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1 Introduction
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2 Regulations for mining of sand in Dutch
sector of North Sea

2.1 Introduction
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3 Morphodynamics of offshore mining areas

3.1 Transport processes and morphological evolution
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4 Sediment transport and ecological
processes in marine conditions
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4.1 Sand transport processes

4.1.1 Definitions and general characteristics
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4.1.3 Net annual sand transport derived from morphological data along
the Dutch coast

:=6( 1/<;$.60( .%"#8;/%.( %".68( _866( ;%6>2/$8( 861.2/#a( "%6( 1/<;"%60( L2.=( .%"#8;/%.( %".68
06%2>60( F%/<( ">"27"D76( F2670( 0"."( /F( .=6(<20076( "#0( 7/L6%( 8=/%6F"16( _0$<;2#5(W/6]( >"#
W/77"#0(,IP)'(0$<;(82.6(A2\](""#(g66(,IP)'(.%2"7(.%6#1=(C1=6>6#2#56#(,IHB'(C2</#(C.6>2#
;2.(,IP,a+

Dump  site near Hoek van Holland

-#F/%<".2/#(/F(#6.(8"#0(.%"#8;/%.(%".68(1"#(D6(06%2>60(F%/<(.=6(</%;=/7/521"7(D6=">2/$%(/F
8"#0( 0$<;( 82.68( %67".60( ./( .=6( <"2#.6#"#16( /F( #">25".2/#( 1="##678( #6"%( .=6( ;/%.( /F
N/..6%0"<+(E$%2#5(.=6(;6%2/0(,IP)(./(,II,("#("%.2F212"7(8"#0(%2056(L"8(<"06(D&(0$<;2#5
8"#0(/>6%("(76#5.=(/F("D/$.(9H**(<(#/%<"7(./(.=6(8=/%6(_7/1".2/#(W/6](>"#(W/77"#0a(2#("#
"%6"(L2.=(06;.=8(D6.L66#(,@(<("#0()9(<(/#(.=6(#/%.=6%#(8206(/F(.=6(#">25".2/#(1="##67+(-#
"77'(9+@(<2772/#(<9(/F(8"#0(L"8(0$<;60(/>6%(.=6(;6%2/0(,IP)(./(,II,4_N2\]8L".6%8."".'(,IIH[
E67F.(W&0%"$7218'(,IIPa+
:=6(%2056(02<6#82/#8("%6U( 76#5.=(/F("D/$.(9'H**(<[( ./6(L20.=(D6.L66#()@*(<("#0(9S*(<[
=625=.( D6.L66#( ,+9( <( "#0( B( <[( 87/;68( D6.L66#( ,U@*( "#0( ,U,**( /#( .=6( 8/$.=( F7"#]( "#0
D6.L66#(,U)*("#0(,U@*(/#(.=6(#/%.=(F7"#][(0@*(D6.L66#(*+,@(<<("#0(*+B@(<<+(:=6(7"#0L"%0
6#0(/F(.=6(%2056(28("D/$.(H'9**(<(F%/<(.=6(8=/%672#6+

X"860( /#( .=6( "#"7&828( /F( 06."2760( >/7$<6( 1"71$7".2/#8( _;6%( $#2.( 76#5.=( /F( .=6( %2056a'( .=6
2#1%6"86(/F(.=6(#6.("##$"7(7/#58=/%6(8"#0(.%"#8;/%.(F%/<(.=6(%2056(./6(./(.=6(%2056(1%68.(L"8
F/$#0(./(D6()*s@(<9e<e&6"%(_2#17$02#5(;/%68a+(R(176"%(6FF61.(/F(.=6(L".6%(06;.=("#0e/%(%2056
=625=.(1/$70(#/.(D6(06.6%<2#60+(R(D60T7/"0( .%"#8;/%.(</067(L"8( $860( ./( 1/<;$.6( .=6( #6.
"##$"7(7/#58=/%6(8"#0(.%"#8;/%.(%".68("1%/88(.=6(%2056(2#(.L/(861.2/#8'(."]2#5(.20"7(>67/12.&
"#0( /%D2."7( >67/12.&( >"%2".2/#8( />6%( "( %6;%686#.".2>6( &6"%( 2#./( "11/$#.+( A2#0T2#0$160
>67/12.268(L6%6( #65761.60+(:=6(</067(L"8( 1"72D%".60(D&(>"%&2#5( .=6( D60( %/$5=#688( _]8a( ./
52>6(.=6(/D86%>60(2#1%6"86(/F(.=6(#6.("##$"7(7/#58=/%6(.%"#8;/%.(%".6(".(.=6(%2056(1%68.+(:=6
1/#.%2D$.2/#( /F( 1%/88T8=/%6( .%"#8;/%.( L"8( #65761.60+( K;.2<$<( "5%66<6#.( L"8( F/$#0( F/%
]8l*+**@(<+

:=6(1"72D%".60(</067(L"8(";;7260(./(1/<;$.6(.=6(./."7(#6.("##$"7(7/#58=/%6(.%"#8;/%.(%".68
2#(.L/(861.2/#8'(&26702#5U
!" "D/$.(H@(<9e<e&6"%(_2#17+(;/%68a(".(%2056(1%68.(2#(L".6%(06;.=(/F(,@(<(_861.2/#(Ba[
!" "D/$.(@*(<9e<e&6"%(_2#17+(;/%68a(".(%2056(1%68.(2#(L".6%(06;.=(/F(,I(<(_861.2/#()*a+

:=6( ./."7( .%"#8;/%.( %".68( "%6( "D/$.( )( ./( 9( .2<68( 7"%56%( .="#( .=6( .%"#8;/%.( 2#1%6"86( %".68
_D6.L66#(./6("#0(1%68.(/F(%2056a(06%2>60(F%/<(.=6(</%;=/7/521"7(0"."+

:=6( %68$7.( /F( 861.2/#( )*( /F( "D/$.( @*(<9e<e&6"%( ".( 06;.=( /F( "D/$.( ,I(<( 28( 2#( %6"8/#"D76
"5%66<6#.(L2.=(.=6(#6.("##$"7(7/#58=/%6(.%"#8;/%.(%".68(/F(d%/F276(,*9(_06;.=(/F()*(<[("D/$.
,@(]<(#/%.=(/F(W/6](>"#(W/77"#0a(52>6#(2#(:"D76(B+,+)'(.=6(7"..6%(D62#5(2#(.=6(%"#56(D6.L66#
,*("#0(B*(<9e<e&6"%+



Morphology of pits, channels and trenches                                                                     Z3223 January, 2002
Part I: Literature review and study approach

WL | Delft Hydraulics 4 – 7
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%68;61.(./(.=6(8$%%/$#02#5(D60("#0(8206(87/;68(D6.L66#(,(./(@("#0(,(./(,@+(:=6("%6"(/F(.=6(;2.
L"8("D/$.(,**c,**(<)+(:=6(7/1"7(;6"](.20"7(>67/12.268(;"%"7767(./(.=6(1/"8.("%6("D/$.(*+@(./
*+H(<e8+(:=6(7/1"7(D60(<".6%2"7(28(F2#6(8"#0(_<602"#(82Z6(D6.L66#(*+,("#0(*+)(<<a+

R#"7&828(/F(%65$7"%(8/$#02#58(8=/L60("(#".$%"7(06;/82.2/#(%".6(/F("D/$.(B@'***(<9(_<2c.$%6
/F(8"#0("#0(<$0a(/>6%(.=6(F2%8.(@)*(0"&8(2<<602".67&("F.6%(0%6052#5'(L=21=(28(6O$2>"76#.((./
"D/$.(9)*(<9e<(;6%(&6"%+( (:=6(06;/82.2/#(%".68(<"&(D6(%67".2>67&(=25=(0$6( ./( .=6( F"1.( .=".
0$%2#5(.=6(F7//0(1$%%6#.(.=6(;2.(28(82.$".60(8/<6(]27/<6.%68(0/L#8.%6"<(/F(.=6(Y/8L"7(G//%0
0$<;(82.6+

R#"7&828(/F(8"<;768(/F((.=6(06;/82.60(<".6%2"7(8=/L60(.=6(;%686#16(/F(B*j(./(H*j(/F(8"#0'
&26702#5("(06;/82.2/#(%".6(/F(8"#0(/F("D/$.(,9*(./()**(<9e<e&%+(R88$<2#5(.=".(.=6(;2.(.%";;60
"77(2#1/<2#5(8"#0(.%"#8;/%.(F%/<(D/.=(.=6(F7//0("#0(6DD(02%61.2/#8'(.=6(5%/88(8"#0(.%"#8;/%.
%".68(L277(D6("D/$.(,9*(./()**(<9e<e&%+(:=686(7"..6%(>"7$68(%6;%686#.2#5(1/#02.2/#8(L2.=(.20"7
1$%%6#.8("#0(L">68("%6("D/$.(9(./(B(.2<68(7"%56%(.="#(.=6(>"7$68(F/%(1"7<(L6".=6%(_/D86%>60
#6"%(C1=6>6#2#56#a'(L=21=(866<8(%6"8/#"D76+

