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Symbols 

coefficient 
reference level or bed-houndary level 
amplitude of orhital excursion 
width 
Chézy coefficient 
concentration 
concentration at reference level 
depth-averaged concentration 
sedimentation rate 
downward sediment transport at reference level 
particle size parameter 
median particle size 
channel depth 
dissipation rate of turbulence energy 
npward sediment flux at reference level 
sediment trapping efficiency of dredged channels 
acceleration of gravity 
wave height 
significant wave height 
water depth 
turhulence energy 
equivalent or effective bed roughness height 
length 
significant wave length 
number of time steps 
number of vertical grid points 
mean static fluid pressure 
porosity factor 
discharge 
cross-section integrated sediment transport (volume) 
depth-integrated sediment transport (volume) 
bed-shear stress parameter 
momentaneous value of bed-shear stress parameter 
significant wave period 
time 



local flow velocity in longitudinal (x) direction 
cross-section averaged flow velocity 
amplitude of orbital velocity 
bed-shear velocity 
flow velocity at water surface 
flow velocity at mid depth 
cross-section averaged flow velocity in flow direction 
local flow velocity in vertical (z) direction 
particle fall velocity 
longitudinal coordinate 
vertical coordinate 
zero-velocity level 
bed level above a horizontal datum 

coefficient 
angle of approaching current with channel axis 
ratio of sedimeni and fluid mixing coefficient 
smoothing coefficient 
angle of channel side dope 
thickness of mixing layer near bed (for waves) 
relative density (under water) 
time step 
space step in longitudinal direction 
space step in vertical direction 
fluid mixing coefîicient 
sediment mixing coefficicnt 
coefficient 
contant of Von Karman 
kinematic viscosity coefîicient 
density 
standard deviation of bed shear strcss 
timc-avcragd bed-shear stress 
time-averaged effective bed-shear stress 
turbulence-damping factor 
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Subscripts 

a 
b 
br 
C 

cw 
cr 

f 
h 
m 

R 
S 

1 
W 

o 

C 

mdX 

at refcrence level 
bed, bottom 
breaking conditions for waves 
current 
current and waves 
critica1 
equilibrium conditions 
fluid 
at water surface 
at mid depih 
maximum value 
resulting, relative 
suspended, sediment, significant 
total 
wave 
at inlet boundary (x = O) 
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1 Introduction 

The construction of a tunnel or a pipeline or a new harbour generally requires the 
dredging of a channel or trench in a river or estuary. Depending on the geometry 
of thc channel, various morphological prohlems may arise such as sedimentation and 
erosion of the channel bed, local erosion near the head of the tunnelelements placed 
in the channel and local instability of the side slopes of the channel. 
Especially of importance îor the client as wel1 as the contractor are the 
morphological changes of the channel bed, which are caused by a local change of 
the flow velocity and hence the sediment transport capacity resulting in 
sedimentation in the deceleration zone and erosion in the acceleration zone of the 
channel. 
As a result of serious sedimentation problems which did occur in some large tunnel 
trenches dredged in the years 1960 to 1970 in the Netherlands, the Dutch Office for 
Public Works (Rijkswaterstaat) has requested the Delft Hydranlics Laboratory to 
develop a mathematical model for sedimentation predictions. The purpose of such 
a model should be the estimation of the sedimentation in relation to the channel 
geometry. This study, which started in 1972 within the framework of the applied 
research programme of the Rijkswaterstaat, resulted in a two-dimensional vertical 
mathematical model for suspended sediment (SUTRENCH-model), as reported by 
the Delft Hydraulics Laboratory (1975), (1977), (1980a), (1980b), by Kerssens, 
Prins and Van Rijn, (1979) and by Van Rijn (1980, 1984). 
In Chapters 2, 3, 4, 5, 6, and 7 of the present communications report a detailed 
description of the SUTRENCH-model is given. in chapter 8 the flow field in a 
channel oblique to the llow is described. In Chapter 9 the influence of the most 
important hydraulic parameters on the predicted sedimentation rates is shown. 
Finally, an extensive verification analysis concerning llume experiments and field 
studies is given (pipe line channel in  the Western Scheldt Estuary, the Netherlands; 
tunnel trench near Rotterdam; navigation channel near Korea). 
Futura1 developments wil1 be focussed on quasi-three dimensional modelling of the 
snspended sediment transport to deal with converging, diverging and reversing 
nows. 
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2 Basic equations and simplifications ïor local suspended sediment 

