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ABSTRACT I
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H 03
This review h igh ligh ts th re e  m orphodynam ics m o d e llin g  ap proaches , u sed  fo r offshore m arin e  aggregate ex trac tion  
im pact assessm ent. T hese  ap p ro ach es are  based  u p o n  exam ples o f (1) full process-based m odels; (2) idealised  process- 
based  m odels; a n d  (3) co n cep tu a l m odels. I llu stra ted  also is th e  way in  w hich  these  m odels, ap p lied  fo r  ex tractions 
o n  flat b e d  o r  sandbanks, can  co m p lem en t each  o ther, tow ards th e  estim ation  o f Coastal S tate Ind ica to rs (CSIs). This 
review leads to  th e  conclusion  th a t, fo r an  optim al en v iro n m en t assessm ent, th e re  are  two m ain  app roaches: ( 1 ) e ith er 
com bine  a n d  coup le  th e  m odels, in  o rd e r  to  sim ulate th e  full m orphodynam ics o f th e  system over a lo n g  time-scale, 
tak ing  in to  acco u n t also sh o rt-term  events, o r (2) use a set o f existing  m odels, know ing precisely  th e ir  applicability  to 
th e  CSI's a n d  th e  reliability  o f  th e ir  p red ic tions, ra th e r  th a n  using  only th e  best m odel, available presently.
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INTRODUCTION

M arine aggregates have become recen tly  a stra teg ic  m in ­
e ra l resource. Indeed, te r re s tr ia l aggregate  resources are 
decreasing, such th a t  large m arine  aggregate  ex trac tion  is 
now being considered, or is a lready  in  progress. Thus, it is 
necessary  to  assess th e  im pact of offshore m arine  aggregate  
ex traction  on offshore morphology; th is  can be u n d e rtak en  by 
estim atin g  th e  fu tu re  tre n d s  of coastal system s, due to  these  
ex tractions. The form ulation  of so-called C oastal S ta te  Ind ica­
to rs  (CSIs) can ass is t in  addressing  these  coastal m anagem ent 
questions. The CSIs a re  a reduced  set of p a ram e te rs  th a t  can 
simply, adequate ly  and  q u an tita tiv e ly  describe th e  dynam ic- 
s ta te  and  evolutionary  tre n d s  of a coastal system  (V a n  K o n ­
in g s v e l d , D a v id s o n , and  H u n t l e y , 2 0 0 5 ) .

W ithin th e  EUMARSAND project (2 0 0 2 - 2 0 0 5 ,  B o n n e , th is  
volume), m arine aggregate exploitation issues w ere addressed 
th rough  th e  application of a wide range of scientific approaches 
(based upon geology, sedimentology, physics, ecology and  en ­
gineering). The in teg ra tion  of these  approaches can improve 
significantly both  resource m anagem ent and  th e  know ledge of 
th e  im pacts of aggregate extraction, on th e  sta te  and  dynam ics 
of th e  inner continen tal shelf and  coastal environm ents. In  p a r ­
ticular, m orphodynam ic modelling can contribute to  increas-
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ing th is  knowledge, e.g., in  te rm s of near-field  m odelling of the  
physical and  ecological im pacts of offshore sand  and  gravel m in­
ing; im provem ent in  th e  unders tand ing  of ‘bed regeneration’ 
processes; and  th e  far-field m odelling of th e  effects of dredging 
on adjacent coastlines). W ithin th e  fram ew ork of th e  EUM AR­
SAND Project, th e  m orphodynam ic m odelling of experim ental 
sites w as set up w ith m odels w hich are  based  upon th e  descrip­
tion  of sm all-scale processes (B r iè r e  et al., th is  volume; V a n  D e n  
E y n d e  et al., th is  volume). The model calibration and  th e  vali­
dation of th e  num erical re su lts  w ere perform ed against high- 
quality  field observations. For th is  reason, fieldwork w as u n ­
dertaken  in  th e  N orth  Sea and  th e  Baltic Sea. The K w intebank 
(located w ith in  a tid a l environm ent) w as selected as th e  field 
investigation  site in  th e  N orth  Sea, w hilst th e  a rea  T rom per 
W iek (non-tidal environm ent) w as exam ined in  th e  B altic Sea 
(G a r e l  and  L e f e b v r e , th is  volume).

Over th e  la s t decade, several o th er E uropean  projects have 
been  concerned w ith  th e  m odelling of th e  im pact of aggregate  
extraction , as ou tlined  below.
• The SANDPIT project (V a n  R i j n  et al., 2 0 0 5 )  w as th e  m ost 

recen t E uropean  project (2 0 0 2 - 2 0 0 4 ) ,  whose overall ob­
jective w as to develop reliab le  prediction  techn iques and  
guidelines, to  b e tte r  un d e rs tan d , sim ula te  an d  p red ict th e  
m orphological behav iour of large-scale san d  m ining p its/ 
areas, likewise, to  u n d e rs ta n d  th e  associated  sand  t r a n s ­
port processes a t th e  m iddle an d  low er (offshore) shoreface, 
to ge ther w ith  th e  su rround ing  coastal zone.
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• HUM OR (B e s io  et al., 2008; D od d  et al., 2008) w as a E u rope­
an  project (2001-2004), w ith  th e  aim  to develop reliab le  a s ­
sessm en t an d  forecasting  techniques, to  b e tte r  u n ders tand , 
m odel and  p red ict th e  physical an d  geom orphological proc­
esses governing m edium - and  long-term  n a tu ra l  changes of 
th e  coastal zone, including th e  im pact of anthropogenic ac­
tiv ities. The em phasis w as on th e  role th a t  large-scale m or­
phological fea tu res  play, in  long-term  coastal evolution.

• CSTAB w as a E u ropean  project (1992-1995), w hich focused 
on C ircu lation  and  Sedim ent T ran sp o rt a round  B anks, 
b ased  upon in-situ  m easu rem en t an d  n um erica l m odelling 
(O’C onnor et a l ,  1994).
In  th is  contribution, we focus upon th e  offshore im pacts 

of offshore aggregate  extraction , w ith  th e  offshore a rea  being 
th e  portion  of th e  beach profile th a t  ex tends seaw ard  from  th e  
b reak e r zone, to th e  edge of th e  con tinen ta l shelf.

One approach  for assessing  th e  im pact of aggregate  ex trac ­
tion, quan tita tive ly , is based  upon m orphodynam ic m odelling. 
Several types of m orphodynam ic m odels have been  developed. 
E ach approach h a s  its  own advan tages an d  d isadvantages.

This p ap e r deals w ith  th e  tw o following questions: (1) w hich 
m odel concepts are  availab le  to  assess th e  aggregate  offshore 
ex traction  im pact?; an d  (2) how are  these  m odels to  be used  
and, possibly, com bined for an  optim al env ironm enta l a ssess­
m en t of offshore m arine  aggregate  ex trac tion  in  tid a l seas?

We focus upon a tida lly -dom inated  environm ent, paying 
p a rtic u la r a tten tio n  to th e  dynam ics of reg u la r sea-bed m or­
phological p a tte rn s . Such p a tte rn s , such as sandbanks, a re  
po ten tia l resources of m arine  aggregate.

This p ap e r is o rganised  as follows: section 2 incorporates an 
overview of available m orphodynam ic m odelling approaches 
in tida lly -dom inated  environm ents, to  address th e  research  
question  (1) above; Section 3 includes a discussion on how to 
u se  and  combine th e  models, w ith  th e  perspective of e s tim a t­
ing coastal s ta te  indicators; and, finally, th e  conclusions are  
p resen ted  in  Section 4.

MORPHODYNAMIC MODELS FOR OFFSHORE 
EXTRACTION IMPACT ASSESSMENT IN A TIDALLY- 

DOMINATED ENVIRONMENT (QUESTION I) 

Model Approaches
C oastal ch arac te ris tics  re su lt generally  from m any p h y si­

cal processes, w hich in te rac t a t various tem pora l and  spa tia l 
scales. The concept of scales is im p o rtan t in  m odelling proc­
esses an d  in th e  selection of a model, or type of model. Here, 
th re e  m ain  classes have  been  distinguished:
• The full process-based m odels (FPBM), w hich describe 

sm all-scale processes and  resolve physical equations in  th e  
physical space (x,y,z,time);

• The idealised  process-based m odels (IPBM), w hich ta k e  into 
account processes re lev an t to  th e  scale of in te re s t and  re ­
solve physical equations p a rtly  in  th e  spectra l space (wave 
vector, tim e), p a rtly  in  th e  physical space;

• The conceptual m odels (CM), w hich aim  to describe th e  
genera l behav iour of a phenom enon, w ithout describing th e  
deta ils  of th e  underly ing  physical processes.
Here, th is  p a rtic u la r m odel classification is preferred , in ­

s tead  of th e  comm only u sed  tem poral- or spatia l-scale  c las­
sification (e.g. sh o rt-te rm  model, m edium -term  m odel and  
long-term  model). Indeed, it is w orthw hile to no te  th a t  some 
approaches a re  m ore applicable over d ifferent tim e  scales.

