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1 Introduction

1.1 Background

RM#@7#(6@114C@.73(&";2<"3.8713(SRTUV(7=(.(3"F(=8&.8"0M(61&(6@114(&7=/($.3.0"$"38(.34(3.82&"
&"=81&.8713,(NK"(RTU(C&1;"#8(K.=(%""3(="8(2C(81(.=="==(8K"(=2=8.73.%7@78M(16(8K7=(=8&.8"0M(61&
8K"(6@114C@.73=(16(8K"(&7<"&(UK73"(73(W"&$.3M(.34(8K"(P"8K"&@.34=,(B"#134.&M(#K.33"@=(1&
=74"(#K.33"@=(8K&120K(6@114C@.73=(K.<"(%""3(74"38767"4(.=(X&";2<"3.8713(#1$C13"38=Y(8K.8(678
73( 8K"(RTU( =8&.8"0M'( %"#.2="( 8K"M( #.3($7870.8"( 6@114730( &7=/=( .34( "3K.3#"( 6@2<7.@( K.%78.8
47<"&=78M,(E=(="47$"38.8713(73(.( =74"(#K.33"@( @".4=( 81(.(0&.42.@( &"42#8713(16( 8K"="("66"#8='
C"&7147#("Z#.<.8713(81(#@".&(8K"(=74"(#K.33"@(F7@@(%"(&"O27&"4,(NK"(&"O27&"4(6&"O2"3#M(16(8K7=
C"&7147#(&";2<"3.8713(4"C"34=(13(8K"($1&CK1@107#.@(4"<"@1C$"38(16(8K"(=74"(#K.33"@,(NK7=
7$C@7"=( 8K.8( 7361&$.8713(13(8K"($1&CK1@107#.@(4"<"@1C$"38(16(=74"(#K.33"@=( 7=(3""4"4( 61&
C&1C"&(C@.33730(16(RTU($".=2&"=,(NK"(C&"="38(RTU(C&1;"#8(&"C1&8(4".@=(F78K( 8K7=( 81C7#,( G8
K.=( %""3( C&"C.&"4( 73( 8K"( 6&.$"F1&/( 16( 8K"( GU?EHBQ:PWI( C&10&.$$"( .34( 8K"( !"@68
R@2=8"&(C&10&.$$"(X-710"1$1&CK1@107#.@(!"<"@1C$"38(16(T@114C@.73=Y,

1.2 Definition

B74"( #K.33"@=( .&"( 4"673"4( .=( 6@114C@.73( #K.33"@=(FK7#K( #13<"M(F.8"&( 42&730( .8( @".=8( +L*
4.M=(C"&(M".&,

1.3 Objectives

NK"(1%;"#87<"=(16(8K7=(&"C1&8(.&"[

!" !"# $%&'%(# !)%# *$%+%,!# +!-!%."/.!)%.-$!# $%0-$1',0# !)%# 2"1%33',0# -,1# *$%1'4!'",# "/# !)%
2"$*)"3"0'4-3#1%&%3"*2%,!#"/#+'1%#4)-,,%3+\

!" !"#1%$'&%#+'2*3'/'%1#%5*%$!#$63%+#/"$#!)%#2"$*)"3"0'4-3#1%&%3"*2%,!#"/#+'1%#4)-,,%3+,

1.4 Main results

G3( 8K"1&M'( 8K"($1&CK1@107#.@(4"<"@1C$"38(16( =74"( #K.33"@=( #.3(%"( #1$C28"4(F78K( 8F1H( 1&
8K&""H47$"3=713.@($1&CK1@107#.@($14"@='(%28(8K"(&"O27&"4(4.8.(.34(#1$C28.8713.@("661&8(.&"
=87@@( 811(4"$.34730( 61&(.3("<.@2.8713(16(RTU(=8&.8"07"=,(?1&"1<"&'( 8K"&"( 7=("<"3(.( @.#/(16
0114( =2%$14"@=( 61&( =1$"( 16( 8K"( /"M( C&1#"=="='( %"#.2="( .CC@7#.8713( 16( 8F1H( .34( 8K&""H
47$"3=713.@( $14"@=( 81( 6@114C@.73( $1&CK14M3.$7#=( 7=( 13@M( .( &"#"38( 4"<"@1C$"38,
ECC@7#.8713=(73(8K"(C.=8(F"&"(8&.478713.@@M(@7$78"4(81(&7<"&("3073""&730(C&1%@"$=(73(8K"($.73
#K.33"@,( NK"( 61@@1F730( &"@"<.38( C&1#"=="=( .&"( =87@@( C11&@M( /31F3[( "Z#K.30"( C&1#"=="=
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%"8F""3($.73(#K.33"@(.34(6@114C@.73='( 738"&.#8713=(%"8F""3(<"0"8.8713(.34(="47$"38'( .34
8K"( 8&.3=C1&8( 16( ="47$"38( 1<"&( 1%=8.#@"=( .34( 2CF.&4( =@1C"=( S",0,( 7381( .( =K.@@1F"&( =74"
#K.33"@(1&(1<"&(.(F"7&(.8(8K"("38&.3#"(16(.(=74"(#K.33"@V,

NK"(=7$C@"&(.CC&1.#K(16(2=730(.(13"H47$"3=713.@($14"@(&"O27&"=(.3("$C7&7#.@(7,"1-3#*"',!
$%3-!'",8,(NK7=(&"@.8713("ZC&"=="=(8K"(&.871(16(8K"(="47$"38(8&.3=C1&8=(7381($.73(#K.33"@(.34
=74"(#K.33"@(.=(.(623#8713(16(18K"&(C.&.$"8"&=,(]=2.@@M(78=(4"8.7@=(.&"(C11&@M(/31F3,(NK.8(7=(.
="&712=(C&1%@"$'(%"#.2="(87$"(=#.@"(.34("34(=8.8"(16(8K"($1&CK1@107#.@(4"<"@1C$"38(4"C"34
="3=787<"@M( 13( 8K7=( &"@.8713,( E=( .( #13="O2"3#"'( 13"H47$"3=713.@( #1$C28.8713=( 16( 8K"
$1&CK1@107#.@(4"<"@1C$"38(16(=74"(#K.33"@=(.&"(73K"&"38@M(73.##2&.8",

W7<"3( 8K"="( =K1&8#1$730=( 16( 8K&""H'( 8F1H( .34( 13"H47$"3=713.@( $14"@@730'( =7$C@767"4( .34
$1&"(&1%2=8("ZC"&8(&2@"=(.&"(4"&7<"4'(%.="4(13(8K"(/"M(C.&.$"8"&=(6&1$($1&"(=1CK7=87#.8"4
$14"@@730( .CC&1.#K"=,( G3( 8K"7&( C&"="38( 61&$'( 8K"="( &2@"=( .&"($.73@M( %.="4(13($"&"( "ZC"&8
;240"$"38'(%"#.2="(31(.4"O2.8"(67"@4(4.8.(.&"(.<.7@.%@"( 81( 8"=8( 8K"$,(NK7=(234"&=#1&"=( 8K"
3""4( 16( @130H8"&$( $13781&730( C&10&.$$"=( 61&( 8K"( $1&CK1@107#.@( 4"<"@1C$"38( 16( =74"
#K.33"@=,

1.5 Structure of report

RK.C8"&()(C&"="38=(8K"(#2&&"38(4"=703(&2@"=(61&(=74"(#K.33"@=,(NK"="(&2@"=(.&"(=87@@(&"@.87<"@M
#13="&<.87<",( RK.C8"&( 9( &"<7"F=( 8K"( C&"="38( =8.8"H16H8K"H.&8( &"0.&4730( 8K"( $14"@@730( .34
C&"47#8713(16(8K"($1&CK1@107#.@(4"<"@1C$"38(16(=74"(#K.33"@=,(^"&"(#13478713=(16(1<"&%.3/
6@1F( .34( 73H%.3/( 6@1F( .&"( 8&".8"4( ="C.&.8"@M,( NK"( &"<7"F( 234"&@7"=( 8K"( 4"&7<.8713( 16( 8K"
=7$C@767"4("ZC"&8(&2@"=(73(RK.C8"&(>,

E(13"H47$"3=713.@(313H@73".&(.3.@M=7=(73(ECC"347Z(E(C&1<74"=(8K"1&"87#.@("ZC@.3.8713=(61&
8K"( "=="387.@( %"K.<712&( 16( &7<"&( %762&#.8713=( .=( F"@@( .=( 61&( 8K"( 736@2"3#"=( 16( <.&712=
C.&.$"8"&=(13(8K7=(%"K.<712&,(G8(&"<".@=(8K"(#&2#7.@(&1@"(16(8K"("$C7&7#.@(314.@(C1738(&"@.8713
61&(="47$"38(47=8&7%28713(73(13"H47$"3=713.@($14"@=,(ECC"347Z(-(07<"=(.3(1<"&<7"F(16(8K"
RTU( "ZC"&8( &2@"=( 61&( 8K"( $1&CK1@107#.@( 4"<"@1C$"38( 16( 6@114C@.73='( 61&( FK7#K( 8K"( &2@"=
4"&7<"4( 73(RK.C8"&( >( .&"( 13@M( .( C.&8,(E3( 1<"&<7"F( 16( .@@( RTU( C&1;"#8( &"C1&8=( 7=( 07<"3( 73
ECC"347Z(R,

1.6 Acknowledgements

NK7=(&"C1&8(K.=(%""3(C&"C.&"4(F78K73(8K"(6&.$"F1&/(16(8K"(GU?EHBQ:PWI(C&10&.$$"(.34
8K"(!"@68(R@2=8"&(C&10&.$$"(X-710"1$1&CK1@107#.@(!"<"@1C$"38(16(T@114C@.73=Y,(NK.3/=
.&"(42"(81(?.Z(B#K&1CC(16(U7;/=F.8"&=8..8(UG_E(61&(K7=("ZC@.3.8713=(&"0.&4730($13781&730
4.8.,(P.8K.@7"(E=="@$.3(.34(?.&873(-.C87=8(16(`a(b(!"@68(^M4&.2@7#=(K.<"(#138&7%28"4(81(8K"
4"&7<.8713(16(=7$C@767"4("ZC"&8(&2@"=,
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2 Present design rules

!"=703( &2@"=( 61&( =74"( #K.33"@=( .@130( 8K"( UK73"( %&.3#K"=( 73( 8K"( P"8K"&@.34=( K.<"( %""3
4"<"@1C"4( 6&1$( 8K"( F1&/( %M( !"( ^..=( S+cc+V( .34( -.&3"<"@4'( P7"2F/.$"&( d( e@..=="3
S+cc>V,(NK"(#2&&"38(C&.#87#"( 7=( 8K.8( =74"( #K.33"@=( .&"( 4"=703"4(F78K( .( 8"34"3#M( 81( "ZK7%78
="47$"38.8713,(NK"(4"=703(7=(8K2=(/"C8(13(8K"(=.6"(=74"'(%"#.2="[
!" I&14730(=74"(#K.33"@=(C&142#"(="47$"38.8713(73(8K"($.73(#K.33"@,(NK7=(4"8"&71&.8"=(8K"
3.<70.%7@78M(.34(K"3#"(@".4=(81($1&"($.738"3.3#"(S4&"40730V\

!" G8(7=(6".&"4(8K.8("&14730(=74"(#K.33"@=($70K8(0&1F(23#138&1@@.%@M(234"&(6@114(#13478713=,

B74"(#K.33"@=(.&"(07<"3(.(="47$"38.8713(8"34"3#M(%M(.CC@M730(8K"(61@@1F730(&2@"=(16(8K2$%[
!" NK"(=74"(#K.33"@(=K12@4($./"(.( @.&0"&(.30@"(F78K( 8K"(.CC&1.#K(6@1F(47&"#8713(8K.3(8K"
$.73(#K.33"@\

