 0.70 along Inducers 1 - 8
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Figure 4.88 Temporal development of scour hole around the rectangular abutment
of length L,=25 cm for U/U. = 0.70 along Inducers 9 - 16
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Figure 4.89 Temporal development of scour hole around the rectangular abutment
of length L.=25 cm for U/U. = 0.70 along Inducers 17 - 24

After the flow intensity was increased to 0.8, the scour hole around the abutment
rapidly evolved between the 120th and 135th minutes. Afterward, development
continued with a decreasing rate until the end of the 240th minute, which means the
end of this stage of the experiment. Furthermore, the magnitude of the scour depths
at the upstream and front sides of the abutment was almost recorded the same
between the 225th and 240th minutes. At these sides, the maximum scour depths
were observed for the locations of -0.05<&/y,,<0.30 and -0.30<x/y,,<-0.05,
respectively. Moreover, at the downstream side of the abutment, the degradation of
the sediment particles eventually started for the locations of -0.40<&/y,, ,<0.00. For
those locations, the temporal development of the scour hole was similar to the
upstream and front sides. Especially after the 150th minute, remarkable scour holes
were observed and the maximum scour depth on the downstream side was recorded
at £/yy.7,=-0.40. On the other hand, for the locations of 0.10<&/y, ,<0.40, movement

on the bed material was insignificant, similar to the first 2 hours of the experiment.
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Figure 4.90 Temporal development of scour hole around the rectangular abutment
of length La=25 cm for U/U. = 0.80 along Inducers 1 - 8
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Figure 4.91 Temporal development of scour hole around the rectangular abutment
of length L,=25 cm for U/U. = 0.80 along Inducers 9 - 16
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Figure 4.92 Temporal development of scour hole around the rectangular abutment
of length L.=25 cm for U/U. = 0.80 along Inducers 17 - 24

During the last 2 hours of the experiment, with the flow intensity of 0.9, the
development of the scour hole gradually continued around the abutment at a
decreasing rate. Especially the magnitude of the scour depths was not changing too
much between the 345th and 360th minutes at the upstream and front sides of the
abutment. Furthermore, the development of the scour hole almost stopped after the
315th minute at the downstream side. In this stage of the experiment, the locations
of the maximum scour depths for all sides of the abutment were similar to the
previous stage mentioned above. The final or maximum scour depths around the
abutment’s upstream, front and downstream sides are ds/y, ,=-0.63, -0.78 and -0.44,
respectively. Approximately 84% of the final scour depth was recorded at the 4th

hour of the experiment.
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Figure 4.94 Temporal development of scour hole around the rectangular abutment
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Figure 4.95 Temporal development of scour hole around the rectangular abutment
of length L.=25 cm for U/U. = 0.90 along Inducers 17 - 24

4.4.1.25 The Abutment of Length La=20cm

The temporal development of the scour hole around the abutment of length L,=20
cm is presented in Figures 4.96-104. During the first 2 hours of the experiment with
the flow intensity of 0.7, scour hole development was pretty slow. At the upstream
side of the abutment, despite the scouring process started for the locations of
0.00<&/y,7,<0.40 after the 45th minute, development was observed as irregular and
the magnitude of the scour depths was relatively small. Also, on the downstream side
of the abutment, there was almost no movement on the bed material. Nonetheless, a
significant deposition region which decreased with increasing time was observed for
the locations of -0.40<&/y, ,<0.20. In this stage of the experiment, significant scour
development was only obtained at the front side of the abutment. Especially the scour
hole development was rapid until the 60th minute and then, scour hole development
continued gradually. On the front side of the abutment, the maximum scour depths

were recorded for the locations of -0.20<x/y, ,<0.10.
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Figure 4.96 Temporal development of scour hole around the rectangular abutment
of length La=20 cm for U/U, = 0.70 along Inducers 1 - 8
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Figure 4.97 Temporal development of scour hole around the rectangular abutment
of length L,=20 cm for U/U. = 0.70 along Inducers 9 - 16
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Figure 4.98 Temporal development of scour hole around the rectangular abutment
of length L.=20 cm for U/U. = 0.70 along Inducers 17 - 24

After the flow intensity was increased to 0.8 for the next 2 hours of the experiment,
significant scour formations eventually started to occur for the locations of -
0.40<&/y,,<-0.10 at the upstream side of the abutment. However, it should not be
forgotten that the magnitude of the scour depths was still small compared to the front
side of the abutment. On the other hand, for the locations of -0.10<&/y, ,<0.40, minor
sediment vertexes were observed rather than scour formation. On the upstream side,
the maximum scour depth was recorded at approximately &/y,,=0.30. Moreover, at
the front side, the gradual development of the scour hole with a decreasing rate
continued in this stage of the experiment. The maximum scour depths on the front
side were recorded for the locations of -0.20<&/y, ,<-0.10. Contrary to the upstream
and front sides, there was still no significant movement of the sediment particles on
the downstream side, even with the increased flow intensity. Nevertheless, after the
150th minute, small scour holes were observed at the downstream side of the

abutment.
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Figure 4.99 Temporal development of scour hole around the rectangular abutment
of length La=20 cm for U/U. = 0.80 along Inducers 1 - 8
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Figure 4.100 Temporal development of scour hole around the rectangular abutment
of length L,=20 cm for U/U. = 0.80 along Inducers 9 - 16
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Figure 4.101 Temporal development of scour hole around the rectangular abutment
of length L.=20 cm for U/U. = 0.80 along Inducers 17 - 24

During the last 2 hours of the experiment, with the flow intensity of 0.9, the
increasing rate of the scour development at the upstream and front sides of the
abutment increased and gradually continued. At the upstream and front sides,
significant increases were observed in scour depths, even at the last 15 minutes of
the experiment. On these sides, the maximum scour depths were obtained for the
locations of 0.20<&/y, ,<0.30 and -0.20<y/y, <-0.15. Moreover, scour formations
finally started to occur on the downstream side for the locations for -0.40<¢/y, ,<-
0.00 and gradually increased after the 240th minute. Nevertheless, it should be
indicated that the magnitude of the scour depths was small relative to those on the
upstream and front sides. The maximum scour depth on the downstream side was
recorded at &/y, ,=-0.40. The final or maximum scour depths around the abutment’s
upstream, front and downstream sides are ds/y,,=-0.48, -0.70 and -0.29,
respectively. Approximately 69% of the final scour depth was recorded at the 4th

hour of the experiment.
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Figure 4.102 Temporal development of scour hole around the rectangular abutment
of length La=20 cm for U/U. = 0.90 along Inducers 1 - 8
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Figure 4.103 Temporal development of scour hole around the rectangular abutment
of length L,=20 cm for U/U. = 0.90 along Inducers 9 - 16
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Figure 4.104 Temporal development of scour hole around the rectangular abutment
of length L.=20 cm for U/U. = 0.90 along Inducers 17 - 24

4.4.1.2.6 The Abutment of Length La=15cm

The temporal development of the scour hole around the abutment of length La=15
cm is given in Figures 4.105-113. During the first 4 hours of the experiment, with
the flow intensities of 0.7 and 0.8, scour hole development was pretty slow around
the abutment. Since the abutment length that was tested in this case is relatively short,
minor, or negligible, scour depths were accepted as reasonable at this stage of the
experiment. Especially at the upstream and downstream sides of the abutment, the
magnitude of the scour depths was insignificant. Nevertheless, on the upstream side,
for the locations of -0.40<&/y, ,<0.00, scour depths observed within the ranges of
1.5- 2 cm. However, on the downstream side, deposition of the sediment particles
was observed for the locations of -0.40<&/y, ,<-0.20 rather than scour. Moreover, on
the front side, scour hole development was relatively rapid during the initial stages

of the experiment. But after the 15th minute, scour hole development continued
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slowly until the 240th minute. The maximum scour depth on the front side was

recorded at approximately x/y, »=-0.20.
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Figure 4.105 Temporal development of scour hole around the rectangular abutment
of length La=15 cm for U/U. = 0.70 along Inducers 1 - 8
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Figure 4.106 Temporal development of scour hole around the rectangular abutment
of length La=15 cm for U/U. = 0.70 along Inducers 9 - 16
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Figure 4.107 Temporal development of scour hole around the rectangular abutment

of length Lo=15 cm for U/U. = 0.70 along Inducers 17 - 24
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Figure 4.108 Temporal development of scour hole around the rectangular abutment

of length La=15 cm for U/U. = 0.80 along Inducers 1 - 8
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Figure 4.109 Temporal development of scour hole around the rectangular abutment
of length La=15 cm for U/U. = 0.80 along Inducers 9 - 16
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Figure 4.110 Temporal development of scour hole around the rectangular abutment
of length La=15 cm for U/U. = 0.80 along Inducers 17 - 24
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After the flow intensity was increased to 0.9 at the 240th minute, scour hole
development gradually continued at the front side of the abutment like the previous
stages of the experiment having flow intensities of 0.7 and 0.8. Also, the location of
the maximum scour depth on the front side of the abutment did not change with the
increased flow intensity. On the other hand, increased flow intensity led to significant
scours at the upstream side of the abutment. Especially for the locations of
0.00<€/y,.7<0.30, where the maximum scour depths were observed, the magnitude
of the scour depths at the end of the experiment was approximately two times greater
than those at the end of the 4th hour. Moreover, the scouring process started at the
downstream side of the abutment after the 270th minute and the magnitude of the
scour depths was still small, even at the end of the experiment. The maximum scour
depths on the downstream side of the abutment were recorded for the locations of -
0.40<&/y,,<-0.30, within the range of 1.5 and 1.8 cm.
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Figure 4.111 Temporal development of scour hole around the rectangular abutment
of length La=15 cm for U/U, = 0.90 along Inducers 1 - 8
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Figure 4.112 Temporal development of scour hole around the rectangular abutment
of length La=15 cm for U/U¢ = 0.90 along Inducers 9 - 16
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Figure 4.113 Temporal development of scour hole around the rectangular abutment
of length La=15 cm for U/U. = 0.90 along Inducers 17 - 24
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4413  Summary of the Scour Hole Development Around the Abutments

From the figures presented in the previous subsections, it can be clearly claimed that
the greatest scour holes were observed at the front side or upstream toe of the
abutment for both semi-circular and rectangular abutments, as stated in related
references (Ballio and Orsi, 2000; Oliveto and Hager, 2002; Kumcu et al., 2007). In
other words, the maximum scour depths at the front side were obtained along the
Inducers 11-13. Although the measured maximum dimensionless scour depths were
not much different for the upstream and downstream sides of the abutment, scour
depths decreased dramatically at locations close to the wall on the downstream side
of the abutment due to the deposition of the sediment particles caused by the
downflow and primary vortices. At the upstream side of the abutment, the maximum
scour depths were generally obtained along the Inducers 4-8, which means the
magnitude of the scour depths increases while moving away from the sidewall and
being closer to the abutment toe. On the other hand, for all cases, the maximum

scour depth at the downstream side of the abutment was obtained from Inducer 17.

According to the experimental results, it can be revealed that the development of
scour holes around the abutments decreases as the abutment length decreases.
Likewise, the largest scour hole dimensions were obtained for the abutment of length
La= 40 cm and the smallest for the abutment of length La= 15 cm. Since shorter
abutment lengths led to smaller horseshoe vortex and decreased bed shear stress
regions compared to longer ones (Koken and Gogus, 2015), the magnitude of the
scour depths around the shorter abutments will always be smaller than the longer
abutments for similar flow and sediment properties. Hence, in this study, the
immotility of the sediment particles for the abutments of lengths L.=15 cm and 20
cm during the first 4 hours of the experiments with the flow intensities of 0.7 and 0.8

can be accepted as reasonable.

Moreover, it can also be underlined that the dimensions of the scour holes around
the rectangular abutments are greater than those around the semi-circular end

abutments for a given abutment length and duration. Because the streamlined shape
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of the semi-circular end abutments causes weaker downflow and secondary vortices
that are mainly responsible for scour formation than the rectangular abutment having
a blunt body (Barbhuiya and Dey, 2004). Hence, the obtained results show
consistency with the previous related studies in the literature, such as Laursen and
Toch (1956), Melville (1992), Hosseinjanzadeh et al. (2021), and Raikar et al.
(2022).

4472 Scour Depths at the Downstream, Upstream and Front Sides of the
Abutments

In this subsection, the maximum scour depth values at the upstream, front and
downstream sides of the abutments and their relationship with each other were
examined. In this study, the results of Inducer 5 (upstream side), Inducer 12 (front
side), and Inducer 17 (downstream side), which are generally observed as the most
critical points for each side in terms of scour depth values, were presented. Although,
for some cases, the maximum scour depth values for each side were recorded on the
different inducers (e.g., Inducer 6, Inducer 13), the discrepancies were detected as
pretty small. Hence, in order to provide consistency on the location of scour depths,
the scour depths obtained from the inducers mentioned above were used in the

analysis.

Figures 4.114-116 show the variation of dimensionless scour depth, dg/y,.7, around
the semi-circular end abutments with the dimensionless time, Ut/y, as a function of
flow intensity, U/Uc. In general, the trends of the data points given in these figures
for each abutment tested are very similar; the scour depths increased almost linearly
with time for an abutment of a given length, especially for those of La=25 cm, 30
cm, 35 cm and 40 cm. For relatively short abutments investigated within the scope
of this study having the lengths of L.=15 cm and 20 cm, the rate of increase of scour
depth around the above-mentioned measurement points was almost negligible for the
smallest flow intensity of 0.7, slowly increased when the flow intensity of the flow
became 0.8 and finally, at U/U.=0.9 a noticeable increase in the scour depth was
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observed. It can be stated that the maximum scour depths occur at the front sides of
the abutments compared to the other points where measurements were taken. On the
other hand, at the upstream side of the abutment having the length of La=15 cm, the
measured data of dg/y,, show that at this particular point, instead of scouring,
deposition of sediment was observed where most of the d/y,_,values were less than
zero for the tested range of flow intensity. At longer abutment lengths than L.=15
cm, which can be assumed as a “short abutment (La/y<1)” according to Melville
(1992), increasing scour depths were obtained with increasing abutment lengths. It
can also be stated that within the flow intensity zones tested, as the length of the
abutment increases, dg/y, - values increased for a given dimensionless time term
and the maximum scour depths were observed at the upstream, downstream and front
sides of the abutment of length L.=40 cm within the tested abutments. Especially,
ds/yo - values of the abutments of lengths La=30 cm, 35 cm and 40 cm during the
first 4 hours of the experiments with the flow intensities of 0.7 and 0.8 were
extremely high compared to those of L,=15 cm, 20 cm and 25 cm. However, the
differences in the scour depth values due to the abutment length decreased in the last
2 hours of the experiment with the flown intensity value of 0.9. So, it can be said that
for the shorter abutment lengths as La=15 cm, 20 cm and 25 cm, tested in this study,

the high flow intensity values triggered the occurrence of significant scour depths.

Figures 4.117-119 are plotted to show the variation of dimensionless scour depth,
ds/yo.7, around the rectangular abutments with the dimensionless time, Utly, as a
function of flow intensity, U/Uc. Similar to the temporal development of scour
around the semi-circular end abutments, the magnitude of the scour depths linearly
increased with time around the rectangular abutments. Again, the maximum scour
depths were obtained on the front side of the abutment regardless of the abutment
length. Also, the maximum scour depths at the upstream, front and downstream sides
of the abutment were recorded for the longest abutment of length L,=40 cm.
However, the magnitude of the scour depths around the rectangular abutments for a
given abutment length and time was obtained greater than those with semi-circular

end abutments. As it was mentioned in the previous subsection, the blunt nature of
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the rectangular abutments caused greater scour depths than semi-circular end
abutments. The magnitude of the maximum scour depth around the rectangular
abutments at the end of the experiment was approximately obtained 30% greater than
the semi-circular ones for the abutments of lengths L,=30, 35 and 40 cm. This finding
coincides with the results of Melville’s (1992) study that obtained the shape factor
values for the maximum scour depth around the semi-circular end and rectangular
abutments as 0.75 and 1, respectively. However, for the abutments of lengths La=15,
20 and 25 cm, it was observed that the magnitudes of the maximum scour depth
around the rectangular abutments are much greater than 30% compared to semi-
circular ones. The difference was obtained by approximately 44% for the abutment
of length La=25 cm while 67% for the abutment of length La=20 cm. Contrary to the
semi-circular end abutments, scour development around the rectangular abutments
of lengths La= 15 cm and 20 cm occurred even with the smallest flow intensity of
0.7 at the beginning of the experiments, especially at the front side of the abutment.
However, for those relatively small abutment lengths, deposition was observed at the
downstream side of the abutment with the smallest flow intensity of 0.7 and scouring

proceeded with the flow intensity of 0.8 at the 4th hour of the experiments.
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Variation of the dimensionless scour depths at the downstream and upstream sides
of the abutments with each other as a function of abutment length was plotted in
Figure 4.120. From this figure, it can be clearly seen that the scour depths at the
upstream nose are larger than those of the downstream nose for all the rectangular
abutment lengths. On the other hand, for the semi-circular abutment lengths, the
magnitude of the scour depths at the downstream and upstream sides of the abutment
were close to each other. On the contrary, the scour depths at the downstream nose
for the semi-circular abutments of lengths L.=15 cm and 20 cm were a little bit larger
than those of the upstream nose. Likewise, this situation was also observed during
the first 4 hours of the experiments for the semi-circular abutments of lengths L.=25
cm and 30 cm. So, it can be said that as the scouring rate increased due to the
increased flow intensity or abutment lengths, the magnitude of the scour depths
become greater on the upstream side compared to the downstream side. The presence
of downflows and horseshoe vortex systems along the upstream face and wake
vortices along the downstream face of an abutment play an important role in the
development of the scour holes. As a function of the abutment length the effects of
the aforementioned systems including flow intensity, the intensity of vortices and
turbulence on the formation, location and depth of the scour holes show differences
(Coleman et al., 2003). The abutments having the lengths of L. = 15 cm and 20 cm
tested in this study can be considered as short abutments and in the classification of
between short and intermediate abutments. Since these abutments are in a transition
zone between short and intermediate abutments, it was observed that maximum scour
shifted from upstream to downstream. In both cases, the effect of the abutment length
(La/y) on the value of (ds)u/'y may be considered as negligible. To compare the
numerical values of the dimensionless scour depths at the downstream and upstream
noses of the abutments an empirical relationship, Equation 4.7, between these

parameters was derived with R?=0.924.

ds dsy
T(d) = —0.016 + 0.866% 4.7
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Figure 4.120 Variation of (ds)a/y with (ds)u/y

Variation of the dimensionless scour depths at the downstream nose of the abutment
with those of the front nose of the abutment is shown in Figure 4.121. This figure
clearly presents that scour depths are larger at the front nose of the abutments than
those of the upstream nose for all the abutments tested. Meanwhile, it can also be
pointed out that the front nose of the abutments is more critical than the downstream
nose in terms of scour development. The effectiveness of the abutment front nose in
causing deeper scour depths than those of the abutment downstream nose becomes

obvious as the abutment length and sharpness increase. The equation of the best-fit
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curve of the data presented in Figure 4.121 is given below in Equation 4.8 with

R?=0.903.
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Figure 4.122 shows that the scour depths obtained at the front nose of the abutments

are always much larger than those of the upstream nose and almost the data points

of all the abutments tested collapse with each other on a straight line. From this

figure, it can be concluded that regardless of the abutment length the front noses of

the abutments are the locations where maximum scour depths are observed. A
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dimensionless relationship between the scour depths at the downstream and front

nose of the abutments is given in Equation 4.9 with R?=0.973.
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443 Comparison of Experimental Results with the Relationship
Proposed by Oliveto and Hager (2002, 2005a)

Oliveto and Hager (2002, 2005a) presented Equation 4.10 by using the data of a
series of experiments to predict time-dependent local scour depth around circular

piers and bridge abutments for steady-state clear water approach flow conditions.
Z = 0.068No~1/2F4**log (T) (4.10)

where Z=dimensionless scour depth, N=shape number and equal to 1 for circular
piers and 1.25 for rectangular abutments, Fg=densimetric Froude number (=
V/(g'dse)> with g’ = [{(ps — p)/plgl, ps= density of sediment, p=density of fluid,
g=acceleration of gravity and T=dimensionless time [= {(g'ds,)%°/Lg}t] With

reference length, L = L,23y'/3).

Afterward, Oliveto and Hager (2005a) proposed a superposition method by imposing
their predictor, which was proposed in Oliveto and Hager (2002) to predict local
scour development at bridge elements for unsteady-state approach flow conditions.
It was stated that when the constant coefficient of Equation 4.11 is taken as 0.048
instead of 0.068, more accurate results could be obtained for unsteady approach flow
conditions for the threshold Froude number, F, values of close to or lower than 0.6
(Oliveto and Hager, 2005b). Thus, their predictor changes in Equation 4.11:

7 = 0.048No~1/2F4**log (T) (4.11)

The procedure stated by Oliveto and Hager (2005a) was applied to predict the scour
depths. In this process, the shape factor N=1 was used due to the similarity between
the shapes of piers and semi-circular end abutments for the present study’s data
belong to the semi-circular end abutments. However, it should not be forgotten that
the scour depth around semi-circular end bridge abutments will be less than the scour
depth around bridge piers due to the boundary layer effects despite the mirror image
of the abutment can be considered equivalent to pier shape (Kothyari and Ranga

Raju, 2001). On the other hand, the shape factor N=1.25 was used for the present
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study’s data belonging to the rectangular abutments as it was indicated in Oliveto
and Hager (2002, 2005a). The present study’s experimental data at the front side of
the abutment with those calculated from Equation 4.11 were compared with each
other in Figures 4.123 and 4.124.

Figure 4.123 shows the calculated and experimental results of the semi-circular end
abutments having lengths of La=30 cm, 35 cm and 40 cm that reasonably agree with
each other for long abutments tested especially with increasing flow intensity in +
30% error range. On the contrary, Equation 4.11 over-predicts scour depths for the
semi-circular end abutments of lengths L,=15 cm, 20 cm and 25 cm. On the other
hand, Figure 4.124 shows that the data of this study belonging to the rectangular
abutments do not show consistency with the proposed equation of Oliveto and Hager
(2002, 2005a), contrary to the data of this study belonging to the semi-circular end
abutments. Nevertheless, the obtained data with the highest flow intensity of 0.9
belonging to the rectangular abutments of lengths L.=30 cm, 35 cm and 40 cm stayed
in the £30-40% error range. However, as the flow intensity decreases, the proposed
equation over-predicts the scour depths. For the shorter rectangular abutment lengths
of La=15 cm, 20 cm and 25 cm over-predictions were also observed. It should be
underlined that as the abutment length decreases, the magnitude of the velocity field
around the abutment length becomes smaller than the mean approach velocity since
a large part of the abutment length remains in the sidewall boundary layer (Oliveto
and Hager, 2005a). Hence, the over-predictions for the smaller semi-circular end and

rectangular abutment lengths might occur due to this situation.
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Figure 4.123 Comparison of the dimensionless scour depth data of this study
belonging to semi-circular end abutments with those calculated by the equation
proposed by Oliveto and Hager (2002, 2005a)
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CHAPTER 5

APPLICATION OF COLLARS AS A SCOUR COUNTERMEASURE
AROUND BRIDGE ABUTMENTS

In this chapter of this study, the countermeasure concept and common
countermeasure techniques are explained in detail. In addition, the advantages and
disadvantages of various countermeasure techniques are presented. Then, previous
related studies found in the literature are mentioned. Finally, the results of the
conducted experiments with collars in order to reduce the local scour depth around
semi-circular end and rectangular bridge abutments under unsteady clear-water flow
conditions are presented and the scour reduction efficiencies of the collars are

discussed.

5.1 General Remarks

As mentioned in previous chapters, scour formation around bridge abutments during
flood events can cause the collapse of bridges and even loss of lives. As a result of
the increasing number of failure events of bridges due to abutment scour, studies
have been more focused on scour countermeasures to prevent or reduce the scour
formation around the bridge abutments. The main goal of studies on countermeasures
for bridge scour is to establish design standards for countermeasures that are efficient
in preventing or reducing local scour at the abutments to protect and restore the
existing bridges from scour failures and bridges that will be constructed in the future
(Lietal., 2006).

Several studies have been conducted to examine and offer recommendations for the
application of scour countermeasures around bridge abutments. Notably, the FHWA
Hydraulic Engineering Circular No. 23 (HEC 23) "Bridge Scour And Stream
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Instability Countermeasures Experience, Selection, and Design Guidance™ (2001)
and NCHRP, Report 587 "Countermeasures to Protect Bridge Abutments from
Scour" discuss a variety of countermeasures. Additionally, a countermeasure by
HEC-23 was defined as "a measure incorporated at a stream/bridge crossing system
to monitor, control, inhibit, change, delay, or minimize stream and bridge stability
problems and scour by Agrawal et al. (2007) in FHWA NJ's "Handbook of Scour
Countermeasures Designs” Final Report. This definition makes it clear that the
choice of a countermeasure is directly related to the severity of the issue.