L iu u m

2DH

F ig u re  1. D isc re tisa tion  levels for full process-based  m odels. Note: the  
ho rizo n ta l p lan e  is (x,y). (Idier e t al., p re se n t paper).

For instance, th e  stab ility  analysis concept, w hich falls in  the  
IPB M  class, can be applied  for long-term  m orphodynam ics 
s tud ies (e.g. san d b an k  dynam ics (H u t h n a n c e , 1982)), as well 
as for sh o rt-te rm  m orphodynam ics s tud ies (e.g. ripp le  dynam ­
ics (B l o n d e a u x , 1990)).

I t  m ay be no ted  th a t, w ith in  th e  process-based models, sev­
e ra l aspects can  be d is tinguished:
• S patia l dim ensions of th e  model geom etry (Figure 1): 1DV 

(V for th e  vertical, 0 th e  horizontal dimension); 1DH (H for 
horizontal, 1 horizontal dim ension. The variab les are in te ­
gra ted  over th e  w ater depth); 2DV (V for vertical); 2DH (H 
for horizontal, 2 horizontal dim ensions. The variab les are  in ­
teg ra ted  over th e  w ater depth); and  3D (three-dim ensional. 
For instance, th e  velocity com ponents are  com puted in the 
th ree  directions x.y.z, a t any location in  th e  x.y.z space);

• H ydrodynam ic processes: waves, tid a l cu rren ts, w ind-in­
duced cu rren ts, and  w ave-curren t in teractions;

• S ed im en tary  processes: suspension, bedload, an d  heteroge­
neous sed im en t m ixtures;

• B ed evolution, re la ted  to  (divergent) sed im ent tran sp o rt.

Full process-based models (FPBM)
Theoretically, full process-based m odels rely  upon processes 

alone which, in  principle, should enhance th e ir  generic app li­
cability. These m odels s ta r t  commonly, from a n u m b er of m ore 
or less s ta n d a rd  m odels of th e  constituen t processes (waves, 
cu rren t, sed im ent tran spo rt); th ese  a re  coupled th rough  a b o t­
tom  evolution equation.

D e  V r íe n d  and  B a k k e r  (1993) have identified two types of 
full process-based models: in itia l sedim entation  erosion (ISE) 
models; and  m edium -term  m orphodynam ic (MTM) models. ISE 
models assum e a fixed bed  level w hereas, in MTM models, the  
bed  level is updated, on a tim e-scale which cannot be su b s tan ­
tia lly  la rger th a n  th e  hydrodynam ic tim e-scale. MTM model 
applications are  used  regularly, nowadays, on tim e-scales of 
5-20 years; th is  is due, not only to enhanced com puter power 
and  model robustness im provem ent, b u t also because of more 
reliable inpu t reduction techniques (see, for example, L a t t e u x  
(1995), for tides, and  C h e s h e r  and  M il e s  (1992), for waves). Ap­
plication of these  models a t longer tim e-scales is still ham pered  
by th e  fact th a t  inaccuracies accum ulate w ith in  a long-term  
morphological prediction; th is  is because of th e  approxim a­
tions of th e  im plem ented physics, inaccuracies of th e  num erical
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schem es and  schem atised  boundary  forcing (input reduction). 
W hen these  inaccuracies become of a sim ilar order of m agni­
tu d e  as th e  physical phenom ena being studied, it is no t appro­
p ria te  to extend fu rth e r (in tim e) a process-based sim ulation.

M orphostatic models (ISE) perm it th e  investigation  of the  
in itia l response of system, to  a pertu rba tion /hum an  in te rven ­
tion, i.e. not to determ ine tow ards w hich equilibrium , or in ­
stability, th e  system  will develop. The solution to these  lim ita ­
tions is to u tilise  m orphodynam ic models. However, in  practice, 
th e re  is often a need  to  in te rp re t th e  re su lts  of in itia l tran sp o rt 
com putations, w ithout having to resort to full m orphodynam ic 
sim ulations. One approach is to investigate  th e  in itia l sedim en­
tation/erosion rates; however, th is  m ethod is flawed, in m any 
respects: in itia l d istu rbances of the  ba thym etry  have led to a 
very sca ttered  p a tte rn . For example, D e  V r íe n d  et al., (1 9 9 3 )  
have stud ied  th e  m orphodynam ics of a ‘sandy bum p’, subjected 
to a steady  curren t. These investigations have shown th a t  sedi­
m entation/erosion p a tte rn s  ten d  to m igrate  in th e  direction of 
tran spo rt; th is  is a behaviour which is no t rep resen ted  in  the  
in itia l sedim entation/erosion pa tte rn s . Thus, several m ethods 
have been developed, to  extend th e  tim e-scale tow ards a longer 
m orphodynam ic tim e-scale. L a t t e u x  (1 9 9 5 )  h as  proposed sev­
era l methods, such as tide-lengthening. This approach, which 
is adequate  to study propagative fea tu res such as sandbanks 
(L a t t e u x , 1 9 9 5 ), consists of increasing th e  morphological tim e- 
step, by a so-called morphological factor (typically, N  = 1 0 0  to 
1000); th is  is such th a t full process-based m orphodynam ic m od­
els can now be applied, a t tim e-scales of ~ 5  to  10  years (m e­
dium -term  models). Such m ethods are im plem ented in  m any 
m orphodynam ical models. R o e l v in k  (2 0 0 6 )  developed ano ther 
m ethod, w hich assum es th a t  th e  overall flow and  wave p a tte rn s  
do no t change for sm all bed level changes. This assum ption is 
u sed  also in th e  “continuity  correction” of m any morphological 
models. The tidally-averaged tran sp o rt ra te  is a function of the  
flow and  wave p a tte rn s  (which do no t vary  on a morphological 
time-scale), and  th e  local w ater depth  (which varies on a m or­
phological time-scale). Thus, given a certa in  set of cu rren t and
wave conditions, tra n sp o rt
function of w ater depth  (

a t a nartiqu la r location is only a
S  = A ( x  , y j / l  b ); here, h  denotes 

w ater depth  and  b is a cbnstant. In  th is  case, the  value of A 
a t each horizontal point (x,y) can be derived directly from the  
local w ater depth  and  th e  in itia l tran sp o rt rate, w hich m ay be 
com puted using  a sophisticated  tran sp o rt model. This approach 
m eans th a t  th e  downslope preference of bedload (w ithin th e  in i­
tia l tran sp o rt rate), as well as w ind-driven cu rren t effects (w ith­
in  th e  tran sp o rt rate, averaged over a tid a l cycle) is included. A 
com bination of th e  sedim ent balance equation, together w ith 
th e  equation  cited, requires very little  com putational effort (this 
m ethod h as been im plem ented in  Delft3D-RAM, R apid A ssess­
m en t Module). W ithin m orphodynam ically active areas, such as 
estuarie s  and  ou ter deltas, th e  RAM m ethod m ay still work well 
enough to be applied as a rap id  updating  scheme. As soon as the  
seabed change becomes too large, full sim ulation  of th e  hydro­
dynam ics and  sedim ent tran sp o rt is carried  out for a num ber of 
inpu t conditions. A w eighted-average sedim ent tran sp o rt field 
is th en  determ ined, w hich is th e  basis for th e  nex t RAM com pu­
ta tion  over, for example, a year. An im portan t observation can 
be m ade th a t  (costly) com putations, to upda te  wave, flow and 
tran sp o rt fields, can be carried  out in  parallel; this, in  addition 
to th e  simplified updating  scheme, leads to  a significant reduc­
tion  in  th e  sim ulation  tim e (com pared to a FPBM  approach). 
W ith th is  approach, i.e. th e  coupling of th e  hydrodynam ic 
FPBM  Delft3D and  th e  RAM module, m orphodynam ic sim ula­

tions (covering decades to  centuries) are feasible, in te rm s of 
com putational effort. However, experience of applying such a 
process-based model, on tim e-scales longer th a n  50 years, is 
lim ited.

Finally, all of these  models suffer from variab ility  in, and  e r­
rors associated with, th e  inpu t and  th e  boundary  conditions.

Idealised process-based models (IPBM)
Idealised  process-based m odels are  m orphodynam ic m od­

els, in tended  especially to describe th e  dynam ics (generation, 
grow th, m ain tenance) of reg u la r sea-bed p a tte rn s . Such m od­
els are  based  also upon physical equations, such th a t  they  
h ave  alm ost th e  sam e lim its as th e  full process-based models, 
in  re la tion  to  lack  of know ledge (or p a ram ete rised  incorpora­
tion) of sm all-scale processes. However, th e  m odels are  devel­
oped and  u sed  for w ell-defined applications, to iso late certa in  
phenom ena, e.g. sandbank  generation . C om pared to  th e  full 
p rocess-based models, idealised  m odels assum e sim plified ge­
om etry, in p u ts  and  boundary  conditions; and  such, IPB M  are 
generally  m uch less expensive, com putationally . The sim pli­
fied in p u ts  im ply th a t  th e  hydrodynam ic forcing is quite sim ­
plified, and  th a t, a t leas t u n till now, th e  ex trem e events are 
no t described explicitly. As in p u ts  a re  simplified, th is  im plies 
th ey  have been  designed m ain ly  to provide inform ation  (pre­
ferred  w avelength, o rien tation , sa tu ra tio n  height, or shape for 
ce rta in  conditions) on th e  free behav iou r (n a tu ra l evolution 
w ithou t any  tem poral change in  th e  forcing) of th e  system  
(e.g., san d b an k  generation  over a fla t bed).