!" NK"( =74"( #K.33"@( =K12@4( 318( %"( =K1&8"&( 8K.3( 8K"( $.73( #K.33"@( %"8F""3( 1668./"( .34
#136@2"3#",

]=2.@@M( .( F"7&( 7=( #13=8&2#8"4( .8( 8K"( "38&.3#"( 16( 8K"( =74"( #K.33"@,( NK7=( &"42#"=( 8K"( 6@1F
<"@1#787"=( 73( 8K"( =74"( #K.33"@( 234"&( 31&$.@( #13478713=( .34( C&"<"38=( C.&8( 16( 8K"( ="47$"38
6&1$("38"&730(8K"(=74"(#K.33"@,

T2&8K"&$1&"'( 8K"( 4"=703( 7=( .@=1( /"C8( 13( 8K"( =.6"( =74"( %M( .CC@M730( 8K"( 61@@1F730( &2@"=( 16
8K2$%[
!" NK"(=74"(#K.33"@(=K12@4(318(#13<"M($1&"(8K.3(9f(16(8K"(818.@(47=#K.&0"(42&730(.<"&.0"
47=#K.&0"(#13478713=,(NK"3(="47$"38.8713(73(8K"($.73(#K.33"@(7=(8K120K8(81(&"$.73(F78K73
.##"C8.%@"(@7$78=\

!" NK"(6@1F(<"@1#78M(73(8K"(=74"(#K.33"@(=K12@4(%"(.%128(*,9($g=(42&730(.<"&.0"(#13478713=,
NK"($1&CK1@107#.@(.#87<78M(7=(8K"3(8K120K8(81(&"$.73(F78K73(.##"C8.%@"(@7$78=\

!" P1(=74"(#K.33"@=(=K12@4(%"("Z#.<.8"4(F78K73(.(47=8.3#"(16(+**($(6&1$(8K"(&7<"&(47/"='(81
.<174( 0"1$"#K.37#.@( 73=8.%7@78M( 16( 8K"( 47/"=,( E( @7$78( 16( A*( $( 6&1$( 8K"( &7<"&( 47/"=( 7=
.CC@7"4(FK"3(8K"(6@114C@.73(#138.73=(.(=2667#7"38@M(8K7#/(@.M"&(16(=8766(#@.M,

G6(=74"(#K.33"@=(41(318(#13<"M($1&"(8K.3(9f(16(8K"(818.@(47=#K.&0"(42&730(.<"&.0"(47=#K.&0"
#13478713='(8K"M(#13<"M(4"67378"@M(@"==(8K.3(9f(16(8K"(818.@(47=#K.&0"(42&730(&"C&"="38.87<"
6@114='(6,3%++#!)%#+'1%.4)-,,%3#1'+4)-$0%#16$',0#-&%$-0%#4",1'!'",+#'+#9%*!#3"(#:;#-#(%'$#-!
!)%#%,!$-,4%<(NK7=($".3=(8K.8'(73(8K"(.%="3#"(16("38&.3#"(F"7&='(=74"(#K.33"@=(.##1&4730(81
C&"="38H4.M(4"=703(C&73#7C@"=(#.3(C&1<74"(13@M($731&(&"42#8713=(16(6@114(F.8"&(@"<"@=,

NK"(47$"3=713=(16(8K"(=74"(#K.33"@=(.&"(4"=703"4(2=730(RKhiMj=(61&$2@.(61&(=8".4M(23761&$
6@1F( .8( %.3/62@@( 47=#K.&0"'( F78K( .( RKhiM( #1"667#7"38( 16( 9*( 81( >*( $+g)g=,( !"8.7@"4( 4"=703
=K12@4(.@=1(.44&"==(=C"#767#(81C7#=(=2#K(.=(8K"(&"=2@8730(="47$"38.8713(16(8K"($.73(#K.33"@'
#&1==H#2&&"38=(K734&.3#"( 61&(3.<70.8713'(%.3/( "&1=713( S#6,(-.&3"<"@4(d(?1=="@$.3'( +cc9V
.34(8K"("66"#8(13(7#"(;.$(61&$.8713(S#6,( 7̀;%"30.'(+cc9V,
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3 Morphological development

3.1 Introduction

NF1(#13478713=( &"O27&"( ="C.&.8"( 8&".8$"38(FK"3(.=="==730( 8K"($1&CK1@107#.@(4"<"@1C$"38
16(=74"(#K.33"@=[
!" :<"&%.3/(6@1F'(FK"3(=74"(#K.33"@=( 61&$(.( @1#.@(4"C&"==713(16(.( =2%$"&0"4( 6@114C@.73
81C10&.CKM\

!" G3H%.3/( 6@1F'( FK"3( =74"( #K.33"@=( .CC".&( .=( ="C.&.8"( %&.3#K"=( .&1234( 7=@.34=( "Z#7="4
6&1$(8K"(6@114C@.73,

NK"="(8F1(#13478713=(.&"(47=#2=="4(73(B"#8713=(9,)(.34(9,9(&"=C"#87<"@M,

NK"( UG_EH6234"4( C&1;"#8( 7="$/"3"0'%# %,# )%$',$'4)!',08( S?1=="@$.3'( -.&3"<"@4( d( !"
k&7"34'( )**+V( &"=2@8=( 73( 8K"( #13#@2=713( 8K.8( 8K"( 61@@1F730( $1&CK1@107#.@( "66"#8=( 16( =74"
#K.33"@=(.@130(8K"(UK73"(%&.3#K"=(&"O27&"($1&"(&"=".&#K[
!" I66"#8(16(.(=74"(#K.33"@(13(8K"($1&CK1@10M(16(8K"($.73(#K.33"@(42&730(.(6@114(S13(.(87$"
=#.@"(16(4.M=V\

!" I66"#8(16( @.&0"H=#.@"(.CC@7#.8713(16(=74"(#K.33"@=(13( 8K"( @.&0"H=#.@"(4"<"@1C$"38(16( 8K"
UK73"(%&.3#K"=(S13(.(87$"(=#.@"(16(M".&=(81(4"#.4"=V,

^1F"<"&'($1&CK1@107#.@("66"#8=(13(8K"($.73(#K.33"@(.&"(318(.( 81C7#(16( &"=".&#K(234"&( 8K"
C&"="38( RTU( C&1;"#8,( :3@M( 8K"( $1&CK1@107#.@( 4"<"@1C$"38( S1&( X=2##"==713YV( 16( =74"
#K.33"@=( 7=( #13=74"&"4'( 73( &"@.8713( 81( <"0"8.8713( =2##"==713( .34( =8&.8"07"=( 16( #M#@7#
6@114C@.73(&";2<"3.8713,

3.2 Overbank flow conditions

B74"( #K.33"@=( .&"( 13@M( .( C.&8( 16( .( =2%$"&0"4(%"4( 81C10&.CKM(FK"3(F.8"&( 6@1F=( 1<"&( 8K"
6@114C@.73=,( G3( 8K"1&M'( 8K"($1&CK1@107#.@( 4"<"@1C$"38( #.3( 8K"3( %"( #1$C28"4(F78K( .( 8F1H
47$"3=713.@( $1&CK1@107#.@( $14"@( =2#K( .=( !"@68)!HU7<"&='( .( =2%="8( 16( 8K"( !"@689!
$14"@@730( =M=8"$( =C"#767#.@@M( 4"47#.8"4( 81( &7<"&( "3073""&730( .CC@7#.8713=,( G3( C&.#87#"'
K1F"<"&'( 8K7=( 7=( =87@@( 47667#2@8( %"#.2="( .CC@7#.8713( 16( !"@68)!HU7<"&=( 81( 6@114C@.73
$1&CK14M3.$7#=( 7=(13@M(.( &"#"38(4"<"@1C$"38,(ECC@7#.8713=( 73( 8K"( C.=8(F"&"( 8&.478713.@@M
@7$78"4(81(&7<"&("3073""&730(C&1%@"$=(73(8K"($.73(#K.33"@,(]34"&(RTU'(.(C7@18(.CC@7#.8713(16
!"@68)!HU7<"&=( 81( .( 6@114C@.73( F78K( =74"( #K.33"@=( K.=( %""3( ="8( 2C( 61&( 8K"( W.$"&"3=#K"
.̀.&4(S-.C87=8'()**+V,

NK"(47667#2@87"=(73(8K"($14"@@730(16(6@114C@.73($1&CK14M3.$7#=(#.3(%"(.=#&7%"4(81(8K"(@.#/
16(0114(=2%$14"@=(61&(8K"(61@@1F730(C11&@MH/31F3(C&1#"=="=[
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!" >54)-,0%# *$"4%++%+# :%!(%%,#2-',# 4)-,,%3# -,1# /3""1*3-',+?( R13<"#87<"( .34( 47662=7<"
"Z#K.30"=( 16( F.8"&( .34( ="47$"38( .66"#8( 8K"( ="47$"38( %240"8( 16( 6@114C@.73=,( W"3"&.@
7361&$.8713(#.3(%"(4"&7<"4(6&1$(E=="@$.3j=(S)**+V(=8247"=(13(6@114C@.73(="47$"38.8713'
%28(4"8.7@"4($14"@@730( 7=(=87@@( 73( 78=( 736.3#M,(BC"#767#(C&1%@"$=( 73#@24"( S+V( 8K"( &1@"(.34
C&1C"&( &"C&"="38.8713(16( 8K"( 0&1M3"(%"@8( %"8F""3($.73( #K.33"@( .34( 6@114C@.73'( S)V( 8K"
&1@"( 16( @.&0"( K1&7i138.@( "447"=( Sa.&0"( I44M( B7$2@.8713V'( S9V( 8K&""H47$"3=713.@78M( 3".&
=8""C( %"4( @"<"@( 0&.47"38=( S^.<730.'( +cccV'( S>V( <"&87#.@( 0&.73( =1&8730( 73( #13#"38&.8713
C&167@"=( 16( =2=C"34"4( ="47$"38'( .34( SAV( $"8K14=( 81( .<174( =8&130( 4"61&$.8713( 16
#1$C28.8713.@( @.M"&=( .8( =8""C( 8&.3=78713=( %"8F""3( $.73( #K.33"@( .34( 6@114C@.73
S$2@87%@1#/($"8K14(61&(@1#.8713H4"C"34"38(32$%"&(16(@.M"&=(73(!"@689!V,

!" @,!%$-4!'",+#:%!(%%,#&%0%!-!'",#-,1#!)%#%$"+'",A#!$-,+*"$!#-,1#1%*"+'!'",#"/#+%1'2%,!?
B1$"("66"#8=(16(<"0"8.8713(13(="47$"38( 8&.3=C1&8($.M(%"(/31F3(O2.@78.87<"@M'(%28( 8K"&"
.&"(K.&4@M(.3M(O2.3878.87<"(4.8.(6&1$(67"@4($".=2&"$"38=(1&(@.%1&.81&M("ZC"&7$"38=,(E=(.
#13="O2"3#"'(78(7=(47667#2@8(81(4"<"@1C(1&(81(8"=8(=2%$14"@=(61&( 8K"="("66"#8=,(:3"(16( 8K"
C&1%@"$=( "$"&0730( 6&1$(-.C87=8j=( S)**+V( C7@18( =824M( 7=( 8K.8( 8K"( "O27<.@"38( P7/2&.4="
&120K3"=='(/'(FK7#K(7=(#2&&"38@M(%"730(.CC@7"4(61&("#181C"=(.@130(8K"(!28#K(&7<"&='(#.3(%"
$2#K(@.&0"&(8K.3(8K"(F.8"&(4"C8K'(K,(E=(.(&"=2@8'(8K"(RKhiM(#1"667#7"38(%"#1$"=("Z8&"$"@M
=$.@@( S"<"3( 3"0.87<"( FK"3( .CC@M730( `K78"HR1@"%&11/j=( +L(@10S+)Kg/VV,( NK7=( RKhiM
#1"667#7"38( 7=( 2="4( 73( #2=81$.&M( ="47$"38( 8&.3=C1&8( 61&$2@."'( 73( =2#K( .( F.M( 8K.8( @1F
RKhiM( <.@2"=( 7$C@M( .( <"&M( K70K( ="47$"38( 8&.3=C1&8( #.C.#78M,( ^"3#"'( 23&".@7=87#.@@M'
<"0"8.8"4( i13"=( %"#1$"( i13"=( 16( =@1F( #2&&"38=( F78K( <"&M( 738"3="( ="47$"38( 8&.3=C1&8,
P"F( .CC&1.#K"=( 81( 8K"( KM4&.2@7#( &120K3"==( 16( <"0"8.8713( .&"( %"730( #13=74"&"4[( S+V( .
@73".&(S2V( 73=8".4(16(O2.4&.87#( S2)V( &"=7=8.3#"( 8"&$( 73(!"@689!(S6@1F( 8K&120K(<"0"8.8713
1%"M730(!.&#Mj=(@.F(73(.3.@10M(81(0&1234F.8"&(6@1FV'(.34(S)V(.(8K"1&"87#.@(=824M(16( 8K"
"66"#8( 16( 6@"Z7%@"( <"0"8.8713( 13( <"&87#.@( <"@1#78M( C&167@"=( .34( 6@1F( &"=7=8.3#",( NK"
738"&.#8713=(%"8F""3(<"0"8.8713(.34(="47$"38(F7@@(K.<"(81(%"(=8247"4(73(@.%1&.81&7"=(.34
8K"(67"@4,