2.1 Continuity equation for constant width 

The basic equation for the sediment continuity of the time-averaged variables in 
tbe two-dimensional (vertical) plane reads, as followc (van Rijn, 1984): 

- +- ( !Ac) -  - e&cw- + - ( ( w - w * ) c ) -  - c,,,,,-- = o (2.1) 
at ax ax a ( i:) iTZ ac a 

az a ( ai] 
in which: 
c 
U 

W 

M'S 

%,," 

= mean local concentration (kslm3 1 
= mean local flow velocity in x-direction (mis) 
= mean local flow velocity in z-direction (m/s) 
= particle fall velocity (mis) 
- - 6s,,+~,T,, = sediment mixing coefficient for combined 

cnrrent and wave conditions (m2/s )  
= current - related sediment mixing coefficient ( m 2 / s )  
= wave -related sediment mixing coefficient (m2/s )  
= longitudinal coordinate (nz) 
= vertical coordinate ì 

Assuming steady state conditions and neglecting the lonyitndinal diifusive 
transport, which usually is an order of magnitude smaller than the other transport 
terms (van Rijn, 1984), Equation (2.1) reduces to :  

Equation (2 .2)  can be solved numerically when the flow velocity, the sediment 
mixing coefficient, the particle fa11 velocity (assumed io be a constani parameier), 
the geometrical and physical boundary conditions are known. 

For equilibrium conditions Equation (2.2) reduces to 

ac 
c w,+8s,cw- = o (2.3) aZ 
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2.2 Continuity equation for varying width 

Assuming the local flow velocity and the local sediment concentration to be 
constant in lateral (y) direction, the suspended sediment transport in a laterally 
diverging or converging flow can be represented (to some extent) by introducing 
the width (b) of the fiow. A laterally varying flow may either be R laterally- 
bounded channel with a varying width (river) or a streamtube with a varying 
width in a two-dimensional horizontal fiow field. Integration of Equation (2.2) over 
the width, yields: 

d a 
-(büc)+ -(b(w-w,)C)- ax az (2.4) 

Equation (2.4) is the basic equation of the SUTRENCH-model. 
The width of the channel or streamtube must be known a priori (field or model 
measnrements, or mathematical model results). 
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3 Flow velocity profiles 

3.1 Introduetion 

To solve Equation (2.4), the flow velocity profiles along the traject must be known. 
Various mathematical models can be applied to describe the flow velocity profiles, 
depending on the degree of perturbation of the flow (large or smal1 bed level 
gradients). 

For complicnted floivs including those with flow reversal (steep sided channels), a 
refined mathematical approach is of essential importance. A good representation of 
the velocity profiles can be obtained by using a K-Epsilon model, which is the most 
universal and widely used model for complicated flows (Rodi, 1980; Alfrink and 
van Rijn, 1983; van Rijn 1983b). 
For Ion-term morphological computations, however, the K-Epsilon model is not 
attractive because of excessive computation costs. Therefore, a more simple model 
based on flexible velocity profiles and siinple îirst order diffetential equations was 
developed (PROFILE-model). A fundamental drawback of this latter model is the 
need îor empirica1 data over a wide range of conditions to calibrate tbe applied 
coefficieitts. When calibrated properly, however, the PROFILE-model is a powerful 
method for the engineering practice (reasonable results îor low costs). 

For gradually unryirzg f’lows the application of a sophisticated mathematical model 
is not very efficient because the velocity profiles wil1 be almost equal to those in a 
horizontal uniform flow. These conditions can be represented sufficiently accurately 
by logarithmic velocity profiles. 

Since the flow conditions in practice may difîer widely depending on the bed level 
gradients, two versions of the SUTRENCH-model have been developed: 

I model for complicated flows without waves, . model for gradually varying flows with waves. 

3.2 

Since the application of a K-Epsilon model for longterm morphological computations 
is not very attractive becaase of excessive compntation costs, a more simpie flow 

Velocity profiles for complicated flows (PROFILE model) 
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model based on the application of flexible velocity profiles as suggested by Coles 
(f965), was developed. A major disadvantage of this approach is the need for 
empirica1 data over a wide range of bydraulic conditions to calibrate the velocity 
profiles. However, when calibrated properly, the PROFILE-model is a very 
powerful method to compute the velocity profiles of complicated flows including 
those wiih flow reversal. The PROFILE-model is the basic method of the 
SUTRENCH-model to compute the velocity profiles. 