The IPBM  models assum e an in itia l sea-bed pertu rbation  
w hich is, m athem atically , infin itesim al with, for instance, the  
am plitude being several orders of m agnitude less th a n  the  
w ate r depth. Subsequently, th e  aim  of these  m odels is to  de­
te rm ine  w hether th is  seabed p e rtu rba tion  will grow, or decay, 
w ith  tim e; likewise how it will evolve. H ereinafter, as a s ta rting  
poin t of a stability  analysis, a physically-relevant and  exact so­
lu tion  of th e  constituen t equations is required. For example, for 
an  application to offshore bedforms, th e  basic sta te  (the solution 
of the  zeroth-order equations) is th a t  of a flat bed. Therefore, 
th e  hydrodynam ic and  bed  evolution equations are  solved for 
an  in itia l flat bed, leading to horizontally-uniform  solutions. 
T his basic sta te  is p e rtu rbed  by a rb itra ry  sm all periodic bed 
waves, denoted by a 2D wave-vector (the module is inversely 
proportional to th e  w avelength and  th e  direction is perpendicu­
la r  to  th e  bedform  crests), allowing for all com binations of bed 
w avelengths and  orientation. For some wave-vectors, these  p e r­
tu rb a tio n s decay w ith tim e; for others, th e  basic s ta te  becomes 
u nstab le  and  some of th e  d istu rbances will grow. Thus, evolving 
into a regu la r p a tte rn  of finite am plitude. An im portan t aspect 
of th e  idealised process-based m odels is th a t  the  equations are 
solved pa rtly  in  spectral space (the space of w avelength and  the 
o rien tation  of bedforms) and  pa rtly  in th e  physical space, in ­
s tead  of in th e  physical space of th e  full process-based models 
(e.g., Delft3D). For cases of uniform ity in  both  horizontal direc­
tions, th e  equations are  even solved fully in  th e  spectral space. 
(Dodd et al. (2003) have un d ertak en  a review of th e  different 
types of stab ility  analysis). The two m ain  classes are  th e  linear 
and  th e  non-linear stab ility  models. The first approach yields 
inform ation on th e  in itia l stage of form ation (linear in teractions 
only): for instance, for bedform  generation, th e  assum ption of a 
bedform  am plitude m uch sm aller th a n  th e  w ater depth  is re la t­
ed directly to th is  linear approach. If la rger bedform s are  con­
sidered, non-linear in teractions occur and  h igher-order te rm s 
in  th e  bed  am plitude have to  be tak en  into account.
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Conceptual models (CM)
The conceptual models, also re fe rred  to as behav iour-ori­

en ted  models, a ttem p t to  describe th e  general behav iou r of a 
phenom enon, w ithout en te ring  into deta ils of th e  underly ing  
physical processes. The derivation  of these  m odels is based  of­
ten  upon bo th  m easu rem en ts  an d  physical conservation  (for 
in stance  th e  sed im en t-m ass balance). H a n s o n  et al. (2 0 0 3 )  
have provided an  overview of th ese  m ethods, for use  in  coastal 
regions.

A typical conceptual m odel focussing upon offshore d redg­
ing h a s  been  developed by K n a a p e n  and  H u l s c h e r  (2002). 
These investiga to rs developed a m odel describing th e  reg en ­
e ra tion  of san d  waves, following th e ir  rem oval, to increase th e  
w a te r dep th  for navigation . B ased  upon th e  stab ility  model 
of H u l s c h e r  (1996), to g e th e r w ith  th e  know ledge th a t  sand  
w aves reach  equ ilib rium  w ith  a fin ite  height, K n a a p e n  and  
H u l s c h e r  (2002) assum ed  th a t  th e  san d  wave am plitude A fol­
lows th e  equation:

ÔA 3
—  =  a, A -  anA 
d t  1

W here A is th e  bedform  am plitude, coefficient is re la ted  
to  th e  lin ea r grow th and  a„ to  th e  equ ilib rium  height. This 
generic equation, re fe rred  usua lly  to  as th e  L andau  equation, 
appears  in  m any  w eakly non -linear stab ility  analyses (D odd  
et al., 2003), in  w hich th e  coefficient a„ can be derived from 
th e  (m athem atical) w eakly non-linear analysis. K n a a p e n  and  
H u l s c h e r  (2002) show ed how th e  coefficients a7 and  a„ can  be 
derived, u sing  d a ta  and  th e  lin ea r model. The coefficient a l  
could be deduced from th e  stab ility  m odel of H u l s c h e r  (1996). 
A lternatively , th e  coefficients a t and  a„ could be es tim a ted  by 
fitting  th is  m odel to  th e  re su lts  of any o ther model. T his r e ­
m ark  is im portan t, if th e re  is only lim ited  inform ation  ava il­
able on th e  regenera tion  of la rg e r san d  p a tte rn s , for w hich th e  
tim e-scales are  even larger.

ASMITA (A ggregated Scale M orphological In te rac tion  b e ­
tw een  a T idal in le t and  th e  A djacent coast; S t iv e  and  W a n g ,
2003) provided an o th e r exam ple of a behav iour-o rien ted  m od­
el. T his m odel describes th e  evolution of a tid a l inlet, tow ards 
a new  equilib rium  forced by ex te rn a l conditions or geom etric 
in terven tions. T his concept w as applied  firstly  to  th e  W adden 
Sea by E y s in k  (1990), who derived an  analy tica l expression for 
th e  m orphological evolution of a d isturbance, from th e  equ i­
lib rium  s ta te  for a single elem ent. ASMITA is an  extension 
and  aggregation  of th e  ESTM ORF m odel (S t iv e  e t al., 1998). 
A ggregation is re la ted  to  th e  fact th a t  each m orphological e le­
m en t is ch arac te rised  by only one variable, i.e. its  equ ilib rium  
volume. The underly ing  princip le is th a t  each elem en t (delta, 
channel, flat) a ttem p ts  to reach  a new  equilib rium  sta te . A l­
though  ASM ITA w as orig inally  no t designed to inves tiga te  th e  
effects of san d  extraction , th e  concepts can be applied  also to 
th is  problem . In s tead  of identify ing m orphological un its, th e  
schém atisa tion  can be b ased  also upon a com putational grid. 
The exchange betw een  th e  cell-in terfaces is de term ined  by ad- 
vection an d  diffusion of th e  sedim ent. The advective sed im ent 
exchange can be e s tim a ted  from th e  re s id u a l tid a l m otion p re ­
dicted by a process m odel (e.g., Delft3D or Telemac). Sedim ent 
diffusion is b ased  upon an  estim a te  of th e  equilib rium  sed i­
m en t concentrations, w hich depends upon th e  ra tio  betw een 
th e  ac tu a l w a te r dep th  an d  an  equ ilib rium  depth  (typically, 
th e  u n d is tu rb ed  am bien t w ate r depth).
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F ig u re2 . Influence of ch annel dim ension on sed im en ta tion  andh o rizo n ta l 
d isp lacem ent of channel, a fte r 50 years  (Van Rijn an d  W als tra , 2002). 
Note: re su lts  ob ta ined  w ith  SLTTRENCH.

All of th ese  conceptual m odels a re  based  upon a nu m b er of 
assum ptions, such as, for instance, th a t  a dredged sandw ave 
w ill recover its  orig inal am plitude; these  have  to be checked 
carefully, independen tly  w hen, using  th ese  models.

Offshore Impact of Offshore Extraction

Offshore extraction on a flat bed
The offshore im pact of offshore extraction , on a fla t bed, h a s  

been  stud ied  using  th e  two types of models: full process-based 
and  idealised  process-based models. F or conceptual models, 
ind ications on possible fu tu re  use  are  provided.