!" B%1'2%,!# !$-,+*"$!# "&%$# ":+!-43%+?( U"@"<.38( 1%=8.#@"=( 73( 8K"( #138"Z8( 16( 6@114C@.73
$1&CK14M3.$7#=(.&"( S+V(F"7&=(.8( =74"H#K.33"@("38&.3#"='( S)V( @1F( @"<""=(13( 6@114C@.73=
.34( S9V( 0&1M3"=( 73( 8K"( 8&.3=78713( .&".( %"8F""3( 8K"( $.73( #K.33"@( .34( 8K"( 6@114C@.73=
S0&1M3"( %"@8V,( a.2#K@.3j=( S)**+V( "ZC"&7$"38=( .34( -2=3"@@7j=( S)**+V( 32$"&7#.@
=7$2@.8713=( K.<"( =K1F3( 8K.8( 12&( #.C.#78M( 81( $14"@( 6@1F( .34( ="47$"38( 8&.3=C1&8( 1<"&
=8""C(=@1C"=(.34(F"7&=(7=(=87@@(<"&M(@7$78"4,(IZ7=8730(=@1C"(#1&&"#8=(.&"(73.4"O2.8",

W7<"3( 8K"( C&"="38( =8.0"( 16( 4"<"@1C$"38'( 8K"($1&CK1@107#.@( 4"<"@1C$"38( 16( =74"( #K.33"@=
234"&(1<"&%.3/(6@1F(#13478713=(#.3(%"(.=="=="4(2=730("ZC"&8(;240"$"38'(C&"6"&.%@M(13(8K"
%.=7=(16(&"=2@8=(6&1$(8F1H47$"3=713.@(KM4&14M3.$7#(#1$C28.8713=,(NF1(%.=7#(=782.8713=(.&"
47=873027=K"4'(%.="4(13(8K"(1&7"38.8713(16( 8K"(#K.33"@(F78K(&"=C"#8( 81( 8K"( 6@1F(S=""(T702&"
9,+V[
+,( B'1%.4)-,,%3#-3'0,%1#-4$"++#!)%#/3"(?(R13="&<.8713(16($.==(7=(8K"(41$73.8730(C&73#7C@"
FK7#K(01<"&3=(8K"(6@1F(67"@4,(NK7=(#.2="=(.(4"#"@"&.8713(16(8K"(6@1F(.8(8K"(=74"(#K.33"@,
E=(.(#13="O2"3#"'(8K"(=74"(#K.33"@(F1&/=(.=(.(="47$"38(8&.C,(U.8"=(16(="47$"38.8713(.&"
=7$7@.&(81(8K1="(4"&7<"4(61&(6@114C@.73(="47$"38.8713(%M(E=="@$.3(S)**+V\

),( B'1%.4)-,,%3# -3'0,%1# -3",0# !)%# /3"(?( R13="&<.8713( 16( $1$"382$( 7=( 8K"( 41$73.8730
C&73#7C@"( FK7#K( 01<"&3=( 8K"( 6@1F( 67"@4,( NK"( =74"( #K.33"@( F1&/=( .=( .( i13"( 16( @1F"&
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KM4&.2@7#( &"=7=8.3#"'(.##"@"&.8730( 8K"( 6@1F,(E=( .( #13="O2"3#"'( 8K"( =74"( #K.33"@( .88&.#8=
6@1F(.34($.M(0&1F(8K&120K("&1=713,(NK"(C1==7%@"(1##2&&"3#"(16(8K7=(CK"31$"313(#.3(%"
74"38767"4( O2.@78.87<"@M'( %28( 31( =7$C@"( &2@"=( 16( 8K2$%( .&"( .<.7@.%@"( 61&( .( O2.3878.87<"
C&"47#8713,

#13="&<.8713(16($.==[
+!$",0%$#/3"(#',#+)-33"(%$#-$%-+

#13="&<.8713(16($1$"382$[
+!$",0%$#/3"(#',#1%%*%$#-$%-+

T702&"(9,+[ !7=873#8713(%"8F""3(6@1F(67"@4(41$73.8"4(%M(#13="&<.8713(16($.==(.34(6@1F(67"@4(41$73.8"4(%M
#13="&<.8713(16($1$"382$,

NK"(=7$C@767"4("ZC"&8(&2@"=(73(RK.C8"&(>(.##1238(61&(8K7=(47=873#8713(%M(2=730(.3(X1&7"38.8713
.30@"Y'( 4"673"4( .=( 8K"( .<"&.0"( .30@"( %"8F""3( 8K"( =74"( #K.33"@( .34( 6@114C@.73( 6@1F( @73"=
42&730(.(6@114,

3.3 In-bank flow conditions

3.3.1 Introduction

B74"(#K.33"@=(.CC".&(.=(="C.&.8"(&7<"&(%&.3#K"=(42&730(73H%.3/(6@1F(#13478713=(S1##2&&730(.8
47=#K.&0"=( "O2.@( 81( 1&( @1F"&( 8K.3( 8K"( %.3/62@@( 47=#K.&0"V,( G3=70K8( 73( 8K"( #1$%73"4
$1&CK1@107#.@(%"K.<712&(16($.73(#K.33"@(.34(=74"(#K.33"@(#.3(%"(4"&7<"4(6&1$(=8247"=(13
<.&712=(.3.@1012=(=M=8"$=[
!" B'1%# 4)-,,%3+# *$"*%$?($13781&730(4.8.( %M(B1&%"&( "8( .@( S+cccV'( l.3=( "8( .@( S+ccc'( )***'
)**+V'(B7$13='(-.//"&(d(B1&%"&(S)***V(.34(B#K&1CC("8(.@(S)***'()**+V\

!" C'&%$# :%,1# 46!."//+?( "$C7&7#.@( &"@.8713=( 6&1$( G347.( Sl10@"/.&'( +cAD\( k.&$.'( B.Z"3.( d
U.1'( +cLcV'( 13"H47$"3=713.@( .3.@M="=( %M( e@..=="3( d( k.3( _.38"3( S+cLcV( .34( -70@.&7
S+cLcV'(8F1H47$"3=713.@(32$"&7#.@($14"@@730(%M(l.0"&=(S+cccV\

!" D)-,,%3#4$%-!'",#-,1#4)-,,%3#-:-,1",2%,!# ',#:$-'1%1#$'&%$+?( 4"&7<.8713(16( "$C7&7#.@
&"@.8713=(6&1$(4.8.(16(8K"(-&.K$.C28&.Hl.$23.(U7<"&(%M(e@..=="3(d(?.=="@73/(S+cc)V'
e@..=="3'(?1=="@$.3(d(-&mK@(S+cc9V(.34(?1=="@$.3("8(.@(S+ccAV\

!" C'&%$#-&63+'",+?(=8247"=(%M(T7=/(S+cA)V'(?#R.&8KM'(I@@"&M(d(B8.37=8&""8(S+cc)V'(U7#K.&4='
RK.34&.(d(T&7"34(S+cc9V'(?./.=/"(S+ccLV(.34(B8128K.$"&(S)**+V\

!" @,!-9%+#"/#(-!%$#/$"2#$'&%$+?(K.34%11/=(%M(E<"&M(S+cLcV'(-12<.&4(S+cc)V(.34(U.24/7<7
S+cc9V'(@78"&.82&"(&"<7"F(%M(?"7;"&(S+cc9V'("ZC"&7"3#"=(73(B128KHE=7.(%M(I@=413(S+c+DV



Morphological development of side channels T2401 December, 2001
CFR project report 9, IRMA-SPONGE and Delft Cluster

WL | Delft Hydraulics 3 – 4

.34(EK$.4'(E@7(d(eK.@7O(S+cD*V'(CKM=7#.@($14"@@730(%M(e@..=="3(d(-110..&4(S+cL)V'
32$"&7#.@($14"@@730(%M(I@HB.M"4(S+ccAV(.34( 7̀@=13(S)***V\

!" C'&%$#:'/6$4-!'",+#',#1%3!-+?(UK73"(%762&#.8713(Q.33"&4"3="(e1C(SK7=81&M(%M(k.3(4"&(k"3'
+cJc\( CKM=7#.@( $14"@@730( %M( -117;( "8( .@'( +cA9HAA'( .34( k.3( 4"&( _F..&4'( +cL+\
$.8K"$.87#.@( $14"@@730( %M( B8&27/=$.'( +ccL'( .34( ?1=="@$.3( d( B@166'( +ccLV'( UK73"H
Gl=="@(%762&#.8713(Gl=="@/1C(.8( "̀=8"&<11&8(SCKM=7#.@($14"@@730(%M(-&"2="&='(+cAc'(.34(!"
k&7"='(+cDcHJ*V'(e.88"3/1C(%762&#.8713(.8(8K"(Gl=="@(U7<"&($128K(SCKM=7#.@($14"@@730(%M
B#K7;6'(+c>)\(4&"40730(4.8.(%M(k.3(N7@'(+cA>'(^.<730.'(+cL>'(.34(?1=="@$.3'(a.$%""/
d(?"7;"&'( +cc9V'(?"&F"4"( %762&#.8713( .8( !1&4&"#K8( SKM4&.2@7#( CKM=7#.@( $14"@@730( %M
:@8K166'(E.&"38=(d(-""3K.//"&'( +cD+V'(W.30"=HW1&.7( %762&#.8713( S32$"&7#.@($14"@@730
%M(!"@68(^M4&.2@7#=(d(!.37=K(^M4&.2@7#=(G3=87828"'(+ccD\(&"#"38(67"@4($".=2&"$"38=(.34
CKM=7#.@( .34($.8K"$.87#.@($14"@@730( 73( 8K"( 6&.$"F1&/(16( 8K"(W1&.7(U7<"&(U"=81&.8713
Q&1;"#8V\

T702&"(9,)[ UK73"(%762&#.8713(Q.33"&4"3="(e1C,
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T702&"(9,9[ W.30"=HW1&.7(%762&#.8713'(-.30@.4"=K,

!" D)-,,%3# :'/6$4-!'",+# ',# 3-:"$-!"$;# %5*%$'2%,!+?( N"#K37#.@( ]37<"&=78M( 16( e.&@=&2K"
S-2@@"'( +c)DV'( `a( b( !"@68( ^M4&.2@7#=( SU7.4'( +cD+V( .34( -.30@.4"=K( ]37<"&=78M( 16
I3073""&730(.34(N"#K31@10M'(F78K(.==7=8.3#"(6&1$(!"@68(]37<"&=78M(16(N"#K31@10M(S!"3
!"//"&(d(k.3(k11&8K27i"3'(+cc>\(U11=;"3(d(_F.3"3%2&0'(+ccAV,
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T702&"(9,>[ IZC"&7$"38=(%M(U7.4(S+cD+V,