3.2.1 Longitudinalflow velocity 

Coles (1965) showed that the velocity profiles in a non-uniform flow can be 
described by a linear combination of a logarithmic profile representing the law of 
the wal1 and a perturbation profile representing the influence of pressure gradients. 
In  the present study a similar approach has been wed. The velocity profile is 
described by (see also Figure 1): 

in which 
U 

uh 
zo 
ks = effective bed roughness 
h = water depth 
A l  = dimensionless variahle 
A2 = dimensionless variable 

= flow velocity at height z above bed 
= flow velocity at water surface (z = h )  
= zero-velocity level (zo = 0.03 ks) 

The perturbation-profile F represented by : 

Figure I Dehition sketch. 
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Thc Az - variable can be determined by applying the boundary condition, u = uh 
for z = h resulting in: 

I 

(3.3) 

Combining Equations (3.1) (3.2) and (3.3) yields 

u = A I u h I n  (io> - +uh [ l - A l l n  (3]b(z)'-(E3]2' - (3.4) 

The flow velocity profile, as descrihed by Equation (3.4), is completely defined 
when the unknown variables A l ,  t and uh are specified. Therefore, three additional 
equations must be specified, which are: 

o equaiion of continuity, 
equaiion for the t-parameter, 

e equation for thc snrface flow velocity (uIi). 

CONTINUITY 
The width-integrated discharge can be represented by : 

h 
Q = 6 J u dz (3 .5)  

zo 

in which : 

Q = discharge 
6 = width 

Substitution of Equation 3.4 in Equation 3.5 and integration yields: 
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t-PARAMETER 
Analysis of flow velocity profiles measured in a channel perpendicular to tlie flow 
direction (Delft Hydraulics Laboratory, 1980a) showed that the mid-depth velocity 
at each location is approximately equal to the mid-depth velocity of a uniform 
(equilibrium) flow with the same flow velocity and water depth at  that location. 

Thus : 

~ ~ m i d - l e , > f l i  = u"2icl-de!J,l,, epi,ilibri,<ia (3.7) 

The tnid-depth velocity is assunied to be described by Equation (3.4) resulting in: 

The mid-depth velocity for an equilibrium flow can be described by (see paragraph 
3.3.1): 

Combining equations (3.7), (3.8) and (3.9), it follows that : 

Figure 2 shows some velocity profiles according to Equations (3.6) and (3.10) for a 
given Q, h, h and uh indicating that the method is capable of representing a wide 
range of velocity profiles including those with flow reversal. 

SURFACE VELOCITY 

The spatial variation of the water surface velocity is dcscrihed by a simple first 
order differential equation which yields an exponential adjustment of the surface 
velocity to the equilibrium surface velocity as follows: 

(3.11) 



in which : 

U k e  = surface velocity for equilibrium flow (Equation (3,21)), (mis) 
(m)  h =water depth 
(m ) b = flow width 

(6 )  

E,, xi, x3 = empirica1 (calihration) coefïcients 

-1.0 -a5 0 0.5 1.0 1.5 2.0 2.5 
--* ftow velocity, K 

U 

uh = 0.38 mis t = 0.36 A ,  = -0.385 
-. - L I n  = 0.48 m/s 1 = o A L  = 0.162 

uh = 0.72 mis t = 1.42 A,  = -0.0145 
uh = 0.96 m/s t = 1.42 A ,  = -0.118 

__- 

Figurc 2 Velocity profiles accordiiig to PROFILE-model. 

3.2.2 Computation procedure 

Equation (3.11) can be solved numerically by using a simple Runge-Kutta method. 
The surface velocity at the iiilet (uh,o)  must he known. 
The complete set of Equations (3.6), (3.10) and (3.11) is now defined and can he 
solved to determine the A , ,  t and uh variables. Using Equation (3.4) the velocity 
profiles can be computed at each location. 
The input data for the PROFILE-model are: discharge (Q), width ( b )  and depth 
( h )  along the traject, effective bed-roughness ( k J ,  Constant of Von Karman ( K )  and 
tlie surface velocity (uh.o) at the inlet. 