Full process-based models (2DV, 2DH and 3D). Sev­
era l levels of com plexity of full process-based m odels have 
been  applied  to, th e n  com pared w ith  sim ilar cases. Van R ijn 
et al. (1999), stud ied  th e  m orphodynam ics of a trench , u sing  
SLTTRENCH; th is  is a 2DV model, b ased  upon advection- 
diffusion equations for com puting th e  bed  sed im en ta tion  in 
channels u n d e r vary ing  wave an d  flow conditions. The model 
calculates, in a tim e-dependen t mode, sed im ent tra n sp o rt in 
response to  cu rren ts  and  waves, as well as changes in bed  lev­
els. U sing th is  model, th e  influence of th e  channel dim ension 
on sed im en ta tion  an d  th e  induced ho rizon ta l d isplacem ent of 
th e  channel, over 50 years, h a s  been  stud ied  (F igure 2). The 
study  p red ic ts th a t  th e  w a te r dep th  outside th e  m ining p it h a s  
th e  g rea test influence on its  m orphological evolution (F igure 2,
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Figure 3. Plan view of LDS (LDS is the pit location), measurement locations and measured tracks.(a) : overview of pit location (LDS is pit location; 
LEG is the offshore wave station); (b) : plan view of LDS, with measurement locations (blue) and tracks (red), (from Walstra et al., 2002).
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F igure  4. Sedim entation-erosion  an d  yearly  re s id u a l tra n sp o r t ca lcu la ted  in  2D H  (a) an d  3D (b). (from V an Rijn et al., 2003)

u p p er panel); th is  is in  response to th e  effect of w a te r dep th  on 
th e  sed im ent tra n sp o rt capacity. In  contrast, th e  p it geom etry 
and  its  dim ensions have m uch less effect on th e  m orphologi­
cal evolution of th e  pit. F igure 2 (lower panel) shows also th a t 
w ide p its  have a la rg er m orphological tim e-scale th a n  deep 
pits, w hich have  also a sm aller m ig ra tion  ra te ; th is  is “favour­
able” as it m in im ises th e  im pact on th e  coastline. However, 
com parison w ith  2D H  m odels shows th e  im portance in  rep ro ­
ducing th e  flow contraction  th a t  occurs in  th e  trench , w hich 
w as no t included  in th e  SLTTRENCH sim ulations.

W a l st r a  et al. (2003) va lid a ted  th e  Delft3D m odel in  both  
dep th -averaged  (2DH) and  3D-mode. In  th e  sed im ent t r a n s ­
p o rt module, th e  m odel tak e s  in to  account bedload, suspension 
and  wave effects. The 2DH m odel h a s  been  u sed  to  study  the  
sedim entation-erosion, as well as th e  an n u a l res id u a l t r a n s ­

port, in  an  offshore p it in  th e  N orth  Sea; th is  w as located 10 
km  off th e  D utch  coast, n e a r  th e  H oek van  H olland  (F igure 3). 
These re su lts  (F igure 4a) have been  com pared to th e  re su lts  
ob ta ined  w ith  th e  3D model, Delft3D (F igure 4b). B oth m odels 
p red ict th a t  m ost changes occur in  th e  im m ediate  v icin ity  of 
th e  pit, w ith  erosion ju s t outside th e  p it an d  sed im en ta tion  
m ain ly  on th e  p it slopes. However, th e  3D sim ulation  re su lted  
in  significant la rg e r changes in  th e  morphology. In  particu lar, 
sed im en ta tion  on th e  longshore p it slopes is m ore pronounced 
in  th e  3D resu lts ; th is  is caused  m ain ly  by secondary cross­
shore flows, re la ted  to  th e  p resence of th e  p it an d  density -driv­
en flows (visible c learly  in  th e  res idua l tra n sp o rts  pa tte rn s). 
The 2DH sim ulation  p red ic ts n o rth eas te rly  tran sp o rt, p ara lle l 
to  th e  m ain  tid a l direction; th is  leads to  m orphological chang­
es occurring m ostly  on th e  p it slopes, perpend icu la r to  th e

x io* 2DH morphodynamic model results
4.54
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F igu re  5. P lan  view of th e  evolution of a sandpit, c rea ted  on a fla t bed, subject to tid a l flow (M2 an d  M4). The deeper p a r ts  are  show n in  black, w ith  
th e  shallow er p a r ts  w hite, th e  u n d is tu rb ed  seabed is grey. D om ain size: app rox im ately  70 x 70 k m 2. (Roos and  H ulscher, 2003).

m ain  tid a l direction, re la ted  to th e  acceleration  and  decelera­
tion  of th e  flow. However, th e  3D sim ula tion  pred ic ts  th a t  the  
p it location LDS a ttra c ts  sed im en t from  all directions, w hich 
re su lts  in  sou thw ard  tra n sp o rt over th e  n o rth e rn  p a r t  of the  
pit. B ased upon surveys of th e  p it area, W a l st r a  et. al. (1997) 
concluded th a t  th e  3D m orphodynam ic sim ula tions provided 
a  m ore accura te  prediction. However, such a  conclusion can­
no t be va lida ted  definitively, because of th e  absence of reliable 
m easu red  seabed changes (i.e. th e  observed bed changes w ere 
of th e  sam e o rder as th e  m easu rem en t error). M oreover, the  
re la tive  sm all tim e-scale considered (one year) w as too sho rt 
to draw  any  definite conclusions.

Idealised process-based models. U sing an  idealised  
process-based m odelling approach, Roos and  H u l s c h e r  (2004) 
investiga ted  th e  m orphodynam ic effects of crea ting  a large-

scale san d p it (2m deep, 15km length , and  w id th  of 1km), in  
a  flat region of th e  offshore seabed (in a w a te r dep th  of 20m). 
The re su lts  show th a t  flow contraction  occurs, increasing  the  
w a te r flux inside th e  pit. Such convergence of th e  s tream lines 
of th e  dep th -averaged  flow, inside th e  pit, can be explained by: 
th e  continu ity  law  of th e  flow en te rin g  and  leaving th e  pit, the  
reduced friction inside th e  pit, due to th e  increased  depth , and  
th e  ad ap ta tio n  length .

The m orphodynam ic im plication  of th is  phenom enon 
is a g rad u a l deform ation  of th e  san d p it in  th e  p referred  d i­
rection  of san d b an k  form ation, together w ith  th e  appearance  
of add itional hum ps next to th e  p it (F igure 5).T his m orphody­
nam ic response is re la ted  d irectly  to th e  in h e ren t in s tab ility  of 
an  in itia lly  fla t seabed, w hich develops in to  a  p a tte rn  of tid a l 
san d b an k s over a tim e scale of abou t 1000 years ( H u t h n a n c e ,
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Figure 6. P redicted  relative bottom  changes due to sand  extraction  (bottom changes of the land  reclam ation  are ignored, ex traction  a rea  ind icated  by 
green polygon): (a) plot of the p redicted  changes, a fte r 50 years, w ith  Delft3D-RAM: (b) plot of the  p redicted  changes, a fter 300 years, w ith  ASMITA.
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1 9 8 2 ) .  The re su lts  d isplay also p it m ig ra tion  in  th e  direction 
of th e  tid a l asym m etry  w ith  th e  response depending upon the  
p it geom etry. F u therm ore , th e  inclusion of sandw ave form a­
tion  processes leads to h ig h er ra te s  of p it m ig ra tion  (Roos et 
a l ,  2 0 0 5 ) .

Conceptual model. To date, conceptual m odels re la ting  
to  an  offshore san d  p it have still to  be published. The lack 
of m easu red  d a ta  m akes it difficult to v a lida te  such models. 
Some conceptual m odels have been  applied  to  study  seabed 
dynam ics, in th e  case of sand  p it ex traction  (see th e  ASMITA 
m odel (next p a rag rap h  on com bined models)), b u t th ey  are  not 
designed to  reproduce th e  dynam ics of th e  p it itself. A possible 
approach  could be to  exam ine a san d  p it resu ltin g  from m in ­
ing, as an  in itia l p e rtu rb a tio n  from  th e  equilib rium  flat bed. 
A ssum ing th a t  th e  in terfe rence effects (F igure 5) of Roos and  
H u l s c h e r  ( 2 0 0 4 )  are  avoided, re laxation  theo ry  assum es th en  
th a t  th e  infilling of th e  p it will be:

In  the  case of a negative grow th p a ram e te r (aJ<0), th e  depth 
D  of th e  p it will decrease, exponentially  to zero. The value of 
th is  grow th p a ram e te r h as to be estim ated; presently , th is  can 
no t be determ ined  from m easurem ents. As th e  seabed dynam ics 
on the  length  scales being exam ined will tak e  place on very long 
tim e-scales (over decades), a reliable calibration would require 
surveys spanning  decades. N evertheless, process-based models 
reveal th a t  th e  dynam ics of such a p it depends strongly on the  
shape, size and  orien tation  of th e  p it (Roos and  H u l s c h e r ,  2004; 
V a n  R i j n  et a l ,  1 9 9 9 , W a l s t r a  et a l ,  2003). This conclusion im ­
plies th a t  calibration of th e  conceptual model should be applied 
to a wide range of p it sizes, shapes and  orientations. I t will be 
a long tim e before such m easurem ents, on a wide range of pits, 
w ould be available, i.e. regard ing  th e  num ber of all possible p it 
size, shapes and  orien tation  to  span, as well as th e  long m or­

phological tim e-scale associated to  p it dynamics. A lternatively, 
th e  conceptual model could be fitted  against a com bination of 
ou tpu ts from process-based models. Once th e  conceptual model 
is tu n ed  against resu lts  of various process-based models runs, 
it could be a rapid, yet reliable, and  therefore a useful decision­
m aking  tool for seabed m ining m anagem ent.