T702&"(9,A[ IZC"&7$"38.@(6.#7@78M(.8(-.30@.4"=K(]37<"&=78M(16(I3073""&730(.34(N"#K31@10M,

G361&$.8713(#.3(.@=1(%"( 61234( 73( 8K"( @78"&.82&"( &"<7"F=(%M(B8&27/=$.(d(-.&3"<"@4( S+cc*V
.34(E//"&$.3(S+cc9V,(NK"(C&"="38(&"C1&8(41"=(318(07<"(.(#1$C@"8"(&"<7"F(16(.@@(7361&$.8713
.<.7@.%@"'(%28(61#2="=(13(8K"(61@@1F730(.=C"#8=[
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!" "$C7&7#.@(&"@.8713=(SB2%="#8713(9,9,)V\
!" $13781&730(4.8.(6&1$(=74"(#K.33"@=(SB2%="#8713(9,9,9V\
!" 13"H47$"3=713.@(.3.@M="=(SB2%="#8713(9,9,>V\
!" 8F1H(.34(8K&""H47$"3=713.@(32$"&7#.@($14"@=(SB2%="#8713(9,9,AV,

3.3.2 Empirical relations

NK"(4"=703(&2@"=(16(RK.C8"&()(7347#.8"(8K.8(8K"(61@@1F730(C.&.$"8"&=(.&"(7$C1&8.38[
!" &.871(%"8F""3(8K"(@"308K=(16(8K"(8F1(%&.3#K"=(SX@"308K(&.871YV\
!" %762&#.8713(.30@"=(%"8F""3(8K"(%&.3#K"=(.34(8K"(2C=8&".$(6@1F(47&"#8713,

NK"( "66"#8( 16( 4766"&"3#"=( 73( %&.3#K( @"308K( #.3( %"( 234"&=8114( 6&1$( 8K"( #1&&"=C134730
4766"&"3#"=( 73( F.8"&( @"<"@( =@1C"( .34'( K"3#"'( 6@1F( <"@1#78M,( T@1F( <"@1#78"=( .&"( K70K"&( 73
=K1&8"&(.34(=8""C"&(%&.3#K"=(%28(@1F"&(73(@130"&(.34(6@.88"&(%&.3#K"=,(NK2=(=K1&8"&(%&.3#K"=
#.3( %"( "ZC"#8"4( 81( "&14"( FK"&".=( @130"&( %&.3#K"=( #.3( %"( "ZC"#8"4( 81( "ZC"&7"3#"
="47$"38.8713,

NK"("66"#8(16(8K"(%762&#.8713(.30@"(#.3(%"(234"&=8114(6&1$(6@1F(73"&87.(.34(8K"(-2@@"("66"#8
S-2@@"'(+c)DV,(NK"(@.88"&(&"=2@8=(6&1$(8K"(=C7&.@(F.8"&($18713(FK7#K(7=(0"3"&.8"4( 73(#2&<"4
6@1F=(S=""(T702&"(9,DV,
NK7=(=C7&.@($18713(4"6@"#8=( 8K"(F.8"&(3".&( 8K"( =2&6.#"
81F.&4=( 8K"( 128"&( C.&8( 16( 8K"( #2&<"( .34( 4"6@"#8=( 8K"
F.8"&( 3".&( 8K"( %"4( 81F.&4=( 8K"( 733"&( C.&8,( E=( $1=8
="47$"38( 7=( 8&.3=C1&8"4( 13( 1&( #@1="( 81( 8K"( %"4'( .
47=C&1C1&8713.8"( C.&8( 16( 8K"( ="47$"38( 8&.3=C1&8( 7=
47&"#8"4( 7381( 8K"( 1668./730( #K.33"@( F78K( 8K"( @.&0"=8
%762&#.8713( .30@",( NK"( &"=2@8730( ="47$"38.8713( 61&$=
73787.@@M(.( =C78(1&( =.34(.&&1F'(.34(K"3#"( 73#&".="=( 8K"
.30@"(%"8F""3(8K"(1668./730(#K.33"@(.34(8K"(.CC&1.#K
6@1F,(NK7=("3K.3#"=( 8K"( 6@1F(#2&<.82&"( .34( 8K"(-2@@"
"66"#8,(T2&8K"&(4"<"@1C$"38($.M(#.2="(%.3/("&1=713(.8
8K"( 31="( 16( 8K"( 6@114C@.73( F"40"( %"8F""3( 8K"( =74"
#K.33"@(.34(8K"($.73(#K.33"@,

�����������
�����������
�����������

(=.34
(.&&1F

(6@1F(3".&(=2&6.#"

(6@1F(3".&(%"4

T702&"(9,D[ BC7&.@(F.8"&($18713(73
1668./730(#K.33"@,

NK"( 8&.3=C1&8( 16( 8K"( ="47$"38( #@1="( 81( 8K"( %"4( 7381( 8K"( 1668./730( #K.33"@(F78K( 8K"( @.&0"=8
%762&#.8713(.30@"(7$C@7"=(.@=1(8K.8(8K"(="47$"38(73(8K7=(1668./730(#K.33"@(7=(#1.&="&(8K.3(8K"
="47$"38(73(8K"(#K.33"@(F78K(8K"(=$.@@"=8(%762&#.8713(.30@",(NK"(-2@@"("66"#8("ZC@.73=(.@=1
8K"(4"=703(&2@"(8K.8(F.8"&(738./"=(=K12@4(%"(@1#.8"4(73(8K"(128"&(%"34(16(.(&7<"&'(.=(#K.33"@=
1668./730(6&1$(8K"(733"&(%"34(8"34(81("ZC"&7"3#"(="47$"38.8713,

T1&(3.82&.@(%"34(#28H166='(l10@"/.&(S+cJ+V(738&142#"=(.(X#28H166(&.871Y(.=(.(#&787#.@(<.@2"(61&
8K"(&.871(%"8F""3(8K"(@"308K=(16(.(4""C(&7<"&(%"34(.34(.(=K.@@1F(=K1&8#28(#K.33"@,(NK"(%"34
7=(#28(166(%M("&1=713(16(8K"(=K.@@1F(#K.33"@(FK"3(8K"(@"308K(&.871("Z#""4=(8K"(#28H166(&.871,
R28H166(&.871=(<.&M(6&1$(&7<"&(81(&7<"&,
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T1&(.&8767#7.@(%"34(#28H166='(k.&$.'(B.Z"3.(d(U.1(S+cLcV(41(318(#13=74"&(#28H166(&.871=,(NK"M
&"#1$$"34(.(4766"&"38(8MC"(16(&"@.8713'(FK7#K'(313"8K"@"=='(#138.73=(.3("66"#8(16(8K"(@"308K
&.871,(NK"7&(0274"@73"=(#13=74"&(8K"(%762&#.8713(.30@"(.=(F"@@,(E&8767#7.@(#28H166=(#13=7=8(16(.3
"Z#.<.8"4( XC7@18( #K.33"@Y( 1&( X#23"88"Y'( 4"=703"4( 73( =2#K( .( F.M( 8K.8( 78( %"#1$"=( 8K"( 3"F
#12&="(16(8K"(&7<"&(.8(8K"("ZC"3="(16(8K"(%"34(FK7#K(7=(%"730(#28(166,(E&8767#7.@(#28H166=($.M
%"(#1$%73"4(F78K(.(47<"&=713(%234(81(7$C&1<"(8K"7&(623#8713730,(NK"(61@@1F730(0274"@73"=
.CC@M(81(8K"(4"=703(16(C7@18(#K.33"@=[
!" G6( 8K"(=17@( 7=( &"=7=8.38(.0.73=8("&1=713'( 8K"(C7@18(#K.33"@(=K12@4(%"("Z#.<.8"4( 73787.@@M( 81
8K"($.73(&7<"&(="#8713,(:8K"&F7="(78(7=(=2667#7"38(81("Z#.<.8"(8K"(C7@18(#K.33"@(=1(6.&(8K.8
78=(Uga)( 7=( 0&".8"&( 8K.3( 61&( 8K"($.73( #12&="( SU( n( KM4&.2@7#( &.472='( a( n( 47=8.3#"( .@130
#K.33"@(6&1$("38&.3#"(81(128@"8V,(T2&8K"&("Z#.<.8713(F7@@(%"(&".@7i"4(%M(6@2<7.@("&1=713\

!" NK"("38&.3#"(16(8K"(C7@18(#K.33"@(=K12@4(%"($.4"(%"@@$128K\
!" NK"(C7@18(#K.33"@(=K12@4(%"(.@703"4(73(=2#K(.(F.M(8K.8(8K"(6@1F(7381(8K"(C7@18(#K.33"@(7=
@"==( #2&<"4( 8K.3( 8K"( 6@1F( 7381( 8K"( 1&7073.@( &7<"&( %"34,( NK7=( C&1$18"=( 8K"( 61&$.8713( 16
=.34(.&&1F=(.8(8K"("38&.3#"(16( 8K"(1&7073.@(&7<"&(%"34(.34(.<174=( 8K"(61&$.8713(16(=.34
.&&1F=( .8( 8K"( "38&.3#"( 16( 8K"( C7@18( #K.33"@,( B.34( .&&1F=( S1&[( =C78=V( "<"382.@@M( #@1="( .
#K.33"@(S#6,(T702&"(9,DV,

I$C7&7#.@( &"@.8713=( 61&( 8K"( C&1%.%7@78M( 16
#K.33"@(.%.3413$"38(.=(.(623#8713(16(#28H
166( &.871( .34( %762&#.8713( .30@"=( K.<"( %""3
4"&7<"4( 61&( #K.33"@=( 73( 8K"( %&.74"4
-&.K$.C28&.Hl.$23.( U7<"&( 73( -.30@.4"=K
Se@..=="3( d( ?.=="@73/'( +cc)\( e@..=="3'
?1=="@$.3(d(-&mK@'( +cc9\(?1=="@$.3( "8
.@'( +ccAV,( NK"( @"308K( &.871( F.=( 318( .
47=873#87<"( C.&.$"8"&( 73( 8K7=( @1FH=7321=78M
&7<"&,(NK"($.73(C.&.$"8"&(F.=(61234(81(%"
8K"( %762&#.8713( .30@",( B1$"( &"=2@8=( .&"
=K1F3( 73( T702&"( 9,J'( %28( 8K1="( &"=2@8=
#.3318( %"( "Z8&.C1@.8"4( 81( 18K"&( &7<"&=
F78K128(62&8K"&(4.8.(.3.@M=7=,
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T702&"(9,J[ T&"O2"3#M(16(#K.33"@(.%.3413$"38
1##2&&"3#"(73(%&.74"4(-&.K$.C28&.H
l.$23.(U7<"&(.=(.(623#8713(16(%762&#.8713
.30@",

NK"( @"308K( &.871( .34( 8K"( 1668./"( .30@"( .&"( 2="4( 73( 8K"( =7$C@767"4( "ZC"&8( &2@"=( 4"&7<"4( 73
RK.C8"&(>,

3.3.3 Monitoring data from side channels

k.3K"$"@&7;/(d(Q..@<.=8(S+ccJV(C&"="38(.3(73<"381&M(16(3.82&"(4"<"@1C$"38(C&1;"#8=(.@130
&7<"&=(73(<.&712=(#1238&7"=,(?.3M(16(8K"="(C&1;"#8=(73#@24"(=74"(#K.33"@=(8K&120K(6@114C@.73=,
G3($1=8(C&1;"#8='(K1F"<"&'(8K"($13781&730(61#2="=(13(%71@107#.@(4"<"@1C$"38=(.34(&"$.73=
73.4"O2.8"(61&($1&CK1@107#.@(C&1#"=="=,(NK"(=74"(#K.33"@=(73(8K"(W.$"&"3=#K"( .̀.&4(.@130
8K"( .̀.@( U7<"&( 73( 8K"( P"8K"&@.34=( .CC".&( 81( %"( .( C1=787<"( "Z#"C8713,( NK"( &"C1&8=( 13( 8K"
$13781&730( 16( 8K"="( #K.33"@=( #138.73( ."&7.@( CK1810&.CK=( .34( =M31C87#( %"4( 81C10&.CKM
$".=2&"$"38=(.8(4766"&"38(C1738=(16(87$"(SB1&%"&("8(.@'(+ccc\(l.3=("8(.@'(+ccc'()***'()**+\
B7$13='( -.//"&( d( B1&%"&'( )***\( B#K&1CC( "8( .@'( )***'( )**+V,( :3"( 16( 8K"( 738"&"=8730
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$1&CK1@107#.@(4"<"@1C$"38=(8K2=(<7=2.@7i"4(7=(8K"(C&1C10.8713(16(.(=.34(6&138(1<"&(.(#@.M"M
=2%=17@( 73( 8K"(I.=8"&3( =74"(#K.33"@,(NK"(4.8.(.&"(.@=1(2="4( 61&(-.C87=8j=( S)**+V( 32$"&7#.@
=824M(234"&(RTU(,