Conclusions

J8.2<".68( _D"860( /#( </067( 1/<;$.".2/#8a( /F( #6.( "##$"7( 7/#58=/%6( "#0( 1%/88T8=/%6( 8"#0
.%"#8;/%.(%".68(_".("(06;.=(/F()*(<a(2#(>"%2/$8(8.".2/#8(_8"#0(82Z6(/F(0@*l(*+)@(<<a("7/#5(.=6
1/"8.(/F(W/77"#0(>"%&(2#(.=6(%"#56(D6.L66#()@("#0(S@(<9e<e&%'(06;6#02#5(/#(7/1".2/#("7/#5
.=6(1/"8.(_E6#(W6706%(./(W/6](>"#(W/77"#0a+(:=6(#6.("##$"7(1%/88T8=/%6(.%"#8;/%.(%".68(".("
06;.=( /F( )*( <( "%6( /#8=/%6T02%61.60( "#0( >"%&( 2#( .=6( %"#56( D6.L66#( *( "#0( ,@( <9e<e&%'
06;6#02#5(/#(.=6(7/1".2/#("7/#5(.=6(1/"8.+(G6.("##$"7(7/#58=/%6(.%"#8;/%.(%".68(06%2>60(F%/<
8"#0(0$<;(82.68(#6"%(W/6](>"#(W/77"#0("#0(#6"%(A2\](""#(g66("%6(2#(.=6(%"#56(/F(9*(./(,**
<9e<e&%( F/%( 06;.=8( D6.L66#(,*( "#0()*(<+(:=6( %68$7.8( /D."2#60( F%/<(</067( 1/<;$.".2/#8
"#0(F%/<(D/.=(0$<;(82.68("%6(/F(.=6(8"<6(/%06%(/F(<"5#2.$06+
:=6(0"."(/F(.=6(.%2"7(.%6#1=(#6"%(C1=6>6#2#56#(".(06;.=8(D6.L66#(S("#0(,*(<(%6;%686#.(5%/88
.%"#8;/%.( %".68( /F( "D/$.( B*( ./( @@(<9e<e&%( F/%( .20"7( 1$%%6#.8(L2.=/$.(L">68( _1"7<( 8$<<6%
L6".=6%a+( :=6( %68$7.8( "%6( 2#( %6"8/#"D76( "5%66<6#.( L2.=( .%"#8;/%.( 68.2<".68( D"860( /#( .=6
:NRGCdKN(</067($82#5(.20"7(1$%%6#.(>67/12.268("8(2#;$.+
:=6(0"."(/F( .=6(<2#2#5(;2.(C2</#(C.6>2#(".( "(06;.=(/F("D/$.(,@(<(%6;%686#.(5%/88("##$"7
.%"#8;/%.(%".68(/F("D/$.(,9*(./()**(<9e<e&%(_1$%%6#.("#0(L">6(1/#02.2/#8a+

:=6( ";;721"D272.&( "#0( >"7202.&( /F( ;%"1.21"7( 8"#0( .%"#8;/%.(</0678( "%6( 7"%567&( D"860( /#( .=6
O$"72.&("#0(O$"#.2.&(/F(.=6($#06%7&2#5(0"."(86.8+(:=6%6F/%6'(2.(28(6c.%6<67&(2<;/%."#.(./(=">6
2#F/%<".2/#( ;%/>2060( D&( ">"27"D76( 0"."( 86.8( F%/<( 7"%56T81"76( 7"D/%"./%&( "#0( F2670
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6c;6%2<6#.8+(R#(/>6%>26L(/F(F2670(0"."(86.8(/F(8"#0(.%"#8;/%.(2#(.=6(1/"8."7(Z/#6(28(;%686#.60
D&( "̀#(N2\#(6.("7+(_)**,a+(R(%6"8/#"D76(#$<D6%(/F(0"."(86.8(28(">"27"D76(F/%(.=6(8="77/L(8$%F
Z/#6+(C/<6(0"."(86.8("%6(">"27"D76(F/%(.=6(06;.=(Z/#6(F%/<(9(./(,*(<+(W"%07&("#&(0"."(86.8
"%6(">"27"D76(F/%(066;(L".6%(L2.=(06;.=8(7"%56%(.="#(,*(<+(C"#0(.%"#8;/%.($#06%(8./%<(L">6
1/#02.2/#8(="8(/#7&(D66#(<6"8$%60(".(.=6(E$1](82.6(_VCRa(2#(.=6(;6%2/0(,IIBT,IIP'(/#(.=6
^76<28=(8"#0(D"#]8(/F(.=6(8/$.=6%#(G/%.=(C6"(2#(.=6(;6%2/0(,II)T,II@("#0(2#(.=6(8$%F(Z/#6
/F(J5</#0(82.6(_G/%.=(C6"a(2#(,IIP+(4/8.(/F(.=6(0"."(%6F6%(./(.=6(1$%%6#.T%67".60(8$8;6#060
.%"#8;/%.(1/<;/#6#.[( .=6(L">6T%67".60( 8$8;6#060( .%"#8;/%.(="8(/#7&(D66#(<6"8$%60( 2#( .=6
E67."F7$<6(/F(E67F.(W&0%"$7218( "#0( ".( .=6(J5</#0( 82.6( _:=6(G6.=6%7"#08a+( :=6%6( "%6( F6L
%6;/%.60(<6"8$%6<6#.8(/F(D60(F/%<8("#0("88/12".60(D60(7/"0(.%"#8;/%.'(;"%.21$7"%7&(F/%( .=6
066;6%(;"%.8(/F(.=6(8=/%6F"16+(K$%(;%686#.(8"#0(.%"#8;/%.(F/%<$7".2/#8(=">6(D66#(1"72D%".60
/#(.=6(D"828(/F(.=6(">"27"D76(8$%F(Z/#6(0"."(_2#(.=6(8="77/L(Z/#6(F%/<(,(./(9(<a+(-.(="8(&6.(./
D6( ;%/>60( .=".( .=686( F/%<$7".2/#8( &2670( 5//0( ;%6021.2/#8( F/%( .=6( 066;( L".6%( Z/#6+( :=6
;%6021.60(8"#0(.%"#8;/%.(%".68(F/%(066;(L".6%(_<20076("#0(7/L6%(8=/%6F"16a(<"&(8$FF6%(F%/<
86%2/$8( 6%%/%8( 0$6( ./( 81"76( 6FF61.8( _L".6%( 06;.=( 6FF61.8a+( R002.2/#"7( F2670( 6c;6%2<6#.8
F/1$882#5(/#(8"#0(.%"#8;/%.(2#(066;(L".6%(_,@(./()*(<a("%6(=25=7&(%61/<<6#060+

4.2 Mud transport processes and effect of mining activities

:=6(#".$%"7(F7$c(/F(F2#6(8602<6#.8(_82Z6k*+*@(<<a(2#( .=6(E$.1=(861./%(/F( .=6(G/%.=(C6"( 28
1/#16#.%".60(2#("(%67".2>67&(#"%%/L(1/"8."7(Z/#6(/F("D/$.()*(]<(0$6(./(56/8.%/;=21"7(6FF61.8+
^2670( /D86%>".2/#8( 8=/L( .=".( .=6%6( 28( "( ;%/#/$#160( 1%/88T8=/%6( 5%"026#.( 2#( 8$8;6#060
8602<6#.( 1/#16#.%".2/#'(L2.=( .=6( 7"%56%( >"7$68( /11$%%2#5(#6"%( .=6( 1/"8.( _^YtYRGET8.$0&'
4RNJ()**,a+(:=6( ./."7( _5%/88a( F7$c(/F( F2#6( 8602<6#.8( 28( "D/$.( )*(,*H( ./#e&6"%( /%( @*'***
./#e0"&(_C]"706#'(,IIPa+(R88$<2#5("($#2F/%<(1%/88T8=/%6(028.%2D$.2/#(/F(.=6(7/#58=/%6(<$0
.%"#8;/%.'(.=28(28(6O$2>"76#.(./("D/$.()+@(./#e0"&e<(/%(*+*9(]5e8e<+(:"]2#5("(<6"#((0281="%56
/F("D/$.(9(<9e8e<(_06;.=(/F(,*(<("#0(1$%%6#.(/F(*+9(<e8a'(.=6(<6"#(8602<6#.(1/#16#.%".2/#
28("D/$.(*+*,(]5e<9(/%(,*(<5e7+

:=6(8"#0(<2#2#5("1.2>2.268("FF61.(.=6(>/7$<6'(.%"#8;/%.("#0(F".6(/F(F2#6(5%"2#60(8602<6#.8(2#
.=6(E$.1=(1/"8."7(Z/#6(2#(.L/(L"&8U
!" 7"%56("</$#.8(/F(F2#68(1"#(D6(</D272860("#0(%676"860(2#(.=6(6#>2%/#<6#.(0$%2#5(.=6(8"#0
<2#2#5("1.2>2.268'

!" F2#6(5%"2#60(8602<6#.8(<"&("11$<$7".6(.6<;/%"%27&(/%(;6%<"#6#.7&(2#(.=6(%68$7.2#5(066;
8"#0(;2.8(2#(.=6(86"(F7//%+

:=6(8602<6#.8(/F(.=6(G/%.=(C6"(D60(1/#."2#("(F6L(;6%16#."56(/F(F2#68(_D6.L66#(,j("#0(9(ja
2#(.=6(E$.1=(1/"8."7(Z/#6+
C$;;/86( .=".( .=6( 8"#0(<2#2#5( 28( 1"%%260( /$.(L2.=( "(</06%#'( 7"%56( 8$1.2/#( =/;;6%( 0%6056%
L2.=("(1";"12.&(/F()*'***(<9e=%(2#("(8"#0;2.(L2.=("(02"<6.6%(/F(9**(<+(:=28(L/$70(2<;7&("
8"#0(;%/0$1.2/#(/F(H*'***(./(,)*'***(<9e0"&'(2+6+(*+,( ./(*+)(,*H( ./#e0"&'(&26702#5(,'***(./
H'***(./#(/F(F2#68(;6%(0"&+(:=28("</$#.(/F(F2#68(28(</D272860(D&U
!" D%6"1=2#5(/F(.=6(86"(D60(0$%2#5(.=6(8$1.2/#("1.2>2.268'
!" />6%F7/L(/F(F2#68(0$%2#5(.=6(F2772#5(/F(.=6(=/;;6%+
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:=6( "</$#.( /F( F2#68( %676"860( 2#( .=6( 6#>2%/#<6#.( 1"#( D6( 1/#.%/7760( D&( 8.%21.( L/%]2#5
;%/160$%68+(W/L6>6%'(2F(#/(%65$7".2/#8("%6(86.'(2.(28(68.2<".60(.=".(,*j(./(@*(j(/F(.=6(F2#68
;%686#.( 2#( .=6( 86"D60( 8602<6#.8( 1"#( D6(</D272860'( "8( "( %68$7.( /F( .=6( D%6"1=2#5( ;%/168868
"#0e/%( .=6(/>6%F7/L+(W6#16'( 2.( 28(68.2<".60(.=".(F/%("( 8"#0(<2#2#5(;%/0$1.2/#(/F(H*'***( ./
,)*'***(<9e0"&'("#("</$#.(D6.L66#(,**("#0(9'***( ./#(;6%(0"&(/F( F2#68( 28( %676"860( 2#( .=6
6#>2%/#<6#.+
:=28("</$#.(8=/$70(D6(1/<;"%60(./(.=6(#".$%"7(F7$c(/F(F2#6(8602<6#.8(2#(.=6(E$.1=(1/"8."7
Z/#6'(L=21=(28(1$%%6#.7&(68.2<".60(".("D/$.()*(,*H(./#e&%'(/%(@@'***(./#e0"&+(?/#8206%2#5(.=6
L20.=(/F(.=6(8"#0;2.(/F(9**(<("#0("88$<2#5("($#2F/%<(1%/88T8=/%6(028.%2D$.2/#'(.=6(#".$%"7
F2#6(8602<6#.(F7$c(;6%(9**(<(L20.=(28(68.2<".60(".("D/$.(I**(./#e0"&+(W6#16(2.(28(1/#17$060
.=".(.=6("</$#.(/F(F2#68(</D272860(_,**(./(9'***(./#a(D&(.=6(8"#0(<2#2#5(1"#(D6(/F(.=6(8"<6
/%06%( /F( <"5#2.$06( "8( .=6( 7/1"7( #".$%"7( 8602<6#.( F7$c'( 06;6#02#5( /#( .=6( 7/1".2/#( /F( .=6
<2#2#5(;2.(F%/<(.=6(8=/%672#6("#0(.=6(0%6052#5(.61=#2O$6(";;7260+