Combined models. In  W a l s t r a  et a l  (1 9 9 7 ) ,  Delft3D (a 
full process-based model) and  ASMITA (a conceptual model) 
w ere applied  sim ultaneously , to  investiga te  th e  large-scale ex­
trac tio n  of 1 billion cubic m e te rs  of sand  for land  reclam ation  
(M aasvlakte-2), a t th e  R o tterdam  h a rb o u r in  th e  N e therlands 
(F igure 6). Delft3D-RAM  sim ulations, over 50 years, p red ic ted  
th a t  th e  effects of th e  san d  ex traction  (a low ering of 10 m, in ­
side th e  g reen box in F igure  6) w ere confined to th e  im m ediate 
su rround ings of th e  ex trac tion  area. The ASM ITA sim ulation, 
covering a 300 y ea r period, reveals th a t  th e  m orphological ef­
fects a re  p resen t over a significantly  la rg er a rea  (the effects on 
th e  coast w ere no t included). An im p o rtan t advan tage  in  using  
th e  ASMITA conceptual m odel w as th e  possib ility  to  perform  
a sensitiv ity  analysis, over th e  300 y ea r period. The sensitiv ­
ity  analysis  concluded th a t  th e  m odel pred ictions w ere robust, 
i.e. p a ra m e te r varia tion  re su lted  in  linear, or alm ost linear, 
effects on th e  m odel output.

Offshore extraction on sandbanks
Sandbanks are  charac te ris tic  of con tinen ta l shelves w ith  a 

h igh  supply of sand  and  sufficiently strong  tid a l cu rren ts. The 
B elgian con tinen ta l shelf, in  th e  sou thern  p a r t of th e  N orth  
Sea, is covered ab u ndan tly  w ith  th ese  large s tru c tu re s  and  
h a s  been  stud ied  extensively (L a n c k n e u s  et a l ,  2001). All th ree  
m odel types (full process-based, idealised  process-based, and  
conceptual models) have  been  u sed  for studying  th e  offshore 
ex trac tion  from sandbanks.

F u ll process-based m odels (2DH). FPBM  m odels are  u sed  
often for investiga ting  th e  behav iour of th e  sea bed; th e ir  ap ­
p lication  to  san d b an k  m orphodynam ics is no t stra igh tfo rw ard

A il 8_

F igure  7. D im ensionless grow th ra te : (a) idealized  process-based  m odel (linear s ta b ility  analysis): (b) fu ll p rocess-based  m odel (Telemac). Note: on 
th e  F igure , wave num ber k  is  in  th e  direction of th e  tid a l cu rre n t, w hereas wave n um ber 1 is perpend icu lar. W ater depth=30 m. G ra in  size=0.5 mm. 
S trik le r  coefficient=55 m l/3 s - l . D epth  in te g ra te d  veloei ly= I m /s. M orphological I i m e-seale=303 years, (from Id ier a n d  A struc,2003).
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and  only lim ited  applications have  been  u n d ertak en , espe­
cially on th e  influence of sand  ex traction  from sandbanks. 
However, p a r t  of th e  dynam ics h a s  been  studied; for instance, 
th e  ability  of a FPB M  to reproduce san d b an k  genera tion  (Idi­
e r  and  A s tr u c ,  2003). H ydro-sed im entary  p a tte rn s  of dredged 
sandbanks have also been  m odelled ( D e le u  et al., 2004); these  
s tud ies as described below.

B ased upon idealised process-based model resu lts  (linear 
2DH stability  analysis), together w ith those of a full process- 
based  model (Telemac), I d ie r  and  A s tr u c  (2003) have studied  
th e  linear and  non-linear behaviour of large-scale u n derw ater 
bedform  pa tte rn s, such as sandbanks. The model is based  upon 
dep th -in teg ra ted  hydrodynam ic equations, w ith a quadratic  
bottom  friction law  (Telemac2D), together w ith a bed load sedi­
m en t tran sp o rt model including a bottom  slope effect (Sisyphe, 
a module of th e  Telem ac package). F irstly, th e  stab ility  of a flat 
sand  bed  subject to  a simple tid a l cu rren t w as computed, using 
th e  Telem ac model. Sm all am plitude sinusoidal bedform s are 
superim posed upon th e  fla t bed. They are characterised  by a 
single w avelength and  orientation, rela tive to th e  current. The 
grow th ra te  of th is  eigenm ode h as been defined as:

dh  _  -  
—  + C0 .V/? = co /?
dt

^ w ith  h th e  bedform  am plitude, CO th e  grow th ra te  and  
C0(? th e  m igra tion  ra te . Good ag reem en t w ith  th e  lin ea r s ta ­
b ility  re su lts  w as found (F igure 7). Secondly, th e  Telem ac 
m odel w as u sed  to  inves tiga te  th e  non-linear behav iour of th e  
instab ility , for a sim ple tid a l curren t; m ore specifically, to e s­
tim a te  th e  sa tu ra tio n  he igh t of th e  theore tica lly  m ost-am pli­
fied mode. Thirdly, a L an d au  equation, whose coefficients are 
com puted from th e  prev ious resu lts , w as u sed  to p red ict th e  
tem poral evolution of th e  bedform  am plitude from its  in itia l 
in fin itesim al am plitude  to  sa tu ra tio n . A com parison w ith  th e  
charac te ristics of con tinen ta l shelf sandbanks shows th a t  th e  
m odel provides a reasonab le  estim ation  of th e  tem poral dy­
nam ics of th ese  large-scale bedform s. The sa tu ra tio n  heigh t 
appears  to  be slightly  overestim ated, w hich is due to  th e  study  
hypothesis (the study  is focused on th e  tem poral v a ria tions of 
one mode, assum ing  th a t  th e  “linearly  m ost am plified” mode 
will be th e  dom inan t mode in  th e  non-linear regim e). How ­
ever, th is  study  h as  show n th a t  full process-based m odels are 
able to reproduce th e  generation  of bedform s, whose charac­
te ris tic s  a re  close to  those  of th e  sandbanks; it h a s  show n also 
a p a r t of th e  san d b an k  he igh t sa tu ra tio n  processes, since for 
large enough am plitudes, th e  m odel is able to  provide negative

'f g m '

F igu re  8. D efinition ske tch  of a san d p it, as c rea ted  in  a one­
dim ensional equ ilib rium  profile of a tid a l sa n d b an k  (after Roos, 2004): 
(a) p it  geom etry h_pit(x), show ing w idth  B, depth  H  (and  slope leng th  
S), (b) th e  sam e p it, now  crea ted  a t th e  crest of a tid a l sa n d b an k  in 
m orphodynam ic equ ilib rium  h_eq(x). Notes: (i) th e  p it  location re lative, 
to th e  b an k  profile, is an ad d itional ch a rac te ris tic  of sa n d  ex trac tion  
(com pared to th e  fla t-bed  case) an d  (ii) th e  m odel assum es alongbank 
uniform ity , i.e. th e  b an k s an d  p its  a re  in fin ite ly  long.

grow th ra te  for m odes w hich w ere am plified in itially . F u r th e r ­
more, th is  publication  provides an  exam ple of how to combine 
various approaches (here, full process-based m odel (Telemac), 
idealised  process-based m odel (linear stab ility  analysis), and  
conceptual m odel (L andau  equation)).

The H inder B anks (lying to th e  N orth  Sea) and  the  F lem ish 
B anks are  non-idealised sandbanks stud ied  w ith in  th e  fram e­
w ork of th e  CSTAB project (and also th e  BLTDGET -L a n k n e u s  
et al., 2001- MAREBASSE -V an  L a n c k e r  et a l ,  2007- or ELT- 
MARSAND projects). W ithin th e  CSTAB project, W illia m s  et al. 
(2000) applied a th ree-dim ensional model to th e  M iddelkerke 
B ank. The model included tid a l currents, w ind w aves and  sedi­
m en t tran spo rt. The resu lts  reveal th e  presence of a clockwise 
residual circulation of w ate r around  th e  bank, w hich is consist­
en t w ith  theory. F u rther, all of th e  stud ies un d ertak en  showed 
th a t th e  sandbanks are  a reas of a changing spatia l depositional 
budget, due to complex hydrodynam ic forcing. Likewise, san d ­
b an k s should be seen as p a r t of a system  of sw ales and  san d ­
banks. Such resu lts  ass ist in u n d ers tand ing  th e  tem poral and  
spatia l evolution of tid a l sandbanks.

A nother exam ple of a full p rocess-based m odel applied  to 
sandbanks is a study  u n d e rtak en  by D e le u  et al. (2004) in 
w hich th e  W esth inder B ank  (Belgian con tinen ta l shelf) h a s  
been  m odelled using  a m orphostatic  model; th is  consists of an 
hydrodynam ic module, mu-HAB, an d  a sed im en tary  module, 
mu-SED IM . These investiga tions provided inform ation  on 
cu rren t p a tte rn  an d  sed im ent c irculation  a round  th e  bank.

Idealised process-based model. In  th e  field, two types 
of sandbanks a re  found: tid a l sandbanks (sandbanks orien ted  
counter-clockwise to  th e  m ain  cu rren t in th e  N o rth e rn  H em i­
sphere) and  shoreface-connected ridges (sandbanks lying 
closer to  coastline an d  orien ted  clockwise to  th e  m ain  storm  
induced cu rren t). The ex traction  of m arine  aggregate  h a s  been 
stud ied  for bo th  of th ese  fea tures.