When choosing the appropriate countermeasures, it is critical to evaluate the
environmental regulations, economic situations, availability, serviceability,
applicability and design constraints in addition to assessing the current status of the
problem (Daskin, 2011). The parameters that are listed below are generally the main

criteria for selecting countermeasures (NCHRP, Report 587, 2007):

o Cost,

e Technical effectiveness,

e Constructability,

e Durability and maintainability,

e Aestechich and environmental issues.

5.2  Countermeasure Concept and Applications on Abutment Scour

Scour countermeasures have been classified into two groups; armoring and flow-
altering countermeasures. The armoring countermeasures such as riprap, grout-filled
bags, cable-tied blocks, geo- bags, mainly focus on protecting the bridge element by
keeping the scour away from the critical zones of the bridge element in terms of
scour (Li et al., 2006). On the other hand, flow-altering countermeasures such as
collars, vanes, slots, etc. aim to reduce the strength of the downflow and primary or
horseshoe vortices in order to decrease the scour depth and deaccelerate the scour

development (Tafarojnoruz et al., 2012a). Flow-altering countermeasures have been
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accepted as more economical than armoring countermeasures because of the required

amount of stone that may not be provided around the bridge site (Zarrati et al., 2004).

Scour countermeasures against the abutment scour and their advantages and

disadvantages are presented in Table 5.1.

Table 5.1 Abutment scour countermeasures and their advantages and disadvantages
(Agrawal et al., 2007) (retrieved from Daskin, 2011)

Countermeasure

Advantages

Disadvantages

Local Scour at Abutmen

Peak Flood Closure

Low initial cost

Limits access, constant
monitoring

Monitoring

Low initial cost

Does not prevent scour

Riprap

Familiarity, relatively low
cost and maintenance, easy
to construct, ability to
adjust to minor scour

Can wash out, and disturbs
the channel ecosystem
until vegetation
reestablished

Gabions

Relatively low cost, ability
to adjust to minor scour

Can be undermined, stones
can wash out of wire mesh
and disturb the channel
ecosystem

Cable-tied Blocks

Will not wash out as easily

More difficult to construct,
higher maintenance

Tile Mats

Will not wash out as easily

More difficult to construct,
higher maintenance, easier
for water to lift

Alarm Systems

Low initial cost

Provides no scour
protection, and must be
checked periodically

Articulated Mattress

Coherent structure, the
individual block will not
wash out

More difficult to construct,
easier for water to lift

Concrete-filled
Mattress

Rocks will not wash out,
and relative ease of

construction

Can be undermined, easy
for water to lift
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Table 5.1 (continued)

Locking Blocks

Coherent structure, the
individual block will not
wash out

More difficult to construct,
easier for water to lift

High cost and
maintenance, can be

Pavement Conceptually appealing undermined, easy for
water to lift
Rock Boling Strong, low maintenance Costly, only for abutments
on bedrock

Grouted Riprap

Rocks will not wash out,
and relative ease of
construction

Can be undermined, easy
for water to lift

Sacrificial Piles

Conceptually appealing

Not effective, high cost

Grout Bags

Ease of construction, low
cost

Bags can wash out

Sheet Piling

Stops flow, helpful in
dewatering

Scour can occur near sheet
piling, construction
difficulty, rust

Hinged-
Slab/Tethered Block
System

Will not erode under
extreme velocities

Could be subject to edge
undermining

River Control

Spur Dikes / Guide
Banks

Proven effective

Can wash out, need to
protect guide bank walls,
obstructs navigation

Submerged Vanes

Elegant approach, not too
expensive, effective

Obstructs navigation,
possible debris snags,
construction difficult

Collars

Low cost and
maintenance, effective

Does not eliminate scour,
does not have much
experience

Attached Vanes

Low cost and
maintenance, effective

Does not eliminate scour,
does not have much
experience
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When considering the safety of hydraulic structures, scour appears to be the main
threat. Despite several studies that have been conducted, the scour problem has not
yet been entirely and successfully solved. After reviewing these studies, it is possible
to conclude that various countermeasures could be used to reduce scour depths
(Daskin, 2011). The usage of collars is one of the most common flow-altering
techniques to reduce and delay scour formation around bridge elements. The flow
pattern around the bridge element is manipulated by the installation of the collar.
Thus, the occurrence of the large bed shear stresses and pressure fluctuations, which
causes scour formation, due to the primary vortex and the vortex tubes at the
upstream side of the bridge elements being decreased (Kumcu et al., 2014). At the
zones above the collar, it deaccelerates downflow movement into regions below the
collar while reducing the downflow and primary vortices at the zones below the
collar. Therefore, scour reduction performance of a collar mostly depend on its size
and location relative to the bed level (Kumar et al., 1999). Although the efficiencies
of collars in reducing the scour formation around the bridge elements have been a
popular research area in the last decades, the studies have generally been focused on
the pier or abutment scour under steady-state approach flow conditions. However,
studies about the influence of collars on abutment scour under unsteady-state
approach flow conditions have not been investigated yet. In the scope of this study,
experiments were carried out to investigate scour reduction efficiencies of collars
under unsteady-state clear-water approach flow conditions. The methodology,

procedure and results of the experiments are given in the following subsections.

5.3 Literature Review

In the past years, several studies were conducted by researchers under steady-state
approach flow conditions (Melville, 1992; Kandasamy and Melville, 1998; Kothyari
and Ranga Raju, 2001; Oliveto and Hager, 2002; Coleman et al., 2003; Dey and
Barbhuiya, 2005b) and quasi-unsteady or unsteady- state approach flow conditions
(Oliveto and Hager 2005a; Hager and Unger 2010; Borghei et al., 2012; Tabarestani
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and Zarrati, 2017; Bombar, 2020; Gokmener and Gogus, 2022; Raikar et al., 2022)
to understand scour mechanism and predict the temporal variation of maximum
scour depth around bridge elements. Despite these extensive studies in the literature;
investigating the temporal development of maximum scour depth around bridge
elements is not enough to solve the issues related to the scouring process, scour
countermeasures and their applications on bridge elements should also be
investigated (Kumcu et al., 2014). In this subsection, a summary of extensive studies
found in the literature related to the application of collars on bridge elements to

reduce or eliminate the scour depth is presented.

Chiew (1992) tested the efficiencies of the collar and slot as scour countermeasures
for circular piers under steady-state clear-water approach flow conditions. It was
stated that the scour depth can be decreased by 20-30% by increasing collar width
and lowering the collar elevation. Likewise, as the slot length and width are
increased, the scour depths can also be decreased by 20-30%. The combination of
collar and slot was also tested and gave successful results to eliminate the scour
depth. Yet, the combination of collar and slot was presented as a cheaper alternative

to riprap protection.

Kumar et. al (1999) conducted experiments on scour reduction efficiencies of
rectangular slots and circular collars on local scour around bridge piers under steady-
state clear-water approach flow conditions. It was mentioned that the effect of slots
and collars on the flow is different from each other. If a slot is located near the bed
level, it can change the direction of downflow away from the bed and also break the
horseshoe vortex. If a slot is located near the water surface, downflow and horseshoe
vortex can be reduced efficiently; on the other hand, a collar can divide the flow into
two regions those regions above the collar downflow loses their strength and the
region below the collar, downflow and horseshoe vortex are reduced. Five different
collar sizes with two different pier diameters were tested during the experiments
under steady-state clear-water approach flow conditions. In addition, three different
uniform size grains of sand were tested. In conclusion, it was stated that the greatest

scour depth was observed for the thinnest collar placed at higher elevations.
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However, the smallest scour depth was observed for the thickest collar placed at

lower elevations.

Zarrati et al. (2004) tested the scour reduction efficiencies of collars around
rectangular bridge piers under steady-state clear-water approach flow conditions.
The performance of collars was not only tested for aligned piers but also skewed
piers at 5° and 10° were tested. Based on experimental results, it was indicated that
the most efficient collar performance is observed when the collar was located on the
bed level, having a width of 3 times of pier diameter. It was also stated that the scour
reduction efficiencies of collars decreases as the skewness of the pier increases for a

given pier and collar width.

Li et al. (2005) performed experiments using flat, horizontal and steel collars around
a wing-wall abutment to test the performance of collars as a scour countermeasure
under steady-state clear-water approach flow conditions. It was revealed that the
collars show successful results in reducing scour depth around abutments by
preventing secondary vortices that can lead to local scour. Moreover, the best collar
performance was obtained at the elevation of 0.08y below the bed level where y is
the flow depth.

Alabi (2006) conducted an experimental study to investigate the effect of collars on
delaying the temporal development of scour around circular bridge piers under
steady clear-water flow conditions. Three series of experiments were performed to
understand the effect of flow intensity, collar width and pier diameter on the temporal
development of scour. The experiments were carried out for up to 200 hours to
observe the efficiencies of collars under equilibrium scour conditions. Based on
experimental results, it was concluded that collars are very effective
countermeasures to slow down the scouring rate and reduce scour depth around
bridge piers, but it was also stated that for long durations equilibrium scour depth

can be reached even usage of collars.

Kumcu et al. (2007) investigated the efficiencies of collars in reducing the temporal

variation of scour around rectangular bridge abutments. Collars with varying widths
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and elevations were tested on varying lengths of abutments by using uniform
erodible sand, dso= 1.48 mm, for a 6-hour duration. It was concluded that the
maximum scour depth can be decreased around the abutment between 20-80%
approximately related to the size and location of the collar.

Moncada et al. (2009) studied the efficiencies of collars and slots as scour
countermeasures for circular bridge piers. The experiments were carried out under
steady-state clear-water approach flow conditions using uniform sand, dso=1.4 mm.
According to the experimental results, it was stated that the collars having width 2
times of pier diameter located at bed level, around circular piers reduce the maximum
scour depth by around 55-96%. The collars located below the bed level showed also
significant performances on scour reduction. Moreover, the efficiencies of collars
increase with increasing collar size. It was also underlined that for the smaller
approach flow depths, better collar performances were observed independent of
collar size. On the other hand, it was indicated that the slots can reduce the maximum
scour depth by around 48-88% based on the slot length and location.

Gogus and Dogan (2010) carried out experiments to investigate the effect of grain
size on the performance of the collars in reducing scour depth around rectangular
abutments. Experimental conditions were nearly the same as Kumcu et al. (2007,
2014) except for using different grain sizes of the bed material, dsp=0.9 mm. 97
experiments were conducted with different lengths of abutments with constant
widths and the different sizes of collars with different elevations related to bed level.
6 hours continuous runs performed under steady-state clear- water approach flow
conditions. Based on experimental results, it was mentioned that the efficiencies of
collars increase with increasing collar width, but it is decreasing with increasing
abutment length. Also, it was indicated that the collars which are located below the
bed level provide optimal collar efficiency. Finally, it was mentioned that the grain
size of the bed material has not any significant effect on the optimum location based

on the comparison of the results with Kayatiirk (2005) and Kumcu et al. (2007).
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Daskin (2011) tested the scour reduction efficiencies of collars having various widths
located at different elevations around the semi-circular end abutments under steady-
state clear-water approach flow conditions with constant flow intensity, U/U=0.9.
Six different abutment lengths were tested with an almost uniform cohesionless bed
material (dso= 1.50 mm) for 3 h with and without collars. Based on the experimental
results of the study, it was concluded that the performance of collars in reducing
scour increases with increasing collar width and placing the collar below the bed
level for a given abutment length. On the other hand, it was indicated that the effect
of collars on the maximum scour depth reduction decreases as the abutment length
increases. The maximum scour depth was reduced within a range of 9-65%

depending on abutment length, collar width and collar elevation.

Tafarojnoruz et al. (2012a) evaluated scour reduction performance of six different
flow-altering countermeasures around circular bridge piers under steady-state clear-
water approach flow conditions. It was concluded that the collar, pier slot and
transverse sacrificial piles can reduce the maximum scour depth by up to 35%,
whereas the efficiencies of bed sill, submerged vanes and threading reduce by up to
20%. Based on the low efficiencies of flow-altering countermeasures on scour
reduction performance observed in Tafarojnoruz et al. (2012a)’s study, Gauido et al.
(2012) recommended using a combination of flow-altering countermeasures to
reduce maximum scour depth around the circular piers. Therefore, the combination
of bed-sill and collar together which reduce the maximum scour depth by
approximately 76%, was recommended as the best combination for scour

countermeasure.

Tafarojnoruz et al. (2012b) presented another study in order to investigate the
combined effect of the collar and bed sill as a scour countermeasure for circular and
rectangular piers. A series of experiments were conducted under steady and
unsteady-state for both clear-water and live-bed scour conditions. Experimental
results showed that the combination of collar and bed sill reduced the maximum

scour depth by around 63% for circular piers under all different flow conditions; on
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the other hand, the scour reduction rate was measured by around 75% for rectangular

piers under unsteady-state clear-water approach flow conditions.

Tekin (2012) conducted experiments to observe scour mechanism around semi-
circular end bridge abutments under steady-state clear-water approach flow
conditions with a uniform grain size of dsp= 1.5 mm. 34 experiments were
continuously performed for 3 hours with and without collars to obtain the scour
reduction efficiencies of collars for semi-circular end bridge abutments. Two
different abutment lengths were tested with collar widths that were placed at various
elevations relative to bed level. In order to understand the effect of flow
characteristics on collar efficiency, two different flow intensity values U/U.= 0.7 and
0.8, were also tested during the experiments. According to the experimental results,
it was mentioned that collars located near the bed level give the most efficient scour
depth reduction for the smaller flow intensity value of U/Uc= 0.7, on the other hand,
for the bigger flow intensity value of U/U.= 0.8, collars located below the bed level
give the most efficient scour depth reduction. Finally, it was concluded that as the

collar width increased, the scour reduction performance of the collars increased.

Kumcu et. al (2014) performed experiments to research collar efficiency to reduce
scour depth at rectangular bridge abutments. Experiments were carried out under
steady-state clear-water approach flow conditions. To achieve near-threshold flow
conditions, the flow intensity value of U/U.= 0.9 were tested. 105 different
experiments were conducted for 4 different collar widths and 5 different abutment
lengths having constant widths and also collars were located at various elevations
relative to the bed level. Based on experimental results, it was indicated that the
maximum scour depth around the abutment decreases by the attachment of a collar
within a range of 70-100%. The higher collar efficiency was observed for the smaller
abutment lengths while having larger collar widths that are generally placed below
the bed level. Finally, the application of collars as a scour countermeasure was
suggested as a cheaper alternative for riprap protection to reduce or eliminate the

scouring around the abutments.
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Yilmaz (2014) investigated the efficiencies collars as a scour countermeasure for
spill-through abutments. Various widths of collars at different elevations with
respect to the bed level under steady-state clear-water approach flow conditions were
tested during the experiments. Scour reduction performances of the collars were also
tested against the contraction scour by using the multiple abutment configurations.
Based on experimental results, it was concluded that the collars not only reduce the
maximum scour depth by around 52% for both single and multiple abutment
configurations and shift the maximum scours location away from the abutment.
Finally, it was stated that for the single abutment configurations, collars are more
successful to reduce the scour depth for the abutment lengths, which are two times

longer than the flow depth.

Karami et al. (2018) studied the effect of the collar on flow pattern and scour
formation around the short rectangular abutments under steady-state clear-water
approach flow conditions. It was concluded that the attachment of the collar on the
abutment reduces the turbulent intensity and shear stress around the abutment, thus,
scour formation is delayed because of weaker vortices. The maximum scour depth
reduction was observed for the collar having a width 2 times of abutment length
below the bed level by 88.2%.

Khosravinia et al. (2018) investigated the scour reduction performances of
trapezoidal collars around wing-wall abutments experimentally under steady-state
clear-water approach flow conditions. It was stated that increased collar width not
only reduces the maximum scour depth but also delays the occurrence of scour
formation. Experimental results reveal that the installation of a collar around the
wing-wall abutment reduces the maximum scour depth within a range of 9%- 37%

based on collar width.

Tabarestani and Zarrati (2019) performed experiments on the local scour
development around a circular pier protected by a collar under steady and unsteady-
state clear-water approach flow conditions. In their study, the time for reaching the

scour below the collar level was considered rather than scour reduction amounts of
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collars to evaluate scour reduction efficiencies of collars. The results indicated that
decreasing flow intensity, U/U¢ from 0.99 to 0.8 delayed the onset of degradation of
the bed material below the collar by 26 times. Hereby, it was stated that flow intensity
is the most dominant parameter for scour development around piers either without

or with a collar.

Atarodi et al. (2021) applied Taguchi Method to understand the influence of
parameters such as collar elevation, size and shape on the scour formation around
spur dikes to obtain optimal collar performances. According to the results, the most
influential parameters affecting the collar performance were given as collar
elevation, skewness, collar area and collar shape, respectively. Moreover, it was
emphasized that the influence of collars on scour reduction decreases with increasing

flow intensity.

Hosseinjanzadeh et al. (2021) carried out experiments to obtain the collar
performance on reducing the maximum scour depth around short abutments having
various shapes as the rectangular, wing-wall and semi-circular end. Four different
flow intensities were tested under steady-state clear-water approach flow conditions.
It was concluded that the optimal collar location is the bed level for wing-wall and
semi-circular abutments while below the bed level for a rectangular abutment.
Moreover, it was also underlined that the scour reduction performance of a collar
increases as collar width is increased for a given collar location relative to the bed

level.

Osroush et al. (2021) investigated the scour reduction efficiencies of collars and slots
around rectangular bridge abutments under steady-state clear-water approach flow
conditions. Experiments were conducted with either a collar or slot and combinations
of them. Based on experimental results, it was stated that collar width is the
significant parameter in reducing the scour depth when the collar is attached to the
abutment as a scour countermeasure. In other words, as the dimensionless collar
width increased from 1.6 to 2 for a given Froude number, the maximum scour around

the abutment increased from 44% to 88%. On the other hand, the usage of a slot on
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the abutment as a scour countermeasure also gave successful results in reducing the
maximum scour depth within the range of 34-59%. However, the best results for
scour reduction were obtained for the attachment of the collar and slot together by
reducing the scour depth by around 48-100%. Finally, it was indicated that the scour
reduction efficiencies of collars and slots decreases as the Froude number increases

independent of either collar or slot properties.

Valela et al. (2021) and Valela et al. (2022) designed a three-dimensional collar
shape instead of widely- used flat plate collars for circular piers considering the flow
pattern around the pier. The design phase was achieved by using the OpenFOAM
(CFD) software and the outputs of the numerical model were studied experimentally
under steady-state clear-water approach flow conditions. Based on experimental
results, the optimally designed collar shape provided a remarkable decrease in both
maximum scour depth and scour volume for smaller Froude numbers than 0.3 when
compared with the flat plate collars. However, for larger Froude numbers, on the
contrary, flat plate collars had better results on scour reduction efficiency.

Kumcu et al. (2022) performed a series of experiments to predict the downstream
shift location of the maximum scour depth while a collar is attached to the abutment
and pier. Experimental results showed that the attachment of a collar around a pier
or abutment leads to the movement of the location of maximum scour depth to the
downstream direction. Furthermore, it was underlined that as the flow intensity
increased the distance of shift location of maximum scour depth to the collar or
abutment decreased as well as the scour reduction efficiency of a collar. During the
study, it was also obtained that the maximum average scour depths decreased by

around 25-38% by the application of the collars as a scour countermeasure.

Khajavi et al. (2022) studied the efficiencies of spur dikes, which are placed at the
upstream side of the abutment, as a scour countermeasure for rectangular abutments
under unsteady-state clear-water flow conditions. Nine hydrographs that differ from
each other in terms of duration (15, 30 and 60 minutes) and skewness were tested

during the experiments. Based on experimental results, impermeable spur dikes
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provided a complete elimination of scour around the abutment; on the other hand,

maximum scour depths around the abutment were reduced by an average of 40%.

However, the duration and skewness of the hydrographs had not any significant

influence on scour reduction performances of spur dike whether it is permeable or

impermeable.

Flow, sediment, abutment and collar properties of the studies mentioned above

related to the abutment-collar arrangement are summarized in Table 5.2.

Table 5.2 Summary of previous studies related to the abutment-collar arrangement

Ranges Approachin
Abutment Grain Size, |Duration|  of PP 9
Study Shape Collar Type doy (mm) " o Flow
% . Condition
Intensity
; Vertical-f lear-wat
Lietal. (2006) eTHcatiace | pectangular 0.8 80 0g | Clearwater
wing wall scour
Kumeu et al. (2007 and 2014)| VoM@ Walll oo nguiar | 1.48 6 | 0g.p |Clarwater
rectangular scour
Vertical-wall lear-wat
Gogus and Dogan (2010) Rectangular 0.9 6 0g | Clearwater
rectangular scour
Yilmaz (2014) Spill-through | Rectangular 1.50 4 0.9 Cle:(r:-ovl\fter
Khosravinia et al. (2018) | Wing- wall | Trapezoidal |  0.40 10 0.9 C'ez(:'o":f‘ter
Vertical-wall| Rectangular Clear-water
Hosseinjanzadeh et al. (2021)| Wing-wall | Trapezoidal 0.91 40 |0.65-0.95 scour
Semi-circular | Semi-circular
Osroush et al. (2021) Vertical-wall Rectangular 137 13 0.69, 0.79,| Clear-water
rectangular 0.91 scour
Kumcuetal. (022 | verteakweal Rectangular 1.48 12 | 0g.y |Clearwater
rectangular scour

5.4

Methodology of the Experiments

The maximum scour depth around an abutment with a collar, (ds)max,c, under

unsteady-state clear-water approach flow conditions are presented as a function of

parameters given below:
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(ds)max,c = f{La’ Ba' Bc' Zc» Tc» U: Y, SO» 8 Ps: Py 1L dSO' Gg' tp' tmax' B} (5-1)

where L, is the length of the abutment perpendicular to the flow direction, Ba is the
width of the abutment; B is the collar width; Z. is the elevation of the collar with
respect to the sand level; T¢ is the collar thickness; U is the average flow velocity; y
is the flow depth; So is the bed slope of the channel; g is the acceleration of gravity;
ps is the density of bed material; p is the dynamic viscosity of water; dso is the median
diameter of bed material; og is the geometric standard deviation of bed material and
og IS the dsa/d1s) Where dgs is the particle diameter for which 84% of the sediment is
finer; and dss is the particle diameter for which 16% of the sediment is finer; tpis the
time period of the experiment for a given flow intensity starting from the beginning
as 2 hours, 4 hours and 6 hours duration of the experiment; tmax, Which equals to 6
hours in this study, is the total duration of the experiment that represents the total
duration of flood and B=width of the channel.

The parameters that are given in Equation 5.1 are transformed into dimensionless

parameters by applying Buckingham’s 7 theorem as;

(ds)max,c =f Ly By Be Zc Tc ps U B p Uty ¢tp dso 5.2
- S R A T R R o ] ] ] Olo-gl ( . )
y Y'Y YV YV VY P V& Y Upy ¥V tmax y

Since the experiments were conducted with one sediment size, constant parameters
of bed slope, channel width, collar thickness and abutment width, related parameters

can be excluded from Equation 5.2. Considering the turbulence nature of the open

channel flows viscous effects can also be neglected. Moreover, the flow intensity

term, U/U. can be written instead of the Froude number, U/@ Therefore, Equation

5.2 can be simplified as;

(d9)maxc _ f{La La Ze U Uty tp } (5.3

y y Bc’y'Uc’ y 'tmax

The performances of collars on scour reduction were calculated by comparing scour
depths of a given abutment with and without collar cases using the expression given

in Equation 5.4.
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(ds)max— (ds)max,c Ly Ly Zc U Ut t
@max {_ By Uy _p} (5.4)

where (ds)max is the maximum scour depth around the abutment without a collar.

5.5  Experimental Procedure

The procedure of the experiments conducted with collars is similar to the
experiments conducted without collars already mentioned in Section 4.3. Also, the
experimental conditions presented in Table 4.2 is valid for the experiments with
collars. Three different semi-circular and rectangular abutments of lengths La= 20
cm, 30 cm and 40 cm made of plexiglass were tested experimentally under unsteady-
state clear-water approach flow conditions. Collars having widths of 5 ¢cm, 7.5 cm
and 10 cm with a thickness of 3 mm were attached to the abutments in order to reduce
the maximum scour depth. Two different collar shapes were tested during the
experiments relative to the abutment shape: semi-circular end collars were attached
to the semi-circular end abutments and rectangular collars were attached to the
rectangular abutments. Collars were tested for three different elevations relative to
the bed level; on the bed level, 0.25 and 0.5 times the flow depth, which was operated
for the first 2 hours (y, 7 = 17.4 cm, U/U. = 0.7) of the experiments, below the bed

level.