:=6( />6%F7/L( ;7$<6( F%/<( .=6( 0%6052#5( >68867(<"&( D6( %676"860( 2#( 17/$08( /F( 8602<6#.'( /%
62.=6%( D6( <2c60( L2.=( .=6( 6#>2%/#<6#."7( L".6%'( /%( D6=">6( "8( "( 06#82.&( 1$%%6#.( />6%( .=6
86"D60+( :=6( D6=">2/$%( /F( .=6( 8602<6#.( 2#( .=6( >212#2.&( /F( .=6( <2#2#5( "1.2>2.268'( %676"860
.=%/$5=(/#6(/F(.=686(.=%66(</068(28(1/#8206%"D7&(02FF6%6#.+(?7/$08(/F(8602<6#.(1"#(D6=">6
"8(2#02>20$"7(6#.2.268[(L2.=2#(.=686(17/$08'(865%65".2/#(/F(1/"%86("#0(F2#6(8602<6#.(<".6%2"7
<"&(."]6(;7"16+(:=28(6FF61.(28("78/(]#/L#("8(1/#>61.2>6(86..72#5(_6+5+(E"%1/>21=(6.("7+'(,IIH
"#0(:"1]6%("#0(Y">6776'(,IISa+
A=6.=6%(.=6(/>6%F7/L(D6=">68("8("(;7$<6(.=".(28(%";207&(<2c60(L2.=(.=6(6#>2%/#<6#.'(/%("8("
06#82.&(1$%%6#.(/>6%(.=6(86"(F7//%'(28(5/>6%#60(D&("(D$7](N21="%08/#(#$<D6%("#0("(>67/12.&
;"%"<6.6%( _A2#.6%L6%;'( )**)a+( -#( .=6( 7"..6%( 1"86'( .=6( 2<;"1.( 2#( .=6( 02%61.( >212#2.&( /F( .=6
0%6052#5(>68867(28(.=6(7"%568.+
:=6(F2#6(8602<6#.8(</D272860(0$%2#5(D%6"1=2#5("%6(F/%(.=6(<"\/%(;"%.(02%61.7&(<2c60(/>6%(.=6
L".6%(1/7$<#'("8(.=6(D%6"1=2#5(;%/1688(56#6%".68("002.2/#"7(.$%D$76#16+

R.(;%686#.'( 2.( 28(#/.(]#/L#(L=6.=6%("77( /%( ;"%.( /F( .=6( 8602<6#.8'( %676"860(0$%2#5( .=6( 8"#0
<2#2#5(;%/1688'(L277(D6(%6L/%]60(2#./(.=6(86"D60'(62.=6%(.6<;/%"%27&'(/%(;6%<"#6#.7&+
d"%.(/F(.=6(%676"860(8602<6#.8(L277("11$<$7".6(2#(.=6(8"#0;2.+(A=6.=6%(.=28("11$<$7".2/#(28
62.=6%( .6<;/%"%27&( /%( ;6%<"#6#.7&'( 06;6#08( /#( L=6.=6%( 7/1"7( L">68( 1"#( 8.2%( $;( .=686
8602<6#.8(/%(#/.+(:=28(/#(2.8(.$%#(28(06;6#06#.(/#(.=6(%67".2>6(06;.=(/F(.=6(<2#2#5(;2.(L2.=
%68;61.(./(.=6($#028.$%D60(86"D60'(L=21=(28("78/("(F$#1.2/#(/F(.=6(7/1".2/#(/F(.=6(8"#0(<2#2#5
F%/<(.=6(8=/%672#6+

:=6( 8"#0( ;2.( 1"#( "78/( 1/7761.( 8602<6#.8( F%/<( .=6( #".$%"7( F7$c'( .=%/$5=( 02%61.( 86..72#5( /%
8$;6%T8".$%".2/#+(-#(.=6(7"..6%(1"86(.=6(.%"#8;/%.(1";"12.&(/F(.=6(F7/L(F/%(F2#6(8602<6#.(2#(.=6
<2#2#5( ;2.( 28( 6c166060'( "8( "( %68$7.( /F( L=21=( "( =25=T1/#16#.%".60( #6"%TD60( 8$8;6#82/#( 28
F/%<60'(%68$7.2#5(2#("(>6%&(6FF2126#.(.%";;2#5(/F(F2#6(8602<6#.8(2#(.=6(;2.(_A2#.6%L6%;(6.("7+'
)**,a+(A=6.=6%( .=686( 8602<6#.8("%6( %6T6%/060("5"2#'( /%( "%6( "11$<$7".60( 2#( .2<6'( 06;6#08
"5"2#(/#( .=6( 7/1"7(L">6( "1.2>2.&+( -#( .=6(^YtYRGET8.$0&( %67".60( ./( .=6( 1/#8.%$1.2/#(/F( "#
"2%;/%.(".(86"(_4RNJ'()**,a'(2.(28(68.2<".60(.=".($;(./("D/$.(*+,(<(/F(F2#68(<"&(86..76(;6%
&6"%(2#(.=6(8"#0(<2#2#5(;2.8(_866(C61.2/#(S+Ba+
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4.3 Ecological processes

4.3.1 Overview of processes

C"#0(<2#2#5e0%6052#5( "#0( 0$<;2#5( =">6( >"%2/$8( 02%61.( "#0( 2#02%61.( 8=/%.( "#0( 7/#5( .6%<
6FF61.8( /#(<"%2#6( "#0( 1/"8."7( D6#.=21( 1/<<$#2.268( /F( ;7"#.8( "#0( "#2<"78+( :=6( 61/7/521"7
2<;"1.8(06;6#0(/#(1/<;76c("#0(0&#"<21(2#.6%"1.2/#8(/F("D2/.21("#0(D2/.21(F"1./%8(2#17$02#5U
!" 1/<;/82.2/#("#0(0&#"<218(/F(.=6(8602<6#.(_^25+(B+9+,a'
!" <6.=/08(/F(0%6052#5("#0(0$<;2#5("#0(.=6(8602<6#.(8;277'
!" .=6( /11$%%6#16( "#0( 86#82.2>2.&( /F( 86"5%"88( "#0(<"1%/TZ//D6#.=21( 1/<<$#2.268( "#0( .=6
%".6(/F(%61/>6%&(/F(.=6(1/<<$#2.268("FF61.60+

R#(2<;/%."#.(;%/D76<(/F(8"#0(<2#2#5(<"&(D6(.=6(%676"86(/F(F2#6(8602<6#.8(_827.("#0(<$0a(2#
.=6( 6#>2%/#<6#."7( 8&8.6<( 0$%2#5( .=6( 0%6052#5( ;%/1688+( N/$5=7&( "D/$.( ,j( ./( 9j( /F( .=6
8$D8.%".$<(/F(.=6(G/%.=(C6"(1/#828.8(/F(F2#6(./(>6%&(F2#6(8602<6#.8+(K#6(/F(.=6(1/#86O$6#168
/F(<"882>6( 8"#0(<2#2#5(L277( D6( .=6( ;%/0$1.2/#( /F( "#( 6#/%</$8( "</$#.( /F( F2#6( 8602<6#.'
L=21=( 1"#( D6( 1"%%260( />6%( 7"%56( 028."#168( ./( .=6( 1/"8.8( "#0( 8=/%68( /F( .=6( 1/$#.%268
8$%%/$#02#5(.=6(G/%.=(C6"'(.=%6".6#2#5(.=6(6#>2%/#<6#."7(8&8.6<(".(.=/86(;7"168+
-#( 56#6%"7'( .=6( 02>6%82.&( /F( Z//D6#.=21( 1/<<$#2.268( 2#( 0&#"<21( 8"#0&( D/../<8( 28( 7/L6%
1/<;"%60(./(</%6(8."D76(6#>2%/#<6#.8+(:=6(86#82.2>2.&("#0(.=6(%".6(/F(%61/>6%&("%6(2<;/%."#.
F"1./%8( 2#( /%06%( ./( <"2#."2#( .=6( 8.%$1.$%6( "#0( F$#1.2/#( /F( D6#.=21( 1/<<$#2.268( "#0
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5 Mathematical description and available
models of sand transport and morphology

5.1 Introduction

:=28(861.2/#(52>68("#(/>6%>26L(/F(.=6(">"27"D76(</0678(".(AY(v(E67F.(W&0%"$7218(./(82<$7".6
8602<6#.(.%"#8;/%.("#0(</%;=/0&#"<21(D6=">2/$%(/F(<2#60(_066;6#60a("%6"8(/#(.=6( 7/L6%
8=/%6F"16+
"̀%2/$8(<6.=/08( "%6( 0281$8860U( 82<;76( 6#52#66%2#5( %$768'( "#"7&.21"7(</0678'(<".=6<".21"7
</0678(8$1=("8U(CV:NJG?W'(VG-XJC:T:?'(YK4KN("#0(EJY^:9ET4KN+