The stab ility  m odel p resen ted  above (Section 2.3.1) consid­
e rs  a fla t bed  and, as such, is th u s  no t su itab le  for studying  
th e  im pact of san d  ex traction  from tid a l sandbanks. For th is

O.i

X  0« .  
c

0

F ig u re  9. P red iction  of th e  sa n d  wave grow th in  B isanse to  C hannel 
(Japan). The m odel is b ased  upon th e  L an d au  equation  (dashed  line) 
an d  th e  lin ea r  tre n d  analysis (do tted  line), bo th  b ased  upon a m odel 
p a ra m e te r  tu n n in g  on th e  firs t th re e  m easu rem en ts  (before 1968). 
(from K naapen  a n d  H ulscher, 2002).
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purpose, th e  fin ite am plitude  equ ilib rium  profiles w ere ob­
tained , w ith  th e  non-linear san d b an k  m odel provided by Roos 
et al. (2005). Sand  ex traction  from a tid a l sandbank  can be 
seen as a local p e rtu rb a tio n  of such a profile (F igure 8). Roos 
(2004) show ed th a t, a fte r c rea ting  such a pit, th e  system  shifts 
to  a new  equilib rium  sta te . The corresponding tim e-scales are 
of th e  order of a century; they  are  sho rtest for deep an d  narrow  
p its  c rea ted  in  th e  c res ts  of th e  banks. I t is im p o rtan t to  realise  
th a t  th e  above m odel approach considers san d  ex trac tion  from 
each ind iv idual bank, w ith in  a periodic profile; thus, all of the  
b an k s  are  considered to  be identical. As a resu lt, th e  p o ten tia l 
in te rac tion  betw een  a sandbank , w ith  a p it and  su rround ing  
b an k s  (w ithout a pit), cannot be studied . Such a lim ita tion  
(lack of localisation) is in h e ren t in  such an  idealised  model.

E lsew here, a stab ility  analysis approach  h a s  been  u sed  by 
D e  S w a e t  and  C a l v e t e  (2003) to study  th e  im pact of extraction  
on shoreface-connected ridges. The m odel is b ased  upon no n ­
lin ea r stab ility  analysis. The m ain  processes ta k e n  into ac­
count were: storm -driven  cu rren ts; 2D H  shallow -w ater eq u a ­
tions; bedload and  suspended  sed im ent tran sp o rt; th e  action 
of waves; n e t cu rren ts; an d  seabed slopes. In  particu la r, these  
investiga tions have show n th a t, following th e  local rem oval 
of sand, th e  system  ten d s  to re tu rn  to  its  orig inal equilibrium  
sta te . T his g radua l process, occurring over several centuries, 
is associated  w ith  a supply of sand, from  b o th  th e  o u te r shelf 
and  th e  n ea rsh o re  zone. Thus, ex traction  of san d  from  the  
shelf (shoreface-connected ridges), to g e th e r w ith  th e  dredging 
of nav igation  channels, m ay have negative im plications for 
th e  stab ility  of th e  ad jacen t beach.

Conceptual models. To th e  know ledge of th e  authors, 
th e re  is only one conceptual m odel w hich h a s  been  proposed, 
in  re la tion  to  offshore dredged sandbanks (H o m m es , H u l s c h e r ,  
and  S t o l e ,  subm itted). Previously, K n a a p e n  an d  H u l s c h e r
(2002) app lied  a conceptual m odel to  dredged sandw aves, a s ­
sum ing th a t  th ey  will recover th e ir  in itia l am plitude, a fter

Scenarios 1 -3
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■—  Scenario 2 
—  Scenario 3

I  5.5

4.5

3.5

50 100 150 200 250 300 350 400 450 500 550 600 
time (years)

Figure 10. Results obtained from an amplitude-evolution model. In 
the model runs, the amplitude before dredging (A0) was taken as 7.5 
m, which is similar to the amplitude of the Zeeland ridges (see text). 
The scenarios shown are: scenario 1 (dredging depth=2m); scenario 
2 (dredging depth=5m); and scenario 3 (dredging depth=9m). (from 
Hommes, Hulscher, and Stolk, submitted).

dredging. The grow th of such tid a l sandw aves followed a logis­
tic  equation , as illu s tra te d  in  F igure  9:

ÔA 3
—  =  a, A -  anA 
ÔT 1

In  H o m m e s , H u l s c h e r , and  S t o l e , subm itted , th is  m odel is 
ad ju s ted  to  p red ict th e  regenera tion  of ‘san d  ridges’ (techni­
cally, th e  sam e as sandbanks), following dredging (F igure 10). 
P a ra m e te r  se ttings have  been  e s tim a ted  from th e  sandbank  
study  of H u l s c h e r  (1996). A value for th e  lin ea r grow th p a ­
ra m e te r a l  w as estim ated , based  upon th e  physical processes 
an d  for typical N orth  Sea conditions. The non-linear dam ping 
p a ra m e te r  a2 w as e s tim a ted  from ba th y m etric  d a ta  available 
for sandbanks. A ssum ing th a t  th e  sandbanks a re  in equ i­
lib rium  w ith  p revailing  cu rren t conditions, i.e. no tem poral 
change, th e  equation  reduces to:

The coefficient a„ w as estim a ted  by assum ing  an  equ ilib ­
rium  sandbank  he igh t of 15 m, th is  is a typ ical he igh t for th e  
Z eeland ridges. The m odel gives th e  recovery period, w hich 
is th e  tim e ta k e n  for th e  dredged bedform  to reach  its  form er 
heigh t. The influence of th e  dredging dep th  on th e  recovery 
period  w as investigated , e.g., assum ing  th a t  th e  crest of th e  
sandbank  will be low ered by 2 m  and, using  these  coefficients, 
th e  recovery period  w ould be about 400 years. A fter tu n in g  
th e  m odel ag a in s t a com bination of field m easurem en ts, idea l­
ised  process-based m odels and  full process-based models, th e  
m odel’s sim plicity m akes it a very usefu l tool for designing 
op tim al sandbank  m in ing  stra teg ies.

T his approach, based  upon a logistic equation , assum es a 
low ering of th e  com plete sand  bank . The dependency on h o ri­
zontal p it size (shown in F igure 2) can  be incorporated  only by 
pit-size dependen t m odel coefficients; likewise, th e  effect of p it 
m ig ra tion  needs to  be negligible.

Discussion on nearshore impact o f offshore extraction
The influence of w aves on sed im ent tra n sp o rt is stronger, 

generally, in th e  nearsh o re  area. However, no t all of th e  avail­
able offshore m odels in teg ra te  such w ave-induced sedim ent 
tra n sp o rt processes. However, th e  offshore m odels can ass ist 
also in  th e  evalua tion  of coastal dynam ics, as they  a re  able 
to  explain  how m ining activ ities influence sed im ent tra n sp o rt 
p a tte rn s  tow ards th e  shore. One im pact of a bed  depression  on 
th e  ad jacen t coastline is th e  m odification of th e  induced wave 
p ropagation . Such m odification could have  a d ras tic  effect on 
th e  shoreline. The study  of th e  re la tionsh ip  betw een  th e  n e a r­
shore a rea  and  offshore san d  ex traction  is still u n d e r  investi­
gation, e.g., u sing  field m easurem en ts, it is difficult to re la te  
p roperly  offshore san d  ex traction  and  beach  evolution.

Full process-based modelling h as been used  previously w ith ­
in  th e  CSTAB project (M acD o n a ld  and  O 'C o n n o r , 1996). The 
project included m odelling and  field experim ents u n d ertaken  
on th e  M iddelkerke B ank  (the Belgian con tinen tal shelf) and  
th e  adjacent N ieuw poort beaches. On th e  basis of field obser­
vations, these  investigations concluded th a t  sandbanks afford 
sub s tan tia l protection to  th e  coast and  th a t  th is  effect m ay be 
reduced by rising  m ean  sea level and  dredging activities.

The re la tionsh ip  betw een  sandbanks an d  th e  shoreline w as 
inves tiga ted  also in  th e  project “U nd erstan d in g  th e  B ehaviour
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Table 1. Synthesis on the long-term approaches.

A d v a n ta g e D r a w b a c k O u tp u ts T im e /sp a c e  sc a le

L esser et al. (2004), 
w ith  Delft2D/3D 
(full process-based)

Q uite  reliab le  resu lts , on 
th e  short- or m id-term  
(Van R ijn  et a l., 1999; 
Tonnon et al., 2007; 
S u th e rla n d  et al., 2004; 
N icho las et a l,  2004)

H ighly sensitive to quality  of local boundary  and  
in itia l conditions
Tim e-consum ing, for sensitiv ity  analysis

C u rren t
W ave
S edim ent flux 
B ed evolution

F ew  m eters to hundreds 
km
M inutes to decades

R oos a n d  H ulscher 
(2004) (idealised 
process-based)

Process analysis 
(geared to describe an 
iso la ted  phenom enon, 
in  an  idealized  case, eg, 
sand b an k  dynamics)

H a rd  to se t up a  stab ility  analysis model.
Problem  of vahdation  of th is  approach (Peters and  
H ulscher, 2006).
cannot be  used  in  site-speciffc situations, e.g. the  
K w inte B ank.