!"=C78"(8K"(0114(O2.@78M(16(8K"($13781&730(16(=74"(#K.33"@=(73(8K"(W.$"&"3=#K"( .̀.&4'(8K"
&"=2@8730( 4.8.( .&"( 73=2667#7"38( 61&( .3( .=="==$"38( 16( #1&&"@.8713=( %"8F""3( $1&CK1@107#.@
4"<"@1C$"38=(.34(/"M(C.&.$"8"&=(=2#K(.=(@"308K(&.871(.34(1668./"(.30@",(E8(8K7=($1$"38(78(7=
13@M(C1==7%@"(81(=.M(8K.8(8K"(61@@1F730("ZC"&8(1C73713=(K.<"("$"&0"4(6&1$(8K"($13781&730(16
8K1="(=74"(#K.33"@=[
!" =74"(#K.33"@=(&"$.73(1C"3(42&730(.%128(+A(M".&=(S73'/%.!'2%8V\
!" =K7C(C.==.0"=(#138&7%28"(=2%=8.387.@@M(81(8K"($1&CK1@107#.@(4"<"@1C$"38(16(=74"(#K.33"@=
.=(8K"M(#1238"&.#8(="47$"38.8713'(.3("66"#8(23/31F3(2387@(&"#"38@M,

NK"( .CC.&"38( 7$C1&8.3#"( 16( =K7CH0"3"&.8"4(F.8"&( $18713( 7$C@7"=( 8K.8( =74"( #K.33"@=( 31F
%"K.<"( 4766"&"38@M( 6&1$( =74"( #K.33"@=( 73( 8K"( C"&714( %"61&"( 8K"( @.&0"H=#.@"( 8&.73730
SX31&$.@7i.8713YV(16(8K"(&7<"&(UK73",(B8247"=(16(K7=81&7#.@($.C=(.&"(K"3#"(16(@7$78"4(2=",

U"@"<.38(67"@4("ZC"&7"3#"(K.=(.@=1(%""3(1%8.73"4(%M(R13=2@8730(R13=1&872$(TEQ)+g))+( 73
8K"( T@114( E#8713( Q@.3( 73( -.30@.4"=K,( T702&"=( 9,L( 81( 9,+9( =K1F( 8K"( 8"=8730( 16( <.&712=
&"#2&&"38( $".=2&"=( 81( #@1="( .( $731&( =74"( #K.33"@'( 1<"&( )**( $( F74"'( 73( 8K"( %&.74"4
-&.K$.C28&.Hl.$23.(U7<"&,

T702&"(9,L[ a.M128(16(&"#2&&"38($".=2&"=(81(#@1="(e.8@.$.&.(=74"(#K.33"@(16(-&.K$.C28&.Hl.$23.(U7<"&,

((((((((((((((((((((((((((((((((((((((((((((((((((((((
E#C)%',.C6)$#@,0%,'%6$.F%+%33+4)-/!#2:GA#D"2*-0,'%#H-!'",-3%#16#C)I,%A#J$"/<#K$<#L-49,%$#M
J-$!,%$+#-,1#NL#O#K%3/!#G;1$-63'4+<
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T702&"(9,c[ R13=8&2#8713(16(7$C&1<"4(%.34.@=(.8("38&.3#"(16(e.8@.$.&7(#K.33"@'(?.&#K(+ccJ,

T702&"(9,+*[ R13=8&2#8713(16(".&8K(4.$(73(e.8@.$.&7(#K.33"@'(?.&#K(+ccJ,
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T702&"(9,++[ B2&6.#"(=#&""3=($1238"4(%"8F""3(#1238&M(%1.8=(81(736@2"3#"(8K"($18713(16(F.8"&(.34(="47$"38
3".&(e.8@.$.&7(#K.33"@'(l2@M(+ccJ,

T702&"(9,+)[ G$C&1<"4(%.34.@=(.8("38&.3#"(16(e.8@.$.&7(#K.33"@(42&730(6@114'(l2@M(+ccJ,
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T702&"(9,+9[ I&1=713(.34(="47$"38.8713(73("38&.3#"(.&".(16(e.8@.$.&7(#K.33"@'($13=113(+ccJ,

3.3.4 One-dimensional analyses

e"M( C.&.$"8"&=( 73( 13"H47$"3=713.@( $14"@=( 16( &7<"&( %762&#.8713=( .&"( 8K"( 47=8&7%28713=( 16
F.8"&( .34( ="47$"38( 1<"&( 8K"( %762&#.8"4( %&.3#K"=,( NK"="( 47=8&7%28713=( 4"8"&$73"( 8K"
$1&CK1@107#.@( "<1@28713( 16( %18K( 41F3=8&".$( %&.3#K"=,( NK"( 47=8&7%28713( 16( F.8"&( 7=
#.@#2@.8"4(=8&.70K861&F.&4@M(%M(13"H47$"3=713.@($14"@=(=2#K(.=(B:-Ie,(NK"(47=8&7%28713(16
="47$"38'( K1F"<"&'( &"O27&"=( .4478713.@( 73C28( 73( 13"H47$"3=713.@( $14"@=,( NK7=( .4478713.@
73C28( &"0.&4=( 8K"(C.&.$"8"&=( 16( .(7,"1-3# *"',!# $%3-!'",8(FK7#K( "ZC&"=="=( 8K"( &.871( 16( 8K"
="47$"38( 8&.3=C1&8=( 7381( 8K"( 8F1( %&.3#K"=( .=( .( 623#8713( 16( 18K"&( =M=8"$( C.&.$"8"&='
73#@24730(8K"(&.871(16(8K"(47=#K.&0"=(8K&120K(8K"(8F1(%&.3#K"=,

ECC"347Z(E(C&"="38=(.(313@73".&(CK.="HC@.3"(.3.@M=7='(%.="4(13(8K"(F1&/(16(T@1/=8&.(S+cLAV'
T1//73/(d( .̀30(S+cc9V'( .̀30'(T1//73/(d(e.&=="3(S+cc9V'( .̀30(d(k.3(4"&(e..7;(S+cc>V
.34( .̀30("8(.@(S+ccAV,(NK"(.3.@M=7=(4"$13=8&.8"=(8K.8(8K"(=M=8"$(%"K.<712&(16($.73(#K.33"@
.34(=74"(#K.33"@(4"C"34=(="3=787<"@M(13(8K"(C.&.$"8"&=(16(8K"(314.@(C1738(&"@.8713,(R"&8.73
C.&.$"8"&(&.30"=(C&142#"(.(%"K.<712&(73(FK7#K("78K"&(8K"($.73(#K.33"@(1&(8K"(=74"(#K.33"@
7=(#@1="4(73"<78.%@M(%M(="47$"38.8713'(FK"&".=(18K"&(C.&.$"8"&(&.30"=(C&142#"(.(%"K.<712&
FK7#K(8"34=(81(.(=8.%@"("O27@7%&72$(73(FK7#K(%18K(#K.33"@=(&"$.73(1C"3,

ECC"347Z(E(73#@24"=(.(="3=787<78M(.3.@M=7='(%.="4(13( 8K"(F1&/(%M(e@..=="3(d(k.3(_.38"3
S+cLcV,
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NK"( $1&CK1@107#.@( 4"<"@1C$"38( 16( .( =74"( #K.33"@( #.3( %"( #1$C28"4( F"@@( F78K( .( 13"H
47$"3=713.@( $1&CK1@107#.@( $14"@( =2#K( .=( B:-IeHU7<"&=( 76( 8K"( 314.@( C1738( &"@.8713( 7=
/31F3( .34( 8K"( %.3/@73"=( .&"( 67Z"4,( B74"( #K.33"@=( 1<"&@1.4"4( F78K( ="47$"38( "ZC"&7"3#"
="47$"38.8713(FK"&".=( =74"( #K.33"@=( 234"&@1.4"4(F78K( ="47$"38( "ZC"&7"3#"( "&1=713,( NK"
&"=2@8730( 87$"H4"C"34"38( 4"<"@1C$"38( K.=( %""3( =8247"4( %M( U7%%"&73/( d( k.3( 4"&( B.34"
S+cL>'( +cLAV'( k.3( 4"&( e3..C( S+cc>V( .34( B7"%"3( S+ccA'( +cccV,( o2.@78.87<"@M'( 8K"( 87$"H
4"C"34"38(4"<"@1C$"38(7=(=2#K(8K.8
!" 4""C( =74"( #K.33"@=( .&"( #@1="4( %M( 4"C1=78713( 16( .( =.34( C@20( S=.34( .&&1F'( =C78V( .8( 8K"
"38&.3#"\

!" =K.@@1F(=74"(#K.33"@=(.&"(#@1="4(%M(4"C1=78713(1<"&(.(@130(&".#K,

^1F"<"&'( 8K"(314.@(C1738( &"@.8713( 7=( 2=2.@@M( C11&@M( /31F3'(FK7#K( @".4=( 81( 8K"( #13#@2=713
8K.8(.(8F1H47$"3=713.@(1&(8K&""H47$"3=713.@(.CC&1.#K(7=($.34.81&M(61&(C&1C"&(.=="==$"38(16
8K"($1&CK1@107#.@( 4"<"@1C$"38( 16( =74"( #K.33"@='( "<"3(42&730( 73H%.3/( 6@1F(#13478713=,( G3
8F1H( .34( 8K&""H47$"3=713.@( #1$C28.8713='( 8K"( 314.@( C1738( &"@.8713( 7=( 318( .3( 73C28( %28( .3
7$C@7#78(128#1$",

3.3.5 Two- and three-dimensional numerical models

NK"($1&CK1@107#.@(%"K.<712&(16( &7<"&(%762&#.8713=(K.=( .@=1( %""3( =8247"4(32$"&7#.@@M(F78K
<.&712=(8F1H(.34(8K&""H47$"3=713.@($14"@=,(NK"="($14"@=(41(318(&"O27&"(.3M(=C"#767#.8713
16( .3( "$C7&7#.@( 314.@( C1738( &"@.8713'( %"#.2="( 8K"( 47=8&7%28713( 16( ="47$"38( 8&.3=C1&8( 7=
#1$C28"4( 6&1$( 8K"( =.$"( $1&CK1@107#.@( "O2.8713=( .=( 8K"( 4"<"@1C$"38( 16( 8K"( %"4,
P13"8K"@"=='(.@=1(8F1H(.34(8K&""H47$"3=713.@($14"@@730(16(&7<"&(%762&#.8713=(7=(318(F78K128
C&1%@"$=,(BC"#767#(C&1%@"$=(73#@24"[
!" 8K"( &"@.87<"( #138&7%28713=( 16( %"4@1.4( .34( =2=C"34"4( @1.4( S%18K( &"O27&730( 4766"&"38
$14"@@730(.CC&1.#K"=V\

!" 8K"( &"C&"="38.8713( 16( ="47$"38( 8&.3=C1&8( 1<"&( 2CF.&4( =@1C"=( S7381( .( =K.@@1F"&( =74"
#K.33"@(1&(1<"&(.(F"7&(.8(8K"("38&.3#"(16(8K"(=74"(#K.33"@V(Sa.2#K@.3'()**+V,

B1$"(&"=2@8=(6&1$(="@"#8"4($14"@@730(=8247"=(.&"(47=#2=="4(%"@1F,

-1@@.(Q788.@20.'(U"C"881(d(N2%731(S)**+V(.CC@M(.(@1#.@@M(8F1H47$"3=713.@(4"=#&7C8713(.8(8K"
%762&#.8713(73(.3(18K"&F7="(13"H47$"3=713.@($14"@'(73(1&4"&(81(.&&7<"(.8(.($1&"(CKM=7#.@@MH
%.="4(314.@(C1738(#13478713,