3.2.3 Calibration 

The coefficients which have to he calibrated are the a l ,  x2 and a3 - coefficients of 
Equation (3.11). For that purpose measured velocity profiles in a channel 
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perpendicular to the flow direction were used (Delft Hydraulics Laboratory, 
198Oaj. Seven experiments with various channel geometries and hydraulic 
conditions (TI, T6, T7, T8, T13, TI4 and T16j were selected. Based on fitting of 
measured and computed velocity profiles the al and a2 - coefficients were found to 
be dependent on the local bottom dope (dhldx), as follows: 

ai = 0.28+0.11 tanh [6(dh/dx)-0.15] 

a2 = 0.235+0.065 tanh [17(dh/dx-0.035)] 

(3.12) 

(3.13) 

The a3-coefficient represents the adjustment of the surface velocity to lateral (widthj 
variations. Since experimental data were not available, the a3-coefficient could not 
be calibrated. Therefore, an expression is applied which yields a grdduai 
adjustment of the surface velocity, as follows: 

a j  = 0.1 tanh[lO(db/dx)] (3.14) 

ü.Zm/s iongitudinai velocity '0.1 m/s verticai velocity E H K-H 

$ .- ol 0.10 

v 0.30 

o) 
L 

-0.10 

-0.30 

j distance x(m) 

0.30 
N. 
f> 

o) 
L 

6 0.10 .- 
-0.10 

-0.30 f 3.00 3.50 4.00 4.50 
distance x(m) 

--- computed longitudinal flow velocity of K-Epsilon model 
- computed longitudinal flow velocity of Profile model 
-.--- compuled vertical flow velocity of Profile model 

equivalent roughness = 0.02 m 
Von Karmdnn constant = 0.35 
discharge = 0.12 m2/s 

A measured longitudinal velocity 

Figure 3 Measured and computed velocity profiles in B channel perpencidular !o the tìow. 
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Figure 3 shows computed and measured velocity profiles in a channel 
perpendicular to the flow (T14). The agreement between measured and computed 
velocity profiles is reasonably good in the acceleration zone but less good in the 
declaration zone of the channel. The results of a K-Epsilon model are also shown. 
Tlie resulis of the PROFILE-model and tlie sophisticated K-Epsilon model show 
siinilar deviations compared with the measurcd values. 
Finally, it may be noted that the experimental results show serious tliree- 
dimensional effects, particularly in the deceleration zone. This is indicated by the 
specific discharge (per unit width) in the centre line of the flume, which is relatively 
smal1 in the deceleration zone compared with the valne at the inlet. 

3.2.4 Verticafflow velocity 

Applying the (width-integrated) equation of continuity for the fluid : 

1 û(bu) aw 
-~ + - = O  
b ax a2 

the vertical flow velocity ( w )  can be computed as (see Figure 1): 

(3.15) 

(3.16) 

Substitution of Equation (3.4) and integration yields a (complicated) analydcal 
expression for the vertical flow velocity. 

3.2.5 Bed-shear velocity 

The bed-shear velocity (u,) is determined from the flow velocity computed at  a 
height z = 0.05 h above the bed assuming a logarithmic profile in the near-bed 
layer (z < 0.05 h )  as follows: 

IE Ub 

(3.17) 

in which : 

ub 
tc 

h = water depth 
zo 

= flow velocity a t  z = 0.05 h above mean bed 
= Constant of Von Karman 

= zero-velocity level (= 0.03 k,)  



3.3 Velocity profiles for gradually varying flows with waves 

For gradually varying îlow conditions (say dh/ùx 6 0.05 and db/dx < 0.05) the 
application of a sophisticated method to compute the velocity profiles is not very 
efficient because the velocity profiles wil almost be equal to those for a uniform 
(equilibrium) flow. It is assiimed that for these conditions the velocity profiles can 
be represented sufficiently accurately by simple logarithmic profiles. The influence 
of the waves on the (time-averaged) velocities is nit represented in the present 
study. 