Unsteady-state approach flow conditions were obtained by applying a step-wise
hydrograph based on flow intensity (Figure 4.3). Step-wise hydrograph consists of
three flow intensity values, U/U¢= 0.7, 0.8 and 0.9 each one applied continuously for
2 hours, respectively, was run for 6 hours. In addition to the justifications provided
in Section 4.3 for the selected duration of the experiments, it should not be forgotten
that the main aim of the present study is to investigate the scour reduction efficiencies
of collars with varying size and elevation configurations rather than investigate the
maximum scour depth at equilibrium conditions, so, 6 hours was found sufficient to

evaluate the scour reduction performances of collars (Johnson et al., 2001; Kumcu
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et al., 2007, 2014 and Valela et al., 2022). The step-wise hydrograph was applied
with a constant discharge (Q=0.0678 It/s). Flow intensity was increased every 2
hours by decreasing the flow depth with adjustment of the tailwater gate at the
downstream of the channel. A ruler, which was glued to the wall of the sand layer of
the flume, with an accuracy of £1 mm was used to measure the flow depth. At the
beginning of the experiments, the tailwater gate at the downstream of the channel
was adjusted to the flow depth, y=17.4 cm and flow intensity, U/U.=0.7. 2 and 4
hours later, flow depth was decreased to y=15.2 and 13.5 cm, respectively in order
to obtain flow intensities, U/U:=0.8 and 0.9. Abutment lengths, collar sizes and
locations during the experiments are summarized with a sketch of a semi-circular

end bridge abutment-collar arrangement in Table 5.3.
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Table 5.3 Abutment lengths, collar sizes and locations tested during the experiments

L. B. Z: (cm) with Z./y,, with
Abutment Tvpe (cm (cm respect to the bed | respect to the bed
le";el ]_e'i.'el
10.0 -8.70 -0.50
TopMiew
1 20 7.5 -4.35 -0.25
\h ) 50 +0.00 +0.00
B 10.0 8.70 0.50
—
Flow :: . 2 30 1.5 -4.35 -0.25
s
: 7 : 5.0 +0.00 +0.00
= = ~
= L= 10.0 -8.70 -0.50
3 40 7.5 -4.35 -0.25
50 +0.00 +0.00

In order not to disturb the flow pattern and scour hole during experiments, scour
depth measurements could not be done during the experiments. Moreover, it was not
possible to measure the scour depths below the collar level without detaching it.
Consequently, each experiment was divided into three stages (Figure 5.1). In the first
stage, the flow intensity of U/U.=0.7 was tested only for 2 hours, then the experiment
was ended and scour measurements were done after the drain of water from the
channel. In the second stage, U/U.=0.7 were tested for 2 hours, then the flow
intensity was gradually increased to U/U.=0.8 and the experiment was continued for
another 2 hours and then was ended. So, scour depth measurements were done at the

end of the 4th hour. The same procedure was repeated in the third stage with the flow
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intensity of U/Uc=0.9 for another 2 hours. So, after three stages, final scour depths

for the end of each stage; the 2nd, 4th and 6th hours were obtained.

|

( Third Stage \
11 }\

|( Second Stage \
0o }I\ |

fr First Stage \ |

U/,

0.3

01

t (hr)

Figure 5.1 Stepwise hydrograph used in the experiments with the divided stages

5.6  Analysis and Discussion of the Experimental Results

This section analyzes and discusses the scour reduction performances of collars
around semi-circular end and rectangular bridge abutments with varying lengths and
flow intensities under unsteady-state clear-water flow conditions. A sample of the
related data is provided in Appendix B.

As it was mentioned in the previous section, 3 different semi-circular end and
rectangular bridge abutments of lengths La=20 cm, 30 cm and 40 cm were tested
with 3 different collar widths of B¢=5 cm, 7.5 cm and 10 cm that were placed at 3
different elevations on the abutments, Z./y,.,=-0.50, 0.25, +0.00, relative to the bed
level. However, the collars placed at the elevation of Z../y, = -0.50 for the abutment
of length, La=20 cm was not tested along the experiments since the obtained

dimensionless maximum scour depths for the abutment of length L,=20 cm were
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smaller than the elevation of Z./y,,= -0.50, which is obtained as ineffective for
scour reduction. Within the scope of the study, 162 experiments, 18 of them without
collars, were conducted with constant discharge and decreasing flow depth
(increasing flow velocity and intensity) by applying a step-wise hydrograph for 6
hours with collars to investigate the performances of collars as a scour
countermeasure for various flow intensities, abutment lengths, collar widths and

locations.

56.1 Semi-Circular End Bridge Abutments

5.6.1.1  The Abutment of Length La= 40 cm

At the end of the first stage of the experiments with the flow intensity of 0.7, it can
be clearly seen in Figure 5.2 that the maximum scour reductions were observed when
the collar was located at an elevation of Z./y,-, = £0.00 for all the collar widths
tested. At an elevation of Z./y,, = £0.00, the best collar performance was
observed for the collar of Bc=10 cm. On the other hand, it was also observed that as
the collar width is decreased to Bc=5 cm and 7.5 cm, scour reduction efficiencies of
the collars decreases. Although the performances of the collars of Bc=5 cm and 7.5
cm were similar to each other, the collar of B:=7.5 cm gave more successful results
on shifting the maximum scour depth towards the downstream side of the abutment.
Moreover, when the collars were located below the bed level at an elevation of
Z./yo, =-0.25, the efficiency of the collar decreased by around 30% when
compared to the collar located at an elevation of Z./y,» = £0.00. At this elevation,
the scour reduction efficiencies of all the collar widths were approximately obtained
the same. For the first stage of the experiments, the worst collar performances were
obtained when the collar was located at an elevation of Z./y,, = -0.50. Since the
scour formation did not penetrate into that level, the attachment of a collar only

reduced the maximum scour depth by around 10%.
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Figure 5.2 Effect of collar size and elevation on the maximum scour depth around

the semi-circular end abutment of length La=40 cm (t= 2 hours)

At the end of the second stage of the experiments, the best collar performance was
obtained at the elevation of Z./y, -, = £0.00 for the collar of Bc=10 cm which can
be seen in Figure 5.3. On the other hand, the scour reduction efficiency of the collar
of Bc=10 cm gradually decreased as the collar was placed below the bed level.
Furthermore, the efficiency of the collar of Bc=10 cm at the elevation of
Z./Yo, = —0.50 reduced in half when compared to the Z./y,, = £0.00. As it can
be seen in Figure 5.3, the scour reduction performance of the collar of B=7.5 cm
had similar trends with the collar of B.=10 cm, however, the scour reduction
performance of the collar of Bc=7.5 cm was smaller than the collar of B;=10 cm.
Despite the worst collar performance was obtained for the collar of Bc=5 cm at the
elevation of Z./y,- = 0.00, the scour reduction efficiency of the collar of Bc=5 cm
was approximately the same at the collar elevations of Z./y,, = —0.5and

Z./yo- = £0.00 along with the performance of the collar of Bc=7.5 cm.

163



70.00

60.00 ==k==13=40 cm, Bc=5cm

—— | 3=40 cm, Bc=7.5 cm
50.00

— B —13=40 cm, Bc=10 cm
40.00

30.00

20.00

% Reduction in Maximum Scour Depth

10.00

0.00

-

-05 -0.45 -04 -0.

35 03

-0.25

Zc/ Yoz

02 -0.15 01 -0.05

Figure 5.3 Effect of collar size and elevation on the maximum scour depth around

the semi-circular end abutment of length La=40 cm (t= 4 hours)

Finally, at the end of the third stage of the experiments, the maximum scour reduction

was observed for the collar of B;=10 cm at the elevation of Z./y,, = +£0.00, on the

other hand, the worst collar performance was obtained for the collar of B¢=5 cm at
the elevations of Z./y,, = —0.25 and Z./y,, = £0.00 (Figure 5.4). In addition,

the biggest collar width, Bc=10 cm had better efficiency in reducing the maximum

scour depth at all the collar elevations when compared to the collars of Bc=5 cm and

7.5 cm. At the elevations of Z./y,, = —0.25and Z./y,, = £0.00, it was observed

that the performances of collars dramatically decrease as the collar width decreases

to 5 and 7.5 cm. Nevertheless, it was also observed that the scour reduction

efficiencies of all collar widths did not show significant differences at the elevation

Of ZC/Y0.7 = _050
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Figure 5.4 Effect of collar size and elevation on the maximum scour depth around

the semi-circular end abutment of length La=40 cm (t= 6 hours)

Figures 5.5- 5.7 show the effect of collar size and flow intensity on the maximum
scour depth around the semi-circular end abutments. At the elevations of Z./y,.,= -
0.25 and +0.00, the scour reduction performances of the collars dramatically
decreased as the flow intensity and the test duration increased. On the other hand, at
the elevation of Z./y, = -0.50, the scour reduction performances of the collars
increased with increasing time and flow intensity. During the first and second stages
of the experiments with the flow intensities of 0.7 and 0.8, the degradation of the bed
material around the abutment did not reach the elevation of Z./y, = -0.50. Hence,
during these stages, the collars were placed at Z./y,,= -0.50 did not show a
significant effect in reducing the maximum scour depths while the collars at the
elevations of Z./y, = -0.25 and +0.00 were effective to reduce the maximum scour
depth during the first and second stages of the experiment due to the smaller scour

depths obtained during these stages.
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Figure 5.5 Effect of collar size and flow intensity on the maximum scour depth

around the semi-circular end abutment of length L.=40 cm for Z./y,.,=+0.00
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Figure 5.6 Effect of collar size and flow intensity on the maximum scour depth

around the semi-circular end abutment of length L.=40 cm for Z./y,.,=-0.25
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Figure 5.7 Effect of collar size and flow intensity on the maximum scour depth

around the semi-circular end abutment of length L.=40 cm for Z./y,.,=-0.50

In addition, the variation of the dimensionless maximum scour depths with
dimensionless time without and with collars around the abutment is shown in Figure
5.8. Based on the experimental results, the minimum scour depths were obtained for
the abutment of length La=40 cm when the collar of Bc=10 cm was placed at the
elevation of Z./y,,= +0.00 through the experiments. On the other hand, the
maximum scour depths were obtained for the collar of B.=5 cm at the elevation of
Z./y0,=-0.50, Bc=5 cm at the elevation of Z./y, ,=+0.00 and Z../y, = -0.25 at the

end of the first, second and third stages of the experiments, respectively.
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Figure 5.8 Variation of the dimensionless maximum scour depth with
dimensionless time as a function of collar size and elevation for semi-circular end

abutment of length La=40 cm

5.6.1.2  The Abutment of Length La=30 cm

At the end of the first stage of the experiments, scour reduction efficiencies of the
collars with varying widths and locations for the abutment of length L,=30 cm are
shown in Figure 5.9. The best collar performance was observed for the collar of
B:=10 cm at the elevation of Z./y,,=+0.00. At this elevation, the scour reduction
performances of the collars of B.=5 and 7.5 cm are approximately similar to each
other and smaller than the collar of Bc= 10 cm by around 35%. As the collar was
placed below the bed level, the scour reduction efficiency of the collar decreased
regardless of collar width. However, for the collar of Bc=10 cm, the decrease was
obtained greater than the collars of B;=5 cm and 7.5 cm. At the elevation of Z./y, ;=
-0.25, the scour reduction performances of the collars of B.=7.5 and 10 cm were
observed as equal to each other and the collar of B;=5 cm was smaller. On the other

hand, at the elevation of Z./y, >=-0.50, the collars almost did not show a significant
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effect in reducing the maximum scour depth. However, it should also be indicated
that all the maximum scour depths were obtained above the collar level of Z./y, =
-0.50 and the scour formation did not penetrate below the collar. This situation
explains the low efficiencies of the collars at the elevation of Z./y,,= -0.50

regardless of the collar width.

==i==1a=30 cm, Bc=5 cm -

50.00 —— [3=30 cm, Bc=7.5 cm -
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% Reduction in Maximum Scour Depth

-0.45 0.4 -0.35 0.3 -0.25 02 -0.15 -0.1 -0.05 0
Z:)‘"‘!"C.T
Figure 5.9 Effect of collar size and elevation on the maximum scour depth around

the semi-circular end abutment of length La=30 cm (t= 2 hours)

At the end of the second stage, the maximum scour reduction was obtained for the
collar of Bc= 10 cm at the elevation of Z./y,,= +0.00 (Figure 5.10). The scour
reduction efficiencies of the collars decreased as the collar width decreased and
smaller scour reduction efficiencies were observed for the collars of B.=5 and 7.5
cm. When the collar was placed at the elevation of Z./y, = -0.25, the performances
of the collars were decreased, but the scour reduction efficiencies of the collars were
similar to each other regardless of collar width. Nevertheless, at this elevation, the
maximum scour reduction was obtained for the collar of B.=7.5 cm. Finally, the
collars were tested at the elevation of Z./y,,= -0.50 and similar results were

obtained as well as the first stage. At this time, the maximum scour depths were
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obtained for the collars of Bc=5 cm and 7.5 cm and the scour reduction efficiencies
of these collars were almost insignificant. On the other hand, the best collar

performance seemed for the collar of Bc=10 cm at the elevation of Z./y,.,= -0.50.
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Figure 5.10 Effect of collar size and elevation on the maximum scour depth around

the semi-circular end abutment of length L,=30 cm (t=4 hours)

As it can be seen in Figure 5.11, the best collar performance in reducing the
maximum scour depth was obtained for the collar of Bc=10 cm at the elevation of
Z./yo.,=£0.00. The scour reduction efficiencies of the collars of Bc=5 and 7.5 cm
were obtained smaller than that of Bc=10 cm at this elevation. However, the
performance of the collar of Bc=10 cm dramatically decreased when the collar was
placed at elevations below the bed level. The scour reduction efficiency of the collar
of Bc=10 cm decreased by about half at the elevation of Z./y,-,= -0.50 when
compared to Z./y, = £0.00. Although, the performances of the collars in terms of
reduction of the maximum scour depth were similar regardless of collar width when
the collars were placed at the elevations of Z./y,,=-0.50 and -0.25, the increased

collar width led to the occurrence of the maximum scour depth away from the
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abutment toe. In other words, as the collar width increased, the maximum scour depth

shifted downstream of the abutment.
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Figure 5.11 Effect of collar size and elevation on the maximum scour depth around

the semi-circular end abutment of length L,=30 cm (t=6 hours)

Figures 5.12- 5.14 show the effect of collar size and flow intensity on the maximum
scour depth around the semi-circular end abutments. When collars were placed at the
elevation of Z./y,,=%0.00, the scour reduction performance of the collar of B=10
cm was approximately the same until the end of the experiments regardless of the
flow intensity. Moreover, the performances of the collars of B¢c=5 and 7.5 cm slightly
increased with increased flow intensity from 0.7 to 0.8, and then while the data of
B¢=7.5 cm was having the same trend for the zone of U/U. between 0.8 and 0.9, the
data of Bc=5 cm showed a slightly decreasing trend. On the other hand, at the
elevation of Z./y, »= -0.25, the scour reduction performances of the collars did not
show significant alterations with increasing flow intensity. Finally, the worst scour
reduction efficiencies of the collars were observed when the collars were placed at
the elevation of Z./y,,= -0.50. At this elevation, during the first stage of the
experiments, the maximum scour reductions were almost insignificant. At the end of

the second stage, only the collar of Bc=10 cm showed efficiency in reducing the
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maximum scour depth. Nonetheless, all collar widths showed successful results in
terms of maximum scour reduction at the end of the third stage due to the greater
scour depths caused by increasing flow intensity and time. In other words, the collars
were placed at the elevation of Z./y,,= -0.50 starts to interact with the flow and
manipulate it as the degradation run out deeper around the abutment. So, collars that

were located below the bed level were found as effective for the greater scour depths.
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Figure 5.12 Effect of collar size and flow intensity on the maximum scour depth

around the semi-circular end abutment of length L.=30 cm for Z./y,.,= +0.00
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Figure 5.13 Effect of collar size and flow intensity on the maximum scour depth

around the semi-circular end abutment of length L,=30 cm for Z./y,.,=-0.25
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Figure 5.14 Effect of collar size and flow intensity on the maximum scour depth

around the semi-circular end abutment of length L.=30 cm for Z./y,.,=-0.50

Also, the variation of the dimensionless maximum scour depths with dimensionless

time without and with collars around the abutment is shown in Figure 5.15. For the
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abutment of length L.=30 cm, the minimum scour depth was generally recorded
when the collars of Bc=10 cm were placed at the elevation of Z./y, ,=+0.00 through
the experiments. On the other hand, the maximum scour depths were obtained when
the collars were placed at the elevation of Z./y,-,= -0.50 regardless of the collar
width.
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Figure 5.15 Variation of the dimensionless maximum scour depth with
dimensionless time as a function of collar size and elevation for semi-circular end

abutment of length La=30 cm

5.6.1.3  The Abutment of Length La=20 cm

The effect of collar size and elevation on the maximum scour depth around the semi-
circular end abutment of length La=20 cm is shown in Figures 5.16-5.18. At the end
of the first stage of the experiments, the best collar performances were observed for
the collar of B;=10 cm at the elevation of Z./y, ;= +0.00. Then, the collars of Bc=7.5
and 5 cm at the elevation of Z./y, ,= +0.00 followed it, respectively. In other words,
as the collar width increased the scour reduction efficiencies of the collars were

increased. On the other hand, collars were placed at the elevation of Z./y,,=-0.25
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were ineffective to reduce the maximum scour depth during the first stage of the
experiments. Since the shorter abutment lengths cause smaller scour depths around
the abutment, the scour formation around the abutment of length L,=20 cm at the
end of 2 hours, did not reach the level of collar elevation of Z./y,,=-0.25. At the
end of the second stage of the experiments, the maximum scour reductions were
obtained for the collars of B¢=5, 7.5 and 10 cm at the elevation of Z./y,,= £0.00.
At this time, collars of Bc= 7.5 and 10 cm at the elevation of Z./y, = -0.25 showed
significant efficiencies in reducing the maximum scour depth. However, the collar
of B¢=5 cm at the elevation of Z./y, ;= -0.25 was ineffective in reducing the scour
depth. Finally, at the end of the third stage, the best collar performances were
obtained for the collars of Bc=7.5 and 10 cm at the elevation of Z./y,,= +0.00.
When the collars were placed at the elevation of Z./y, ;= -0.25, the scour reduction
performances of the collars slightly decreased compared to those placed at the
elevation of Z./y, -==+0.00. Nevertheless, the collars were still effective at this level.
Although the performances of the collars of Bc=5 cm, 7.5 cm and 10 cm were similar
to each other at Z./y,,= -0.25, the largest collar of Bc=10 cm gave the most

successful results once again.
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Figure 5.16 Effect of collar size and elevation on the maximum scour depth around

the semi-circular abutment end of length L.=20 cm (t=2 hours)
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Figure 5.17 Effect of collar size and elevation on the maximum scour depth around

the semi-circular end abutment of length La=20 cm (t=4 hours)
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Figure 5.18 Effect of collar size and elevation on the maximum scour depth around
the semi-circular end abutment of length L.=20 cm (t=6 hours)

The effect of collar size and flow intensity on the maximum scour depth around the
semi-circular end abutment of length L,=20 cm is shown in Figures 5.19 and 5.20.
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When collars were placed at the elevation of Z./y,,=%0.00, the scour reduction
performances of the collars generally increased with increasing flow intensity.
However, at the end of the third stage, the scour reduction performance of the collar
of Bc=5 ¢cm decreased a little bit. On the other hand, at the elevation of Z./y,,= -
0.25, the scour reduction performances of the collars increased with increasing flow
intensity as well as the collars were placed at the elevation of Z./y,-= -0.25.
However, at this elevation, the collar of Bc=5 cm was ineffective in reducing the
maximum scour depth during the first and second stages of the experiments. The
scour reduction performance of the collar of Bc=5 cm dramatically increased during
the third stage of the experiment and performances of the collars were observed as

similar to each other at the end of the third stage regardless of collar width.
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Figure 5.19 Effect of collar size and flow intensity on the maximum scour depth

around the semi-circular end abutment of length L.=20 cm for Z./y,.,=+0.00
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Figure 5.20 Effect of collar size and flow intensity on the maximum scour depth

around the semi-circular end abutment of length L,=20 cm for Z./y, = -0.25

In addition, the variation of the dimensionless maximum scour depth with
dimensionless time without and with collars around the abutment is shown in Figure
5.21. Based on the experimental results, the minimum scour depths were obtained
for the abutment of length La=20 cm when the collars were placed at the elevation
of Z./yo»,= £0.00 through the experiments. At this elevation, the dimensionless
scour depth values of all collar widths were almost recorded close to each other at
each stage of the experiments. On the contrary, the maximum scour depths were
obtained for the collar of Bc=5 cm at the elevation of Z./y,,= -0.25 through the
experiment. Furthermore, at the end of the first and second stages of the
experiments, the measured maximum scour depths for the collar of Bc=5 cm that was
tested at the elevation of Z./y, »=-0.25 were almost the same as the maximum scour

depths obtained from the experiments that were conducted without a collar.
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Figure 5.21 Variation of the dimensionless maximum scour depth with
dimensionless time as a function of collar size and elevation for semi-circular end

abutment of length La=20 cm

5.6.14 Summary

In summary, the efficiencies of the collars generally increased with increased collar
size regardless of the abutment length, since the larger collars provide stronger
protection to vortices and obtain smaller scour holes than those of smaller collars, it
is more difficult to access strong vortices to deeper elevations. During the initial
stages of the experiments, scour formation did not penetrate into the level of
Z./vo,= -0.5 and -0.25, so those collars could not show significant effects in
reducing the scour depth. Moreover, the scour reduction performances of the collars
located at Z./y, ,=-0.5 and -0.25 increased with increasing flow intensity and time
due to the penetration of vortices to deeper locations that cause larger scour depths.
Hence, the collars placed below the bed level would be efficient for circumstances
having larger scour depth potentials such as higher flow intensity, time and abutment

length.
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In Figure 5.22-5.24, the effect of abutment length, collar size and elevation on the
maximum scour depth around all the semi-circular end abutment lengths tested in
this study is given. During the first stage of the experiments, the maximum scour
reductions were obtained for the abutment of length La=40 cm at any collar elevation
tested. Also, it can be said that the scour reduction efficiencies of the collars
decreased as the abutment length decreased, especially for the collars placed at the
elevations of Z./y,,= -0.25 and +0.00. On the other hand, the scour reduction
efficiencies of the collars placed at the elevation of Z./y,,= -0.50, around the
abutments of lengths L.=30 and 40 cm were close to each other and almost

insignificant.

At the end of the second stage of the experiments, it can be stated that the collars
started to be more efficient for the abutments of lengths L,=20 and 30 cm when
compared to the first stage of the experiments. When collars were placed at the
elevation of Z./y, »==+0.00, the best collar performances were obtained for the collar
of Bc=10 cm that is attached to the abutments of lengths L.=30 and 40 cm. At the
elevation of Z./y,,= -0.25, it is hard to make any comments on the effect of
abutment length and collar size on the scour reduction performances of the collars,
because the related data points are quite close to each other. Finally, at the elevation
of Z./yo.7=-0.50, the collar performance increased as the abutment length increased
as well as the first stage of the experiments. The abutment of length L.=40 cm gave
the best scour reduction efficiencies with almost all the collar sizes, except the collar
of Bc=5 cm at the elevation of Z./y,,= +0.00, tested among the other abutment

lengths at any collar elevations.

At the end of the third stage of the experiments, the best collar performances in
reducing the scour depths were obtained for the abutment of length La=30 cm
regardless of the collar size and the worst ones were obtained for the abutment of
length La=40 cm. However, when the collars were placed at the elevation of Z./y, 7=
-0.50, the performances of the collars were better for the abutment of length L,=40

cm than the La=30 cm as well as the first and second stages of the experiments.
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In conclusion, it can be stated that at low flow intensity cases (t=2 hours) the longest
abutment, L,=40 cm, with the largest collar size, Bc=10 cm, gives the maximum
scour reduction as 72% at the collar elevation of Z./y, = +0.00. As the value of
Z./Yo- gets smaller, -0.25 and then -0.50, the corresponding maximum scour
reductions decrease. The best collar location regarding the maximum scour reduction
is still the bed level, Z./y,.,= +0.00, when the flow intensity increased (t=4 hours
and t= 6 hours). However, the long abutments are subject to more scour than the
short ones, and therefore, the scour reduction efficiencies of the collars around the
abutment of L,=40 cm decreases compared to other abutment lengths tested as the

flow intensity increases.
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The effect of collar size and flow intensity on the maximum scour depth around all
the semi-circular end abutment lengths tested in this study is presented in Figures
5.25-27. When collars were placed at the elevation of Z../y, = +0.00 except the zone
of U/U. between 0.7 and 0.8 for abutments of lengths L,=20 cm and 30 cm the scour
reduction performances of the collars for a given abutment length decrease with
increasing U/Uc. At the end of the first stage of the experiment with the flow intensity
of 0.7, the maximum scour reductions between 62.50-71.88% were observed for the
abutment of length L.=40 cm; on the other hand, at the end of the third stage of the
experiment with the flow intensity of 0.9, much lower scour reductions between
22.36-47.83% were observed around the abutment of length L.=40 cm for the collar

sizes tested.