?"7;"&( d( e=7.i"/( S+cc>V( #.&&7"4( 128( 8K&""H47$"3=713.@( 6@1F( #1$C28.8713=( 61&( ="<"&.@
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4 Derivation of simplified expert rules
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T@1/=8&.'(R,(S+cLAV'(!"(73<@1"4(<.3(/311CC238=&"@.87"=(1C(4"(%14"$@700730(%7;(=C@78=730=C238"3,
U"C1&8(U)+DD'(`.8"&@11C/23470(a.%1&.81&72$(S`a(b(!"@68(^M4&.2@7#=V(S',#K6!4)V,

T1//73/'(U,l,(d(_,-,(`.30(S+cc9V'(B824M(13(6234.$"38.@(.=C"#8=(16(+!H3"8F1&/($14"@=,(U"C1&8
_DA>'(`a(b(!"@68(^M4&.2@7#=,

^..='(E,`,(4"(S+cc+V'(P"<"30"2@"3\(:34"&i1"/(3..&(4"($10"@7;/K"4"3'(4"(#13="O2"387"=("3(4"(8"
=8"@@"3("7="3(%7;(..3@"0(<.3(3"<"30"2@"3(73(278"&F..&4"3,(U7;/=F.8"&=8..8'(UG_E'(318.
3&,c+,**L(S',#K6!4)V,

^.<730.'(T,l,(S+cccV'(NK&""H47$"3=713.@(1<"&%.3/(6@1F("66"#8=(13(="47$"38.8713(.34("&1=713(73(8K"
U7<"&(`..@,(Q&1#,(GE^U(BM$C,(U7<"&'(R1.=8.@(.34(I=82.&73"(?1&CK14M3.$7#='(W"31<.'(DH
+*(B"C8,(+ccc'(k1@,(G'(CC,+)+H+)c,

^.<730.'(^,(S+cL>V'(k"&%"8"&730(Gl=="@$134"3,(U7;/=F.8"&=8..8'(!7&,(-1<"3&7<7"&"3'(G38"&7$(318.
L>,)(S',#K6!4)V,

l.0"&='(^,U,E,(S+cccV'(P2$"&7#.@(.3.@M=7=(16(#28166(4"<"@1C$"38,(Q&1#,(GE^U(BM$C,(U7<"&'(R1.=8.@
.34(I=82.&73"(?1&CK14M3.$7#='(W"31<.'(DH+*(B"C8,(+ccc'(k1@,(G'(CC,AA9HAD),

l.3='(a,'(E,(B1&%"&'(?,(<.3(`7;30..&4"3'(I,(U"73K1@4'(-,(<.3(4"&(^"7;48'(E,(<.3(4"&(B#K""&'(l,(4"
l130"(d(N,(-27;="(S+cccV'(?13781&730(3"<"30"2@"3\(G38"0&.@"(;..&&.CC1&8.0"(+ccJg+ccL,
U7;/=F.8"&=8..8'(UG_E'(`"&/41#2$"38(cc,*>Jr(S',#K6!4)V,

l.3='(a,'(?,(<.3(`7;30..&4"3'(l,(:1=8"&%..3'(?,(B#K&1CC'(E,(<.3(4"&(B#K""&'(l,(-.#/Z(d(l,(4"(l130"
S)***V'(?13781&730(3"<"30"2@"3\(G38"0&.@"(;..&&.CC1&8.0"(+ccLg+ccc,(U7;/=F.8"&=8..8'
UG_E'(`"&/41#2$"38()***,*9>r(S',#K6!4)V,

l.3='(a,'(l,(-.#/Z'(?,(W&"7;4.32=He@..='(l,(4"(l130"'(k,(<.3(4"&(?"7;'(l,(:1=8"&%..3'(E,(<.3(4"&
B#K&""&'(?,(B#K&1CC(d(?,(<.3(`7;30..&4"3(S)**+V'(?13781&730(3"<"30"2@"3\(G38"0&.@"
;..&&.CC1&8.0"(+cccg)***,(U7;/=F.8"&=8..8'(UG_E'(`"&/41#2$"38()**+,*D)r(S',#K6!4)V,

l.3="3'(Q,QK,'(a,(<.3(-"34"01$'(l,(<.3(4"3(-"&0'(?,(4"(k&7"=(d(E,(_.3"3(S+cJcV'(Q&73#7C@"=(16(&7<"&
"3073""&730\(NK"(313H874.@(.@@2<7.@(&7<"&,(Q78$.3'(a13413,

l10@"/.&'(!,k,(SI4,'(+cADV'(?.32.@(13(&7<"&(%"K.<712&'(#138&1@(.34(8&.73730,(R"38&.@(-1.&4(16
G&&70.8713(.34(Q1F"&'(Q2%@,(P1,D*'(P"F(!"@K7,

e.i7(GO%.@(^.==.3(S)***V'(I66"#8(16(=C.87.@(0&.73(=7i"(<.&7.8713=(13($1&CK1@10M(16(=8&.70K8(.@@2<7.@
#K.33"@=,(?,B#,(NK"=7=(^,^,9Jc'(G^I(!"@68,

e@..=="3'(W,l,(d(E,(-110..&4(S+cL)V'(?1<.%@"H%"4($14"@(73<"=870.8713(16(8K"(1668./"(6&1$(8K"(-.K&
"@(l"%"@,(?1&CK1@107#.@($14"@(73<"=870.8713(16(8K"(1668./"(6&1$(8K"(-.K&("@(l"%"@,(U"C1&8
?+>cD'(`a(b(!"@68(^M4&.2@7#=,

e@..=="3'(W,l,(d(-,^,l,(<.3(_.38"3(S+cLcV'(:3(#28166(&.871=(16(#2&<"4(#K.33"@=,(Q&1#,()9&4(R130&"==
GE^U'(:88.F.(S.@=1(!"@68(^M4&.2@7#=(Q2%@,(P1,>>>V,

e@..=="3'(W,l,(d(W,(?.=="@73/(S+cc)V'(Q@.361&$(#K.30"=(16(.(%&.74"4(&7<"&(F78K(673"(=.34(.=(%"4(.34
%.3/($.8"&7.@,(Q&1#,(T768K(G38,(BM$C,(U7<"&(B"47$"38.8713'(e.&@=&2K"'(CC,>AcH>J+,

e@..=="3'(W,l,'(I,(?1=="@$.3(d(^,(-&mK@(S+cc9V'(:3(8K"(C&"47#8713(16(C@.361&$(#K.30"=(73(%&.74"4
=.34H%"4(&7<"&=,(E4<,(73(^M4&1HB#7,(.34(HI30&0,'(I4,(B,B,s,(`.30'(Q2%@,(]37<,(?7==7==7CC7'
CC,+9>H+>D,

e3..C'(T,R,?,(<.3(4"&(S+cc>V'(U7<"&(%"4(.00&.4.8713(8K&120K(&"#2&&"38($".=2&"=,(Q&1#,(G38,(R136,
U7<"&(T@114(^M4&.2@7#='(+cc>'(s1&/'(I4=,(`,U,(`K78"(d(l,(`.88='(`7@"M'(Q.C"&(+)'(CC,+9+H
+>+,

a.2#K@.3'(R,(S)**+V'(B"47$"38(8&.3=C1&8(1<"&(=8""C(=@1C"=\(E3("ZC"&7$"38.@(73<"=870.8713\(U"=2@8=
.34(.3.@M=7=,(U"C1&8(61&(U7;/=F.8"&=8..8HUG_E(d(!"@68(R@2=8"&'(E202=8()**+'(!"@68
]37<"&=78M(16(N"#K31@10M,

?./.=/"'(-,(S+ccLV'(E3.=81$1=730(&7<"&=\(T1&$='(C&1#"=="=(.34(="47$"38=,(QK!(8K"=7='(]37<"&=78M
16(]8&"#K8'(GB-P(c*HD)DDH+DJHr,
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?#R.&8KM'(N,B,'(`,P,(I@@"&M(d(G,W,(B8.37=8&""8(S+cc)V'(E<2@=713($"#K.37=$=(13(8K"(:/.<.301(T.3'
-18=F.3.\(NK"(#138&1@(16(.(6@2<7.@(=M=8"$(%M(<"0"8.8713,(B"47$"381@,'(k1@,9c'(P1,A'(CC,JJcH
JcA,

?"7;"&'(!,W,(S+cc9V'(_.34<.30"3(g(73@.8"3(..3(&7<7"&"3\($..8&"0"@"3(8"&(%"K""&=730(<.3
="47$"38733.$"(%7;(73@..8F"&/"3(..3(&7<7"&"3\(!""@(G[(k"&=@.0(@78"&.822&134"&i1"/,(U"C1&8
o+AD+'(`.8"&@11C/23470(a.%1&.81&72$(S`a(b(!"@68(^M4&.2@7#=V(S',#K6!4)V,

?"7;"&'(!,W,(d(a,(e=7.i"/(S+cc>V'(B"47$"38(47=8&7%28713(73(.(#K.33"@(%762&#.8713[(Ta]IPN
=7$2@.8713=,(U"C1&8(o+c>+'(`a(b(!"@68(^M4&.2@7#=,

?1=="@$.3'(I,'(l,l,Q,(a.$%""/(d(!,W,(?"7;"&(S+cc9V'(?1&61@107=#K"(=8247"(8"3(%"K1"<"(<.3
3.822&138F7//"@730(Gl=="@$134730,(U"C1&8(o+J+9'(`.8"&@11C/23470(a.%1&.81&72$(S`a(b
!"@68(^M4&.2@7#=V(S',#K6!4)V,

?1=="@$.3'(I,'(?,(^27=73/'(I,(e11$"3(d(E,R,(B"M$13=%"&0"3(S+ccAV'(?1&CK1@107#.@(#K.30"=(73(.
@.&0"(%&.74"4(=.34H%"4(&7<"&,(G3[(U7<"&(0"1$1&CK1@10M'(I4,(I,l,(^7#/73'(`7@"M'(CC,)9AH)>J,

?1=="@$.3'(I,(d(R,l,(B@166(S+ccLV'(Q&1%@""$.3.@M="(7;/730(!"@689!(<11&(Q.33"&4"3="(e1C,(U"C1&8
o)>c>'(`a(b(!"@68(^M4&.2@7#=(S',#K6!4)V,

?1=="@$.3'(I,'(E,(B7"%"3'(e,(B@166(d(E,(`1@8"&=(S+cccV'(I66"#8(16(=C.87.@(0&.73(=7i"(<.&7.8713=(13
8F1H47$"3=713.@(&7<"&(%"4($1&CK1@10M,(Q&1#,(GE^U(BM$C,(U7<"&'(R1.=8.@(.34(I=82.&73"
?1&CK14M3.$7#='(W"31<.'(DH+*(B"C8,(+ccc'(k1@,(G'(CC,>ccHA*J,

?1=="@$.3'(I,'(^,l,(-.&3"<"@4(d(^,l,(4"(k&7"34(S)**+V'(?1&61@107"("3(K"&73&7#K8730,(U.CC1&8
o)J>L'(`a(b(!"@68(^M4&.2@7#=(S',#K6!4)V,

:@8K166'(Q,T,'(l,`,(E.&"38=(d(E,(-""3K.//"&(S+cD+V'(BC@78=730(%7;(!1&4&"#K8,(U.CC1&8
$14"@134"&i1"/'(`.8"&@11C/23470(a.%1&.81&72$(S`a(b(!"@68(^M4&.2@7#=V(S',#K6!4)V,

U.24/7<7'(E,l,(S+cc9V'(B"47$"38.8713\(IZ#@2=713(.34(&"$1<.@(16(="47$"38(6&1$(47<"&8"4(F.8"&,
^M4&.2@7#(=8&2#82&"=(4"=703($.32.@'(P1,D'(GE^U'(-.@/"$.(Q2%@,'(U188"&4.$'(GB-P
c*(A>+*(+9)(D,

U7.4'(e,(S+cD+V'(E3.@M87#.@(.34("ZC"&7$"38.@(=824M(16(%"4(@1.4(47=8&7%28713(.8(.@@2<7.@(47<"&=713=,
!7=="&8.8713'(!"@68(]37<,(N"#K31@,'(`.@8$.3,