3.3.1 Longitudinalflow oelocity 

The logarithmic velocity profile is represented by : I 
I 

in which: 

A i  = roughness parameter 
= surface velocity for an equilibrium flow 

ZO = zero-velocity level (= 0.03 lc,) 
k ,  = current-related bed-roughness 

Applying the boundary condition: u = uh at z = h, it follows that: 

1 
4, =- 

In(:) 

(3.18) 

(3.19) 

Substitution of Equation (3.18) in the continuity Equation (3.5) and integration 
yields : 

Substitution of Equation (3.19) in Equation (3.20) yields: 

(3.20) 

(3.21) 
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The bed-shear velocity follows from: 

(3.22) u*,< 
A l  = 

I< 

resulting in: 

(3.23) 

Equation (3.23) yields similar results as the following (well-known) expression : 

Q u*,.  = - - 
C bh 

in which: 

g = acceleration of gravity 

= Chèzy coefficient 

3.3.2 Verticnlflow uelocity 

Applying the width-integrated equation of continuiíy : 

lû(bu) ûw 
h dx az 

+ - = o  

the vertical flow velocity can be coinputed as: 

Combining Equation (3.18) and (3.26) it follows that: 

20 

(3.24) 

(3.25) 

(3.26) 

I 27 ì 



in which : 

d x  

dx  [ - 1 +in(:)]’ 

d A ,  d h  _ =  - 

dx h [ ln (31 ’’ 
1 dh 

dX b h 2 d x  b 2 h d x  

u = -  - Q  
bh 

(3.28) 

(3.29) 

(3.30) 

(3.31) 
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4 Fluid and sediment mixing coefficient 

4.1 Introdnction 

The sediment mixing coefficient is related to the fluid mixing coeiìïcient as follows: 

Es = B Q , q  (4.1 ì 

in which: 

cs = sediment mixing coefficient 
eI = flnid mixing coefficient 

qb = turbulence damping factor 

(m’is) 
(m’is) 

( -  ) 
( - )  

= ratio sediment mass mixing and nuid momentum mixing coefficients 

The p-factor represents tlie difference in the diffusion (or mixing) of a fluid 
‘particle’ (or small coherent íiuid structure) and a discrete sediment particle and is 
assumed to be constant over the water depth. Based on experimental data of 
Coleman (1970), the p-factor was found to be in the range 1 to 3 (van Rpn, 1982a). 
The +factor expresses the damping of the turbulence by the sediment particles 
resulting in a reduction of the fluid mixing coefficient. This effect was studied by 
van Rijn (1982a). For concentrations smaller than 10,000 mgfl the influence of the 
&factor is relatively small and may, therefore, be neglected for most practica1 
cases. 

4.2 Mixing coefïicients for complicated flows (PROFILE-model) 

Since the computation of the fluid mixing coefficient by a sophisticated 
mathematical model (K-Epsilon turbulence model) is not attractive for long-term 
morphological computations because of excessive computation time, a more simple 
method based on the application of flexible profiles was developed. Flnid mixing 
coeificients computed by a K-Epsilon turbulence model for a limited set of hydraulic 
conditions were used for calihration of the simple profile-method. 

4.2.1 

In vertical direction a parabolic-constant profile is used which means a constant 

Vertical distribution offluid mixing coefficient 
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(maximum) value in the upper half of the depth and a paraholic distribution in the 
lower half of the depth, as follows (see Figure 4): 

z 
for - 0.5 (4.2b) c, = Cf," ,UX 

C = fl EJ (4 .2~)  

h 

I I 

Figure 4 Vertical distribution of fluid mixing coeífiçienl. 

The reason for applying a constant a,-value in the upper half of the depth is that it 
yields a finite concentration at the water surface and more realistic concentrations 
in the upper part of the depth (van Rijn, 1982a). The parabolic-constant 
distribution was introduced by Kerssens (1977). 

4.2.2 Longitudinal distribution ofjluid mixing coejficient 

The variation of the mixing coefficients in longitudinal direction is effectuated by 
varying the es,.,,,-value applying a simple first order differential equation, as 
follows : 

I I1 111 

in which : 

E,,,,,,, = 0.25 K u,,,h = maximum fluid mixing coefficient 

uh 

U = cross-section averaged velocity 

for equilibrium (uniform) conditions 
= surface velocity according to Equation (3.11) 

. 
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= bed-shear velocity for equilibrium conditions 
according to Equation (3.23) (mis) 

IC = Constant of Von Karman ( - )  
h = water depth ( - )  
mq,  c ( ~  = emperical coefficients ( - 1  
Term i represents the decrease of the f,,r,,a,-value towards its equilibrium value. 
Term I1 represents the increase of the e,,,.,-value after a change of the fiow 
velocity profile. Term 111 is a stabilizing term acting at steep sloping bottoms. 
Equation (4.3) can he solved numerically for a given ef,,fl,,-value at the inlet 
(x = O). 