At the elevation of Z./y,.,= -0.25, the scour reduction performances of the collars
decreased for the abutment of length L.=40 cm with increasing flow intensity. For
the other abutment lengths tested it was observed that, in general, the scour reduction
performances of the collars increased with increasing flow intensity. At the end of
the first stage, the best collar performances were obtained for the abutment of length
La=40 cm. However, at the end of the third stage, much lower collar performances
were obtained for the abutment of length La=40 cm for a given collar size. Especially
for the shortest abutment of length La=20 cm tested in this study, a dramatic increase
was obtained in the collar performances, during the second and third stages of the
experiments. Furthermore, the collar efficiency was better for the abutment of length
La=20 cm when compared to L,=40 cm during this period. The maximum scour
reductions between 35.48-42.74% were observed at the end of the third stage for the
abutment of length L,=30 cm

When collars were tested at the elevation of Z./y,-= -0.50, the scour reduction
performances of the collars attached to the abutment of length L.=40 cm was better
than the abutment of length L,=30 cm for a given collar size during the experiments.
However, as the scour depths increased with increasing flow intensity and time, the

scour reduction performances of the collars attached to the abutment lengths of
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L.=30 and 40 cm started to converge to each other. In other words, as the scouring
rate increased, collars started to be more effective as the abutment length decreased.
The ranges of the % reductions in maximum scour depths around the semi-circular
end abutments tested in this study is given in Table 5.4 as a function of collar

location, flow intensity and La/B. values.

Table 5.4 The ranges of minimum and maximum % reductions in maximum scour

depths around the semi-circular end abutments tested

2.0<La/Bc<8.0

The range of %
Z:./Yo.7| t(hour) | U/Uc | reduction in maximum
scour depth

2 0.7 23.08 - 71.88
+0.00 4 0.8 28.46 - 62.31
6 0.9 22.36 - 63.71
2 0.7 0.00 - 50.00
-0.25 4 0.8 1.14 - 42.55
6 0.9 19.25-42.74
2 0.7 0.00 -9.38
-0.50 4 0.8 7.45-30.77
6 0.9 23.39 - 33.54
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5.6.2 Rectangular Abutments

5.6.2.1  The Abutment of Length La=40 cm

As it can be seen in Figure 5.28, at the end of the first stage of the experiments with
the flow intensity value of 0.7, the maximum scour reduction was obtained when the
collar of B;=10 cm is located at the elevation of Z./y, ,=-+0.00. Also, the best collar
performances were observed for the collar of Bc=10 cm at all collar elevations even
the scour reduction performance of the collar of B;=10 cm decreased while the collar
was placed at the elevations below the bed level. On the other hand, the scour
reduction performance of the collar of B=7.5 cm did not show significant changes
when the location of the collar was changed whether on the bed level or below the
bed level, yet, it should be underlined that the scour formation shifted away along
the downstream of the abutment when the collar was placed below the bed level
contrary to when the collar was placed at the elevation Z./y,,= -+0.00 where the
scour formation penetrated below the collar level and was observed at the upstream
toe of the abutment. At the elevation of Z./y,,= -+0.00, the scour reduction
efficiency of the collar of Ba=5 cm was low and the maximum scour depth was
observed below the collar level. The efficiency of the collar of B;=5 cm was also low
when the collar was placed at the elevation of Z./y, »= -0.50, but this time location
of the maximum scour depth was shifted away downstream of the abutment. The
optimal collar efficiency for the collar of Bc=5 cm was obtained when the collar was
placed at the elevation of Z./y,,= -0.25. Finally, it can be stated that the scour
reduction efficiency of the collars increased as the collar size increased for a given
Z./vo.7 except in the case of Z./y,,=-0.25. At this elevation, the scour reductions

were approximately the same for the collars of Bc=5 cm and 7.5 cm.

190



60.00

==dr=-13=40 cm, Bc=5cm —®— La=40cm, Bc=7.5cm - B =La=40 cm, Bc=10 cm

50.00

40.00

ao.00 9

20.00 4

% Reduction in Maximum Scour Depth

10.00

0.00

-05 -0.25 Q
Z:FIVC.T‘
Figure 5.28 Effect of collar size and elevation on the maximum scour depth around

the rectangular abutment of length La=40 cm (t= 2 hours)

At the end of the second stage of the experiments, the effect of collar size and
elevation on the maximum scour depth is presented in Figure 5.29. From the figure,
it can be stated that the scour reduction performances of the collars increases with
increasing collar size for a given Z./y,-. The maximum scour reduction was
observed for the collar of B;=10 cm when the collar was placed at the elevation of
Z./y0,=-0.25. At the elevation of Z./y, = £0.00, the scour reduction efficiencies
of the collars dramatically decreased when the collar size decreased to 5 and 7.5 cm
from 10 cm. When the collars were located at the elevation of Z./y,,= -0.25, the
scour reduction efficiencies of the collars increased for all the collar widths tested
and attained the maximum scour reductions. Afterward, when the collars were placed
at the elevation of Z./y, = -0.50, the scour reduction performances of the collars of
Bc.=7.5 cm and 10 cm decreased while the collar of Bc=5 cm did not show any

significant difference.
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Figure 5.29 Effect of collar size and elevation on the maximum scour depth around

the rectangular abutment of length La=40 cm (t= 4 hours)

The effect of collars with varying collar sizes and elevations in reducing the
maximum scour depth at the end of the third stage of the experiments is shown in
Figure 5.30. Similar to the end of the second stage of the experiments, the scour
reduction efficiencies of the collars increased with increasing collar width for any
Z./yo.- Vvalue tested. When the collars were placed at the elevation of Z./y,-,=
+0.00, the collars of B;=5 cm and 7.5 cm did not affect the magnitude of maximum
scour depth and its location. On the other hand, the collar of B;=10 cm reduced the
maximum scour depth. When the collars were placed below the bed level, Z./y, 7=
-0.25 and -0.50, the collars of B=7.5 cm and 10 cm showed significant
improvements in reducing the maximum scour depth and shifting away its location.
Furthermore, the efficiencies of the collars increased with increasing the collar
elevation below the bed level independent of the collar size. At the end of the
experiments, the maximum scour reduction was observed for the collar of B,=10 cm

at the elevation of Z./y, = -0.50 by around 24%.
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Figure 5.30 Effect of collar size and elevation on the maximum scour depth around

the rectangular abutment of length La=40 cm (t= 6 hours)

Figures 5.31- 5.33 show the effect of collar size and flow intensity on the maximum
scour depth around the rectangular end abutment of length L.=40 cm at different
Z./yo.- Vvalues. When collars were placed at the elevation of Z./y,,=+0.00, the
scour reduction performances of the collars gradually decreased with increasing flow
intensity and time. Furthermore, at the end of the third stage of the experiments, the
collars of B=5 cm and 7.5 cm have no significant effect in reducing the maximum
scour depth. Since the maximum scour depth was greater during the higher flow
intensity values, the collars were placed at the elevation of Z./y,,= +0.00 was
inadequate in manipulating the flow and reducing the maximum scour depth. On the
other hand, at the elevation of Z./y,,= -0.25, the optimal scour reduction
performances were obtained at the end of the second stage of the experiments for the
collars of B.=7.5 cm and 10 cm. For these collar widths, the scour reduction
efficiencies of the collars increased between the 2nd and 4th hours of the experiments
with increasing flow intensity and time. However, between the 4th and 6th hours,
the efficiencies of these collars dramatically decreased. Moreover, the scour

reduction efficiency of the collar of Bc=5 cm gradually decreased with increasing

193



flow intensity and time. Furthermore, at the end of the third stage, the collar of Bc=5

cm has almost no effect in reducing the maximum scour depth. Finally, when the

collars were placed at the elevation of Z./y,-,= -0.50, the scour reduction

efficiencies of the collars for a given collar size did not show significant differences

at the end of the first and second stages of the experiments. Nevertheless, the

efficiencies of the collars of Bc=5 cm and 10 cm were a little bit higher at the end of

the second stage of the experiments. At this elevation, the worst scour reduction

performances were observed at the end of the third stage of the experiments

regardless of collar size due to the greater scour depths caused by higher flow

intensity and increasing time.
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Figure 5.31 Effect of collar size and flow intensity on the maximum scour depth

around the rectangular abutment of length La=40 cm for Z./y, = +0.00
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Figure 5.32 Effect of collar size and flow intensity on the maximum scour depth

around the rectangular abutment of length L.=40 cm for Z./y, = -0.25
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Figure 5.33 Effect of collar size and flow intensity on the maximum scour depth

around the rectangular abutment of length L.=40 cm for Z./y, = -0.50

In Figure 5.34, the variation of the dimensionless maximum scour depths with

dimensionless time for various collar size-elevation arrangements is presented.
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According to the experimental results, the minimum scour depths were observed for
the abutment of length La=40 cm when the collar of Bc=10 cm was placed at the
elevation of Z./y,-,= -0.25 at the end of the first and second stages of the
experiments. Meanwhile, at the end of the third stage of the experiments, the
minimum scour depths were obtained when the collar of B,=10 cm was placed at the
elevation of Z./y,-= -0.50. On the other hand, the maximum scour depths were
generally recorded for the collar of Bc=5 cm at the elevation of Z./y,,= +£0.00
through the experiments. Furthermore, at the end of the third stage of the
experiments, the measured maximum scour depths at the elevations of Z./y,,= -
0.25 and +0.00 for the collar of Bc=5 cm and at the elevation of Z./y, ;= +0.00 for
the collar of Bc=7.5 cm were almost the same as those measured from the

experiments conducted without a collar.
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Figure 5.34 Variation of the dimensionless maximum scour depth with
dimensionless time as a function of collar size and elevation for rectangular

abutment of length L,=40 cm
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5.6.2.2  The Abutment of Length L.=30 cm

The scour reduction efficiencies of the collars with varying sizes and elevations at
the end of the first stage of the experiments are presented in Figure 5.35. Based on
the experimental results, the optimal collar efficiencies were obtained when the
collar was placed at the elevation of Z./y,,= -0.25 for a given collar size. The
maximum scour reduction was observed for the collar of B=10 cm at the elevation
of Z./yo-,= -0.25. Although the scour reduction performances of the collars
increased with increasing collar size, the efficiencies of the collars of B=7.5 and 10
cm were obtained as quite close to each other. Furthermore, at the elevation of
Z./yo.-=-0.50, the scour reduction efficiencies of the collars of Bc=5, 7.5 and 10 cm
were approximately the same and the minimum scour reduction performances were

obtained at this collar elevation.
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Figure 5.35 Effect of collar size and elevation on the maximum scour depth around

the rectangular abutment of length La=30 cm (t= 2 hours)

At the end of the second stage of the experiments, it is clearly seen in Figure 5.36
that the scour reduction efficiencies of the collars increases with increasing collar

size for a given Z./y, > as well as at the end of the first stage of the experiments. At
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the end of the 4th hour, the maximum scour reductions were obtained for the collar
of Bc=10 cm at the elevations of Z./y,-= -0.50 and -0.25. At the elevation of
Z./Yo.7==%0.00, the performances of the collars of B;=7.5 and 10 cm were similar to
each other. In addition, at this elevation, the scour reduction performance of the
collar of Bc=5 cm was absolutely low relative to the collars of B.=7.5 and 10 cm.
However, when the collars were placed below the bed level, the efficiencies of the
collars of B¢=7.5 and 10 cm gradually decreased, on the contrary, the efficiency of
the collar of B¢=5 cm gradually increased. At the elevation of Z./y,,= -0.50, the
efficiencies of the collars of B¢=5, 7.5 and 10 cm were close to each other since the

maximum scour depth was recorded as the same as the collar level.
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Figure 5.36 Effect of collar size and elevation on the maximum scour depth around

the rectangular abutment of length La=30 cm (t= 4 hours)

Figure 5.37 demonstrates that at the end of the third stage of the experiments, similar
trends were observed in the previous stages. However, at this time, the efficiency of
the collar of Bc=5 cm was low when the collar was placed at the elevations of
Z./Yo,=-0.25 and £0.00. Nevertheless, at the elevation of Z./y, »= -0.50, the collar

of Bc=5 cm showed significant efficiency in reducing the maximum scour depth. The
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maximum scour reductions for the collars of B,=7.5 and 10 cm were observed when
collars were placed at the elevation of Z./y, »=-0.25. When the collars were placed
at the elevations of Z./y,.,=-0.50 and +0.00, the scour reduction performances of
the collars of B.=7.5 and 10 cm did not have significant differences. Yet, at the
elevation of Z./y,,= +0.00, the maximum scour depth was reduced but it still
occurred at the abutment toe, below the collar. On the other hand, at the elevation of
Z./¥o.,=-0.50, the maximum scour depth shifted downstream of the abutment from
the abutment toe.
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Figure 5.37 Effect of collar size and elevation on the maximum scour depth around

the rectangular abutment of length La=30 cm (t= 6 hours)

Figures 5.38- 5.40 show the effect of collar size and flow intensity on the maximum
scour depth around the rectangular end abutment of length La=30 cm. When collars
were placed at the elevation of Z./y, ,=+0.00, the scour reduction performances of
the collars of B.=7.5 and 10 cm did not show significant differences through the 6
hours of the experiments. Nevertheless, the maximum scour reductions were
observed at the end of the second stage of the experiments and the minimum scour

reductions were observed at the end of the third stage of the experiments. At the
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elevation of Z./y,.,= -0.25, the scour reduction performance of the collar of B=10
cm was approximately the same through the 6 hours of experiments. Moreover, the
optimal scour reduction performance of the collar of B;=7.5 cm was obtained at the
end of the first stage of the experiments. Yet it should be also indicated that the scour
reduction efficiency of the collar of Bc=7.5 cm at the end of the third stage of the
experiments was close to the obtained efficiency at the end of the first stage of the
experiments. Thereby, in this elevation, the minimum scour reduction performance
for the collar of Bc=7.5 cm was obtained at the end of the second stage of the
experiments. On the other hand, at this elevation, the scour reduction performance
of the collar of B¢=5 cm gradually decreased with increasing flow intensity and time.
Furthermore, at the end of the third stage of the experiments, the collar of Bc=5 cm
reduced the maximum scour depth by around 10%. Finally, when the collars were
placed at the elevation of Z./y,,= -0.50, at the end of the first stage and second
stages of the experiments, the performances of all the collars were almost the same.
The maximum scour depths for all sizes of collars were measured as the same as the
collar level during the first 4 hours of the experiments. In other words, the bed
material degraded down to the collar elevation of Z./y,,= -0.50 and the scour
formation did not penetrate below the collar level. Hence, the performances of the
collars in reducing the scour depth increased with increasing flow intensity and time.
At the end of the third stage of the experiments, the increment in the efficiencies of
the collars of B¢=7.5 and 10 cm continued, but the efficiency of the collar of Bc=5
cm did not show any significant difference between the 4th and 6th hours of the

experiments with the flow intensity of 0.9.
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Figure 5.38 Effect of collar size and flow intensity on the maximum scour depth

around the rectangular abutment of length L.=30 cm for Z./y, = +0.00
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Figure 5.39 Effect of collar size and flow intensity on the maximum scour depth

around the rectangular abutment of length of L.=30 cm for Z./y,.,=-0.25
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Figure 5.40 Effect of collar size and flow intensity on the maximum scour depth

around the rectangular abutment of length L.=30 cm for Z./y, = -0.50

In Figure 5.41, the variation of the dimensionless maximum scour depths with
dimensionless time for various collar size-elevation arrangements is presented.
According to the experimental results, the minimum scour depths were observed for
the abutment of length La=30 cm when the collar of Bc=10 cm was placed at the
elevation of Z./y,.,= -0.25 through the experiments. On the contrary, the maximum
scour depths were generally recorded for the collar of Bc=5 cm at the elevation of

Z./¥o.,=£0.00 through the experiments.
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Figure 5.41 Variation of the dimensionless maximum scour depth with
dimensionless time as a function of collar size and elevation for rectangular end

abutment of length L.=30 cm

5.6.2.3  The Abutment of Length La=20 cm

The effect of collar size and elevation on the maximum scour depth around the
rectangular abutment of length La=20 cm is shown in Figures 5.42-5.44. At the end
of the first stage of the experiments, the best collar performance was observed for
the collar of B;=10 cm at the elevation of Z./y,.,=+0.00. Also, the collar of B;=7.5
cm was found effective in reducing the scour depth. However, the scour reduction
performance of the collar of Bc=5 cm at the elevation of Z./y, = +0.00 did not show
high efficiency. Thus it can be said that as the collar width increased the scour
reduction efficiencies of the collars increased. On the other hand, when the collars
were placed at the elevation of Z./y, ,=-0.25, the scour reduction performances of
the collars of B.=7.5 and 10 cm decreased. Furthermore, the scour reduction
efficiency of the collar of Bc=10 cm decreased at the elevation of Z./y, 7= -0.25 in

half when compared to the case of the elevation of Z./y, = +0.00. Contrary to the
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collars of B¢=7.5 and 10, the scour reduction performance of the collar of B¢c=5 cm
dramatically increased at the elevation of Z./y, = -0.25 and gave the best result in
reducing the maximum scour depth. Nevertheless, it can be also stated that the
efficiencies of all the collar sizes were found close to each other at the elevation of
Z./y0.,=-0.25. At the end of the second stage of the experiments, the general trends
of the curves given in Figure 5.43 are very similar to those in Figure 5.42. In other
words, the relationship between the collar size and the reduction in the maximum
scour depths did not show significant differences between the 2nd and 4th hour of
the experiments. However, when the collars were located at the elevation of Z. /y, =
-0.25, the scour reduction performances of the collars of B:=5 and 7.5 cm
significantly increased while the collar of Bc=10 cm a little bit decreased. In addition,
at the end of the 4th hour, the scour reduction performances of the collars of B¢=7.5
cm and 10 cm were almost the same and the collar of B;=5 cm gave the minimum
scour reduction at the elevation of Z./y,,= -0.25. Finally, at the end of the third
stage of the experiments, it was observed that the scour reduction performances of
the collars increased regardless of the collar width when the collars were placed
deeper at the bed, Z./y,,= -0.25. However, for a given collar elevation, the
efficiencies of the collars of B=7.5 and 10 cm were found to be almost the same and
much larger than those of B.=5 cm. Since the maximum scour depth increased with
increasing time and flow intensity, the collar that was placed at the bed level became
insufficient to manipulate the flow and reduce or swept away the maximum scour
depth. Therefore, the best collar performances were obtained for the collars of B=7.5
cm and 10 cm at the elevation of Z./y, = -0.25 and the minimum one was obtained

for the collar of B¢=5 cm at the elevation of Z./y, = +0.00.

204



60.00

55.00
000 --a--la=20cm, Bc=5cm —e—Lla=20cm,Bc=7.5cm =MW -=Lla=20cm,Bc=10cm
45.00
40.00
35.00
30.00
25.00

20.00

15.00

% Reduction in Maximum Scour Depth

10.00

5.00

0.00
-0.50 -0.25 0.00

Z /Yo7

Figure 5.42 Effect of collar size and elevation on the maximum scour depth around

the rectangular abutment of length La=20 cm (t= 2 hours)

60.00

55.00
--&--la=20cm, Bc=5cm —e—Lla=20cm, Bc=7.5cm - B -Lla=20cm, Bc=10cm
50.00
45.00
40.00
35.00
30.00
25.00

20.00

15.00

% Reduction in Maximum Scour Depth

10.00

5.00

0.00

-0.5 -0.25 0

ZC/VO 7

Figure 5.43 Effect of collar size and elevation on the maximum scour depth around
the rectangular abutment of length La=20 cm (t= 4 hours)
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Figure 5.44 Effect of collar size and elevation on the maximum scour depth around

the rectangular abutment of length La=20 cm (t= 6 hours)

The effect of collar size and flow intensity on the maximum scour depth around the
rectangular abutment of length La=20 cm is presented in Figures 5.45 and 5.46.
When collars were placed at the elevation of Z./y,,=%0.00, the scour reduction
performances of the collars of B¢=5 and 7.5 cm did not show significant differences
through the 4 hours of experiments with the flow intensities of 0.7 and 0.8. However,
between the 4th and 6th hours with the flow intensity of 0.9, the performances of
these collars increased and the best scour reduction performances were obtained at
the end of the third stage. On the other hand, the performance of the collar of B.=10
cm gradually decreased with increasing flow intensity and time. Furthermore, at the
end of the third stage, the performances of the collars of B.=7.5 and 10 cm were
nearly the same. At the elevation of Z./y, ;= -0.25, the performances of the collars
of Ba=7.5 and 10 cm were similar to each other through the 6 hours of experiments.
For these collar widths, the maximum scour reductions were observed at the end of
the second and third stages while the minimum performances were obtained at the
end of the first stage. In other words, the efficiencies of these collar widths increased
between the 2nd and 4th hour of the experiments with increased flow intensity, but
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when the flow intensity value was increased once again at the end of the 4th hour,
any significant differences were not observed in the scour reduction performances of
these collar widths at the end of the 6th hour. Moreover, the scour reduction
efficiency of the collar of B.=5 cm slightly decreased with increasing flow intensity
and time.
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Figure 5.45 Effect of collar size and flow intensity on the maximum scour depth

around the rectangular abutment of length La=20 cm for Z./y, = +0.00
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Figure 5.46 Effect of collar size and flow intensity on the maximum scour depth

around the rectangular abutment of length L.=20 cm for Z./y, = -0.25

In addition, the variation of the dimensionless maximum scour depths with
dimensionless time for various collar size-elevation arrangements is shown in Figure
5.47. Based on the experimental results, the minimum scour depths were observed
for the abutment of length L.=20 cm when the collar of Bc=10 cm was placed at the
elevation of Z./y,,= +0.00 at the end of the first and second stages of the
experiments. However, at the end of the third stage, the minimum scour depths were
recorded for the collars of Bc=7.5 and 10 cm that were placed at the elevation of
Z./yo,=+-0.25. On the contrary, the maximum scour depths were measured for the

collar of B¢=5 cm at the elevation of Z./y, = +0.00 through the experiments.
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Figure 5.47 Variation of the dimensionless maximum scour depth with

dimensionless time as a function of collar size and elevation for rectangular

abutment of length L.=20 cm

5.6.24 Summary

In summary, the collars having larger widths were generally more effective in
reducing the maximum scour depth around the abutments regardless of the abutment
length, since the larger collars provide stronger protection to vortices and create
smaller scour holes than those of smaller collars. In all the experiments conducted,
the maximum scour reductions were generally obtained when the collars were placed
at the elevation of Z./y,,= -0.25. However, during the initial stages of the
experiments with the flow intensity of 0.7, for the abutment of length La=20 cm the
maximum scour reductions were obtained at the elevation of Z./y,.,= +0.00 and at
the end of the third stage of the experiments, for the abutment of length L.=40 cm,
the maximum scour reductions were obtained at the elevation of Z./y,,= -0.50.
Since the scour formation was greater around the abutment of length L,=40 cm than

those of L.=20 cm, the scour formation penetrated into the deeper locations below
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the bed level and the maximum scour depth increased with increasing flow intensity
and time. Hence, the collars that were placed at the elevation of Z./y, = -0.50 was
more efficient to reduce the maximum scour depth around longer abutment lengths
such as La=40 cm having higher flow intensity value and duration, U/U:=0.9 and t=6
hours, while the collars at the elevation of Z./y,,= +0.00, was obtained as more
efficient around shorter abutment lengths such as La=20 cm having smaller flow

intensity and test duration, U/U:=0.7, t=2 hours.

In Figure 5.48-5.50, the effect of collar size and elevation on the maximum scour
depth around all the rectangular abutment lengths tested in this study is given. At the
end of the first stage of the experiments, at the elevation of Z./y,-= +0.00, the
maximum scour reductions were obtained for the abutments of lengths L,=20 and 40
cm having collars of B=10 cm and the worst ones were obtained for the abutments
of lengths L.=20 and 40 cm having collars of Bc=5 cm. When collars were placed at
the elevation of Z./y,,= -0.25, the collar efficiency decreased for the abutment
length of L,=20 cm having collars of B.=7.5 and 10 cm while the collar efficiency
increased for the abutment of length L.=20 cm having a collar of B.=5 cm and
abutments of lengths L,=30 and 40 cm. In this elevation, the maximum scour
reduction was observed for the abutment of length L,=30 cm having a collar of B;=10
cm and the worst ones were obtained for the abutment of length L.=20 cm having
collar widths of B.=7.5 and 10 cm. For this stage of the experiments, when collars
were placed at the elevations of Z./y,,= -0.25, £0.00, it is hard to make any
comments on the effect of the abutment length on scour reduction performances of
the collars. However, when the collars were attached to the elevation of Z./y, ;= -
0.50, it can be stated that the collar efficiency increases with increasing abutment
length because the scour formation around the larger abutments penetrates deeper
into the bed material and the collars located deeper into the bed material can be more

adequate in reducing the maximum scour depth.