C u rren t 
S edim ent flux 
B ed evolution

F ew  m eters to hundreds 
km
Decades to cen tury

Hommes et al.
(subm itted)
(conceptual)

N ot tim e-consum ing. 
E asy  to use

F ie ld  d a ta  requ ired
R equire qualita tive support from  process-based 
m odel resu lts , or from  field  experience (check 
i f  th e  m odel is  appropria ted  for th e  considered 
configuration ?)

p it/sandbanks
am plitude

E vent scale, or long-term

and  E ng ineering  Significance of Offshore and  C oastal Sand 
B anks” (W h it e h o u s e , 2001). The influence of b an k  changes, 
on coastal sed im en t tra n sp o rt an d  m orphodynam ics w as a s ­
sessed  using  num erica l coastal process-based m odels (S o u t h ­
g a t e  and  B r a m p t o n , 2001), w hich show ed th a t  th e  beach gen­
erally  supplies th e  banks, if th e  sand  is exchanged betw een 
th e  beach  an d  th e  bank . O ther field s tud ies have confirm ed 
th is  behaviour: beach-bank  exchange occurs, for exam ple, a t 
D onna Nook on th e  L incolnshire C oast (DTK).

Idealised  process-based models, no t specifically nearsho re  
models, can also be used. F or exam ple, a stab ility  analysis 
h a s  been  perform ed on shoreface-connected sand  ridges by de 
S w art an d  C alvete (2003). In  addition  to  th e  offshore im pact, 
th is  study  provides inform ation  on th e  n earsh o re  im pact of 
offshore ex traction  on th e  ridge.

H a n s o n  et al. (2003) have  provided an  overview of nearsho re  
m odels (especially, conceptual models), to  study  th e  im pact on 
th e  shoreline, including waves.

Main characteristics of the three approaches: examples
E xam ples show how th e  th ree  approaches com plem ent each 

o ther. Table 1 lis ts  some of th e ir  characteristics: advantages, 
d isadvantages, outpu ts, and  tim e/space scales; th e  la t te r  are 
som ew hat re la ted . T his re la tionsh ip  can be show n using  lin ­
e a r  stab ility  analysis, w here th e  m orphological tim e-scale is 
re la ted  to th e  sp a tia l scaling. For instance, in  Id ie r and  A struc
(2003), th e  m orphological tim e-scale (hundreds of years) is re ­
la ted  to th e  tid a l excursion leng th  (hundreds of kilom etres).

In  general, eng ineering  s tud ies use  FPBM  to analyse m or­
phodynam ic changes; th ey  ap p ea r m ore reliable, because they

Model validation for sandbank/sandpit generation

Model application for aggregate extraction impact on sandbanks

CM: Field observation on 
equilibrium sandbank height

FPBM: hydrodynamica! model 
Regional hydrodynamic

IPBM: li near stability analysis 
-» Sandbank generation 

Initial Sandpit behaviour

FPBM: morphodynamic 2DH/3D model 
-» Sandbank generation 

Initial Sandpit behaviour

CM: Landau equation use 
— Long term sandbank 

height evolution and 
associated time scales (eg: 

recovering time)

IPBM: non linear stability 
analysis 

Long term sandbank 
behaviour and associated 

time scales (eg: recovering 
time)

FPBM: cross-shore model 
Impact of offshore hydrodynamic and sediment 

fluxes changes on nearshore dynamics

FPBM: morphodynamic 2DH/3D 
model

* Impact on wave and current field, 
up to nearshore 

Short-term sandbank behaviour 
(extreme events like storms)

F ig u re  11. S chem a exam ple of m odel coupling for th e  im p ac t s tu d y  of offshore agg regate  ex trac tion , in  a  sa n d b an k  a rea . T erm s: IPB M  - Idealized  
p rocess-based  m odel ; F P B M  - F u ll p rocess-based  m odel; a n d  CM - C onceptual m odel.
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contain  descrip tions of all th e  processes. Occasionally, a CM 
is used: ASMITA for problem s a round  tid a l in le ts  (K r a g t w i.jk  
et al., 2004), and  th e  one-Line m odel (D e m ir  et al., 2004) for 
coastal changes. The IPB M  h a s  so fa r been  u sed  only rarely; 
th ese  m odels are  a com bination of th e  CM (which is in tu itive  
and  easy to  u n d ers tan d ) an d  th e  com plete FPBM . The models 
con tain  m ost, b u t no t all, of th e  processes; they  a re  difficult to 
u n d e rs ta n d  (less in tu itive), especially  if non-linear effects are 
incorporated. However, they  can  provide re lev an t inform ation 
(to o rders of m agnitude) on long-term  tem pora l an d  spa tia l 
scales ( P e t e r s  and  H u l s c h e r , 2006).

E ach of th ese  m odel approaches is dependent upon location 
and  th e  hydro -sed im entary  conditions of th e  su rroundings. For 
instance, FPB M  m odels need  sufficiently refined b a th y m etric  
data , in  o rder to  estab lish  re levan t com puta tional grids. IBPM  
can requ ire  also a range of regional data, in  case it is applied  
“po in t by po in t”, as in  V a n  d e r  V e e n  et al. (2006). H ere, a s ta ­
b ility  analysis m odel is applied  to th e  whole of th e  N orth  Sea, 
u sing  GIS d a ta  for in p u t param ete rs . For exam ple, CM models 
requ ire  sed im en tary  d a ta  (ASMITA), or th e  tem poral evolu­
tion  of th e  b a th y m etry  (the L an d au  approach).

LTpon th e  m odel being set up, a genera l problem  w ith  them  
is th e ir  validation: in  th e  absence of long-period tim e-series, it 
is difficult to  a scerta in  th e  m odel accuracy.

DISCUSSION ON THE USE OF MODELS 
TOWARDS COASTAL STATE INDICATORS 

Coastal State Indicators
From  a C oastal Zone M anagem ent (CZM) perspective, the  

possib ility  of san d  ex traction  is de te rm ined  by physical, socio­
economic and  ad m in is tra tiv e  contexts. R ational CZM will be 
based  upon an  in teg ra ted  analysis of th e  various com ponents. 
A coastal m anager w ill requ ire  a ra tio n a l decision-m aking 
p rocess ,tha t is bo th  tra n sp a re n t and  reproducible. S trateg ic  
CZM objectives th a t  a re  som etim es vague need  to  be t r a n s ­
la ted  in to  (specific) opera tional objectives. An im portan t 
com ponent of th is  process is th e  definition of a set of C oastal 
S ta te  Ind ica to rs (CSIs). E ach ind ica to r is re la ted  to a specific 
coasta l-user function, e.g. coastal safety, navigation , offshore 
in frastru c tu re .

The first question  on th e  use  of th e  m odels is: w hich model 
or approach is th e  m ost app rop ria te  for e stim ating  coastal 
s ta te  indicators?

F or exam ple, a n u m b er of ind ica to rs are  listed  below, to ­
ge ther w ith  exam ples of m odels w hich could be u sed  to  e s ti­
m ate  th e  indicator.
• S and  budget in th e  offshore, ex tending  to  th e  nearsho re  

zone: num erica l m orphodynam ic m odel (Delft3D) (Class: 
FPBM )

• W ave height: num erica l wave m odel (SWAN, REF-DIF) 
(Class: FPBM)

• T idal cu rren t: num erica l cu rren t m odel (Delft3D) (Class: 
FPBM )

• S andbank  height: non-linear stab ility  analysis (Roos et al.,
2004) (Class: IPBM)

• Recovering tim e, a fte r extraction: L an d au  equation  (Class: 
CM)

• S hort-term  sandbank  h e igh t variab ility  (extrem e events): 
n um erica l m orphodynam ic m odel (Delft3D) (Class: FPBM)

These offshore m odels can be u sed  also as boundary  condi­
tions for eng ineering  cross-shore models, to estim a te  C oastal 
S ta te  Indicators:
• beach profile : cross-shore m odel LTNIBEST-TC, SBEACH,

CROSMOR (class: FPBM);
• coastline accretion/erosion: longshore m odel GENESIS, 

UNIBEST-CL+, LITPACK (class: FPBM).

Discussion on Model Use
This review h as  p resen ted  several types of estab lished  m od­

els, for assisting  in th e  assessm ent of th e  im pact of m arine ag­
gregate extraction, on e ith e r a flat bed or w ith in  sandbanks. 
The approaches followed are: full process-based; idealised  proc­
ess-based; and  conceptual modelling. On th e  basis of these  s tu d ­
ies, th e  m ain  physical processes to tak e  into account appear to 
be: tidally-, w ind-driven flows and  flow contraction phenom ena, 
requ iring  a 2DH description; bedload tran sp o rt (including the  
bed  slope effect); and  th e  w ave-stirring  effect, in  th e  case of ex­
trac tion  on finite am plitude bedforms. All of these  models are 
dependent, in  a m ore or less detailed  way, upon location and  
hydro-sedim entary  conditions of th e  surroundings.