U7%%"&73/'(l,B,(d(l,N,?,(<.3(4"&(B.34"(S+cL>V'(E00&.4.8713(73(&7<"&=(42"(81(1<"&@1.4730,
R1$$237#.8713=(13(^M4&.2@7#='(P1,L>H+'(!"@68(]37<,(16(N"#K31@,'(GBBP(*+DcHDA>L,

U7%%"&73/'(l,B,(d(l,N,?,(<.3(4"&(B.34"(S+cLAV'(E00&.4.8713(73(&7<"&=(42"(81(1<"&@1.4730(H(.3.@M87#.@
.CC&1.#K"=,(l,(^M4&,(U"=,'(GE^U'(k1@,)9'(P1,9'(CC,)J9H)L9,

U7#K.&4='(e,B,'(BK,(RK.34&.(d(Q,(T&7"34(S+cc9V'(E<2@=7<"(#K.33"@(=M=8"$=[(#K.&.#8"&7=87#=(.34
"Z.$C@"=,(G3[(-&.74"4(&7<"&='(W"1@,(B1#,(BC"#,(Q2%@,(P1,JA,(I4=,(l,a,(-"=8(d(R,B,(-&7=81F'
CC,+cAH)*9,

U11=;"3'(U,(d(R,(_F.3"3%2&0(S+ccAV'(U"=".&#K(13(%762&#.8713=(73(&7<"&=,(?,B#,(NK"=7='(!"@68
]37<"&=78M(16(N"#K31@10M'(T.#2@8M(16(R7<7@(I30&0,

B#K7;6'(l,-,(S+c>)V'(:34"&i1"/(<.3(4"($134"3(<.3(4"3(Gl=="@,(k"&=@.0(?+++'(`.8"&@11C/23470
a.%1&.81&72$(S`a(b(!"@68(^M4&.2@7#=V(S',#K6!4)V,

B#K&1CC'(?,'(?,(<.3(`7;30..&4"3'(E,(<.3(4"&(B#K""&(d(-,(<.3(4"&(^"7;48(S)***V'(?13781&730
3"<"30"2@"3\(?1&61@107=#K"("3(#K"$7=#K"($13781&730(0"2@"3(W.$"&"3=#K"(`..&4\
!.8.&.CC1&8.0"(+ccLg+ccc,(U7;/=F.8"&=8..8'(UG_E'(`"&/41#2$"38()***,**Dr(S',#K6!4)V,

B#K&1CC'(?,'(?,(<.3(`7;30..&4"3'(E,(<.3(4"&(B#K""&(d(-,(<.3(4"&(^"7;48(S)**+V'(?13781&730
3"<"30"2@"3\(?1&61@107=#K"("3(#K"$7=#K"($13781&730(0"2@"3(W.$"&"3=#K"(`..&4\
!.8.&.CC1&8.0"(+cccg)***,(U7;/=F.8"&=8..8'(UG_E'(`"&/41#2$"38()**+,**9r(S',#K6!4)V,

BK7"@4=(l&,'(T,!,(d(B,(E%8(S+cLcV'(B"47$"38(4"C1=78713(73(#28166($".34"&(%"34=(.34(7$C@7#.8713=(61&
"66"#87<"($.3.0"$"38,(U"02@.8"4(U7<"&=[(U"=".&#K(d(?.3.0"$"38'(k1@,>'(CC,9L+H9cD,
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B7"%"3'(l,(S+ccAV'(E(=824M(13(13"H47$"3=713.@(.34(47=#13873212=(&7<"&(6@1F=(F78K($1%7@"(%"4=,
R1$$237#.8713=(13(^M4&,(.34(W"18"#K,(I30&0,'(P1,cAH9'(!"@68(]37<,(16(N"#K31@,'(GBBP
*+DcHDA>L,

B7"%"3'(l,(S+cccV'(E(8K"1&"87#.@(.3.@M=7=(16(47=#13873212=(6@1F(F78K($1%7@"(%"4,(l,(^M4&,(U"=,'(GE^U'
k1@,9J'(P1,)'(CC,+ccH)+),

B7$13='(l,'(R,(-.//"&(d(E,(B1&%"&(S)***V'(I<.@2.87"(3"<"30"2@"3(:C7;3"3("3(-"3"4"3Ha""2F"3
+cc9H+ccL,(U7;/=F.8"&=8..8'(UG_E'(U.CC1&8()***,*>*'(GB-P(c*(9Dc(A99L9(S',#K6!4)V,

B$.@"'(E,l,(S)***V'(?1&CK1@107#.@("66"#8=(16(=C.87.@@M(<.&M730(0&.73(=7i"(.34(%"4(&120K3"==(73(&7<"&=,
?,B#,(NK"=7='(!"@68(]37<"&=78M(16(N"#K31@,'(T.#2@8M(16(R7<7@(I30&0,(.34(W"1=#7"3#"='(^M4&.2@7#
.34(:66=K1&"(I30&0,(="#8713'(:#81%"&()***,

B1&%"&'(E,'(?,(<.3(`7;30..&4"3'(-,(<.3(4"&(^"7;48(d(E,(<.3(4"&(B#K""&(S+cccV'(?13781&730
3"<"30"2@"3\(?1&61@107=#K"("3(#K"$7=#K"($13781&730(:1=8H("3(`"=80"2@(W.$"&"3=#K"
`..&4\(!.8.&.CC1&8.0"(+ccJg+ccL,(U7;/=F.8"&=8..8'(UG_E'(`"&/41#2$"38(cc,*+)r(S',
K6!4)V,

B8128K.$"&'(I,(S)**+V'(^1@1#"3"(.<2@=713=(73(8K"(UK73"H?"2="(4"@8.'(8K"(P"8K"&@.34=,(P"8K"&@.34=
W"10&.CK7#.@(B8247"=()L9'()*c(CC,

B8&27/=$.'(P,(S+ccLV'(?1&61@107=#K($14"@(Q.33"&4"3="(e1C(1C(%.=7=(<.3(!IaTN)!?:U\(Gl/730,
U"C1&8(o)>*9'(`a(b(!"@68(^M4&.2@7#=(S',#K6!4)V,

B8&27/=$.'(P,(d(^,l,(-.&3"<"@4(S+cc*V'(W"2@"3(73(278"&F..&4"3,(T.="(+[(@78"&.822&134"&i1"/,(U"C1&8
o++D9'(`.8"&@11C/23470(a.%1&.81&72$(S`a(b(!"@68(^M4&.2@7#=V(S',#K6!4)V,

N7@'(e,(<.3(S+cA>V'(k"&%"8"&730(<.3(4"(Gl=="@$134"3,(U7;/=F.8"&=8..8'(!7&,(-1<"3&7<7"&"3'(.64"@730
B8247"47"3=8'(P18.(A+,+*(S',#K6!4)V,

k.3K"$"@&7;/'(l,(d(Q,(Q..@<.=8(S+ccJV'(G3<"38.&7=.87"(<.3(3.822&138F7//"@730=C&1;"#8"3(@.30=
%278"3@.34="(&7<7"&"3,(I#1@107=#K(.4<7"=%2&".2(k.3K"$"@&7;/(d(I#1#13=2@8(S',#K6!4)V,

k.&$.'(R,k,l,'(e,U,(B.Z"3.(d(?,e,(U.1(SI4=,'(+cLcV'(U7<"&(%"K.<712&'($.3.0"$"38(.34(8&.73730,
R"38&.@(-1.&4(16(G&&70.8713(.34(Q1F"&'(Q2%@,(P1,)*>'(P"F(!"@K7,

k"3'(W,Q,(<.3(4"&(S+cJcV'(!"(F.8"&<"&4"@730(82=="3(4"(U7;38.//"3(73(4"(+J"("3(+L"(""2F,(!"
G30"37"2&'(k1@,c+'(P&,++'(CC,+c9H+cc(S',#K6!4)V,

k&7"='(?,(4"(S+cDcHJ*V'(BC@78=730=C238(`"=8"&<11&8\(k"&=@.0($14"@134"&i1"/,(U"C1&8
`.8"&@11C/23470(a.%1&.81&72$(S`a(b(!"@68(^M4&.2@7#=V(S',#K6!4)V,

`.30'(_,-,'(U,(T1//73/(d(-,(e.&=="3(S+cc9V'(NK"1&"87#.@(.3.@M=7=(13(314.@(C1738(&"@.8713=(73(+!
3"8F1&/($1&CK14M3.$7#($14"@=,(U"C1&8(_>J9'(Q.&8(GG'(`a(b(!"@68(^M4&.2@7#=,

`.30'(_,-(d(NK,(<.3(4"&(e..7;(S+cc>V'(?1&CK14M3.$7#(4"<"@1C$"38(16(="#134.&M(#K.33"@(=M=8"$=
.@130(UK73"(%&.3#K"=(73(NK"(P"8K"&@.34=,(U"C1&8(o+cD9'(`a(b(!"@68(^M4&.2@7#=,

`.30'(_,-,'(U,l,(T1//73/'(?,(4"(k&7"=(d(E,(a.30"&./(S+ccAV'(B8.%7@78M(16(&7<"&(%762&#.8713=(73(+!
$1&CK14M3.$7#($14"@=,(l,(^M4&,(U"=,'(GE^U'(k1@,99'(P1,D'(CC,J9cHJA*,

`7;%"30.'(l,^,E,(S+cc9V'(G3<@1"4(<.3(3"<"30"2@"3(1C(7;=0.30,(U"C1&8(o+DJ>'(`.8"&@11C/23470
a.%1&.81&72$(S`a(b(!"@68(^M4&.2@7#=V(S',#K6!4)V,

`7@=13'(R,E,?,I,(S)***V'(BBGG?[(B"47$"38(B7$2@.8713(G3(G38./"=(F78K(?2@87%@1#/(1C8713\(E(9H!
$14"@(61&(8K"(C&"47#8713(16(KM4&.2@7#(.34(F.8"&(O2.@78M(C.&.$"8"&=(73(6&""(=2&6.#"(6@1F=,
^M4&1@107#.@(Q&1#"=="='(k1@,+>'(P1,+>'(CC,)D+cH)D)),

_F..&4'(l,l,(<.3(4"&(S+cL+V'(BC@78=730=C238(Q.33"&4"3="(e1C[(<"&4"@730(<.3(K"8(="47$"388&.3=C1&8
%7;(K"8(=C@78=730=C238,(U"C1&8(?c9)'(`.8"&@11C/23470(a.%1&.81&72$(S`a(b(!"@68
^M4&.2@7#=V(S',#K6!4)V,
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A One-dimensional analysis of river
bifurcations

A.1 Introduction
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A.2 Assumptions
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A.3 Set of equations
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B Simplified expert rules for morphological
development of floodplains
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!" NK"(=74"(#K.33"@(8./"=(166(6&1$(.3(733"&(%"34(16(8K"($.73(#K.33"@,

B3"(3;# -00$-1',0( =74"( #K.33"@=( .&"( #K.&.#8"&7i"4( %M( @"308K( &.871=( %"@1F( +( .34( 1668./"
.30@"=( %"@1F( +*p,( NK"M( .&"( .==2$"4( 81( &"$.73( 1C"3( .34'( .#82.@@M'( 8K"M( C&"="38( .( &7=/( 16
"&1=713,( ^70K"&( 1668./"( .30@"=( $.M( =87@@( #1&&"=C134( 81( =@1F@M( .00&.4730( #K.33"@=( 76( 8K"
@"308K(&.871(7=(#13=74"&.%@M(@1F"&(8K.3(+'(7,",(76(8K"(=74"(#K.33"@(7=(#13=74"&.%@M(=K1&8"&(8K.3
8K"($.73(#K.33"@,