At the end of the second stage, at the elevation of Z./y, ;= +0.00, the maximum

scour reduction was obtained for the abutment of length L.=30 cm and the worst
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ones were obtained for L,=40 cm for a given collar size. For this collar elevation, the
scour reduction performances of the collars decreased for the longer abutment of
length La=40 cm when compared to the first stage of the experiments. Moreover,
when the collars were placed at the elevation of Z./y, ,= -0.25, the scour reduction
efficiencies of the collars attached to the abutment of length L,=40 cm dramatically
increased and the collars were found more efficient for the abutment of length La=40
cm than L,=30 cm for a given collar size. Nevertheless, it should be also underlined
that the efficiency of the collar of Bc=10 cm was observed as close to each other
regardless of the abutment length. At this elevation, the maximum scour reductions
were obtained for the abutments of lengths La=30 and 40 cm having collars of Bc=10
cm and the worst ones for the abutments of lengths L,=30 and 40 cm having collars
of Bc=5 cm. Finally, at the elevation of Z./y,-,= -0.50, the collars of Bc=10 cm
showed more successful results in reducing the maximum scour depth for the
abutment of length L.=40 cm than L,=30 cm as well as the first stage of the
experiments. However, the efficiencies of the collars of B.=5 and 7.5 cm attached to
the abutments of lengths L,=30 and 40 cm were close to each other. At this elevation,
the optimal collar performance was obtained for the abutment of length La=40 cm

having a collar of B;=10 cm.

At the end of the third stage of the experiments, it can be stated that the collar
efficiency decreased with increasing abutment length for a given collar elevation. At
the elevation of Z./y,,=-0.25, £0.00, the efficiency of the collar of B=10 cm that
attached to the abutments of lengths L.=20 and 30 cm were almost the same while
the efficiencies of the collars of B.=5 and 7.5 cm gave more successful results in
reducing the maximum scour depth around the abutment of length L,=20 cm than
L.=30 cm. At the end of the 6 hours, the best collar performances were obtained for
the abutment of length L,=30 cm having a collar size of B;=10 cm and the worst
ones were obtained for the abutment of length L.=40 cm with B¢=5 cm.
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The effect of collar size and flow intensity on the maximum scour depth around all
the rectangular abutment lengths tested in this study is presented in Figures 5.51-53.
Except some abutment-collar arrangements; L.=30 cm with B.=7.5 cm and 10 cm,
and L,=20 cm with B.= 5 cm and 7.5 cm in the zone of U/U. between 0.7 and 0.8,
for the rest of the cases tested, scour reduction performances decreased as U/Uc
increased for a given abutment length and collar size when collars were placed at the
elevation of Z./y,.,= +0.00. The effect of collars decreased as the abutment length
increased with increasing flow intensity and time. At the end of the first and second
stages of the experiments with the flow intensities of 0.7 and 0.8 respectively, the
efficiencies of the collars did not show significant differences for the abutment
lengths of La= 20 and 30 cm; however, for the abutment of length L.=40 cm, the
efficiencies of the collars dramatically decreased. Between the 4th and 6th hours of
the experiment with the flow intensity of 0.9, the efficiencies of the collars for the
longer abutments of lengths L,=30 and 40 cm decreased while for the shorter

abutment of length, La=20 cm increased.

At the elevation of Z./y,,= -0.25, at the end of the first and second stages of the
experiments, it is hard to make any comments about the effect of abutment length on
the scour reduction performances of the collars. At these periods, the maximum scour
reductions were obtained for the abutments of lengths L,=30 and 40 cm having a
collar of Bc=10 cm respectively. However, between the 4th and 6th hour of the
experiments, the efficiencies of the collars attached to the abutment of length L.=40
cm dramatically decreased with the increasing flow intensity and the worst scour
reductions were observed for this abutment length for a given collar size.
Furthermore, the maximum scour reductions for a given collar size were observed
for the shortest abutment of length La=20 cm except the case of U/U=0.7. Hence, it
can be said that the efficiencies of the collars decreased as the abutment length

increased during the high flow intensities.

When collars were tested at the elevation of Z./y,-,= -0.50, the scour reduction

performances of the collars attached to the abutment of length L.=40 cm was
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generally better than the abutment of length La=30 cm for a given collar size.
However, after the 4th hour of the experiments, when the flow intensity value
increased to 0.9, the collars became more efficient for the abutment of length L.=30
cm. Between the 4th and 6th hours, the efficiencies of the collars attached to the
abutment of length L.=40 cm dramatically decreased while La=30 cm increased. So,
based on experimental results, it can be revealed that as the scouring rate increased,

collars started to be more effective as the abutment length decreased.

The ranges of the % reductions in maximum scour depths around the rectangular
abutments tested in this study is given in Table 5.5 as a function of collar location,

flow intensity and La/Bc values.

Table 5.5 The ranges of minimum and maximum % reductions in maximum scour

depths around the rectangular abutments tested

2.0<La/B:<8.0
The range of %
Z:/yo7 | t(hour) | U/Uc | reduction in maximum

scour depth

2 0.7 12.70 - 50.79

+0.00 4 0.8 8.19-47.24
6 0.9 0.48 - 40.50

2 0.7 30.95 - 48.60

-0.25 4 0.8 25.20 - 47.37
6 0.9 1.90 - 45.45

2 0.7 18.69 - 36.84

-0.50 4 0.8 27.49 - 39.18
6 0.9 10.95 - 39.51

216



00°0F =~94/°7 10} Juswinge pus JejnBueidal ayr punoJe yidsp JN0JS WINWIXEW ay) Uo AJISUsul MOJ) pue azIs Je[|0d J0 198)J3 TG'S ainbi

60

™~
o

wo(QT=2g ‘Wi Qz=Ee1—m -
Wi QT=2g ‘WIQE=F] - m =
woQT=2g ‘wiQgy=e1—-m -

wo g'/=2g ‘Wi 7= —e—
w2 G /=29 ‘Wi QE=p] —e—
wd g/ =29 ‘Wd Qpy=e7 —e—

WD G=2¢ ‘WD 07=B] ====
WD G=0g ‘Wl Qg=p] ==a==
WD g=2¢g ‘Wl Q=] --¥--

g8 8 8 38
L o L o
— -

8

g 8 8 8 8
qfdaqqmor;g Lumnl.u&ew ul uoIPNPayY %

8

00°SS

0009

217



GZ'0- =~°4/°7 10y sjuswinge Jejnbueidal ay) punose yidap Inodas wnwixew ay) uo AJISusajul MOJ4 pue azIs Jejj02 J0 19843 2G'G ainbi

)

n/n
60 80 Lo

000

=]

o

L

000t

00'sT

8
(=)
(o]

8
=]
[as]

8
L
1]

8
=]
<

8
L
=t

8
yidaqg 4noos Lum.u&EW Ul UoI11PNPaY %

0005
wo(QT=0g ‘Wi Qz=e1- MW - wd g'/=0g ‘Wi Q7= —8— W §=0g ‘Wi 07=e] ==-¥-=
woQT=0g ‘W QE=e1-w - W §'/=0g ‘WIE=e] —e— W §=0g ‘W QE=e]==-¥-= 00°SS
woQT=0g ‘Wi Q=] - =m — w2 g'/=0g ‘W Q=] —e— Wwd =3¢ ‘WI Q=L ===~

0009

218



05°0- =£°4/°7 104 s)uswinge JejnBueloas ay) punoJe yidap IN0ds winwixew ay) uo AJISUsiul MOJJ pue azIs Je||0d JO 1933 £G°G aInbi4

’n/n
60 80 L0
000
, , , 00°S
w2 (QT=0g ‘Wi (QE=e] - m - W2 G'/=0g ‘Wl QE=e] —e— wd §=0g ‘W2 Q=P --7-~
wa0r=2g ‘wiQp=e1 - = - W2 G'/=2g ‘Wd =€ —a— W2 §=0¢g ‘Wl Q=] ===

0001

00T

00°0¢

00's¢

00°0g

yadaQg JnodS wnWiIXe|A Ul UCIIINPIY %

00°S€

00°0F

00°s¥

219



5.6.3 Comparison of the Scour Reduction Performances of the Collars

Around the Semi-Circular End and Rectangular Abutments

In this subsection, the scour reduction efficiencies of the rectangular and semi-
circular end collars that were attached to the semi-circular end and rectangular
abutments respectively are compared to each other. On the figures, the semi-circular

end and rectangular abutments are denoted as SC and RC respectively.

5.6.3.1  The Abutment of Length La=40 cm

In Figures 5.54-5.56, the comparison of the scour reduction performances of the
varying collar sizes and elevations around the semi-circular end and rectangular
abutments of length L.=40 cm are presented. At the end of the first stage of the
experiments, at the elevation of Z./y,.,= +0.00, the semi-circular end collars were
dominantly more effective in reducing the maximum scour depths around the semi-
circular end abutments when compared to the rectangular collars around the
rectangular abutments for a given collar width. However, when the collars were
placed at the elevation of Z./y,,= -0.25, the collar efficiency of both abutment
shapes started to converge to each other even though the semi-circular end collars
were still more effective regardless of the collar width. On the contrary, the
rectangular collars became more efficient than the semi-circular end collars at the

elevation of Z./y,.,= -0.50.

At the end of the second stage of the experiments, the semi-circular end collars at
the elevation of Z./y,,= £0.00 around the semi-circular end abutments were still
more effective in reducing the maximum scour depth than the rectangular collars
attached to the rectangular abutments for a given collar width. However, when the
collars were placed at the elevation of Z./y,,= -0.25, the rectangular collars of
B:=7.5 and 10 cm showed more successful results in reducing the maximum scour
depth. At the elevation of Z./y,,= -0.50, the maximum scour reduction was

observed for the rectangular collar of B,=10 cm attached to the rectangular abutment.
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The efficiencies of the other abutment-collar arrangements were very close to each

other.

Finally, at the end of the third stage of the experiments, at all the collar elevations
whether at the bed level or below the bed level, the semi-circular end abutments
appeared to be more efficient than the rectangular abutments for a given collar width.
Nonetheless, it might be stated that the efficiencies of the semi-circular end and
rectangular collars converged to each other when the collars were placed deeper into
the bed material. In other words, the efficiencies of the rectangular collars started to

be more effective below the bed material.

As a final remark it can be concluded that at the end of each stage, semi-circular end
collars showed better performances compared to rectangular collars almost at any
Z./yo.- value tested. The best efficiencies in reducing the maximum scour depth
were achieved when the collars were placed on the abutments at the bed level,
Z¢/Y0.7=+0.00.

==&=-1a=40cm, Bc=5 cm SC —@— La=40cm, Bc=7.5cmSC = W = La=40cm, Bc=10cm SC

~-&=-1a=40 cm, Bc=5 cm RC —&— La=40cm, Bc=7.5cmRC - W -La=40cm, Bc=10cm RC -

% Reduction in Maximum Scour Depth

0.5 -0.25 0

Zc/ Yo7

Figure 5.54 Comparison of the effects of collar size and elevation on the maximum
scour depth around the semi-circular end and rectangular abutments of length
La=40 cm (t= 2 hours)
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70.00

65.00
--4--1a=40cm, Bc=5cm SC
60.00
--&--13=40cm, Bc=5 cm RC

—— [a=40cm, Bc=7.5cmSC - W - La=40cm, Bc=10cm SC _u

—e— [a=40cm, Bc=7.5 cmRC

- ® - [3=40cm, Bc=10cm RC -

% Reduction in Maximum Scour Depth

0.00

-0.5

-0.25 0

Zc/ Yo7

Figure 5.55 Comparison of the effects of collar size and elevation on the maximum

scour depth around the semi-circular end and rectangular abutments of length

La=40 cm (t= 4 hours)

55.00

==k==1a=40cm, Bc=5cm SC
50.00

--k--La=40 cm, Be=5 cm RC

% Reduction in Maximum Scour Depth

—e—La=40cm, Bc=7.5cmSC = B =La=40cm, Bc=10cm SC

—e—La=40cm, Be=7.5cmRC - ® =La=40cm, Bc=10cmRC .-

-0.25 0

Z /Yo7

Figure 5.56 Comparison of the effects of collar size and elevation on the maximum

scour depth around the semi-circular end and rectangular abutments of length

La=40 cm (t= 6 hours)
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In Figures 5.57-5.59, the comparison of the scour reduction performances of the
varying collar sizes and flow intensities around the semi-circular end and rectangular
abutments of length L.=40 cm are presented. When the collars were placed at the
elevation of Z./y, ,= +£0.00, the scour reduction performances of the semi-circular
end collars were obtained greater than the rectangular collars at any flow intensity
tested, except the case of La=40 cm with Bc=10 cm for U/U.=0.8, for a given collar
width. Nonetheless, the efficiencies of both collar shapes around both abutment
shapes decreased with increasing flow intensity and time. On the other hand, at the
elevation of Z./y,,= -0.25, at the initial and final stages of the experiments, the
efficiencies of the semi-circular end collars were observed greater than those of the
rectangular collars for a given collar width. On the contrary, at the end of the second
stage of the experiment with the flow intensity of 0.8, the rectangular collars of
B.=7.5 and 10 cm attached to the rectangular abutments were found to be more
effective in reducing the maximum scour depth than the semi-circular end collars.
Finally, when the collars were placed at the elevation of Z./y,,= -0.50, the
efficiencies of the rectangular collars decreased with increasing flow intensity and
time; on the contrary, the efficiencies of the semi-circular end collars increased with
time. Hence, in this collar elevation, the rectangular collars were found to be more
efficient at the 2nd hour with the flow intensity of 0.7 for a given collar width.
However, at the end of the 6th hour after applying each flow intensities of 0.7,0.8
and 0.9 for 2 hours, the semi-circular end collars were found to be more efficient in
reducing the maximum scour depth than the rectangular collars for a given collar
width.

Finally, regarding the effect of abutment and collar shape on the reduction of
maximum scour depth it can be stated that the semi-circular end collars are more
effective than the rectangular collars at the end of experiment durations of 6 hours

with varying flow intensities.
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==4==La=40cm, Bc=5cm SC —8— La=40cm, Bc=7.5cm SC - B - La=40 cm, Bc=10cm SC

==a==1a=40cm, Bc=5cm RC —o— La=40cm, Bc=7.5cmRC - W = La=40cm, Bc=10cm RC

Figure 5.57 Comparison of the effect of collar size and flow intensity on the
maximum scour depth around the semi-circular end and rectangular abutments of
La=40 cm for Z./y, = £0.00
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Figure 5.58 Comparison of the effect of collar size and flow intensity on the
maximum scour depth around the semi-circular end and rectangular abutments of
La=40 cm for Z./y, = -0.25
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--k--[a=40cm, Bc=5 cm SC —8—La=40cm, Bc=7.5cmSC - W -La=40cm, Bc=10cm SC

5.00
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% Reduction in Maximum Scour Depth

0.00

0.7 08 09

/U,

Figure 5.59 Comparison of the effect of collar size and flow intensity on the
maximum scour depth around the semi-circular end and rectangular abutments of
La=40 cm for Z./y,.,= -0.50

5.6.3.2  The Abutment of Length La=30 cm

The comparison of the scour reduction performances of the varying collar sizes and
elevations around the semi-circular end and rectangular abutments of length L.=30
cm are shown in Figures 5.60-5.62. At the end of the first stage of the experiments,
when the collars were placed at the elevation of Z./y, = +0.00, the maximum scour
reduction was observed for the semi-circular end collar of Bc=10 cm attached to the
semi-circular end abutment. Although the scour reduction efficiencies of the other
abutment-collar arrangements were obtained very close to each other, it should be
indicated that the efficiencies of the semi-circular end collars were found greater than
the rectangular collars for a given collar width. On the other hand, at the elevations
of Z./y,,= -0.50 and -0.25, the rectangular collars gave more successful results in

reducing the maximum scour depth when compared to the semi-circular end collars.
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At the end of the second and third stages of the experiments, the performances of the
semi-circular end collars regarding the maximum scour reduction were better than
those of rectangular collars for a given collar width when the collars were placed at
the elevation of Z./y, = +0.00. Furthermore, the worst scour reduction performance
was observed for the rectangular collar of Bc=5 cm around the rectangular abutment.
However, when the collars were placed below the bed level, Z./y,,= -0.50 and -
0.25, the efficiencies of the semi-circular end collars dramatically decreased and at
the elevation of Z./y,-= -0.50, the rectangular collars started to become more
efficient. At the elevation of Z./y,,= -0.25, the maximum scour reductions were
observed for the rectangular collar of Bc=10 cm. However, the efficiencies of the
rectangular collars of B.=5 and 7.5 cm were found less than those of semi-circular
end collars. Furthermore, the minimum scour reduction efficiency at this elevation

was observed for the rectangular collar of Bc=5 cm.

70.00

©5.00 l
-

=-=-k--1a=30cm, Bc=5 cm SC —e— La=30cm, Bc=7.5cmSC - WM -=La=30cm, Bc=10cm SC -
60.00 -

La=30cm, Bc=5 cm RC La=30cm, Bc=7.5 cm RC La=30cm, Bc=10cm RC e

45.00

40.00

35.00

30.00

25.00

20.00

15.00

% Reduction in Maximum Scour Depth

10.00

5.00

-0.5 -0.25 0

Z/Yo7

Figure 5.60 Comparison of the effects of collar size and elevation on the maximum
scour depth around the semi-circular end and rectangular abutments of length
La=30 cm (t= 2 hours)
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45.00
40.00
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30.00
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% Reduction in Maximum Scour Depth
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5.00

0.00

0.5 -0.25 0
zc/ Yo7

Figure 5.61 Comparison of the effects of collar size and elevation on the maximum
scour depth around the semi-circular end and rectangular abutments of length
La=30 cm (t= 4 hours)

70.00

65.00

000 ==k=-13a=30cm, Bc=5 cm SC —8—L[a=30cm, Bc=7.5cmSC = W =La=30cm, Bc=10cm SC P -

La=30cm, Bc=5 cm RC La=30cm, Bc=7.5 cm RC La=30cm, Bc=10cm RC -7
55.00 -7

50.00 -

45.00 -

-
T T T T e e cemmemm—emm=mm ST

. liniiisememmszoIeT
40.00 —

35.00

30.00

25.00

20.00

15.00

% Reduction in Maximum Scour Depth

10.00

5.00

0.00

-0.5 -0.25 0

Z /Yo7

Figure 5.62 Comparison of the effects of collar size and elevation on the maximum
scour depth around the semi-circular end and rectangular abutments of length
La=30 cm (t= 6 hours)
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The comparison of the scour reduction performances of the varying collar sizes and
flow intensities around the semi-circular end and rectangular abutments of length
L,=30 cm are shown in Figures 5.63-5.65. When the collars were placed at the
elevation of Z./y, ,= +£0.00, the scour reduction performances of the semi-circular
end collars were obtained greater than those of the rectangular collars throughout the
experiments regardless of the flow intensity and time for a given collar width. On
the other hand, at the elevation of Z./y, = -0.25, the maximum scour reductions
were observed for the rectangular collar of Bc=10 cm for all the flow intensities
tested. During the first stage of the experiments with a flow intensity of 0.7, the
rectangular collars were found to be more efficient when compared to the semi-
circular end collars for a given collar width. However, rectangular collars started to
become less efficient with increasing flow intensity and time. In other words, at the
end of the second and third stages of the experiments, at the elevation of Z./y, ,= -
0.25, it was shown that the semi-circular end collars were more effective in reducing
the maximum scour depth except for the rectangular collar of Bc=10 cm. Finally,
when collars were placed at the elevation of Z./y,,= -0.50, the maximum scour
reductions were observed with the rectangular collars for a given collar width and

flow intensity.
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Figure 5.63 Comparison of the effect of collar size and flow intensity on the

maximum scour depth around the semi-circular end and rectangular abutments of

length La=30 cm for Z./y, = +0.00
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Figure 5.64 Comparison of the effect of collar size and flow intensity on the
maximum scour depth around the semi-circular end and rectangular abutments of
length La=30 cm for Z./y,,=-0.25
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Figure 5.65 Comparison of the effect of collar size and flow intensity on the
maximum scour depth around the semi-circular end and rectangular abutments of
length La=30 cm for Z./y,.,=-0.50

5.6.3.3  The Abutment of Length La=20 cm

In Figures 5.66-5.68, the comparison of the scour reduction performances of the
varying collar sizes and elevations around the semi-circular end and rectangular
abutments of length La=20 cm are presented. At the end of the first stage of the
experiments, when the collars were placed at the elevation of Z./y, = +0.00, the
scour reduction performances of the rectangular collars of B=7.5 and 10 cm attached
to the rectangular abutment were much larger than those of the semi-circular end
collars of Bc=7.5 and 10 cm. On the contrary, the semi-circular end collar of B¢=5
cm gave better results than the rectangular collar of Bc=5 cm. At this collar level, the
maximum scour reduction was obtained for the rectangular collar of Bc=10 cm
around the rectangular abutment. On the other hand, at the elevation of Z./y,,= -

0.25, the semi-circular end collars had no effect in reducing the maximum scour
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depth. On the other hand, the rectangular collars around the rectangular abutment

had a significant effect in reducing the maximum scour depth around the abutment.

At the end of the second and third stages of the experiments, the semi-circular end
collars had more scour reduction efficiencies when compared to the rectangular
collars for a given collar width at Z./y, = +0.00. However, when the collars were
located lower than the bed level, Z./y,,= -0.25, the efficiencies of the rectangular
collars increased while the semi-circular end collars decreased. At these stages of the
experiments, the maximum scour depths were observed for the semi-circular end
collars of Bc=7.5 and 10 cm at the elevation of Z./y,,= +0.00 while for the

rectangular collars of B.=7.5 and 10 cm at the elevation of Z./y, ;= -0.25.
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Figure 5.66 Comparison of the effects of collar size and elevation on the maximum
scour depth around the semi-circular end and rectangular abutments of length
La=20 cm (t= 2 hours)
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Figure 5.67 Comparison of the effects of collar size and elevation on the maximum

scour depth around the semi-circular end and rectangular abutments of length
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Figure 5.68 Comparison of the effects of collar size and elevation on the maximum

scour depth around the semi-circular end and rectangular abutments of length
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The comparison of the scour reduction performances of the varying collar sizes and
flow intensities around the semi-circular end and rectangular abutments of length
La=20 cm are presented in Figures 5.69 and 5.70. When the collars were placed at
the elevation of Z./y, = +0.00, the scour reduction performances of the rectangular
collars of Bc=7.5 and 10 cm were usually obtained greater than those of the semi-
circular end collars during the first 2 hours of the experiments having the flow
intensity of 0.7. However, as the flow intensity increased, the efficiencies of the
semi-circular end collars were obtained better when compared to rectangular collars
for a given collar width and flow intensity. On the other hand, at the elevation of
Z./yo.7= -0.25, the rectangular collars showed better performances than the semi-

circular end collars at any flow intensity tested.
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Figure 5.69 Comparison of the effect of collar size and flow intensity on the
maximum scour depth around the semi-circular end and rectangular abutments of
length L.=20 cm for Z./y,.,=£0.00

233



55.00

=-=k=--13=20cm, Bc=5 cm SC —8— La=20cm, Bc=7.5ecm SC - B -1a=20cm, Bc=10cm SC
50.00

=-=k=--1a=20cm, Bc=5 cm RC —&— La=20cm, Bc=7.5cm RC - B -1a=20cm, Bc=10cmRC

45.00

S
S
o
S

w
o
=)
S

w
S
o
S

25.00

~
=]
o
S

-
o
o
S

% Reduction in Maximum Scour Depth

Figure 5.70 Comparison of the effect of collar size and flow intensity on the
maximum scour depth around the semi-circular end and rectangular abutments of
length La=20 cm for Z./y,.,=-0.25

5.6.34  Summary

In summary, the semi-circular end and rectangular collars have a significant impact
in reducing the scour depth around the abutments. For the abutment of length L.=40
cm, the semi-circular end collars around the semi-circular end abutment usually
showed more successful results in reducing the maximum scour depth than the
rectangular collars around the rectangular abutments. This situation might occur due
to the sharp nature of the rectangular collar and abutment that causes stronger
vortices and higher bed shear stress that leads to greater scour depths when compared
to the semi-circular end ones. However, as the abutment length decreased (i.e., La=20
and 30 cm), the rectangular collars showed more successful performances than the
semi-circular collars when the collars were placed below the bed level (i.e., Z./y,.7=
-0.50 and -0.25). Especially, the efficiencies of the rectangular collars increased with

increasing flow intensity and time. Based on the experimental results, it was obtained
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that the semi-circular collars provide a reduction in the maximum scour depth by up
to 72%; on the other hand, the rectangular collars reduce the maximum scour depth
by up to 51%. Table 5.6 presents the ranges of the minimum and maximum
reductions in maximum scour depths around the semi-circular end and rectangular

abutments as a function of Z./y, > and flow intensity.