^/%(6"1=(</067( "#( />6%>26L( 28( 52>6#(/F( .=6(</067760( ;%/168868'( .=6( D"821( 82<;72F21".2/#8
"#0(.=6(.&;68(/F(D/$#0"%&(1/#02.2/#8(L=21=(=">6(./(D6(8;612F260+(^$%.=6%</%6'(.=6(8$2."D272.&
/F( .=6( </0678( F/%( .=6( >"%2/$8( 1="%"1.6%28.21( </%;=/7/521"7( "%6"8( _6+5+( 8$%FZ/#6'( 7/L6%
8=/%6F"16a(28(2#021".60+

5.2 General mathematical description and simplifications
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5.4 Analytical models for flow perpendicular to channel
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.=".(/#7&(.=6(4)(>67/12.&(1/#8.2.$6#.(;7"&8("(%/76(2#(.=6(02FF$82/#(;%/1688+
A=6#(2#17$02#5(=25=6%(/%06%(.6%<8'(.=6(5/>6%#2#5(6O$".2/#8(D61/<6("#"7&.21"77&(2#.%"1."D76
"#0(%61/$%86(="8(./(D6(."]6#(./(#$<6%21"7(8/7$.2/#8+(K#7&(L=6#(2#.%/0$12#5(82<;72F21".2/#8'
.=6(6O$".2/#8(1"#(D6(8/7>60("#"7&.21"77&("8(8=/L#(F/%(D60T7/"0(.%"#8;/%.(L=6#(#65761.2#5(.=6
87/;6(.6%<(2#(.=6(8602<6#.(.%"#8;/%.(6O$".2/#+(-#(.=".(1"86( .=6($;0%2F.(87/;6(/F( .=6(1="##67
D61/<68( 8.66;6%( "#0( .=6( 0/L#0%2F.( 87/;6( D61/<68( 56#.76%+( :=6( %68$7.* 28( .=".( "#( 2#2.2"77&
8&<<6.%21(1%/88T861.2/#(#/(7/#56%(%6<"2#8(8&<<6.%21+

Displacement

Shallowing

water  depth 

widening 

Tidal Flow

O*0(%/4@+?+! ")($+1)#0!#2!]+588)+0G8&+%-,!*&+00-'



Morphology of pits, channels and trenches                                                                     Z3223 January, 2002
Part I: Literature review and study approach

WL | Delft Hydraulics 5 – 9

5.5 Analytical models for flow parallel to channel
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5.6 Mathematical models

5.6.1 Two-dimensional vertical model for oblique flow conditions:
SUTRENCH model
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5.6.2 Two-dimensional vertical model for oblique wave conditions:
UNIBEST-TC model
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5.6.3 Two-dimensional model for shoreparallel conditions: LOMOR-model
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5.6.4 Two-dimensional horizontal and three-dimensional models
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</%;=/7/521"7(D60(76>67(1="#568(2#("(7//;(_F660(D"1]a(8&8.6<+

:=6(</067(8&8.6<(1/#828.8(/F(F/$%(<"2#(</0$768U(^7/L'(A">6'(:%"#8;/%.("#0(X/../<+
:=6(8"#0(.%"#8;/%.(1/<;$.".2/#8(1"#(D6(/;6%".60(62.=6%(2#("#(r/FFT72#6f(/%("#(r/#T72#6f(</06+

-#( .=6( /FF72#6(</06( .=6( .%"#8;/%.( %".68( "%6( 1/<;$.60( 2#( .=6( 8$D%/$.2#6( :%"#8;/%.[( >"%2/$8
8"#0( .%"#8;/%.( 1";"12.&( F/%<$7".2/#8( F/%( D60T7/"0( "#0( 8$8;6#060( 7/"0( .%"#8;/%.( 1"#( D6
";;7260[( 7"5(6FF61.8(_#/#T7/1"7(%68;/#86a(/F( .=6(8$8;6#060(7/"0( .%"#8;/%.(1"#(D6( ."]6#( 2#./
"11/$#.($82#5(.=6(Q"7";"..2(<6.=/0+

R(#6L(F$#1.2/#"72.&'(r8602<6#.(/#(72#6f(="8(D66#(2#.%/0$160(2#(.=6(^7/L(</0$76'(8/(.=".(.=6
.%"#8;/%.( 1/<;/#6#.8( 1"#( D6( 1"71$7".60( 0$%2#5( .=6( r^7/LfT%$#+( -#( .=28( r/#T72#6f(</06( .=6
.%"#8;/%.(%".68(1"#(D6(1/<;$.60($82#5U
!" "(<$7.2T7"&6%(</067(";;%/"1=(_.=%66T02<6#82/#"7[(9Ea(D"860(/#(.=6(#$<6%21"7(8/7$.2/#(/F
.=6(9E("0>61.2/#T02FF$82/#(6O$".2/#(_866(Y6886%'()***a[

!" "(/#6( 7"&6%(</067( ";;%/"1=( _06;.=T">6%"560(=/%2Z/#."7[( )EWa(D"860(/#( 8"#0( .%"#8;/%.
1";"12.&(F/%<$7".2/#8(F/%(D60T7/"0("#0(8$8;6#060(7/"0(.%"#8;/%.(6c17$02#5(/%( 2#17$02#5
.=6(Q"7";"..2(<6.=/0(./("11/$#.(F/%( .=6( 7"5(6FF61.8(/F( .=6(8$8;6#060(7/"0(.%"#8;/%.(_866
>"#(N2\#(6.("7+'()**,a+

:=6(./."7(.%"#8;/%.(2#(.=6(1$%%6#.(02%61.2/#(_r8602<6#.(/#T72#6f(";;%/"1=a(1/#828.8(/F(D60T7/"0
"#0( 8$8;6#060( 7/"0( .%"#8;/%.+( :=6( ./."7( .%"#8;/%.( 2#( .=6( L">6( 02%61.2/#( 28( 0681%2D60( 2#( "
82<27"%(L"&+(X/.=(.%"#8;/%.(1/<;/#6#.8(_2#(1$%%6#.("#0(2#(L">6(02%61.2/#a("%6( .%"#8F/%<60
2#./(.=6(7/1"7(1//%02#".6(8&8.6<(/F(.=6(1$%>272#6"%(5%20(./(06.6%<2#6(.=6(8;".2"7(5%"026#.8(/F
.=6(./."7(.%"#8;/%.(%".6+
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V82#5(.=28(06."2760(";;%/"1='(.=6(;%6021.2/#(=/%2Z/#(28(72<2.60(./("(F6L(&6"%8(".(;%686#.(8."56
/F(%686"%1=(_A"78.%"'(,IIB[(N/67>2#]'(,III[(C.62\#(6.("7+'(,IIP[(A"#5(6.("7+'(,II@[(E6( %̀26#0
6.("7+'(,II9a+(R#(6FF2126#.(<6.=/0(./(2#1%6"86(.=6(;%6021.2/#(=/%2Z/#(28(.=6(2#.65%".2/#(/F(.=6
8602<6#.( .%"#8;/%.( ;%/168868( />6%( 7/#56%( .2<6( 81"768'( "8( $860( 2#( .=6( EJY^:TNR4(</067
";;%/"1=(_N/67>2#](6.("7+'(,IIP[(N/67>2#](6.("7+'()**,a+

X"821(;%/168868(."]6#(2#./("11/$#.'("%6U

X@,$#,@0+/)*
!" L">6(6#6%5&(;%/;"5".2/#'(8=/"72#5'(02FF%"1.2/#("#0(%6F%"1.2/#'
!" L">6(6#6%5&(02882;".2/#(D&(D/../<(F%21.2/#("#0(L">6(D%6"]2#5'
!" L">6(5%/L.=(D&(L2#0(2#;$.'
!" #/#T8.6"0&(F7$20(</.2/#(_=/</56#6/$8("#0(#/#T=/</56#6/$8a(D"860(/#(1/#.2#$2.&("#0
</<6#.$<(6O$".2/#8'

!" "0>"#160(.$%D$76#16(</0678(F/%(</06772#5(/F(2#.6%#"7(8=6"%(8.%68868'
!" </02F21".2/#(/F(D60T8=6"%(8.%688(0$6(./(;%686#16(/F(L">68'

(
<-,)/-01!1$+08%#$1
!" >6%.21"7(<2c2#5(_02FF$82/#a(D&(1$%%6#.("#0(L">68(_8$8;6#060(7/"0(.%"#8;/%.a'
!" 6#.%"2#<6#.(/F(8602<6#.(F%/<(D60(0$6(./(L">6T("#0(1$%%6#.T2#0$160(8.2%%2#5(_8$8;6#060
7/"0(.%"#8;/%.a'

!" =/%2Z/#."7("0>61.2>6("#0(02FF$82>6(.%"#8;/%.(_8$8;6#060(7/"0(.%"#8;/%.a'
!" D60T7/"0(.%"#8;/%.(0$6(./(1/<D2#60(1$%%6#.("#0(L">6(>67/12.268'
!" 87/;6T%67".60(.%"#8;/%.(1/<;/#6#.8(_D60T7/"0a+

X"821(82<;72F21".2/#8("%6U

X@,$#,@0+/)*
!" 06.6%<2#28.21(8;61.%"7(";;%/"1=(F/%(L">6(F2670'
!" 72#6"%(L">6(.=6/%&'

<-,)/-01!1$+08%#$1
!" $#2F/%<(5%"2#(82Z6(_#/(<2c.$%68a'(D$.("(8;".2"77&(#/#T$#2F/%<(5%"2#(82Z6(1"#(D6(0681%2D60+

:=6(EJY^:T4KN(</067(28("(;%/1688TD"860(</067(./(D6(";;7260(".("(8;"16T81"76(/F(,*(./(,**
]<("#0(".("(.2<6(81"76(/F(,(./(,*(&6"%8+