E ach of these  model approaches provides re levan t inform a­
tion, on different aspects of th e  problem: tim e-scales; seabed 
stability; and  hydrodynam ic modification. Thus, it appears 
w orthw hile to couple these  models, to  estab lish  a b roader view 
of th e  system  behaviour, e.g. from aggregate extraction  to  the 
equilibrium  re tu rn  of th e  system . Full process-based sandbank  
m odels w ere designed in itia lly  for short- and  m id-term  applica­
tions, w hereas idealised process-based, together w ith  conceptu­
al sandbank /sand  spit models, a re  designed for long-term  fore­
casts. Thus, combining these  different model approaches would 
lead  to a tem poral and  spatia l continuity  in  coastal dynamics. 
For instance, th is  could help to b e tte r  assess long-term  m or­
phodynam ics, tak in g  into account th resho ld  effects associated 
w ith  extrem e events (e.g. b reaching generation).

An exam ple of how to use  and  couple each of th e  th re e  ap ­
proaches, to  study  aggregate  ex traction  im pact, is show n in 
F igure  11. The full-process m odel could be ca lib ra ted  using  
availab le  short-period survey data . The idealised  process m od­
el m ight be ca lib ra ted  ag a in s t th e  sam e d a ta  or, if  required, 
ag a in s t a com bination of th e  d a ta  and  some short-period ru n s  
of th e  full process-based model. These m odels should th e n  be 
able to  provide some p re lim inary  fo recasts of th e  im pact of th e  
san d  m ining. However, bo th  m odels ta k e  a long tim e  to  run , so 
it  is im practical to analyse th e  consequences of all possible siz­
es of p its, to ge ther w ith  th e ir  shapes an d  o rien tations. I t would 
be m ore efficient to fit a conceptual m odel to  th e  process-based 
models, to analyse th e  wide range of possible p it dim ensions. 
Subsequently , th e  m ost su itab le  p it could be analysed, u sing  
th e  process-based models, to  en su re  th a t  th e  re su lts  a re  re li­
able. R unning  d ifferent models, associated  w ith  vary ing  th e  
m odel p a ram e te rs  w ith in  rea listic  boundaries, w ill re su lt in 
an  estim a te  of th e  accuracy of th e  predictions.

However, it  should  be n o ted  th a t  m orphodynam ic m odel 
v a lid a tio n  is often  h am p e red  by a lack  of re liab le  m easu re ­
m en ts  of long-term  b a th y m e tr ic a l changes an d  associa ted  h y ­
drodynam ica! p a ra m e te rs  (prim arily , w aves an d  wind). Thus, 
th e re  is a n eed  also to  acqu ire  an d  provide such da tase ts . 
P e t e r s  an d  H u l s c h e r  (2006) have  show n also th a t , w ithou t 
fu ll va lida tion , m odels can  s till a ss is t in  th e  decision-m aking 
process, concerning large-scale  san d  m ining. Indeed, focuss­
ing  on th e  u se  of a new  m odel (IPBM, stab ility  analysis) in 
decision-m aking  for offshore large-scale  san d  extraction ,
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th e se  inv es tig a tio n s have  a tte m p te d  to: (1) ev a lu a te  w h e th e r 
m odel v a lid a tio n  a ss is ts  th e  decision-m akers; an d  (2) explore 
how to im prove th e  m odel an d  its  use. I t  ap p ea rs  th a t  v a lid a ­
tion  w ill reduce only one com ponent of th e  u n ce rta in tie s ; as 
such, it is insuffic ien t to  a ss is t decision-m akers. E ven if th ey  
a re  no t va lida ted , m odels can  s till p rovide “early  w a rn in g s”. 
T his observation  is confirm ed by th e  w illingness of one of 
th e  decision-m akers involved in  large-scale  san d  ex trac tion  
to  u se  a new  m odel approach  (based upon  s tab ility  analysis) 
th a t  is no t fully  v a lid a ted  ( P e t e r s  an d  H u l s c h e r , 2006). Such 
a stu d y  h a s  iden tified  how to im prove th e  model, to g e th e r 
w ith  its  use, by decision-m akers, b a sed  upon th e  C onstruc­
tive  Technology A ssessm en t (CTA) m ethod. T his approach  
m odu la tes th e  in te rac tio n  betw een  th e  m odel design proc­
ess an d  th e  decision-m aking  process. S ta r tin g  w ith  a new  
m odel an d  in te rac tin g  w ith  m anagers, leads to feedbacks 
betw een  m odel design an d  th e  decision-m aking  process, to 
d em o n s tra te  how th e  new  m odel can  be im proved. Such an 
im provem ent h a s  led  to  th e  m odelling study  perfo rm ed  by 
Roos an d  H u l s c h e r  (2003).

To estim ate  as m any CSIs as are  p resen tly  available, it is 
possible to use a set of existing models. H o m m e s , H u l s c h e r , and 
S t o l e , subm itted, have investigated  w hether using  such a set 
of m odels is m ore helpful in  addressing  m anagem ent questions, 
th a n  using  only th e  best model w ith in  th is  set. The selected 
models w ere assessed in  te rm s of: (1) th e ir  applicability to th e  
CSIs; and  (2) th e  reliability  of th e ir  predictions. H o m m e s , H u l s ­
c h e r , and  S t o l e , subm itted, quantified  th e  prediction skill of 
th e  models, based  upon these  two param eters. These investiga­
tions concluded th a t, by using  a set of models, it is possible to 
address m ore m anagem ent questions effectively; th is  is com­
p ared  to  using only th e  best model available. U sing th is  set of 
models increases substan tia lly  th e  prediction capability.

CONCLUSIONS

This review provides an  overview of: (1) th e  m odel concepts 
available to  assess th e  im pact of aggregate  offshore extraction; 
(2) how to u tilise  th ese  models, to  ob tain  an op tim al env iron­
m en ta l assessm en t of offshore m arine  aggregate  extraction, 
in tid a l seas.

T hree  m ain  concepts h ave  been  identified: th e  fu ll p roc­
ess-based  m odels; th e  idea lised  p rocess— b ased  m odels; and  
th e  conceptual m odels. U n til now, th e  idea lised  process- 
b a sed  m odel h a s  been  th e  approach  w hich h a s  b een  applied  
m ost, for in v es tig a tin g  th e  m orphodynam ics of a dredged  
fla t bed  or san dbanks . F u ll p rocess-based  m odels h ave  been  
u sed  m ain ly  to  stu d y  th e  m orphodynam ics of a p it, san d b an k  
g enera tion  an d  th e  influence of th e  d redg ing  of san d b an k s  
on h y d ro -sed im en tary  p a tte rn s . Only a lim ited  n u m b er of 
dredging  s tu d ies  have  been  u n d e rta k e n  u sin g  conceptual 
m odels. O ne exception is a stu d y  concerned w ith  th e  recov­
ery  tim e  of d redged  san dbanks . The m ain  conclusion of th is  
review  is th a t  none of th e  m odels have  been  valida ted , to  p ro ­
vide re liab le  p red ic tions of th e  im pact of large-scale  m ining, 
on th e  m orphodynam ic stab ility  of th e  region. However, th e  
d ifferen t approaches com plem ent each o ther, supp ly ing  th e  
en d -user w ith  a ran g e  of ‘tools’ for in v es tig a tin g  th e  im pact. 
As v a lid a tio n  over (long) periods of in te re s t is no t y e t p oss i­
ble, th e  only w ay to  ob ta in  a re liab le  in s ig h t in to  th e  fu tu re  
im pacts is to com bine th e  d ifferen t m odelling  approaches 
and, concurren tly , deal w ith  th e  u n c e rta in ty  of th e  forecasts.

A su ite  of m odels or coupled m odels ap p ea rs  to  prov ide th e  
m ost com plete descrip tion  of th e  system  beh av io u r (flat bed  
or sandbanks), following ex trac tion . All of th ese  m odels are  
s till dependen t upon location an d  th e  h y d ro -sed im en tary  
conditions of th e  su rround ings.

F or an  op tim al env iro n m en ta l assessm en t, tw o m ain  a p ­
p roaches are: (1) e ith e r com bine an d  couple th e  m odels, in 
o rder to s im u la te  th e  fu ll m orphodynam ics of th e  system  over 
a long tim e-scale, ta k in g  in to  account also sh o rt-te rm  event; 
or (2) u se  a se t of ex is ting  m odels, know ing p recisely  th e ir  a p ­
p licab ility  to  th e  C SIs an d  th e  re liab ility  of th e i r  pred ictions, 
r a th e r  th a n  u sin g  only th e  b e s t model, availab le  p resen tly .

E ach of th e  m odels p resen ted  in  th is  contribution, classified 
in to  one of th e  (3) approaches, can still be im proved an d  b e n ­
efit from on-going research , e.g. on sed im en t tran sp o rt. In  p a r ­
ticu lar, th e  full process-based an d  th e  idealised  based-m odel, 
would benefit from such an im provem ent. However, th e  con­
clusions d raw n h ere  w ould no t be modified significantly.
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