Table 5.6 The ranges of minimum and maximum % reductions in maximum scour

depths around the semi-circular end and rectangular abutments tested

2.0<La/Bc<8.0
The range of % reduction in maximum
scour depth
Z./Vo7 | t(hour) | U/Uc
Semi-circular end Rectangular
collars collars
2 0.7 23.08 - 71.88 12.70 - 50.79
+0.00 4 0.8 28.46 - 62.31 8.19-47.24
6 0.9 22.36 - 63.71 0.48 - 40.50
2 0.7 0.00 - 50.00 30.95 - 48.60
-0.25 4 0.8 1.14 - 42.55 25.20 - 47.37
6 0.9 19.25 - 42.74 1.90 - 45.45
2 0.7 0.00-9.38 18.69 - 36.84
-0.50 4 0.8 7.45 - 30.77 27.49 - 39.18
6 0.9 23.39 - 33.54 10.95 - 39.51
5.6.4 Maximum Scour Depths Around the Abutments

As an alternative way to demonstrate the relationship between the dimensionless

maximum scour depth and abutment-collar sizes, variation of [(ds)maxc/y] and
\/8(L,/B.) is presented in Figures 5.71 and 5.72 for the semi-circular end and

rectangular abutments, respectively. The © parameter represents the ratio of the total

area of the abutment with collar to the area of the abutment on the horizontal plane:
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A +A
e — abutment collar (55)

Aabutment

where Aabutment and Acollar are the areas of the abutment and collar on the plan view,
respectively. © values are used to indicate the effect of the areal sizes of the abutment
models with collars on the reduction of scour around the abutments. The increase in

the © value, for a given abutment length, means an increase in the collar width.

Figure 5.71 shows that the dimensionless maximum scour depth increases with
increasing /0(L,/B.) for semi-circular end abutments. From the general trend of

the data points it can be stated that the dimensionless maximum scour depth increases

when the collar was placed deeper into the bed level. However, at the end of the third
stage, for the \/0(L,/B.) values greater than 3.80, the collars placed at the elevation
of Z./y,.,=-0.50 led to smaller maximum scour depths when compared to the collars

at the elevation of Z./y, ;= -0.25.
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Similar to the semi-circular end abutments, the dimensionless maximum scour depth
around the rectangular abutments increased with increasing /6(L,/B.). However,
Figure 5.72 demonstrates that the dimensionless maximum scour depth around the
rectangular abutments generally decreased when the collars were placed below the
bed level contrary to the semi-circular end abutments. Only at the end of the first
stage of the experiments, the maximum dimensionless scour depths were obtained

when the collars were placed at the elevation of Z./y, ;= -0.50.

From Figures 5.71 and 5.72, for known 0, L/Bc and Z../y,, > values within the ranges
of this study, [(ds)max.c/y] values can be determined for collar applications around the
abutments. The linear relationships between the [(ds)maxc/y] and /6(La/Bc) for
various flow intensities, collar elevations and test durations are listed in Tables 5.7
and 5.8.
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Table 5.7 The linear relationships between [(ds)max.c/y] and \/6(L,/B.) for the semi-

circular end abutments with varying flow intensities, collar elevations and test

durations
Equation R2
t=2h, U/Uc=0.7, o
Zc/y07= £0.00 [(ds)max,c/Y] = 0.0837 |0 (B_c) -0.1264 0.4548
t=2h, U/Uc=0.7, -
Zelyor=-0.25 [(ds)max,c/Y] =0.1243 |6 (B—a) -0.205 0.8239
c/yo.7 = -U. ¢
t=2h, U/U=0.7, .
Zoyor= 050 [(d9)maxc/y] = 01553 [0 () - 01358 | 0.5831
C A = =U. C
t=4h, U/Uc= 0.8,

d)maxc/y| = 0.3378 /e La) _0.8836 | 0.9117
Zclyo7=%0.00 [(d)mac/y] (B)
t=4 h, U/Uc= 0.8,

[(d9)maxc/y] = 0.2895 |8 (52)-0.622 | 0.8984

Zelyo7=-0.25 =
t=4h, U/Uc= 028, -
Zelyor = 050 [(d9)maxc/y] = 01175 [6(22) +01359 | 0.6321
Ci J— -U. c
t=6h, U/Uc= 0.9, .
Zclyo7=£0.00 [(do)maxc/y] = 0.5089 [0(=2)-1.2871 | 0.9250
C A= o c
t: 6 h, U/UC: 091 La
Zelyor = 025 [(d9maxe/y] = 04925 [0(32)-1.1217 | 0.9095
t=6 h, U/Uc= 09, -
Zelyor = -0.50 [(d9maxc/y] = 0.2692 [6(52) -0.2503 | 0.8969
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Table 5.8 The linear relationships between [(ds)maxc/y] and /6(L,/B.) for the

rectangular abutments with varying flow intensities, collar elevations and test

durations
Equation R2
t=2h, U/Uc=0.7, -
Zelyor = +0.00 [(d9)maxc/y] = 0.3134 [0(2) -07334 | 0.8966
t=2h, U/U:=0.7,

Zelyor=-0.25 [(de)max,c/y] = 0.2192 \/@ -0.4281 | 0.9323
t=2h, U/Uc=0.7, .

Zclyo7=-0.50 [(ds)max,c/y] = 0.1325 \/@ +0.0158 | 0.6166
t=4 h, U/Uc=0.8, -

Zclyo7=£0.00 [(ds)max,c/y] = 0.3378 \WB—ac) -0.8836 | 0.9117

t=4 h, U/Uc= 0.8,

[(do)maxc/y] = 0.4189 [0 (=) -0.9722 | 0.9723

Zclyo7=-0.25
t=4h, U/Uc= 0.8, -
Zelyo7 = -0.50 [(ds)max,c/Y] = 0.3580 |0 (B_a) + 0.6913 0.8828
C A — =V, c
t=6h, U/Uc=0.9, .
2 yor= £0.00 [(de)maxc/y] = 0.8933 |6 (:2) - 21943 | 09142
Cl N . c
t=6h, U/Uc=0.9, .
Zoyor= -0.25 [(do)maxc/y] = 0.8784 |6 (:2) - 2.2236 | 0.9430
C A= ~U. c
t=6h, U/Uc=0.9, -
Zelyor = -0.50 [(dmaxe/y] = 0.9094 [0(32)-2420 | 0.9473

Also, to indicate the effect of flow intensity and test duration on the relationship

between the dimensionless maximum scour depth and abutment-collar sizes,
.. . 8] t .
variation of [(ds)maxcly] With /8(La/Bg) exp (U—) exp (1) s a function of collar

elevations was presented in Figures 5.73 and 5.74 for the semi-circular end and
rectangular abutments, respectively. From the figures, it can be stated that the

dimensionless maximum scour depths not only increase with increasing abutment
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and decreasing collar size but also increase with increasing flow intensity and test

duration for both semi-circular end and rectangular abutments for a given collar

elevation. Furthermore, as /6(L,/B.)exp (UE) exp (ti) values increased the
c p

efficiencies of the collars located below the bed level increased due to the greater
scour depths observed around longer abutment lengths (i.e. La=40 cm) and longer
test durations with greater flow intensities. For semi-circular end abutments, the
maximum dimensionless scour depths generally increased as the collar was located
deeper into the bed level as mentioned in previous subsections. However, the
maximum dimensionless scour depths were obtained greater when the collar was

placed at the elevation of Z./y, = -0.25 when compared to those at the elevation of

Z./¥o.-=-0.50 in the case of \/0(L,/B.) exp (UE) exp (ti) > 27. On the other hand,
c p

for the rectangular abutments, the greatest and lowest maximum dimensionless scour

depths were obtained at the elevations of Z./y,-,=-0.50 and -0.-25, respectively
. 0] t i . 3

while /0(L,/B.) exp (U—C) exp (E) < 22. In addition, in this range, the

dimensionless scour depth values of Z./y,,= -0.25 and +0.00 were obtained close

to each other. Between the range of 22 < ,/0(L,/B.) exp (Ui) exp (ti) < 25, the
c p

greatest and lowest maximum dimensionless scour depths were obtained at the

elevation of Z./y, = £0.00 while the lowest ones were obtained at the elevation of

Z./Yo7=-0.25. Finally, when ,/8(L,/B.) exp (UE) exp (ti) > 25, again the greatest
c p

maximum dimensionless scour depths were obtained at the elevation of Z./y,,=

+0.00 and -0.50, respectively.
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5.6.5 Optimal Design of Abutment-Collar Arrangement

In Tables 5.9 and 5.10, optimal design cases for an abutment-collar arrangement
based on collar elevation are given for semi-circular end and rectangular abutments,
respectively. [(ds)max,c/Y]opt @and [Zc/yo.7]opt represent the experimental results having
the maximum percentage reductions in the maximum scour depths for a given

abutment length, collar size, flow intensity and test duration.

Table 5.9 Optimal design parameters of semi-circular end abutments based on tested

collar elevations

(CLr;) L/B| B, |L/B.| © [@©L/BYS|y(Cm) (hotur) WU Z | ZWos] | [@)maxch] | [Reductionds]
500] 800 | 220 420 | 1740] 2 |07]:000] =000 | 018 66.67
750|533 | 288 | 392 | 1740] 2 |07]%000] 000 | 021 62.50
1000 400 | 361| 380 |17.40| 2 |07|:000] 2000 | 016 71.88
500 800|220 420 |1520] 4 |08] 43| 025 | 055 36.15

10 [027[750( 533|288 | 392 |1520| 4 |08|2000]| 2000 | 045 16.92
1000 400 | 361] 380 |1520| 4 |08|2000] 2000 | 032 62.31
500|800 | 220 420 | 1350| 6 | 09| -870| 050 | 084 2919
750] 533 | 288| 392 | 1350] 6 |09]<000] 000 | 076 36.65
1000 400 | 361] 380 |1350| 6 |09|:000] 2000 | 062 1783
500] 600 | 227 369 | 1740] 2 |07]%000] 2000 | 025 386
750] 400|301 | 347 | 1740] 2 |07]<000| 000 | 024 114
1000 300 | 381| 338 |1740| 2 |07|%000]| 2000 | 014 613
500|600 227 | 369 |1520] 4 |08]+000] 000 | 032 189

20 losol750[400[301| 347 [1520] 4 | 082000 2000 | 029 53.2
1000 300 | 381| 338 |1520| 4 |08|2000] 2000 | 024 60.6
500] 600|227 | 369 | 1350] 6 |09]%000] 000 | 052 135
750] 400|301 | 347 | 1350] 6 |09]%000] 000 | 042 51,0
1000 300 | 381| 338 |1350| 6 |09[£000] 2000 | 033 63.7
500 400] 241| 341 | 1740] 2 |07]+000] 000 | o041 2308
750] 267 328| 29 | 1740] 2 |07]%000] 000 | 041 2692
1000] 200 | 424 | 291 | 1740| 2 |07 |%0.00| 2000 | 010 34,62
500|400 241| 341 | 1520] 4 |08]000] 000 | 014 50.00

20 lo13[750] 267328 296 |1520] 4 |08 |2000] 000 | 014 5227
1000 200 | 424| 291 | 1520| 4 |08|%000]| 2000 | 014 5000
500|400 241| 341 | 1350] 6 |09]+000] 000 | 033 39.19
750] 267 328| 296 | 1350] 6 |09]<000] 000 | 025 5405
1000 200 | 424 | 291 |1350| 6 |09|2000] 2000 | 025 54,05
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Table 5.10 Optimal design parameters of rectangular abutments based on tested

collar elevations

((I:_r;) L./B| B; |LJ/B © © ].;;,JBC)O'5 (c)r/n) (hOtUI’) Ul Z [Z:/yo7] [(ds)max,c/y] [Reduction%o]
5.00 | 8.00]2.25 4.24 17.40 2 0.7 | -4.35 -0.25 0.47 38.35
7.50 [ 5.33]2.97 3.98 17.40 2 0.7 | -4.35 -0.25 0.48 37.59
10.00{ 4.00 {3.75 3.87 17.40 2 0.7 | £0.00 [ +0.00 0.40 48.12
5.00 | 8.00]2.25 4.24 15.20 4 0.8 | -8.70 -0.50 0.82 27.49
40 10.27| 7.50 [ 5.33]2.97 3.98 15.20 4 0.8 | -4.35 -0.25 0.68 39.18
10.00{ 4.00 3.75 3.87 15.20 4 0.8 | -4.35 -0.25 0.59 47.37
5.00 | 8.00]2.25 4.24 13.50 6 09| -8.70 -0.50 1.39 10.95
7.50 [ 5.33]2.97 3.98 13.50 6 09| -8.70 -0.50 1.23 20.95
10.00{ 4.00 3.75 3.87 13.50 6 09| -8.70 -0.50 1.19 23.81
5.00 [ 6.00]2.33 3.74 17.40 2 0.7 | -4.35 -0.25 0.39 36.45
7.50 [ 4.00]3.13 3.54 17.40 2 0.7 | -4.35 -0.25 0.34 44.86
10.00] 3.00 {4.00 3.46 17.40 2 0.7 | -4.35 -0.25 0.32 48.60
5.00 [ 6.00]2.33 3.74 15.20 4 0.8 | -4.35 -0.25 0.63 25.20
30 10.20] 7.50 [4.00]3.13 3.54 15.20 4 0.8 | £0.00 [ +0.00 0.46 44.88
10.00] 3.00 {4.00 3.46 15.20 4 0.8 | £0.00 [ +0.00 0.44 47.24
5.00 [ 6.00]2.33 3.74 13.50 6 09| -8.70 -0.50 0.89 25.93
7.50 (4.00)3.13 3.54 13.50 6 09| -4.35 -0.25 0.72 40.12
10.00{ 3.00 [4.00 3.46 13.50 6 09| -4.35 -0.25 0.66 45.06
5.00 | 4.00]2.50 3.16 17.40 2 0.7 | -4.35 -0.25 0.22 38.10
7.50 | 2.67(3.44 3.03 17.40 2 0.7 | +0.00 | +0.00 0.23 36.51
10.00{ 2.00 {4.50 3.00 17.40 2 0.7 | £0.00 [ +0.00 0.18 50.79
5.00 | 4.00]2.50 3.16 15.20 4 0.8 | -4.35 -0.25 0.34 37.35
20 |0.13|7.50 | 2.67|3.44 3.03 15.20 4 08| -4.35 -0.25 0.30 45.78
10.00{ 2.00 {4.50 3.00 15.20 4 0.8 | £0.00 [ +0.00 0.30 45.78
5.00 | 4.00]2.50 3.16 13.50 6 09| -4.35 -0.25 0.58 35.54
7.50 [ 2.67|3.44 3.03 13.50 6 09| -4.35 -0.25 0.50 44.63
10.00] 2.00 {4.50 3.00 13.50 6 09| -4.35 -0.25 0.49 45.45

The variation of [(ds)max.c/Y]opt With 0 is presented in Figures 5.75 and 5.76. As it was
mentioned in the previous subsection, the © parameter, which represents the ratio of
the total area of the abutment with collar to the area of the abutment on the horizontal
plane, was exhibited to emphasize the effect of the collar width on the maximum
scour depth. An increase in the © parameter, for a given abutment length, means an
increase in collar width. Therefore, it can be clearly seen from Figures 5.75 and 5.76,
the maximum scour depth usually decreases with increasing 0 value for a given
abutment length and test duration for both semi-circular end and rectangular
abutments. However, for the semi-circular abutment of length L.=20 cm, alterations

on the maximum scour depth with increasing 6 value were observed pretty small.
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Furthermore, at the end of the 2 and 4 hours of the experiments, almost no change
was observed in the maximum scour depth with an increase or decrease in 6 value.
It can be also stated that the decrease in the maximum scour depth with increasing 0
value increases when the greater scour depth potential occurs. In other words, the
effect of collar size increased as the abutment length, flow intensity and test duration
were increased. In addition, increasing the collar size showed more efficient results
in reducing the maximum scour depth for the rectangular abutments when compared

to the semi-circular end abutments.

1.10

--&--13/B=0.27, t=2 h, U/Uc=0.7 —e— 1a/B=0.27, t=4 h, U/Uc=0.8 - m - La/B=0.27, t=6 h, U/Uc=0.9
100 —-&--1a/B=0.20, t=2 h, U/Uc=0.7 —e—1a/B=0.20, t=4 h, U/Uc=0.8 - B - La/B=0.20, t=6 h, U/Uc=0.9
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Figure 5.75 Variation of [(ds)max.c/Y]opt with 6 for semi-circular end abutments
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Figure 5.76 Variation of [(ds)max.c/Y]opt with 0 for rectangular abutments

Variation of [(ds)max.c/y]opt With {/8(L,)/B. was plotted in Figure 5.77 as an
alternative data presentation for Figures 5.75 and 5.76. In this figure, the trends of
the data points showed that the maximum scour depths increase with increasing

m. Moreover, the greater maximum scour depths were always obtained
around the rectangular abutments at the end of the 6th hour of the experiments; on
the other hand, the smallest maximum scour depths were obtained around the semi-
circular end abutments at the end of the 2nd hour. It was also observed that the
trendlines of the data belonging to the semi-circular end abutments at the end of the
4th hour and rectangular abutments at the end of the 2nd hour coincide with each
other while the semi-circular end abutments at the end of the 6th hour and rectangular
abutments at the end of the 4th hour. In other words, the evolution of the optimal
maximum scour depths around the semi-circular end abutments with collars lagged

two hours with respect to the rectangular abutments. The linear relationships between

the [(ds)max.c/Y]opt and /8(L,/B.) for various flow intensities and test durations are
listed in Table 5.11.
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Table 5.11 The linear relationships between [(ds)max.c/Y]opt and /0(L,/B.) for

varying flow intensities and test durations

Equation R?

t=2h, UlU=0.7 :

“c [(ds)max.c/y] = 0.0837 [0 (B—) -0.1264 | 0.4548
t=2h, U/Uc=0.7 -

e [(dg)maxc/y] = 0.2416 /e (B—) 05240 | 0.9557
t=4h, U/U:=038 :

“c [(dg)maxc/y] = 0.3087 [0 (B—) -0.7893 | 0.9391
t=4h, U/Uc=0.8 :

b [(dg)maxc/y] = 0.4140 /e (B—) -0.9675 | 0.9739
t=6 h, U/Uc=0.9 :

. [(dg)maxc/y] = 0.4729 [0 (B—) ~1.1703 | 0.9351
t=6 h, U/Uc= 0.9 -

e [(dg)maxc/y] = 0.7523 /e (B—) ~1.8292 | 0.9380

The variation of [Reduction%]opt With La/Bc is presented in Figure 5.78. According
to the figure, trendlines of the data indicated that the maximum scour reduction
percentages gradually decrease with increasing La/Bc for all cases, except for the
semi-circular end abutment at the end of the 2nd hour. In this case, it was obtained
that the maximum scour reduction percentages increase with increasing La/Bc.
However, it should not be forgotten that the correlation coefficient, R?, of that
trendline was only measured as 0.1704 that can be accepted as very low. Hence, the

relationship between the [Reduction%]opt and La/Bc for that case could be considered

meaningless.

The exponential relationships between the [Reduction%]opt and La/Bc with their

correlation coefficients are presented in Table 5.12.
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Table 5.12 The exponential relationships between the [Reduction%]opt and La/Bc for

the varying flow intensities and test durations

Equation R2

t=2h, U/Uc=0.7 s ooaala

sC [Reduction%]ope = 29.457 e "Be 0.1704
t=2h, U/Uc=0.7 oonoka

RC [Reduction%],pe = 49.849e ~ Be 0.3238
t=4h, U/Uc=0.8 voesnka

e [Reduction%],pe = 66.268 € Be 0.4407
t=4h, U/Uc=0.8 —

RC [Reduction%],pe = 62.671e ~ Be 0.7004
t=6h, U/Uc=0.9 oiioka

SC [Reduction%],p = 74.246e " Be 0.6726
t=6 h, U/Uc=0.9 ..

RC [Reduction%],pe = 83.403 e ~ Be 0.8121

5.6.6 Comparison of the Experimental Results with the Previous Studies

in the Literature

The results of the present study were also compared with the previous similar studies
in the literature such as Kayatiirk (2005), Dogan (2008), Daskin (2011) and Tekin
(2012). All of these studies having various abutment shapes and lengths, collar
shapes, sizes and elevations, flow characteristics and sediment sizes, were conducted
under steady-state clear-water flow conditions in order to investigate the efficiencies
of collars in reducing the local scour depth around the abutments. Important
parameters of these studies are listed in Table 5.13.
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Table 5.13 Abutment, collar, flow and sediment properties of Kayatiirk’s (2005),
Dogan’s (2008), Daskin’s (2011) and Tekin’s (2012) studies

Kayatiirk Dogan Daskin Tekin
Parameter
(2005) (2008) (2011) (2012)
Semi- Semi-
Abutment Shape Rectangular | Rectangular | _
circular end | circular end
15, 20, 25,
Abutment 7.5,15,20, | 7.5, 15, 20,
30, 35 and 15 and 35
Length, La, (cm) 25and 35 | 25and 35 10
Collar width, Be, (cm) 25,575 25,5 75 5, 7.5 and 5, 7.5 and
and 10 and 10 10 10
Semi- Semi-
Collar Shape Rectangular | Rectangular | _
circular end | circular end
Discharge (m3/s) 0.050 0.017 0.0678 0.0678
17.4 and
Flow Depth (cm) 10 4.25 13.5
15.2
Sediment diameter, 148 0.90 1.50 1.50
dso, (mm) ' ' ' '
Flow Conditions Clear-water | Clear-water | Clear-water | Clear-water
UL« _ ] 09 0.70 and
0.80
U=/U=¢ 0.90 0.90 - -
Test duration (hour) 6 6 3 3
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Variation of [(ds)max.c/Y]opt With \/8(L,)/B. for the present study was plotted in
Figure 5.79 together with the data of Kayatiirk (2005), Dogan (2008), Daskin (2011)

and Tekin (2012). From the figure, it can be seen that all the data show similar trends

in terms of the relationship between [(ds)max.c/ylopt and /8(L,)/Bc. The data of
Kayatiirk (2005) and Dogan (2008) yields larger than the other studies’ data, since,
these two studies were conducted for longer test durations (6 hours) with vertical-
wall abutments. Daskin’s (2011) data fell below the data of Kayatiirk’s (2005) and
Dogan’s (2008) data because of the shorter test duration (3 hours) conducted for the
semi-circular end abutments. However, it should not be forgotten that if Dagkin’s
(2011) study were conducted for 6 hours, it might coincide with Kayatiirk’s (2005)
data, since these two studies were performed under similar flow conditions,
U/U:=0.9 and the mean diameters of the bed materials of these two studies were
almost the same. Despite Daskin’s (2011) and Tekin’s (2012) studies were carried
out in the same experimental channel with the same abutment shapes, the mean
diameters of the bed materials and the test durations, tested flow intensities,
U/U=0.7 and 0.8, in Tekin (2012) were smaller than the flow intensity, U/U:=0.9,
tested in Daskin (2011). Thereby, the data of Tekin (2012) fell below the data of
Daskin (2011) because of the smaller maximum scour depths caused by smaller flow

intensities.

It was obtained that the data of the present study for a given test duration and flow
intensity generally fall below the previously conducted four studies that were
mentioned above. Although the present study had a total test duration of 6 hours
which is the same as Kayatiirk (2005) and Dogan (2008), and higher than the Dagkin
(2011) and Tekin (2012), it was conducted under unsteady-state flow conditions
contrary to the four studies which were carried out under steady-state flow
conditions. Especially, when the data of the present study belonging to the semi-
circular end abutments were compared with the Dagkin (2011) and Tekin (2012) that
were carried out at the same experimental setup and the same median size of bed
material with the present study, the data of Dagkin (2011) and Tekin (2012)
absolutely yielded larger than the data of the present study even though the present
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study had longer test duration. The present study was conducted by performing a 6-
hour step-wised hydrograph, each flow intensity value (U/U=0.7, 0.8 and 0.9) was
applied for 2 hours, respectively. On the other hand, a single flow intensity value
was performed continuously for 3 hours in Dagkin (2011), U/U=0.9 and Tekin
(2012), U/Uc=0.7 and 0.8. When the dominancy of the flow intensity for the
development of the scour depths is taken into account, the greater scour depth values
obtained in Dagkin (2011), where the flow intensity of U/Uc=0.9, was applied
continuously for 3 hours, for a given m is reasonable. However, Tekin
(2012) also yielded larger than the present study despite having smaller flow
intensities of U/U:=0.7 and 0.8. This situation might be explained by the limited
strength of the horseshoe vortex which is mainly responsible for the development of
local scour, due to the boundary layer thickness developed under unsteady-state flow
conditions and also the occurrence of stronger wake turbulences for the steady-state
flow conditions than those of unsteady-state, greater scour depths occur for the
steady-state flow conditions (Gargari et al., 2021). Nevertheless, the present study’s
6 hours data belonging to the rectangular abutment cases nearly converged with the
data of Dagkin (2011). Hence, it can be claimed that results at the end of the 6 hours
for the under-steady state flow conditions around the rectangular abutments have
similar results to the results of the 3 hours under steady-state flow conditions around
semi-circular abutments. In addition, the experimental results of Tekin (2012)
conducted with a flow intensity of 0.7 for continuously 3 hours showed some
compatibility with the data of the present study belonging to the rectangular
abutment cases at the end of the 2 hours with the flow intensity value of 0.7. On the
other hand, the experimental results of Tekin (2012) conducted with a flow intensity
of 0.8 for continuously 3 hours fell a little above the data of the present study
belonging to the semi-circular end abutment cases at the end of the 6 hours. However,
it should not be forgotten that the optimum collar location was mostly obtained at
the bed level for the semi-circular end abutments in the present study. In Daskin’s

(2011) and Tekin’s (2012) studies optimum collar locations were generally achieved
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at the locations below the bed level. The linear relationships between the

[(ds)max,c/Y]opt and /0(L,/B.) for these studies are listed in Table 5.14.