5.6.5 Evaluation of models

:=6(CV:NJG?W'(VG-XJC:T:?()+*'(YK4KN("#0(EJY^:T4KN(</0678("%6("77(;%/1688TD"860
</0678'(82<$7".2#5(D60T7/"0("#0(8$8;6#060(7/"0(.%"#8;/%.("#0("88/12".60(D60(76>67(1="#568+

:=6(CV:NJG?WT)E`(O$"82T8.6"0&(8.".6(</067( 28(D"860(/#(06."2760(</06772#5(/F( .=6( 8"#0
.%"#8;/%.(;%/168868'(L=21=("%6(%6;%686#.60(D&(6c;%6882/#8(%6;%686#.2#5(02FF$82>6'("0>61.2>6
"#0(86..72#5(;%/168868( _7"5( 6FF61.8a+(:=6(D60T7/"0( .%"#8;/%.( ."]68( "77( .%"#8;/%.( 1/<;/#6#.8
2#./("11/$#.+(:=6(L">6T%67".60(_/81277"./%&a(8$8;6#060(7/"0(.%"#8;/%.( 28(#/.(</067760+(:=6
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=&0%/0&#"<218( "%6( #/.(</067760'( D$.( =">6( ./( D6( 52>6#( "8( 2#;$.( 0"."( _L">6( =625=.( "7/#5
0/<"2#'( 0281="%56'( L20.=( /F( 8.%6"<.$D6a+( :=6( </067( 28( ";;721"D76( ./( 8602<6#.".2/#( "#0
6%/82/#(;%/D76<8'(;%/>2060(.=".(.=6(=&0%/0&#"<21(0"."("%6(]#/L#+

VG-XJC:T:?()+*( 28("()E`(</067'(L=21=(52>68("(06."2760(0681%2;.2/#(/F( .=6(=&0%/0&#"<21
;%/168868( _L">68( "#0( 1$%%6#.8a( 2#( 1%/88T8=/%6( 02%61.2/#'( "88$<2#5( 2#>"%2"#.( 1/#02.2/#8
"7/#58=/%6+( :=6( D60T7/"0( "#0( 8$8;6#060( 7/"0( .%"#8;/%.( ;%/168868( "%6( %6;%686#.60( D&
"88$<2#5( 7/1"7( 6O$272D%2$<( 1/#02.2/#8( _#/( 7"5( 6FF61.8a+( :=6( D60T7/"0( .%"#8;/%.( ."]68( "77
.%"#8;/%.( 2#./( "11/$#.+( :=6( L">6T%67".60( _/81277"./%&a( 8$8;6#060( 7/"0( .%"#8;/%.( 28( #/.
</067760+(:=6(</067(28(/#7&(";;721"D76(F/%(82<$7".2/#(/F(1%/88T8=/%6(;%/F276(6>/7$.2/#+

YK4KN( 28( "( )EW( </067'( L=21=( 52>68( "( 06."2760( 0681%2;.2/#( /F( .=6( F7/L( 2#( 7/#58=/%6
02%61.2/#'( "88$<2#5( 2#>"%2"#.( 1/#02.2/#8( 2#( 1%/88T8=/%6( 02%61.2/#+( :=6( D60T7/"0( "#0
8$8;6#060(7/"0(.%"#8;/%.(;%/168868("%6(D"860(/#(.=6(X"27"%0TX"5#/70(";;%/"1=+(C;".2"7(7"5
6FF61.8(/#(.=6(8$8;6#060(7/"0(.%"#8;/%.("%6( ."]6#(2#./("11/$#.($82#5(.=6(Q"7";"..2(<6.=/0+
:=6(L">6T%67".60( _/81277"./%&a( .%"#8;/%.( 1/<;/#6#.8( "%6( #/.(</067760+( :=6(</067( 28( /#7&
";;721"D76(F/%(82<$7".2/#(/F(7/#58=/%6(D60(6>/7$.2/#(/F(<2#2#5(;2.8+

:=6( EJY^:T4KN( #/#T8.6"0&( </067( 28( "( $#2>6%8"7( F2670( </067'( 82<$7".2#5( L">68( "#0
1$%%6#.8(/#("()EW(/%(9E(5%20[(.=6(D60T7/"0("#0(8$8;6#060(7/"0(.%"#8;/%.(1"#(D6(82<$7".60
D&($82#5("(7/1"7(6O$272D%2$<(/%(#/#T6O$272D%2$<(_7"5(6FF61.8a(";;%/"1=+
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6 Data sets and hindcast studies

6.1 Introduction

-#(.=28(?=";.6%("#(2#>6#./%&(28(52>6#(/F(.=6(">"27"D76(0"."(86.8("#0(=2#01"8.(8.$0268(%67".60(./
8602<6#.".2/#(2#(1="##678'(.%6#1=68("#0(;2.8+(:=6(0"."(86.8("%6(0681%2D60(2#(.6%<8(/FU
!" 8.6"0&("#0(#/#T8.6"0&(F7/L'
!" 8.6"0&("#0(#/#T8.6"0&(F7/L(8$;6%2<;/860(D&(L">68+

:=6(<6"8$%60(;"%"<6.6%8(56#6%"77&("%6U
!" 12B&%2$&%>4)23/3U( F7/L(0281="%56'( 2#1/<2#5(8"#0( .%"#8;/%.( _8"#0( F660( 2#( F7$<6a'(L".6%
06;.='(L">6(=625=.'(F7/L(>67/12.&("#0(8"#0(1/#16#.%".2/#(;%/F2768(".(8."%.(/F(.68.'(D60(76>67
1="#568("8(F$#1.2/#(/F(.2<6'(D/../<(8"<;768'(8$8;6#060(8"#0(8"<;768[

!" 5*/1'4 )23/3U( F7/L( 0281="%568'( _.20"7a(L".6%( 06;.=8'( .20"7( 76>678'(L">6( =625=.8'( D60( 76>67
1="#568'(D/../<(8"<;768'(F7/L(>67/12.&("#0(8$8;6#060(8602<6#.(1/#16#.%".2/#8(2#(8/<6
1"868+

:=6(0"."( 86.8("%6(<6#.2/#60( 2#(C61.2/#8(H+)("#0(H+9+( -.( 28(=25=7&( %61/<<6#060( ./(<"]6( "
0"."D"86(/F(.=6(">"27"D76(0"."(86.8+
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6.2 Steady and non-steady flow

6.2.1 Data sets used in hindcast studies

:=6(F/77/L2#5(=2#01"8.(8.$0268(_7"D/%"./%&("#0(F2670(1/#02.2/#8a(=">6(D66#(;6%F/%<60U
,+( <25%".2/#("#0(8602<6#.".2/#(/F("(.%6#1=(2#("(7"D/%"./%&(F7$<6[
_L".6%(06;.=l((*+9I(<'(1$%%6#.(>67/12.&l(*+@,(<e8'(8"#0l(*+,H(<<a'

)+( 8602<6#.".2/#(/F("(.%2"7(0%6056(1="##67(2#(A68.6%#(C1=670.(68.$"%&[
_L".6%(06;.=l(S+@T,*+@(<'(1$%%6#.(>67/12.&l(*+@T,+,(<e8'(8"#0l(*+,P(<<a'

9+( C602<6#.".2/#(/F("(.%2"7(0%6056(1="##67(2#(J"8.6%#(C1=670.(J8.$"%&[
_L".6%(06;.=l()*T))(<'(1$%%6#.(>67/12.&l(*+ST,+,@(<e8'(8"#0l(*+9(<<a[
N8/3/4)23/34R!4$&4;S42%/4'/3)%*B/'4*#M
G!9-'21!X@,$+5')*8V!$-%#$1!H[W\!%+$1!__V!F[WW4!R5/-$)*+'!/#,-'!2#$!0#0G81-+,@
858%-0,-,!1$+08%#$1!I)0!951*&JV
G!`#5$0+'!#2!X@,$+5')*8!9).)8)#0V!O<>QV!X@!\V!F[W[4!"#,-'!2#$!858%-0,-,!8-,)/-01
1$+08%#$1V!A@!a-$88-08V!S`Y"V!S$)08V!OY!+0,!?+0!H)b0V!NY>YV
G!9-'21!X@,$+5')*8V!$-%#$1!HFKPW!%+$1!?V!F[cC4!>#/%51+1)#0!#2!8)'1+1)#0!)0!,$-,(-,
1$-0*&-8V
G!9-'21!X@,$+5')*8V!$-%#$1!<Ucc!%+$1!_?V!F[c\4!<51$-0*&G/#,-'E!36#G,)/-08)#0+'!.-$1)*+'
/+1&-/+1)*+'!/#,-'!2#$!858%-0,-,!8-,)/-01!1$+08%#$1!A@!*5$$-018!+0,!6+.-8V
G!H)bT86+1-$81++1!>#//50)*+1)#08V!R#Y!UFV!F[c\4!<51$-0*&G/#,-'E!36#G,)/-08)#0+'
.-$1)*+'!/+1&-/+1)*+'!/#,-'!2#$!8-,)/-01+1)#0!)0!,$-,(-,!1$-0*&-8!A@!*5$$-018!+0,
6+.-8V!A@!NY>Y!.+0!H)b0!+0,!]YNY!3+0V
G!`#5$0+'!#2!X@,$+5')*!Q0()0--$)0(V!O<>QV!?#'Y!FFKV!R#Y!PV!F[cP4!"+1&-/+1)*+'
/#,-'')0(!#2!858%-0,-,!8-,)/-01!)0!0#050)2#$/!2'#68V!A@!NY>Y!.+0!H)b0V
G!9-'21!d0).-$8)1@!#2!3-*&0#'#(@V!9#*Y!3&-8)8V!F[cW4!"+1&-/+1)*+'!/#,-'')0(!#2
/#$%&#'#()*+'!%$#*-88-8!)0!1&-!*+8-!#2!858%-0,-,!8-,)/-01!1$+08%#$1V!A@!NY>Y!.+0!H)b0V

B+( .%2"7(0%6056(;2.(#6"%(X"%%/L(2#(^$%#688'(J#57"#0
_L".6%(06;.=l(9TI(<'(1$%%6#.(>67/12.&l(*+@T*+S(<e8'(8"#0l(*+,T*+)(<<a
G!9-'21!X@,$+5')*8V!H-%#$1!XFKCcV!F[[FV!9-8)(0!#2!1&-!O**-88!*&+00-'!1#!:+$$#6!)0
;5$0-88V!3+8T!\V