N.%@"(-,+( =K1F=( 8K"( .00&.4.8713( &.8"=( 61&( ".#K($1&CK1@107#.@( 2378,(NK"( .00&.4.8713( &.8"=
"ZC&"=="4(73($7@@7$"8&"=(C"&(4.M(16(73234.8713(7$C@M(8K.8(8K"(&.8"=(16(.00&.4.8713(4"#&".="
.=(%"4("@"<.8713(73#&".="=,(NK"(<.@2"=(61&(736@1F(.&".='(C1738H%.&("Z8"3=713='(&7<"&(423"=(.34
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8K"( &"=8( 16( 8K"( 6@114C@.73( K.<"( %""3( %.="4( 13( 67"@4( $".=2&"$"38=( .34( ="47$"38.8713
$14"@@730(61&(8K"(UK73"(%&.3#K"=(73(8K"(P"8K"&@.34=(SE=="@$.3'()**+V,(NK"(<.@2"=(61&(=74"
#K.33"@=(K.<"(%""3(8./"3(6&1$(RK.C8"&(>,

N.%@"(-,+[ E00&.4.8713(16($1&CK1@107#.@(6@114C@.73(2378=,

5&%67&3&2*)831(#*$ </6&0*$ A22%8'8$*&#1%8$/
)&:6&0*$*&# L::16/%1'8D

&=1*#(#'8$*&#M
L:ND/8%M

G36@1F(.&". =.34 + H
Q1738(%.&("Z8"3=713 =.34 + H
U7<"&(423" =.34 H *,+A
I38&.3#"(="#8713(16(=@1F@M(.00&.4730(=74"(#K.33"@ H * H
I38&.3#"(="#8713(16($14"&.8"@M(.00&.4730(=74"(#K.33"@ =.34 + H
I38&.3#"(="#8713(16(6.=8(.00&.4730(=74"(#K.33"@ =.34 ) H
:8K"&(="#8713=(16(=74"(#K.33"@ =7@8'(#@.M *,+9 H
U"=8(16(6@114C@.73 =7@8'(#@.M *,+9 H

RM#@7#(&";2<"3.8713(16(6@114C@.73=(.@=1(.66"#8=( 8K"($1&CK1@107#.@(4"<"@1C$"38(16( 8K"($.73
#K.33"@'( F78K( 7$C@7#.8713=( 61&( 3.<70.8713( .34( 1<"&.@@( &7<"&( 4"<"@1C$"38,( NK"( "66"#8=( 16
<.&712=(RTU(=8&.8"07"=(13(8K"($.73(#K.33"@(.&"(318(.=="=="4(73(8K"(C&"="38(C&1;"#8'(%28(&120K
"=87$.8"=(16(8K"("66"#8=(#.3(%"($.4"(F78K(61&$2@."(4"&7<"4(6&1$(l.3="3("8(.@(S+cJcV,(NK7=(7=
7@@2=8&.8"4( K"&"( 61&( .( 6@114C@.73( @1F"&730( FK7#K( #.2="=( 9f( 16( 8K"( &7<"&( 47=#K.&0"( 81( %"
4"<7.8"4(6&1$(8K"($.73(#K.33"@( 81(.(#12&="( 8K&120K( 8K"( 6@114C@.73,( G8( 7=( .==2$"4( 8K.8( 8K7=
1##2&=( 42&730( .( 47=#K.&0"( FK7#K( 7=( $1&"( 1&( @"==( &"C&"="38.87<"( 61&( 8K"( $1&CK1@107#.@
4"<"@1C$"38,( G3( 8K"( UK73"( %&.3#K"=( 73( 8K"( P"8K"&@.34='( 8K7=( 47=#K.&0"( #12@4( %"( 8K"( 13"
FK7#K(7=("Z#""4"4(42&730(.%128(+)A(4.M=(C"&(M".&(So9AV,(NK"(#1&&"=C134730(F.8"&(4"C8K(7=
.==2$"4( 81( %"( A( $,( a1#.@( "Z"#28713( 16( 8K7=( 6@114C@.73( @1F"&730( &"=2@8=( 73( $.73H#K.33"@
="47$"38.8713(FK7#K(.$1238=( 81(9f(16( A($(F.8"&( 4"C8K'( 7,",( *,+A($(16( ="47$"38.8713(13
.<"&.0",

G6(8K"(=.$"(6@114C@.73(@1F"&730(7=(318(@7$78"4(81(.(=730@"(@1#.8713(%28("Z"#28"4(.@130(.(+**
/$( @130( &7<"&( &".#K'($2#K($1&"( ="47$"38.8713(F7@@( 1##2&( %"#.2="( 8K"($.73( #K.33"@(F7@@
.==2$"(.(=8""C"&(=@1C",(NK"("<"382.@(=8""C"3730'(&".#K"4(.68"&(.3(.4.C8.8713(C"&714(13(8K"
1&4"&(16(.(#"382&M'(F7@@(.$1238(81(9f(16(8K"("Z7=8730(=@1C",(E==2$730(.(&7<"&(=@1C"(16(+**
$$g/$'( 8K"( =@1C"( 73#&".="=(F78K(9($$g/$,(NK7=( 7$C@7"=(+**(/$(w(9($$g/$(n(*'9($(16
="47$"38.8713( .8( 8K"( 2C=8&".$( C.&8( 16( 8K"( &".#K( 73( .4478713( 81( 8K"( *,+A( $( 42"( 81( @1#.@
6@114C@.73( @1F"&730,( W7<"3( 8K"( 2301730( 4"0&.4.8713( 16( 8K"( UK73"( %&.3#K"=( 73( 8K"
P"8K"&@.34='(78($.M(%"(8K.8(8K7=(="47$"38.8713(=@1F=(41F3(4"0&.4.8713(&.8"=(&.8K"&(8K.3(8K.8
78(C&142#"=(.00&.4.8713,
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NK"(C&"="38(RTU(C&1;"#8(&"C1&8(7=(C.&8(16(.(="&7"=(16(&"C1&8='(C&"C.&"4(73(8K"(6&.$"F1&/(16(8K"
GU?EHBQ:PWI( C&10&.$$"( .34( 8K"( !"@68( R@2=8"&( C&10&.$$"( X-710"1$1&CK1@107#.@
!"<"@1C$"38(16(T@114C@.73=Y,(NK"(#1$C@"8"(@7=8(16(RTU(C&1;"#8(&"C1&8=(7=(07<"3(%"@1F,

!2"@'( ^,'( ?,l,( -.C87=8( d( ,̀I,( Q"33730( S)**+V'( RM#@7#( 6@114C@.73( &";2<"3.8713[( .( 3"F
=8&.8"0M(%.="4(13(6@114C@.73($".=2&"=(61&(%18K(6@114(&7=/($.3.0"$"38(.34("3K.3#"$"38(16
8K"(%7147<"&=78M(16(8K"(&7<"&(UK73",(HJ@16%&K/)$1:8*#1%/6&%$'(PRU(&"C1&8(+>H)**+'(!"@68,

!2"@'( ^,'( ?,l,( -.C87=8( d( ,̀I,( Q"33730( S)**+V'( RM#@7#( 6@114C@.73( &";2<"3.8713[( .( 3"F
=8&.8"0M(%.="4(13(6@114C@.73($".=2&"=(61&(%18K(6@114(&7=/($.3.0"$"38(.34("3K.3#"$"38(16
8K"(%7147<"&=78M(16(8K"(&7<"&(UK73",(HJ@16%&K/)$1/>/)($*9/10(::8%D'(PRU'(!"@68,

-.C87=8'(?,l,( S)**+V'( U"<7"F( 13( %710"1$1&CK1@10M( 73( &7<"&=[( C&1#"=="=( .34( =#.@"=,(HJ@
6%&K/)$1%/6&%$14('(!"@68(]37<"&=78M(16(N"#K31@10M,

W@.=%"&0"3'(?,l,( S)**+V'( T7=K( K.%78.8( &"O27&"$"38=( 73( 8K"( !28#K( C.&8( 16( 8K"( &7<"&( UK73",
HJ@16%&K/)$1%/6&%$1;'(`a(b(!"@68(^M4&.2@7#=(d(^10"=#K11@(_""@.34,

P7;K16'( -,B,l,( S)**+V'( k"0"8.8713( =2##"==713( 73( 6@114C@.73( 6@.8=\( G3<"38.&7=.8713( .34
$14"@@730( 16( $".=2&"4( 4.8.( .34( "ZC"&8( ;240"$"38,( HJ@1 6%&K/)$1 %/6&%$1 ?'( E@8"&&.'
.̀0"3730"3,

W""&@730'(W, ,̀'(-,(Q"8"&=(d(E,l,?,(B$78=(S)**+V'(!"<"@1C$"38(16(6@114C@.73("#181C"=(73(8K"
P"8K"&@.34=(SUK73"(8&7%28.&7"=V,(HJ@16%&K/)$1%/6&%$1O'(]37<"&=78M(16(P7;$"0"3,

a""(W,I,?,( <.3(4"&'(^,(!2"@'( ,̀I,( Q"33730(d(-,(Q"8"&=( S)**+V'(?14"@@730(16( <"0"8.8713
=2##"==713( 73( 6@114C@.73=,(HJ@16%&K/)$1 %/6&%$1 P'(`a( b(!"@68(^M4&.2@7#=(d(]37<"&=78M( 16
P7;$"0"3,

E=="@$.3'(P,I,?,(S)**+V'(B"47$"38(C&1#"=="==(73(6@114C@.73=,(HJ@16%&K/)$1%/6&%$1Q'(`a(b
!"@68(^M4&.2@7#=,

?1=="@$.3'(I,(S)**+V'(?1&CK1@107#.@(4"<"@1C$"38(16(=74"(#K.33"@=,(HJ@16%&K/)$1%/6&%$1R'
`a(b(!"@68(^M4&.2@7#=,

B813"'(e,(d(?,l,(-.C87=8(S)**+V'(I66"#8=(16(KM4&.2@7#($".=2&"=(.34(3.82&"(4"<"@1C$"38( 73
8K"(W"@4"&="(Q11&8,(HJ@16%&K/)$1%/6&%$1!S'(`a(b(!"@68(^M4&.2@7#=,

-.C87=8'( ?,l,( S)**+V'( P2$"&7#.@( $14"@@730( 16( 8K"( %710"1$1&CK1@107#.@( 4"<"@1C$"38=( 16
="#134.&M( #K.33"@=( 73( 8K"( .̀.@( &7<"&,( HJ@1 6%&K/)$1 %/6&%$1 !!'( !"@68( ]37<"&=78M( 16
N"#K31@10M,
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W@.=%"&0"3'(?,l,( S)**+V'(T7=K(K.%78.8($14"@@730( 73( 8K"(W.$"&"3=#K"( .̀.&4,(HJ@16%&K/)$
%/6&%$1!-'(`a(b(!"@68(^M4&.2@7#=(d(^10"=#K11@(_""@.34,

e"&@"'(T,'(T,(_x@@3"&'(-,(e.CC2='( ,̀(?.&Z(d(l,(W7"="#/"(S)**+V'(T7=K(K.%78.8(.34(<"0"8.8713
$14"@@730(73(6@114C@.73=(F78K(R.=7$7&,(HJ@16%&K/)$1%/6&%$1!4'(G`B'(]37<"&=78M(16(B82880.&8,

Q"8"&='(-,'(E,(!788&7#K'(N,(B81"=="&'( (E,l,?,(B$78=(d(W, ,̀(W""&@730(S)**+V'(NK"(U"=8&K73"[
6282&"( #K.3#"=( 61&( 3.82&"( &"K.%7@78.8713( .34( 6@114( C&"<"38713,( HJ@1 6%&K/)$1 %/6&%$1 !;'
]37<"&=78M(16(P7;$"0"3(d(]37<"&=78M(16(e.&@=&2K",

a""'(W,(<.3(4"&'(?,l,(-.C87=8'(?,(k"&<"&=(d(W, ,̀(W""&@730(S)**+V'(ECC@7#.8713(16(8K"(#M#@7#
6@114C@.73( &";2<"3.8713( =8&.8"0M( 81( 8K"( .̀.@( &7<"&,( HJ@1 6%&K/)$1 %/6&%$1 !?'( `a( b( !"@68
^M4&.2@7#='(!"@68(]37<"&=78M(16(N"#K31@10M(d(]37<"&=78M(16(P7;$"0"3,