256



ay1 u1 sa1pnis snoinaid pue Apnis jussald ayr woiy paurelqo (Pq/%1)e/> yum o[£ xew(sp)] uoierien ayl Jo uosuedwo) 6/°G ainbiq

005

19

05°€

++

alnyelall|

(Pa/* g/t

05t

0o 05T 00T 050

DS ‘80="11/n 1 £ = “(T107) wopaL
2SL0="1/n €= (ToY) wRL ©
28 6°0="11/0 ¥ €= (1107) weifeq o

+

¥ ‘60 ="1v 19 =) “(8007) weso(

0¥ ‘6°0 ="11/N ‘1 9 =) “(€007) pmyedey
2860 ="1/0 W9 =) Apwyg Jussaig e
28 ‘80 ="11/0 U ¥ =) Apmyg Juesarg K
28 °L0="/0 U 7 =) “Apmg Jmasaag ¥
28 ‘6°0="1/0 1 9 =3 Apmyg Jmasarg v
IS §0="11/0 U ¥ = ‘Apmyg ymesaig ¢
IS L0="1UN ‘U 7= Apmig mesalg m

000

000

[ ]

080

0zt

05T

e

09°€

mc[ﬁ‘f”ln:l-u[‘p}]

257



Table 5.14 The linear relationships between [(ds)max.c/y]opt and /6(L,/B.) for the

present study and previous studies in the literature

Equation R?
Present Study
t=2h, U/U=0.7 [(de)maxc/y] = 0.0837 [0 (22 ) -0.1264 | 0.4548
sC
Present Study
t=2h, U/Uc:= 0.7 [(dg)maxc/y] = 0.2416 |0 (L) 05240 | 0.9557
RC
Present Study
t=4h, U/U:= 0.8 [(dg)maxc/y] = 0.3087 |6 (B) -0.7893 | 0.9391
sC
Present Study
t=4h, U/U:= 0.8 [(dg)maxc/y] = 0.4140 [0 (B) -0.9675 | 0.9739
RC
Present Study
t=6 h, U/Uc= 0.9 [(dg)maxc/y] = 0.4729 [0 (;) 11703 | 0.9351
sC
Present Study
t=6 h, U/Uc= 0.9 [(dg)maxc/y] = 0.7523 \/@ 1.8292 | 0.9380
RC
Kayatiirk (2005) [(dg)maxc/y] = 0.9037 |6 (;—) 2.0254 | 0.9035
Dogan (2008) [(dg)maxe/y] = 14114 [0 (;—) 3.1434 | 0.8105
Dagkin (2011) [(dg)maxc/y] = 0.5308 [0 (;—) 1.0953 | 0.9356
Tekin (2012) [(d9)maxc/y] = 0.1351 [6(:2)-0.1220 | 0.9309
U/Uc= 0.7 ' Be
Tekdn (2012) [(de)maxc/y] = 0.3794 |6 (L_) 0.7676 | 0.9812
U/Uc= 0.9 ' Be
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Variation of [% Reduction] opt With La/Bc for the present study was plotted in Figure
5.80 together with the data of Kayatiirk (2005), Dogan (2008), Daskin (2011) and
Tekin (2012). The data of the present study at the end of 2nd hour and the data of
Tekin (2012) conducted with flow intensity of U/U.=0.7 were excluded from the
graph due to the low correlations of the data. The presented data in the figure showed
similar trends as well as in Figure 5.79. As La/Bc increases the scour reduction
efficiencies of collars decrease for all the data. When La/Bc<2, the maximum scour
reductions were obtained for Kayatiirk (2005) and Dogan (2008) for a given La/Bec.
However, the trend of these two studies dramatically decreased with increasing La/Bc
and the scour reduction efficiencies of the other data became greater when La/Bc>3.
In addition, the maximum scour reductions belonging to the rectangular abutments
at the end of the 6th hour showed strong coherency with the data of Kayatiirk (2005)
and Dogan (2008) for a given La/Bc. On the other hand, for La/Bc>3, the maximum
scour reductions were obtained around the semi-circular end abutments at the end of
the 4th hour and then, at the end of the 6th hour. As a final comment, for La/B¢>3, it
can be noticed that the scour reduction percentages were observed higher for the
semi-circular end abutments when compared to the rectangular abutments. Also, the
scour reduction percentages decreased with increasing flow intensity and test
duration. Indeed, it can be indicated that the scour reduction efficiencies of the
collars decreases in such circumstances (e.g., longer abutments, sharp shapes, higher
flow intensities and test durations) causing greater scour depths. The exponential
relationships between the [Reduction%]opt and La/B for these four studies are shown
in Table 5.15.
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Table 5.15 The exponential relationships between the [Reduction%]opt and La/Bc for

the present study and previous studies in the literature

Equation R2
t=4 h, U/Uc=0.8 ooeaela
sC [Reduction%],pr = 66.268¢€  Be 0.4407
t=4 h, U/Uc=0.8 o 1000ka
[Reduction%],,: = 62.671e ~  Bc 0.7004
RC p
t=6 h, U/Uc=0.9 Co11aeka
sC [Reduction%],pe = 74.246e " Be 0.6726
t=6h, U/Uc=0.9 o aagela
[Reduction%],,c = 83.403e ~ Bc 0.8121
RC p
La
Kayaturk (2005) [Reduction%]opt — 118.450 e—O.3110B—C 0.8883
La
Dogan (2008) [Reduction%]opt — 132.820 e_0'3450B_c 0.9228
La
DaSkln (2011) [Reduction%]opt = 69.459 e—0.1250B—C 0.7228
i _ La
Tekin (2012) [RedUCtiOI’l%]opt — 52996 e 0.0650BC 0.8637

5.6.7 Effect of Flow Depth on the Maximum Scour Depth at Bridge
Abutments

Ninety additional experiments, 6 of them without collars, were carried out for semi-
circular end bridge abutments by applying a step-wise hydrograph of 6 hours total
duration based on flow intensity and its results are presented in Figure 5.81.
However, this time, the flow intensity was increased by increasing the flow discharge
and flow depth once every two hours rather than using constant discharge and
decreasing the flow depth. Each flow discharge (Q=45, 55 and 65 It/s) and flow depth
(y=11.5, 12.3 and 13 cm) that correspond to U/U.=0.7, 0.8 and 0.9, respectively,

were tested continuously for 2 hours duration. In other words, the experiments
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mentioned in the previous sections, which can be named first-phase experiments
(FPE) were conducted with constant discharge and decreasing flow depth while the
experiments mentioned in this subsection, which are named second-phase
experiments (SPE) were conducted with increasing discharge and flow depth. The
main motivation for performing these experiments was to investigate the effect of
flow depth on the maximum scour depth and scour reduction performances of
collars. Although the most dominant parameter for scour development is the
approach flow velocity or flow intensity, it is known that the approach flow depth
has also an effect on the scour depth. In the literature, there is a common opinion that
the scour depth increases at a decreasing rate with increasing flow depth (Barbhuiya
and Dey, 2004). However, in this study, the flow intensity was increased by
decreasing the flow depth, since, the main aim of the study was to examine the effect
of flow intensity, abutment length, collar width, collar elevation and test duration on
collar performance. Hence, the final scour depth increased with decreasing the flow
depth in the previous experiments. For that reason, additional experiments were done
for the semi-circular end bridge abutments in order to obtain the direct proportion of
the maximum scour depths with collars and flow depth. A sample of the relevant

data is provided in Appendix C.

In Figure 5.81, the temporal development of the maximum scour depth without
collars is plotted for both the experiments conducted with decreasing and increasing
flow depth. From the figure, it can be stated that for a given flow intensity and test
duration, the maximum scour depths are always greater for the experiments
conducted with higher flow depths. The differences in the maximum scour depths
between the FPE and SPE were measured by around 30%, 20% and 4% for the
abutments of lengths La=20 cm, 30 cm and 40 cm, respectively. According to all the
experimental results, the maximum scour depth increases with increasing abutment
length. Moreover, it was obvious that the increasing rate of the maximum scour depth
increases with decreasing abutment length. Despite Melville (1992) stated that for
the short abutments (La/y<1), the maximum scour depths depend on abutment length

rather than flow depth, during the experiments of this study the alterations on the
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scour depths increased as the abutment length decreased. In other words, as La/y
decreased for a given flow depth in every flow intensity zone, it seems that the effect
of flow depth on the maximum scour depth significantly increases even if La/y values
converge to 1. However, it should not be forgotten that the La/y values within the
scope of this study are calculated within the range of 1.15 and 3.48, which indicates
that the tested abutments in this study are classified as neither short nor long
abutments (1<La/y<25) based on the classification of Melville (1992). For that
reason, the scour depths obtained in this study depend on both abutment length and
flow depth for these ranges. Therefore, it is hard to make absolute statements on the

combined effect of flow depth and abutment length on the maximum scour depth.
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Figure 5.81 Temporal variation of the maximum scour depths without a collar for
FPE and SPE

Following the comparison of the maximum scour depths without collars for the FPE
and SPE, the comparison of the scour reduction efficiencies of the collars for these
two cases is presented in the next subsection. Since the main aim was just to see the
effect of flow depth on the performances of the collars, the experimental results of
FPE and SPE were plotted together.
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5.6.7.1  The Abutment of Length La=40 cm

Comparison of the scour reduction efficiencies of the collars based on flow depth for
semi-circular end abutment of length La=40 cm is demonstrated in Figures 5.82-5.84.
From the figures, it can be stated that the scour reduction efficiencies of the collars
during FPE and SPE generally showed similar trends at all collar elevations. At the
end of the first stage of the experiments with the flow intensity of 0.7, the collar
performances were almost obtained the same during FPE and SPE at the elevations
of Z./yo7=-0.25 and +0.00. However, at the elevation of Z./y, ,= -0.25, the collar
of Bc=5 cm was more efficient in reducing the maximum scour depth for FPE than
SPE. At the elevation of Z./y,-= -0.50, the efficiencies of the collars were better
for the SPE relative to FPE. The collar locations below (i.e., Z./y,,= -0.50 and -
0.25, Z.= -5.75 cm and 2.88 cm) the bed level during SPE was close to bed level
because of the smaller flow depths relative to collar locations during FPE (i.e.,
Z./yo.7=-0.50 and -0.25, Z.=-8.70 cm and 4.35 cm). For that reason, this result can
be accepted as reasonable. Yet, especially for the smaller scour depths caused by
smaller flow intensities and test durations, the collars located near the bed level gave
better results in reducing the maximum scour depth. In these circumstances, the
collars located deeper into the bed level did not give efficient results, because the
scour formation does not reach the collar elevation and thereby, the collar could not
manipulate the flow around the abutment. At the end of the second stage of the
experiments, the efficiencies of the collars in reducing the maximum scour depth
during SPE were almost obtained as the same as FPE. However, at the elevation of
Z./y0.,=-0.25, the efficiency of collar width of Bc=7.5 cm was better during SPE.
Finally, at the third stage of the experiments, despite the scour reduction
performances of the collars at the elevation of Z./y, = +0.00 were similar between
FPE and SPE, at the elevations of Z./y, = -0.50 and -0.25, the collar efficiencies
were better during SPE than FPE, except for the collar of Bc=5 cm. This situation

might occur due to the differences in dimensional collar elevations mentioned above.
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Figure 5.82 Comparison of the effects of collar size and elevation on the maximum

scour depth around abutment of length La=40 cm for FPE and SPE (t=2 hours)
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Figure 5.83 Comparison of the effects of collar size and elevation on the maximum

scour depth around abutment of length L,=40 cm for FPE and SPE (t=4 hours)
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Figure 5.84 Comparison of the effects of collar size and elevation on the maximum
scour depth around abutment of length La=40 cm for FPE and SPE (t=6 hours)

In Figures 5.85-87, the comparison of the scour reduction performances of the
varying collar sizes and flow intensities between FPE and SPE for the abutment of
length L.=40 cm are presented. When the collars were placed at the elevation of
Z./vyo.,=%0.00, the scour reduction performances of the collars were close to each
other for the FPE and SPE during each stage of the experiments even the flow
intensity and test duration increased. However, at the elevations of Z./y, ,= -0.25
and -0.50, significant differences were observed between the FPE and SPE in terms
of reduction in the maximum scour depth. At the elevation of Z./y,.,= -0.25, scour
reduction efficiencies of the collars at the end of the first and second stages of the
experiments were similar for the FPE and SPE. However, at the end of the third stage
of the experiments with increased flow intensity and test duration, the collars gave
more successful results for SPE in reducing the scour depth, except for the collar of
B:=7.5 cm. At the elevation of Z./y,.,= -0.50, scour reduction performances of the
collars, except the collar of B=5 cm, were found to be better for SPE than FPE due

to the dimensional collar locations as mentioned above.
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Figure 5.85 Comparison of the effects of collar size and flow intensity on the
maximum scour depth around abutment of length L.=40 cm for FPE and SPE
(Z¢/yo.7=%0.00)
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Figure 5.86 Comparison of the effects of collar size and flow intensity on the

maximum scour depth around abutment of length L,=40 cm for FPE and SPE

(Zc/yo0.7=-0.25)
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Figure 5.87 Comparison of the effects of collar size and flow intensity on the

maximum scour depth around abutment of length L.=40 cm for FPE and SPE
(Zc/y0.7=-0.50)

5.6.7.2  The Abutment of Length L.=30 cm

Comparison of the scour reduction efficiencies of the collars based on flow depth for
semi-circular end abutment of length La=30 cm is demonstrated in Figures 5.88-5.90.
At the end of the first stage of the experiments, scour reduction performance of the
collar of B=10 cm during FPE was found to be greater than those during SPE at the
elevation of Z./y,,= £0.00. Nevertheless, it should be noticed that the results of
each case belonging to the collars of Bc=5 cm and 7.5 cm were found to be close to
each other. On the contrary, at the elevation of Z./y, = -0.50, collar efficiency was
observed better during SPE despite the efficiencies of the collars for both cases being
pretty low. Moreover, at the elevation of Z./y, = -0.50, scour reduction efficiencies
during FPE and SPE for a given collar size were close to each other. In this context,
it can be stated that as the collars were placed deeper into the bed level, scour

reduction efficiencies of the collars increased during SPE while decreasing during
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FPE. At the end of the second stage of the experiment, at the elevations of Z./y,.,=-
0.25and +0.00, the maximum scour reduction percentages of the collars for a given
collar size were similar for both FPE and SPE. However, at the elevation of Z./y, ;=
-0.50 scour reduction efficiencies of the collars were measured better during SPE
than FPE like abutment of length L.=40 cm. Finally, at the end of the third stage of
the experiments, the maximum scour reduction efficiencies of the collars for a given

collar size was found to be pretty close to each other at all the collar elevations.
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Figure 5.88 Comparison of the effects of collar size and elevation on the maximum
scour depth around abutment of length L.=30 cm for FPE and SPE (t=2 hours)
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Figure 5.89 Comparison of the effects of collar size and elevation on the maximum

scour depth around abutment of length L,=30 cm for FPE and SPE (t=4 hours)
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Figure 5.90 Comparison of the effects of collar size and elevation on the maximum
scour depth around abutment of length L,=30 cm for FPE and SPE (t=6 hours)

The comparison of the scour reduction performances of varying collar sizes and flow
intensities between FPE and SPE for the abutment of length L,=30 cm are
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demonstrated in Figures 5.91-93. At the elevations of Z./y, = -0.25 and +0.00, the
scour reduction performances of the collars during FPE and SPE for a given collar
width were close to each other, except for the collar of B;=10 cm. Furthermore, the
efficiencies of the collars of the two cases converged with each other as the flow
intensity and test duration increased. At the elevation of Z./y,.,=-0.50, collars had
more efficient in reducing the maximum scour depth during SPE than those of FPE,
but as the flow intensity and test duration increased, the efficiency of the collars
obtained during two different cases was started to converge each other for a given

collar width.
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Figure 5.91 Comparison of the effects of collar size and flow intensity on the

maximum scour depth around abutment of length L,=30 cm for FPE and SPE
(Z¢/yo.,=+0.00)
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Figure 5.92 Comparison of the effects of collar size and flow intensity on the

maximum scour depth around abutment of length L.=30 cm for FPE and SPE
(Zc/y0.7=-0.25)
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Figure 5.93 Comparison of the effects of collar size and flow intensity on the
maximum scour depth around abutment of length L.=30 cm for FPE and SPE

(Z¢/yo.7=-0.50)
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5.6.7.3  The Abutment of Length La=20 cm

The comparison of the scour reduction efficiencies of the collars based on flow depth
for semi-circular end abutment of length L.=20 cm are presented in Figures 5.94-
5.96. At the first stage of the experiments, at the elevation of Z./y,-= +0.00, the
scour reduction performances of the collars during FPE and SPE were found to be
similar to each other. However, as the collars were located below the bed level (i.e,
Z./yo.7= -0.25), the collar efficiency in reducing the maximum scour depth was
greater during SPE than FPE like the abutments of lengths L.=30 cm and 40 cm.
Furthermore, the collars did not show any significant effect on maximum scour depth
during FPE. At the end of the second and third stages of the experiments, the
maximum scour reductions were found to be better during FPE than those in SPE at
the elevation of Z./y,,= +£0.00. However, at the elevation of Z./y,,= -0.25, the

maximum scour reductions during FPE and SPE were observed similar to each other.
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Figure 5.94 Comparison of the effects of collar size and elevation on the maximum
scour depth around abutment of length L.=20 cm for FPE and SPE (t=2 hours)
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Figure 5.95 Comparison of the effects of collar size and elevation on the maximum
scour depth around abutment of length La=20 cm for FPE and SPE (t=4 hours)
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Figure 5.96 Comparison of the effects of collar size and elevation on the maximum
scour depth around abutment of length L.=20 cm for FPE and SPE (t=6 hours)

In Figures 5.97 and 5.98, the comparison of the scour reduction performances of the
varying collar sizes and flow intensities between FPE and SPE for the abutment of
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length L.=20 cm are presented. Based on the experimental results, at the end of the
2nd hour with the flow intensity of 0.7, the scour reduction percentages due to the
collars during FPE and SPE were almost the same with each other at the elevation
of Z./yo.-=+0.00 . However, as the flow intensity and test duration increased, the
scour reduction performances of the collars became better during FPE. At the
elevation of Z./y,-=-0.25, similar collar performances in reducing the maximum
scour depth were obtained at the end of the 4th and 6th hours. Also, it should be
underlined that at the end of 2nd hour, the collars did not show any significant effect
in reducing the maximum scour depth during FPE. Therefore, for this abutment-
collar arrangement, it is hard to make any comments on the effect of flow depth to

the efficiencies of the collars.
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Figure 5.97 Comparison of the effects of collar size and flow intensity on the

maximum scour depth around abutment of length L.=20 cm for FPE and SPE
(Zc/y0.7=+0.00)
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Figure 5.98 Comparison of the effects of collar size and flow intensity on the

maximum scour depth around abutment of length L.=20 cm for FPE and SPE
(Zc/yo.7=-0.25)

5.6.7.4 Summary

In summary, the efficiency of the collars at the elevations of Z./y, ,=-0.25 and +0.00
around the abutments of lengths L.=30 cm and 40 cm did not show significant
differences in terms of reducing the maximum scour depth during the FPE and SPE.
Therefore, it can be stated that the efficiency of the collars mostly depends on
abutment length, collar size and elevation, and flow intensity rather than flow depth
for this elevation. However, it should be underlined that significant differences were
obtained between the FPE and SPE in terms of collar efficiency for the collars at the
elevation of Z./y,»= -0.25 around the abutment of length L.=40 cm at the end of
the third stage of the experiments. For this case, collar efficiency was found to be
better during the SPE. These differences might be caused by the differences in
dimensional collar elevation between the FPE and SPE. On the other hand, the collar

efficiency was generally obtained better during SPE when the collars were located

276



at the elevation of Z./y, »=-0.50 due to the dimensional collar elevations once again.
The collars at the elevation of Z.= -8.70 during FPE was found to be ineffective in
reducing the maximum scour depth due to the smaller scour depths can not reach this
elevation. On the contrary, the collars at the elevation of Z.= -5.75 during FPE
showed some efficiency in reducing the maximum scour depth because the scour
formation reached this elevation and the collar manipulated the flow. On the contrary
for the abutments of lengths L.=30 cm and 40 cm, for the abutment of length L.=20
cm, flow depth had significant effects to scour reduction performances of the collars.
Although, the scour reduction performances of the collars were almost found to be
the same during the FPE and SPE when collars were placed to the elevations of
Z./¥o.,=-0.25 and +0.00 at the end of the third and first stages of the experiments,
respectively. For the other test durations and abutment-collar arrangements
efficiency of the collars during the FPE and SPE differed from each other. At the
elevation of Z./y, »= +£0.00, the collars were more efficient during FPE while at the
elevation of Z./y, ,= -0.25, the collars gave more successful results during SPE in
reducing the maximum scour depth. Increased collar efficiency during SPE at the
elevation of Z./y,.,=-0.25, can be explained by the differences in the dimensional
collar elevations which were mentioned in detail above. The ranges of minimum and
maximum % reductions in maximum scour depths around the semi-circular end
abutments testes during FPE and SPE are listed in Table 5.16.
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Table 5.16 The ranges of minimum and maximum % reductions in maximum scour

depths around the semi-circular end abutments testes during FPE and SPE

2.0<La/Bc<8.0

The range of % reduction in maximum scour depth

Z./Yo- | t(hour) | U/Uc FPE SPE

(First Phase (Second Phase

Experiments) Experiments)

2 0.7 23.08 - 71.88 27.45-71.11

+0.00 4 0.8 28.46 - 62.31 17.86 - 65.47
6 0.9 22.36 - 63.71 12.50 - 57.28

2 0.7 0.00 - 50.00 22.22 - 53.33

-0.25 4 0.8 1.14 - 42,55 0.00 - 47.27

6 0.9 19.25-42.74 7.79 - 48.70

2 0.7 0.00-9.38 0.00 - 36.11

-0.50 4 0.8 7.45 - 30.77 26.28 - 39.37
6 0.9 23.39 - 33.54 15.58 - 40.26

Variation of [(ds)max,c/y] and 1/0(L,/B¢) * exp (Ui) * exXp (ti) during FPE and SPE
c p

based on the collar elevations plotted together in Figure 5.99 for the semi-circular
end abutments. From the figure, it can be seen that similar trends were obtained
during the SPE with FPE. Like the FPE, the dimensionless maximum scour depths
not only increase with increasing abutment and decreasing collar size but also

increase with increasing flow intensity and test duration during the SPE for a given
collar elevation. However, for a given ./06(L,/B.) * exp (UH) * exp (ti), the
c p

maximum dimensionless scour depths were found to be less during SPE than FPE
because of the smaller flow depths under the same flow conditions lead to smaller
scour depths. Also, at the elevation of Z./y, ,=+0.00, the dimensionless maximum

scour depths during the FPE and SPE converged to each other with increasing

VO(L,/Be) * exp (UE) * exp (ti), on the contrary, the dimensionless maximum
c p
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scour depths during the FPE and SPE yielded away from each other with increasing
VO(L,/B.) * exp (Ui) * exXp (ti) at the elevations of Z./y,-,=-0.50 and -0.25. The
c p

main reason of this situation might be the differences in the dimensional collar
elevations which provide an advantage for the collar elevations below the bed level
during the SPE.
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CHAPTER 6

CONCLUSIONS

In this study, first of all, a series of experiments were carried out to understand the
temporal development of local scour around semi-circular end and rectangular bridge
abutments under unsteady-state clear-water flow conditions. A long-duration
stepwise hydrograph expressed in terms of flow intensity and composed of three
steps each having a time duration of two hours was used in the experiments to
represent a flood having a total period of six hours. The effect of flow intensity,
abutment length and temporal variation on the development of scour around the
abutments were investigated. Furthermore, the maximum scour depths in 15-minute
intervals at the upstream, downstream and front sides of the abutments were
compared to each other. In addition, the maximum scour depths were theoretically
calculated by using the relationship proposed by Oliveto and Hager (2002, 2005a)
and compared with the experimental results obtained within the scope of this study.
In the second part of the study, the efficiencies of the collars in order to reduce the
scour depths around bridge abutments were investigated by applying the same flow
and hydrograph properties tested in the first part of the study. Semi-circular end and
rectangular collars having various sizes were placed at different elevations with
respect to the bed level around semi-circular end and rectangular abutments,
respectively, to investigate the effect of abutment length, flow intensity, time, collar
size and collar elevation on the scour reduction performances of the collars.
Moreover, the experimental results of this study were compared to the previous
similar studies found in the literature, which were conducted under steady-state
clear-water flow conditions such as Kayatiirk (2005), Dogan (2008), Daskin (2011)
and Tekin (2012) to indicate the effect of unsteadiness on the scour reduction
performances of the collars. Finally, additional experiments with collars were

performed by applying the same flow hydrograph based on flow intensity tested in
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the previous parts with different flow depths to understand the effect of flow depth

on the collar efficiency in reducing the maximum scour depth around the abutments.