@+( 8602<6#.".2/#(2#("(.%2"7(0%6056(1="##67(2#(R8"#(X"&'(b/%6"
_06;.=l(ST,,(<'(1$%%6#.(>67+l(*+ST*+P(<e8'(8"#0l(*+)(<<a'
G!9-'21!X@,$+5')*8V!$-%#$1!<Ucc!%+$1!_?V!F[c\4!<51$-0*&G/#,-'E!36#G,)/-08)#0+'!.-$1)*+'
/+1&-/+1)*+'!/#,-'!2#$!858%-0,-,!8-,)/-01!1$+08%#$1!A@!*5$$-018!+0,!6+.-8V

PY! 827.".2/#(2#("(.%2"7(0%6056(1="##67(#6"%(X"=2"(X7"#1"'(R%56#.2#"'
_06;.=l(,,(<'(1$%%6#.(>67+l(*+9(<e8'(<$0a'
G!9-'21!X@,$+5')*8V!$-%#$1!<Ucc!%+$1!_?V!F[c\4!<51$-0*&G/#,-'E!36#G,)/-08)#0+'!.-$1)*+'
/+1&-/+1)*+'!/#,-'!2#$!858%-0,-,!8-,)/-01!1$+08%#$1!A@!*5$$-018!+0,!6+.-8V
G!`#5$0+'!#2!L+1-$6+@V!S#$1V!>#+81+'!+0,!^*-+0!Q0()0--$)0(V!O<>QV!?#'Y!FFKV!R#Y!\V
F[cP4!<-,)/-01+1)#0!#2!,$-,(-,!*&+00-'8!A@!*5$$-018!+0,!6+.-8V!A@!NY>Y!.+0!H)b0V
G!<-,)/-01+1)#0!*#/%51+1)#08!2#$!1&-!+**-88!*&+00-'!1#!1&-!%#$1!#2!:+&)+!:'+0*+V
O$(-01)0+V!A@!?+0!^.-$--/V!`YV!F[c\V!_04!O**-8!>&+00-'8!S#$18V!!S#81!O*+,-/)*!>#5$8-
ISO3^JV!>).)'!Q0()0--$)0(V!9-'21!d0).-$8)1@!#2!3-*&0#'#(@V!9-'21V!3&-!R-1&-$'+0,8Y

S+( 8602<6#.".2/#(2#(.%2"7(0%6056(1="##67(2#(N2>6%(-!8867(#6"%(E6>6#.6%'(G6.=6%7"#08
G!?+0!H)b0V!NY>YV!KCCFY!N-*15$-!0#1-8!#0!/#$%&#'#(@V!_XQV!9-'21Y
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6.3 Steady and non steady flow with waves

6.3.1 Data sets used in hindcast studies

,+( <25%".2/#("#0(8602<6#.".2/#(/F("(1="##67(2#("(7"D/%"./%&(F7$<6'
_L".6%(06;.=l(*+)B(<'(1$%%6#.(>67+l(*+,P(<e8'(L">68l(*+,(<'(8"#0l(*+,(<<a'
T(`#5$0+'!#2!L+1-$6+@V!S#$1V!>#+81+'!+0,!^*-+0!Q0()0--$)0(V!O<>QV!?#'Y!FFKV!R#Y!\V
F[cP4!<-,)/-01+1)#0!#2!,$-,(-,!*&+00-'8!A@!*5$$-018!+0,!6+.-8V!A@!NY>Y!.+0!H)b0V
G!9-'21!X@,$+5')*8V!$-%#$1!<Ucc!%+$1!_?V!F[c\4!<51$-0*&G/#,-'E!36#G,)/-08)#0+'!.-$1)*+'
/+1&-/+1)*+'!/#,-'!2#$!858%-0,-,!8-,)/-01!1$+08%#$1!A@!*5$$-018!+0,!6+.-8V

)+( 8602<6#.".2/#(2#(.%6#1=(2#(7"D/%"./%&(L">6T1$%%6#.(D"82#
_L".6%(06;.=l*+B(<[(L">68l*+,(<'(1$%%6#.(>67+l*+)@(<e8'(8"#0l*+,(<<a
G!9-'21!X@,$+5')*8V!H-%#$1!eKMWcV!F[[cV!<+0,!1$+08%#$1!+1!1&-!/),,'-!+0,!'#6-$
8&#$-2+*-!#2!1&-!951*&!*#+81E!<)/5'+1)#08!#2!<d3HQR>XG/#,-'!!+0,!%$#%#8+'!2#$!'+$(-G
8*+'-!'+A#$+1#$@!1-818V!A@!!9Y`YHY!L+'81$+V!NY>!.+0!H)b0!+0,!<Y]Y`Y!O+$0)0T&#2

9+( 8602<6#.".2/#(2#(#">25".2/#(1="##67(J$%/1="##67(#6"%(N/..6%0"<'
_L".6%(06;.=l(,IT))(<'(1$%%6#.(>67+l(*+ST,+,<e8'(L">68l(*+@TB(<'(8"#0l(*+),(<<a
G!d0).-$8)1@!#2!36-01-=9-'21!X@,$+5')*8V!H-%#$1!eKKPcV!F[[WV!F[[cY!"#$%&#'#()*+'
)/%+*1!#2!'+$(-G8*+'-!/+$)0-!8+0,!-71$+*1)#0V!A@!3Y!X#)1)0TY
G(9-'21!X@,$+5')*8V!H-%#$1!eKK\\V!F[[WV!N#0(!1-$/!-22-*18!#2!"++8.'+T1-GK!+0,
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6.3.2 Data sets not yet used in hindcast studies
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7 Mathematical model studies related to pits
in North Sea

7.1 Introduction
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)+( </%;=/7/5&(/F(<2#2#5(F%/<(JVNKT4RRC(1="##67'(E67F.(W&0%"$7218'(,II)[
9+( </%;=/7/5&( /F( 7"%56( 81"76( <2#2#5( ;2.8( #6"%( JVNKT4RRC( 1="##67[( E67F.( W&0%"$7218T
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7.2 Morphology of mining pits and mining from IJ-channel;
Rijkswaterstaat, 1990
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7.3 Morphology of mining from Euro-Maas channel, Delft
Hydraulics, 1992
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7.4 Morphology of large scale mining pits near EURO-MAAS
channel; Delft Hydraulics-Alkyon, 1997
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7.5 Flow in large scale mining pits; Svasek, 1998
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7.6 Morphology (2DV) of mining pits, Hoitink, University of
Twente, 1997
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7.7 Morphology (2DV) of mining pits, Delft Hydraulics, 1998
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!" ;2.(L20.=(D6.L66#(9**("#0()B**(<'(06;.=(D6.L66#(9+@("#0(,B(<'(87/;68(D6.L66#(,U,)+@
_Pja("#0(,U@*(_)ja+

:-2.'*"++,"&/"'
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7.9 Morphology (2DH) of large scale mining pits, University of
Twente, 2001
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8 Summary, conclusions and
recommendations

8.1 Summary and conclusions
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Regulations for mining of sand
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Morphological behaviour of mining pits
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Sediment transport processes
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2#( .=6( 6#>2%/#<6#.( 0$%2#5( .=6( 8"#0(<2#2#5( "1.2>2.268( "#0( _22a( F2#6( 5%"2#60( 8602<6#.8(<"&
"11$<$7".6(.6<;/%"%27&(/%(;6%<"#6#.7&(2#(.=6(%68$7.2#5(066;(8"#0(;2.8(2#(.=6(86"(F7//%+

Ecological processes

C"#0(<2#2#5e0%6052#5( "#0( 0$<;2#5( =">6( >"%2/$8( 02%61.( "#0( 2#02%61.( 8=/%.( "#0( 7/#5( .6%<
6FF61.8( /#( <"%2#6( "#0( 1/"8."7( D6#.=21( 1/<<$#2.268( /F( ;7"#.8( "#0( "#2<"78( _61/7/521"7
;%/168868a+(:=6(61/7/521"7(2<;"1.8(06;6#0(/#(1/<;76c("#0(0&#"<21(2#.6%"1.2/#8(/F("D2/.21
"#0(D2/.21(F"1./%8( 2#17$02#5U(_2a1/<;/82.2/#("#0(0&#"<218(/F( .=6( 8602<6#.'( _22a(<6.=/08(/F
0%6052#5( "#0( 0$<;2#5( "#0( .=6( 8602<6#.( 8;277( "#0( _222a( .=6( /11$%%6#16( "#0( 86#82.2>2.&( /F
86"5%"88( "#0(<"1%/TZ//D6#.=21( 1/<<$#2.268( "#0( .=6( %".6( /F( %61/>6%&( /F( .=6( 1/<<$#2.268
"FF61.60+(R#(2<;/%."#.(;%/D76<(/F(8"#0(<2#2#5(<"&(D6(.=6(%676"86(/F(F2#6(8602<6#.8(_827.("#0
<$0a(2#(.=6(6#>2%/#<6#."7(8&8.6<(0$%2#5(.=6(0%6052#5(;%/1688+(N/$5=7&("D/$.(,j(./(9j(/F
.=6( 8$D8.%".$<( /F( .=6( G/%.=( C6"( 1/#828.8( /F( F2#6( ./( >6%&( F2#6( 8602<6#.8+( K#6( /F( .=6
1/#86O$6#168(/F(<"882>6(8"#0(<2#2#5(L277(D6(.=6(;%/0$1.2/#(/F("#(6#/%</$8("</$#.(/F(F2#6
8602<6#.'(L=21=(1"#(D6(1"%%260(/>6%(7"%56(028."#168(./(.=6(1/"8.8("#0(8=/%68(/F(.=6(1/$#.%268
8$%%/$#02#5(.=6(G/%.=(C6"'( .=%6".6#2#5(.=6(6#>2%/#<6#."7(8&8.6<(".( .=/86(;7"168+(4"#&(/F
.=6( ;%/168868( 2#>/7>60( "%6( $#]#/L#( "#0( 8=/$70( .=6%6F/%6( D6( 8.$0260( </%6( 2#.6#82>67&
F/1$882#5(/#(.=6(D60'(L".6%(;="86(_/c&56#(1&176a("#0(F//0L6D(D&(D/.=(7"D/%"./%&("#0(F2670
6c;6%2<6#.8+

Mathematical models

:=6( </0678( ">"27"D76( F/%( <".=6<".21"7( 82<$7".2/#( /F( .=6( 8"#0( .%"#8;/%.( ;%/168868( "#0
"88/12".60( </%;=/7/521"7( 1="#568( %67".60( ./( .=6( D6=">2/$%( /F( <2#2#5( ;2.8( =">6( D66#
8$<<"%2Z60+( "̀%2/$8(</0678("%6(0281$8860U(82<;76(6#52#66%2#5(%$768'("#"7&.21"7(</0678("#0
06."2760( <".=6<".21"7( _#$<6%21"7a( </0678+( ^/%( 6"1=( </067( "#( />6%>26L( 28( 52>6#( /F( .=6
</067760( ;%/168868'( .=6( D"821( 82<;72F21".2/#8( "#0( .=6( .&;68( /F( D/$#0"%&( 1/#02.2/#8(L=21=
=">6(./(D6(8;612F260+(^$%.=6%</%6'(.=6(8$2."D272.&(/F(.=6(</0678(F/%(.=6(>"%2/$8(1="%"1.6%28.21
</%;=/7/521"7("%6"8(28(2#021".60+



Morphology of pits, channels and trenches                                                                     Z3223 January, 2002
Part I: Literature review and study approach

WL | Delft Hydraulics 8 – 4

Data sets and hindcast studies

R#(2#>6#./%&(28(52>6#(/F(.=6(">"27"D76(0"."(86.8("#0(=2#01"8.(8.$0268(%67".60(./(8602<6#.".2/#
2#(;2.8'(1="##678("#0(.%6#1=68+(:=6(0"."(86.8("%6(0681%2D60(2#(.6%<8(/F(8.6"0&("#0(#/#T8.6"0&
F7/L(L2.=("#0(L2.=/$.(L">68+(:=6(<"2#(1/#17$82/#(F%/<(.=6(%68$7.8(/F(.=6(=2#01"8.(8.$0268(28
.=".(.=6(8602<6#.".2/#(2#(;2.8'(1="##678("#0(.%6#1=68(1"#(D6(O$2.6(L677(82<$7".60'(;%/>2060
.=".( %6;%686#.".2>6( 2#1/<2#5( .%"#8;/%.( %".68( "%6( ]#/L#+( :=6( 6>/7$.2/#( /F( .=6( 0/L#8.%6"<
87/;6(1"#(/#7&(D6("11$%".67&(</067760(2F(.=6("11676%".2/#(6FF61.8(/#(.=6(>67/12.&(;%/F276("%6
."]6#(2#./("11/$#.(_#/#T7/5"%2.=<21(;%/F2768a+(G65761.2#5(.=686(6FF61.8'(.=6(1/<;$.60(6%/82/#
"#0(<25%".2/#(%".6(/F(.=6(87/;6("%6(.//(8<"77+(C/(F"%'(/#7&(.=%66(F2670(0"."(86.8(F/%(1/<D2#60
1$%%6#.("#0(L">6(1/#02.2/#8(=">6(D66#($860(F/%(.68.2#5(/F(</0678+

Mathematical model studies of mining pits in North Sea

^2#"77&'( 86>6%"7( 8.$0268( %67".60( ./( .=6(D6=">2/$%(/F( 8"#0(<2#2#5(;2.8( 2#( .=6(G/%.=( 86"(=">6
D66#(6>"7$".60("#0(8$<<"%2860+(:=686(8.$0268(56#6%"77&(F/1$8(/#(.=6(F7/L("#0(</%;=/7/5&
/F(<2#2#5(;2.8(2#(.=6(G/%.=(C6"($82#5'()E '̀()EW("#0(9E(=&0%/0&#"<21("#0(</%;=/0&#"<21
</0678'("8($860(D&(E67F.(W&0%"$7218'(C>"86]("#0(V#2>6%82.&(/F(E67F.+(X60(2#8."D272.&(</0678
L6%6($860(D&(.=6(V#2>6%82.&(/F(:L6#.6+
:=6( /$.1/<6( /F( .=686( 8.$0268( 56#6%"77&( 28( .=".( .=6( F7/L( "#0( </%;=/0&#"<218( 1"#( D6
82<$7".60( O$2.6( L677( ;%/>2060( .=".( .=6( D/$#0"%&( 1/#02.2/#8( /F( F7/L'( L">68( "#0( 8602<6#.
.%"#8;/%.(".(.=6(</067(2#76.("%6("11$%".67&(]#/L#+(-#(.=6("D86#16(/F(8$1=(0"."(.=6($#16%."2#.&
<"%52#8( "%6( %67".2>67&( 7"%56( _$;( ./( F"1./%( @a+( ^$%.=6%</%6'( .=6( </0678( =">6( #/.( &6.( D66#
>6%2F260( 6c.6#82>67&( 0$6( ./( 7"1]( /F( F2670( 0"."+( ^2670( 0"."( 86.8( ".( 066;6%( L".6%( "%6( "7</8.
1/<;76.67&(<2882#5+

8.2 Recommendations for further studies

8.2.1 Study approach

:/(D6("D76(./(68.2<".6(.=6(7/#5T.6%<(</%;=/7/521"7(D6=">2/$%(/F(8"#0(<2#2#5(;2.8(2#(066;6%
L".6%'(.=6(F/77/L2#5(D"821(=&0%/0&#"<21("#0(8"#0(.%"#8;/%.(;%/168868(8=/$70(D6(]#/L#U
!" 02%61.2/#("#0(<"5#2.$06(/F(.=6(F7/L'(L">6("#0(8"#0(.%"#8;/%.(F26708(/$.8206(.=6(;2.("%6"
_$#028.$%D60(1/#02.2/#8a[

!" </02F21".2/#(/F(.=6(F7/L'(L">6("#0(8"#0(.%"#8;/%.(F26708(0$6(./(.=6(;%686#16(/F(.=6(<2#2#5
;2.[

!" %6;%686#.".2/#(/F(.=686(;%/168868(2#("(<".=6<".21"7(</067(1";"D76(/F(<"]2#5(7/#5T.6%<
82<$7".2/#8+

^2670(0"."(/F(8"#0(.%"#8;/%.(%".68(2#(066;6%(L".6%("%6("7</8.(1/<;76.67&(<2882#5'(8/(.=".(.=6
">"27"D76(</0678(1"#(#/.(D6(;%/;6%7&(1"72D%".60+(:=6(D68.(8.%".65&(./(6c.6#0(.=6(]#/L76056
/F(8"#0(.%"#8;/%.(;%/168868("#0(</%;=/7/5&(2#(066;6%(L".6%(L/$70(.=6%6F/%6(D6(./(;6%F/%<("
06."2760( F2670( 8.$0&( /F( .=686( ;%/168868( 2#( "#0( #6"%( "( .68.( ;2.( _;%/1688( <6"8$%6<6#.8( "#0
</#2./%2#5(/F(</%;=/7/521"7(D6=">2/$%a(2#(1/<D2#".2/#(L2.=(</067(82<$7".2/#8(./(2#.6%;%6.
.=6( %68$7.8( /F( .=6( F2670( 6c;6%2<6#.+( X"860( /#( .=".'( .=6( 2<;%/>60( </0678( 1"#( D6( $860( ./
68.2<".6( .=6( 7/#5T.6%<( D6=">2/$%( /F( F$.$%6( 8"#0( <2#2#5( ;2.8( "#0( .=62%( 6FF61.8( /#( .=6
#6"%8=/%6(Z/#6+
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8.2.2 Motivation for model improvement and verification

X"860( /#( 6"%726%( %686"%1=( $82#5( r8.".6( /F( .=6( "%.f(<".=6<".21"7(</0678( _ "̀#( N2\#'( ,II@a'
68.2<".68("#0(>"%2".2/#(%"#568(/F(.=6(#6.("##$"7(1%/88T8=/%6("#0(7/#58=/%6(.%"#8;/%.(%".68(2#
.=6(G/%.=(C6"(=">6(D66#(/D."2#60+(:=686(%68$7.8(8=/L(.=".(.=6(>"%2".2/#(%"#56(/F(.=6(1%/88T
8=/%6( .%"#8;/%.( %".68( 28( 1/#8206%"D7&( 7"%56%( .="#( .=/86( /F( .=6( 7/#58=/%6( .%"#8;/%.( %".68'
D61"$86(.=6(1%/88T8=/%6(.%"#8;/%.(%".6(28("(06721".6(D"7"#16(/F(/#8=/%6("#0(/FF8=/%6T02%61.60
_/;;/82.6a(.%"#8;/%.(;%/168868+(R.(;%686#.(8.".6(/F(%686"%1=(.=6(#6.("##$"7(.%"#8;/%.(%".68("#0
02%61.2/#("7/#5(.=6(1%/88T8=/%6(;%/F276(1"#(#/.(D6(06.6%<2#60(L2.=(8$FF2126#.("11$%"1&+

N616#.(</067( 86#82.2>2.&(1/<;$.".2/#8( _E67F.(W&0%"$7218'(,IIPa( 8=/L( .=".( .=6( ;%686#.T0"&
</0678( "%6( %".=6%( 86#82.2>6( ./( 8;612F21( L">6T%67".60( 8602<6#.( ;"%"<6.6%8'( L=21=( "%6( /F
2<;/%."#16( F/%( .=6( >6%.21"7( 028.%2D$.2/#( /F( .=6( 8602<6#.( 1/#16#.%".2/#8+( :=6( $#16%."2#.&
%"#568(/F( .=686(;"%"<6.6%8("%6( .//(L206[(</%6( ;%/1688( 0"."( "%6( %6O$2%60( ./( 2<;%/>6( .=686
;"%"<6.6%8+( ^$%.=6%</%6'( .=6(</067( %68$7.8( "%6( O$2.6( 86#82.2>6( ./( .=6( 8$8;6#060( 8602<6#.
82Z6'( L=21=( 28( /F.6#( %67".2>67&( 8<"77( /#( .=6( 8=/%6F"16( _k*+)( <<a+( :=28( <6"#8( .=".( .=6
L2##/L2#5(/F(F2#6%(8"#0(F%"1.2/#8(_;"%.2176(82Z6(6FF61.8a(2#(%67".2/#(./(L">6(1/#02.2/#8(8=/$70
D6(8.$0260(2#(</%6(06."27(_6c;6%2<6#."77&(D&(F2670(0"."(8"<;72#5a+(-.(<"&(6>6#(D6(#61688"%&
./(2<;76<6#.("(<$7.2TF%"1.2/#(<6.=/0(./(1/<;$.6(.=6(8"#0(.%"#8;/%.(%".68+