The following conclusions drawn from this study are listed below:

1.

The dimensionless scour depth, ds/y, at the upstream, downstream and front
noses of an abutment increases with increasing dimensionless time, Ut/y, and
flow intensity, U/Uc, for semi-circular end and rectangular abutments of the
given length.

Since the longer abutment lengths cause greater horseshoe vortex and
increased bed shear stress zones compared to shorter ones (Koken and Gogus,
2015), as the lengths of the semi-circular end and rectangular abutments
increase for a given time and flow intensity, scour depths get deeper around
the abutment.

For the shorter abutment lengths tested as L,=15 cm, 20 cm and 25 cm, the
occurrence of significant scour depths triggered with the high flow intensity
values. Furthermore, around the short abutments, La/y<1, negligible scour
depths are observed for flow intensities less than 0.9.

Maximum scour depths always occur at the front nose of the abutment
regardless of the abutment length at any flow intensity tested as stated in
previous studies such as Ballio and Orsi (2000), Oliveto and Hager (2002)
and Kumcu et al. (2014).

The rectangular abutments for a given length and test duration tend to create
greater scour depths than semi-circular end abutments because of the blunt
nature of the rectangular abutments that leads to greater scour depths. In
addition, for the abutments of lengths L,=30, 35 and 40 cm, the maximum
scour depths were recorded by around 30% greater for the rectangular
abutments than semi-circular end ones. This indication shows strong
consistency with Melville’s (1992) study that presented the abutment shape
factor values for the maximum scour depth around semi-circular and
rectangular abutments as 0.75 and 1, respectively. However, for the

abutments of lengths La=15 cm, 20 cm and 25 cm, the maximum scour depths
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10.

around the rectangular abutments were measured much greater than 30% than
those of semi-circular ones.

The dimensionless scour depths measured at the front side of the abutments,
(ds)i/ly were always greater than those at the upstream side, (ds)u/y and
downstream, (ds)d/y side regardless of the abutment length and shape.

The dimensionless scour depths measured at the upstream side of the
abutments, (ds)u/y were always greater than those at the downstream side,
(ds)a/y regardless of the abutment length for rectangular abutments. However,
the measured scour depths at the downstream side, (ds)a/y around the semi-
circular end abutments of lengths La=15 cm and 20 cm were obtained a little
bit larger than those at the upstream side of the abutment. The same situation
was also observed for the semi-circular abutments of lengths L,=25 cm and
30 cm until the end of the 4th hour of the experiments.

The experimental results of this study and theoretically calculated results
according to the proposed relationship of Oliveto and Hager (2002 and
2005a) showed consistency with each other for the semi-circular end
abutments of lengths L=30 c¢cm, 35 cm and 40 cm within the £30% error
range. On the contrary, the proposed relationship did not show consistency
with the other semi-circular end abutment lengths and all the rectangular
abutment lengths.

A collar attached around a bridge abutment prevents the direct impact of
downflow by deflecting the flow to the sediment. In other words, collars act
like a ‘downflow-halting’ device during scour hole development and prevent
secondary vortices from evolving around the abutment (Li et al., 2005).
Hence, as one of the main outputs of this study, collars are very effective
scour countermeasures to reduce or eliminate the scour formation around
semi-circular end and rectangular abutments.

As the collar size increased, the scour reduction efficiencies of the collars

generally increased regardless of the abutment length and shape, because the
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11.

12.

13.

14.

larger collars are more successful to prevent the penetration of the vortices
into the deeper elevations.

As the potential of having greater scour depths due to increased abutment
length, blunt abutment shape, higher flow intensity values and increased test
duration, the efficiencies of the collars placed below the bed level (i.e.,
Z./yY0.7=-0.50 and -0.25) increased. However, for the smaller scour depth
potential, the collars placed at the bed level, Z./y,7,=+0.00 gave better results
in reducing the maximum scour depths around the abutments. Consequently,
for the semi-circular end abutments tested in this study, the most efficient
collar performances were generally obtained when the collars were placed at
the elevation of Z./y,,=+0.00. On the contrary, the collars were placed at
the elevations of Z./y,,=-0.50 and -0.25 generally gave better results in
reducing the maximum scour depth for rectangular abutments.

The scour reduction performances of the collars at the elevations of Z./y, ,=-
0.25 and +0.00 generally decreased with increasing flow intensity and test
duration regardless of the abutment shape while at the elevation of Z./y, ,=-
0.50 increased.

According to the experimental results, it was obtained that the semi-circular
end collars around the semi-circular end abutments reduce the scour depth by
around up to 72% while the rectangular collars around the rectangular
abutments are around up to 52%. Therefore, the semi-circular collars gave
better results in reducing the maximum scour depth than rectangular ones.
The dimensionless maximum scour depth with a collar, [(ds)max.c/y], was
found to increase regardless of abutment shape, flow intensity and test

duration with increasing /6 (L, /B.) value, where La/B. denotes the abutment

length and collar size ratio and 0 present the effect of areal sizes of the

abutment models with collars on the reduction of maximum scour around the

abutments. Also, the linear relationships between [(ds)max.c/y] and /6 (L,/B¢)
with varying flow intensities, collar elevations and test durations were listed
in Tables 5.7 and 5.8.

284



15.

16.

17.

18.

19.

20.

Variation of [(ds)max,c/y] and /0(L,/B.) exp (Ui) exp (ti) shown in Figures
c p

5.73 and 5.74 for the semi-circular end and rectangular abutments showed

that the efficiencies of the collars located below the bed level increased as
JO(L,/B.) exp (UE) exp (ti) values increased.
c p

The maximum dimensionless scour depths with collars corresponding to the
optimal collar locations, [(ds)max.c/Y]opt, decreased for the abutments of
lengths La=30 cm and 40 cm with increasing 6 values for a given abutment
length, flow intensity and test duration. On the other hand, [(ds)max,c/Y]opt did
not show significant differences with increasing 6 values for abutment of
length La=20 cm.

Scour reduction percentages corresponding to the optimal collar locations,
[Reduction%]opt, generally tend to decrease regardless of abutment shape,
flow intensity and test duration with increasing La/Bc¢. Also, the exponential
relationships between [Reduction%]opt and La/Bc was presented in Table
5.12.

Comparison of the variation of [(ds)max.c/y]opt and /8(L,/B.) obtained from
this study’s data with the studies of Kayatiirk (2005), Dogan (2008), Daskin
(2011) and Tekin (2012) conducted under steady-state clear-water flow
conditions showed that the maximum scour depths tend to yield greater
values under steady-state flow conditions than those under unsteady-state
flow conditions for a given m value under similar flow conditions
with similar sediment properties.

The maximum scour depths increased with increasing flow depth under
similar experimental conditions, but flow depth had no significant effects on
the magnitude of the scour depths as far as the flow intensity.

For the abutments of lengths L,=30 cm and 40 cm, the scour reduction
performances of the collars were generally found to be independent of flow
depth. On the contrary, for the abutment of length La=20 cm, which was the
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shortest abutment length tested within the scope of this study, the flow depth

had significant effects on the scour reduction performances of the collars.

For further studies, there are still several interesting subjects to be focused on as a
part of abutment scour and its countermeasures techniques. Some of them are listed

below as a recommendation for future studies.

1. Different La/y, U/U¢ and t/tmax Values not investigated within the scope of this
study should be tested to get more general relations for the development of
scours and its countermeasures around the abutments of different types as
well as semi- circular end and rectangular abutments. In addition, the
temporal development of the abutment scour should be investigated by
applying different types of hydrographs in terms of peak numbers and shape.

2. Previous studies in the literature and the present study have been focused on
clear-water flow conditions. However, experiments on abutment scour and
its countermeasures should also be investigated under live-bed conditions to
get a better understanding of the abutment scour and the efficiency of its
countermeasures.

3. The scour reduction efficiencies of the newly presented shapes of collars such
as airfoil and streamlined shapes should be tested and compared with the
traditional ones such as semi-circular end and rectangular collars.

4. The scour reduction efficiencies of the different flow-altering
countermeasures such as slots and vanes should also be investigated under
unsteady-state flow conditions.

5. Since the efficiencies of the flow-altering countermeasures decrease with the
temporal development of scour, using a combination of flow-altering
countermeasures to decrease or eliminate the scour formation around the
bridge element would be helpful (Tafarojnoruz et al., 2012a). Hence, the
combined attachment of different flow-altering countermeasures such as the
collar, slot and vanes should be tested under steady and unsteady-state flow

conditions.
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6. Numerical software such as Flow3D, Fluent, OpenFOAM and SSIIM should
be used in order to investigate abutment scour and its countermeasures in the

computer environment
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APPENDICES

A. Experimental Results of the Temporal Development of Local Scour
Around Bridge Abutments

In this part, a sample of the experimental results of the temporal development of local
scour around the semi-circular end and rectangular bridge abutments are given in
Tables A.1 and A.2. Measurements were taken from Inducer 5, Inducer 12, and
Inducer 17 for the upstream, front and downstream sides of the abutments,
respectively. The positive sign data denotes the scouring, on the other hand, the

negative sign data denotes sedimentation.
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Table A.1 Experimental results of the temporal development of the local scour

depth around semi-circular end abutments of lengths La= 35 and 40 cm

Experiment No

SC1 SC2

(ds)d (ds)u (ds)f (ds)d (ds)u (ds)f
t(min) | U/Jc | (cm) (cm) (cm) (cm) (cm) (cm)

15 0.7 3.51 4.14 6.81 3.11 2.01 5.25
30 0.7 4.23 4.57 7.71 3.62 2.62 5.89
45 0.7 4.96 5.12 8.2 3.73 3.09 6.1
60 0.7 5.65 5.43 8.38 3.94 3.46 6.47
75 0.7 5.91 5.85 8.63 4.1 3.7 6.69
90 0.7 6.14 6.1 8.88 441 3.8 6.81

105 0.7 6.5 6.53 9.2 4.48 4.01 6.87

120 0.7 6.78 6.69 9.6 4.96 4.14 7.17

135 0.8 8.02 7.65 10.92 6.06 5.42 8.14

150 0.8 8.76 8.25 11.17 6.71 5.96 8.83

165 0.8 8.89 8.8 11.66 6.96 6.31 9.07

180 0.8 9.37 9.17 12.12 7.07 6.64 9.69

195 0.8 9.77 9.5 12.42 7.72 6.86 9.93

210 0.8 10.08 9.85 12.52 8.09 7.2 10.17

225 0.8 10.25 10.08 12.85 8.54 7.35 10.49

240 0.8 10.33 10.25 13 8.58 7.59 10.73

255 0.9 10.35 10.55 | 13.52 8.64 9.29 11.75

270 0.9 10.58 11.05 | 13.94 9.36 10.03 | 12.09

285 0.9 11.55 11.75 | 1461 9.69 10.68 | 12.52

300 0.9 11.92 1222 | 1483 | 10.27 1126 | 1281

315 0.9 12.47 12.46 1538 | 10.38 11.67 13.38

330 0.9 12.68 12.92 15.5 10.74 12 13.54

345 0.9 12.93 13.27 | 15.75 | 11.07 1228 | 14.15

360 0.9 13.11 1347 | 16.09 | 11.57 12.62 | 1441
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Table A.2 Experimental results of the temporal development of the local scour

depth around rectangular abutments of lengths La= 35 and 40 cm

Experiment No

RC1 RC2

(ds)d (ds)u (ds)f (ds)d (ds)u (ds)f
t(min) | U/Jc | (cm) (cm) (cm) (cm) (cm) (cm)

15 0.7 341 6.36 8.64 2.36 5.74 7.58
30 0.7 4.58 7.21 9.74 3.46 6.52 8.30
45 0.7 4.88 7.78 11.49 3.96 7.29 8.98
60 0.7 5.80 8.44 12.01 4.24 7.97 9.51
75 0.7 7.05 8.67 12.04 5.00 8.05 9.98
90 0.7 7.51 9.20 12.57 5.58 8.20 10.52

105 0.7 7.92 9.37 12.88 5.69 8.73 11.88

120 0.7 8.11 9.67 13.31 5.95 8.96 12.03

135 0.8 10.21 1159 | 14.97 8.09 10.60 | 12.06

150 0.8 10.37 12.32 | 16.13 8.74 10.88 | 12.51

165 0.8 10.90 | 13.04 | 16.31 9.33 1146 | 12.60

180 0.8 11.17 13.51 | 16.31 9.80 11.73 | 13.88

195 0.8 11.63 13.66 | 16.30 | 10.25 12.01 | 14.43

210 0.8 12.21 14.00 | 16.53 | 10.33 12.58 | 14.49

225 0.8 12.48 14.38 | 16.63 | 10.88 12.68 | 14.65

240 0.8 12.32 1454 | 17.08 | 10.99 12.99 | 14.69

255 0.9 13.01 15.08 | 18.25 9.92 12.86 | 15.31

270 0.9 13.23 1550 | 18.87 | 10.58 13.09 | 15.87

285 0.9 14.09 16.30 | 19.16 | 10.62 13.83 | 16.34

300 0.9 14.63 1656 | 1941 | 1141 14.04 | 16.60

315 0.9 14.97 16.84 | 19.78 | 11.43 1445 | 16.63

330 0.9 15.16 17.24 | 20.07 | 11.70 1472 | 16.94

345 0.9 1544 | 1779 | 20.21 | 11.97 1497 | 17.06

360 0.9 1594 | 1781 | 20.30 | 12.21 1539 | 17.44
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B. Experimental Results of the Application of Collars As a Scour

Countermeasure Around Bridge Abutments

In this part, a sample of experimental results of the application of collar as a scour
countermeasure around the semi-circular end and rectangular bridge abutments are
given in Tables B.1 and B.2 Measurements were done with a point gauge with an

accuracy of =1 mm after the experiments were completed.
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Table B.1 Experimental results of the application of collars as a scour

countermeasure around semi-circular end abutment of length La= 40 cm

(CL%) L/B (fn;) e © |©°Lsmre| o (hotur) Ui, (Czr“n) [Z:/yo.71| (@9 o] | [%6Redluction]
5 (8.00]2.20 4.20 174 2 0.7 {£0.00( +0.00 0.18 66.67
5 18.00(2.20 4.20 15.2 4 0.8 |+0.00( +0.00 0.61 28.46
5 (8.00]2.20 4.20 135( 6 0.9 (+£0.00( +0.00 0.93 22.36
5 18.00(2.20 4.20 17.4 2 0.7 |-4.35| -0.25 0.28 50.00
5 (8.00]2.20 4.20 15.2( 4 0.8 |-4.35| -0.25 0.55 36.15
5 18.00(2.20 4.20 135 6 0.9 [-4.35| -0.25 0.96 19.25
5 (8.00]2.20 4.20 17.4 2 0.7 |-8.70| -0.50 0.50 9.38
5 18.00(2.20 4.20 15.2 4 0.8 [-8.70| -0.50 0.61 29.23
5 (8.00]2.20 4.20 135( 6 0.9 |-8.70| -0.50 0.84 29.19
7.515.3312.88 3.92 17.4 2 0.7 1£0.00( +0.00 0.21 62.50
7515.33(2.88 3.92 15.2 4 0.8 [+£0.00( +0.00 0.45 46.92
7.515.3312.88 3.92 135 6 0.9 |£0.00( +0.00 0.76 36.65
7515.33(2.88 3.92 17.4 2 0.7 |-4.35| -0.25 0.29 47.92

40 10.27| 7.515.332.88 3.92 15.2 4 0.8 [-4.35| -0.25 0.55 35.38
7.515.3312.88 3.92 135 6 0.9 [-4.35| -0.25 0.90 24.22
7.515.3312.88 3.92 17.4 2 0.7 |-8.70| -0.50 0.50 9.38
7.515.3312.88 3.92 15.2 4 0.8 [-8.70| -0.50 0.62 27.69
7.515.3312.88 3.92 13.5 6 0.9 [-8.70| -0.50 0.83 30.43
10 | 4.00(3.61 3.80 17.4 2 0.7 |£0.00| +£0.00 0.16 71.88
10 | 4.00(3.61 3.80 15.2 4 0.8 |£0.00( +0.00 0.32 62.31
10 | 4.00(3.61 3.80 135 6 0.9 |+0.00( +0.00 0.62 47.83
10 [ 4.00(3.61 3.80 17.4 2 0.7 |-4.35| -0.25 0.28 50.00
10 | 4.00(3.61 3.80 15.2 4 0.8 [-4.35| -0.25 0.51 40.77
10 [ 4.00|3.61 3.80 135 6 0.9 |-4.35| -0.25 0.76 36.65
10 | 4.00(3.61 3.80 17.4 2 0.7 |-8.70| -0.50 0.50 9.38
10 [ 4.00|3.61 3.80 15.2( 4 0.8 1-8.70| -0.50 0.59 30.77
10 | 4.00(3.61 3.80 135 6 0.9 [-8.70| -0.50 0.79 33.54
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Table B.2 Experimental results of the application of collars as a scour

countermeasure around rectangular abutment of length L.= 40 cm

La

B.

y

t

Z

(cm) L/B (cm) L/B:| © |(©*L/B)*® (cm) | (hour) U/U, cm) [Z/Yo.71| [(ds)max.o/Y] | [YoReduction]
5 18.00|2.25 4.24 1741 2 0.7 [£0.00] +0.00 0.67 12.78
5 18.00|2.25 4.24 152 4 0.8 [+0.00]| +0.00 1.03 8.19
5 |8.00|2.25 4.24 135 6 0.9 [+0.00[ +0.00 1.54 0.95
5 |8.00|2.25 4.24 174 2 0.7 |-4.35| -0.25 0.47 38.35
5 18.00|2.25 4.24 152 4 0.8 [-4.35| -0.25 0.84 25.73
5 |8.00|2.25 4.24 135| 6 0.9 |-4.35| -0.25 1.53 1.90
5 18.00|2.25 4.24 174 2 0.7 |-8.70| -0.50 0.61 19.55
5 |8.00|2.25 4.24 15.2| 4 0.8 |-8.70| -0.50 0.82 27.49
5 |8.00|2.25 4.24 135] 6 0.9 |-8.70| -0.50 1.39 10.95
7.5 [5.33(2.97 3.98 174 2 0.7 [+0.00] +0.00 0.51 33.08
7.5 [ 5.33 [2.97 3.98 15.2| 4 0.8 [+0.00] +0.00 0.91 18.71
7.5 [5.33 2.97 3.98 135 6 0.9 [+0.00] +0.00 1.55 0.48
7.515.33]2.97 3.98 1741 2 0.7 |-4.35| -0.25 0.48 37.59

40 10.27| 7.5 | 5.33 |2.97 3.98 152| 4 0.8 |-4.35| -0.25 0.68 39.18
7.5 15.33]2.97 3.98 13.5| 6 0.9 |-4.35| -0.25 1.36 12.86
7.5 | 5.33|2.97 3.98 174 2 0.7 |-8.70| -0.50 0.53 30.83
7.5 15.33]2.97 3.98 15.2| 4 0.8 |-8.70| -0.50 0.79 29.82
7.5 |5.33]2.97 3.98 135| 6 0.9 |-8.70| -0.50 1.23 20.95
10 | 4.00 |3.75 3.87 1741 2 0.7 |+£0.00| +0.00 0.40 48.12
10 [ 4.00 |3.75 3.87 15.2| 4 0.8 [+0.00] +0.00 0.66 41.52
10 | 4.00 |3.75 3.87 13.5| 6 0.9 |+0.00| +0.00 1.33 14.76
10 | 4.00 |13.75 3.87 1741 2 0.7 |-4.35| -0.25 0.45 41.35
10 | 4.00 |3.75 3.87 15.2| 4 0.8 |-4.35| -0.25 0.59 47.37
10 | 4.00 [3.75 3.87 135| 6 0.9 |-4.35[ -0.25 1.21 21.90
10 | 4.00 |3.75 3.87 1741 2 0.7 |-8.70| -0.50 0.48 36.84
10 | 4.00 |3.75 3.87 15.2| 4 0.8 |-8.70| -0.50 0.68 39.18
10 | 4.00 |3.75 3.87 13.5|] 6 0.9 |-8.70| -0.50 1.19 23.81
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C. Experimental Results of the Effect of Flow Depth on Scour Depths and
Efficiencies of the Collars As a Scour Countermeasure Around Bridge

Abutments

In this part, a sample of experimental results of the effect of flow depth on scour
depths and efficiencies of the collars around the semi-circular bridge abutments is
given in Table C.1. Measurements were done with a point gauge with an accuracy

of =1 mm after the experiments were completed.
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Table C.1 Experimental results of the effect of flow depth on efficiencies of the
collars as a scour countermeasure around semi-circular end abutment of length La=
40 cm

ol 2| ey 18| © |©7L780°%| T oy V10| | 25071 @ 6Reccctin
5 |8.00]2.25 4.24 115 2 0.7 |+0.00{ +0.00 0.26 66.67
5 [8.00)2.25 4.24 123 4 0.8 |+0.00{ +0.00 0.73 29.13
5 [8.00]2.25 4.24 13 6 0.9 |+0.00{ +0.00 1.01 14.94
5 [8.00)2.25 4.24 115 2 0.7 |-4.35[ -0.25 0.49 37.78
5 [8.00]2.25 4.24 12.3( 4 0.8 |-4.35[ -0.25 0.67 35.43
5 [8.00)2.25 4.24 13 6 0.9 [-4.35[ -0.25 1.09 7.79
5 |8.00]2.25 4.24 115 2 0.7 |-8.70( -0.50 0.56 28.89
5 [8.00)2.25 4.24 12.3( 4 0.8 |-8.70( -0.50 0.74 28.35
5 [8.00]2.25 4.24 13 6 0.9 |-8.70( -0.50 1.00 15.58
7.5 15.33 [2.97 3.98 115 2 0.7 |+0.00{ +0.00 0.23 71.11
7.5 [5.332.97 3.98 123| 4 0.8 |+0.00{ +0.00 0.56 45.67
7.5 15.33 [2.97 3.98 13 6 0.9 [+0.00{ +0.00 0.74 37.66
7.5 [5.332.97 3.98 11.5| 2 0.7 |-4.35[ -0.25 0.43 45.56

40 |0.27| 7.5 | 5.33 [2.97 3.98 123 4 0.8 |-4.35[ -0.25 0.54 47.24
7.5 [5.332.97 3.98 13 6 0.9 |-4.35[ -0.25 0.74 37.66
7.5 15.33 [2.97 3.98 115 2 0.7 |-8.70 -0.50 0.50 36.11
7.5 [5.332.97 3.98 123] 4 0.8 |-8.70( -0.50 0.63 39.37
7.5 [5.33]2.97 3.98 13 6 0.9 |-8.70[ -0.50 0.71 40.26
10 [4.00 [3.75 3.87 11.5| 2 0.7 |£0.00{ +0.00 0.27 65.56
10 [ 4.00 [3.75 3.87 123 4 0.8 |+0.00{ +0.00 0.37 64.57
10 | 4.00 [3.75 3.87 13 6 0.9 |+0.00{ +0.00 0.62 48.05
10 [ 4.00 [3.75 3.87 115 2 0.7 | -4.35[ -0.25 0.37 53.33
10 | 4.00 [3.75 3.87 12.3( 4 0.8 |-4.35[ -0.25 0.59 43.31
10 [4.00 [3.75 3.87 13 6 0.9 |-4.35[ -0.25 0.61 48.70
10 | 4.00 [3.75 3.87 115 2 0.7 |-8.70[ -0.50 0.50 36.11
10 [ 4.00 [3.75 3.87 123] 4 0.8 |-8.70[ -0.50 0.63 38.58
10 | 4.00 [3.75 3.87 13 6 0.9 |-8.70[ -0.50 0.72 39.61
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