R#/.=6%(;%/D76<(/F()EW("#0(O$"82T9E(</0678(28(.=6("88$<;.2/#e";;721".2/#(/F(7/5"%2.=<21
>67/12.&(;%/F2768+(:=28(76"08(./($#06%T68.2<".2/#(/F(#6"%TD60(>67/12.268("#0(D60T8=6"%(8.%68868
"#0(=6#16(.=6(.%"#8;/%.(5%"026#.8(2#(.=6("11676%".2/#(Z/#6(/F(.=6(;2.+(R8("(%68$7.(.=6(81/$%(/F
.=6(D60(2#(.=28(Z/#6(/F(.=6(;2.(_<25%".2/#(/F(.=6(0/L#8.%6"<(87/;6a((28("78/($#06%T68.2<".60+

Q2>6#(.=686(%68$7.8'(.=6(">"27"D76(<".=6<".21"7(</0678(1"#(#/.(&6.(D6(";;7260(./("11$%".67&
68.2<".6( .=6( </%;=/7/521"7( D6=">2/$%( /F( 8"#0( <2#2#5( ;2.8+( ^$%.=6%( </067( .68.2#5( "#0
2<;%/>6<6#.(28(%6O$2%60(F/1$882#5(/#(.=6(F7/L(</02F21".2/#(0$6(./( .=6(;%686#16(/F( .=6(;2.
"#0( .=6( 6FF61.( /F( ;"%.2176( 82Z6( "#0( L">6T%67".60( ;"%"<6.6%8( /#( .=6( ;21]T$;( "#0( >6%.21"7
<2c2#5(/F(.=6(8$8;6#060(8602<6#.+
-.(28(;%/;/860(./(2<;%/>6(.=6(">"27"D76(</0678(L2.=(%68;61.(./U
!" F7/L(82<$7".2/#(D&($82#5(.=6(dV:4KN(0"."(86.(_866(C61.2/#(P+)+9a[
!" L">6T%67".60(8"#0(.%"#8;/%.(;%/168868("#0("88/12".60(</%;=/7/5&(D&(;6%F/%<2#5("( .68.
;2.(6c;6%2<6#.(2#("(7"%56T81"76(L">6(F7$<6(_866(C61.2/#(P+)+@a[

!" L">6T%67".60("#0(1$%%6#.T%67".60(8"#0(.%"#8;/%.(;%/168868("#0("88/12".60(</%;=/7/5&(D&
;6%F/%<2#5("(7"%56T81"76(.68.(;2.(6c;6%2<6#.(2#(.=6(G/%.=(C6"(_866(C61.2/#(P+)+Ba+

8.2.3 Model improvement based on existing hydrodynamic PUTMOR data

^2670(6c;6%2<6#.8(%67".60(./(=&0%/0&#"<218(_dV:4KN(6c;6%2<6#.'(,IIIa(L6%6(;6%F/%<60
2#( "( .6<;/%"%&( ;2.( 2#( 066;( L".6%( /F( .=6( G/%.=( C6"( _7/1".2/#( W/6]( >"#( W/77"#0a+( :=6
6c;6%2<6#.8(L6%6(F/1$8860(/#(.=6(<6"8$%6<6#.(/F(7/1"7(F7/L(;"..6%#8(2#("#0("%/$#0(.=6(;2.
_C>"86]'( )**,a+( :=6( =&0%/0&#"<21( 0"."( 86.8( 8=/$70( D6( $860( ./( >6%2F&( "#0( 2<;%/>6( .=6
">"27"D76(</0678+(:=6(8.$0&(";;%/"1=(L277(D6U
!" "#"7&828(/F(">"27"D76(0"."86.8'
!" 86761.2/#( /F( 0"."( 86.8( F/%( >6%2F21".2/#( _<6"#( ./( 8;%2#5( .206( ;6%2/0( 2#( 1"7<( 1/#02.2/#8[
<6"#(./(8;%2#5(.206(;6%2/0(2#(8./%<(1/#02.2/#8a'
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!" 86761.2/#(/F(8.".28.21"7(;"%"<6.6%8(F/%(;%686#.".2/#(/F(%68$7.8(_.68.(D"#](;"%"<6.6%8a
!" 82<$7".2/#(%$#8(F/%(86761.60(;6%2/08'
!" "#"7&828("#0(;%686#.".2/#(/F(%68$7.8(_</067(;6%F/%<"#16a+

8.2.4 Model improvement based on field test pit in North Sea

\B`/)$*A/34&545*/1'4$/3$4=*$
:=6(/D\61.2>68(1/#16%#2#5(.=6(8"#0(.%"#8;/%.(;%/168868("%6(82<27"%(./(.=/86(/F(.=6(7"%56T81"76
F7$<6( 6c;6%2<6#.8( _866( #6c.( 861.2/#a+( ^$%.=6%</%6'( .=6( 7/#5T.6%<( </%;=/7/5&( _2#F277( "#0
<25%".2/#'( 87/;6(D6=">2/$%a( /F( "( ;2.( 1"#(D6( 8.$0260($#06%( %6"728.21( 1/#02.2/#8+( :=6( %68$7.8
L277(D6($860(./(>6%2F&("#0(2<;%/>6(.=6(">"27"D76(</0678+

7/3*0#4&54$/3$4=*$
:=6(6c28.2#5(</0678(L277(D6($860(./(06.6%<2#6(.=6(/;.2<$<(7/1".2/#("#0(02<6#82/#8(/F(.=6
.68.(;2.+(A206("#0(8="77/L("8(L677("8(066;("#0(#"%%/L(;2.8(L277(D6(8.$0260+(^$%.=6%</%6'(.=6
</%;=/7/521"7(D6=">2/$%(/F(.=6(;2.(_2#17$02#5($#16%."2#.&(%"#568a(L277(D6(;%6021.60(/#("(.2<6
81"76(/F(@*(&6"%8+

8.2.5 Model improvement based on large-scale laboratory experiment

-.( 28( ;%/;/860( ./( ;6%F/%<( 7"%56T81"76( L">6( F7$<6( 6c;6%2<6#.8( L2.=( .=6( /D\61.2>6( /F
2<;%/>2#5(.=6(;%/1688(]#/L76056(/F(1%/88T8=/%6(8"#0(.%"#8;/%.("#0(</%;=/7/5&+(:=28(1"#(D6
"1=26>60( D&( 8.$0&2#5( .=6( </%;=/7/521"7( D6=">2/$%( /F( "( ;2.( $#06%( 1/#02.2/#8( /F( #/#T( /%
L6"]7&(D%6"]2#5(8./%<(L">68+(:=6(=&0%/0&#"<21(1/#02.2/#8(8=/$70(D6(8$1=(.=".(.=6(F2772#5
"#0(/#8=/%6(<25%".2/#(/F("(;2.(L277(."]6(;7"16'(82<$7".2#5(.=6(D6=">2/$%(/F("(8"#0(<2#2#5(;2.
2#(L".6%(L2.=(06;.=8(D6.L66#(,*("#0()*(<(<25%".2#5(./(.=6(8=/%6+

:=6(/D\61.2>68(/F(7"%56T81"76(6c;6%2<6#.8(2#("(L">6(F7$<6("%6U
!" <6"8$%6<6#.(/F(8"#0(1/#16#.%".2/#(;%/F2768(./(06%2>6(.=6(L">6T%67".60(<2c2#5(;"%"<6.6%8
$#06%(#/#TD%6"]2#5(L">68( 2#(%67".2>67&(066;(L".6%(/$.8206( .=6( 8$%F(Z/#6[(D"860(/#( .=28
.=6(>"7202.&(%"#56(/F(.=6(;%/1688(</0678(1"#(D6(6c.6#060(./(066;6%(L".6%[

!" <6"8$%6<6#.(/F(D60("#0(8$8;6#060(8"#0(1/<;/82.2/#( ./(8.$0&(.=6(6FF61.(/F(L2##/L2#5
;%/168868( /#( .=6( 1/#16#.%".2/#( ;%/F2768'( 8"#0( .%"#8;/%.( %".68( "#0( D60( 6>/7$.2/#( "#0( ./
6>"7$".6(L=6.=6%(.=6(8"#0(.%"#8;/%.(%".68(8=/$70(D6(1/<;$.60(D&($82#5("(82#576(F%"1.2/#
<6.=/0(/%("(<$7.2TF%"1.2/#(<6.=/0[

!" <6"8$%6<6#.( /F( #6"%TD60( /%D2."7( >67/12.268( "#0(<6"#( 1$%%6#.( >67/12.268( "#0( "88/12".60
/81277"./%&("#0(<6"#(.%"#8;/%.(1/<;/#6#.8(./(06.6%<2#6(.=62%(%67".2>6(2<;/%."#16(./( .=6
#6.(.%"#8;/%.(%".68[(.=686(;"%"<6.6%8(1"#(D6(<6"8$%60(".(17/86(8;"12#5("7/#5(.=6(F7$<6(8/
.=".( .=6( 1%/88T8=/%6( 5%"026#.8( 1"#( D6( 06.6%<2#60( "11$%".67&[( D"860( /#( .=28( .=6
<6"8$%6<6#.(7/1".2/#8(0$%2#5(F$.$%6(F2670(<6"8$%6<6#.8(1"#(D6(D6..6%(06.6%<2#60[
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