4.2.3 Calibration 

The mq- and a,-coeficients wcre determined hy calibration using mixing coefficient 
distributions computed hy the K-Epsilon modcl for various channel geometries, 
yielding : 

a+ = 0.05 
~ 1 5  = 0.015 

Figure 5 shows some calihration results for a chunnel perpendicular to the flow. 
Generally, the values of the K-Epsilon model are somewhat smaller in the upper half 
of thc dcpth atid somewhat liirger in the lower half of the depth, particularly in the 
acceleration zone. These deviations donot seriously influence the predicted 
sedimentation rates of dredged channels (van Rijn, 1984). 

- camputed by K-Epsilon model 
- compiited by Profile-model 

Figiirc 5 Camputed fluid mixing coeflicients foor u chnnnel perpendiculur 10 thc flow 
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4.3 Mixing cnefficients fnr gradually varying flnws with waves 

In case of a gradually varying flow (dh/dx < 0.05, db/dx i 0.05) it is assumed to be 
acceptable to use simple mixing coefficient distributions, as used for equilibrium 
(uniform) conditions. 

4.3.1 Current ulone 

For equilibrium conditions the sediment mixing coefficient usually is represented 
by a parabolic distrihution: 

in which: 

u*,, = bed-shear velocity for a current alone according 
to Equation (3.23) 

Equation (4.4) yields a zero-concentration at the water surface, which is not very 
realistic. Therefore, in the present study a parabolic-constant mixing coefficient 
distributiou, introduced by Kerssens (1977), is applied : 

z 
for - > 0.5 (4.5h) 

h cS,< = es,c,m,x = 0.25í~’lcu,,,h 

Equation (4.5) is shown in Figure 6. 
The e,,,,,,,-value is equal to the maximum value of the parabolic distribution 
according to Equation (4.4). 

water surface 

bad 

Figure 6 Current-relafed mixing coenicients. 
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4.3.2 Waves alone 

Based on the analysis of concentration profiles generated by waves, tlie wave- 
related sediment mixing coefficient was found to be (van Rijn, 1985): 

%w = C.,w.bed , for z < 6 (4.6a) 
% , w  = C,,,,",", , for z 2 0.5 /i (4.ób) 

cs.w = E&w,bcdf  (Cs.w,mnx-%w,bed ) (------I, 0.5h-B for 6 < z < O S  h (4 .6~)  
2 - 6  

in which: 

es,w.bcd = wave-related scdiment mixing coeificient close 

E ~ , , ~ , , " ~ ~  = wave-related sediment mixing coefficient in 
to the bed 

upper half of depth 

6 

Equation (4.6) is shown in Figure 7 

= thickness of near-bed mixing layer 

water surfaca 

bad 

Figurc I Wave-relatcd sediment mixiiig caericieni 

Measured concentration profiles were analyzed to relate the characteristic 
parameters of the sediment mixing distribution to general wave parameters yielding 
(van Rijn, 1985): 

B = 0.06 (4.9) 
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in which: 

= particle size parameter 

= peak vdlue of orbital velocity at bed ll H." 
T ,  sinh (2n h/LJ ob,," = - 

arbr 

lfa = significant wave height 
L, = significant wave lengtli 
T: 
A 
g = acceleration of gravity 
v = kinematic viscosity coefficient 

= breaking coefficient representing the influence of breaking 
waves on the sediment mixing proces 

= significant wave period (relative to moving coordinate system) 
= (p.-p)/p = relative density 

The breaking coeîîïcient (ara,) was found to be dependent on the relative wave 
height (van Rijn, 1985), as follows: 

(4.10a) 

(4.10b) 

H 
h 

H 
h 

-2, for 2 > 0.6 (breaking waves) 

, for 2 < 0.6 (non-breaking waves) ar$,, = 1 

4.3.3 Currenl and waves 

When a wave field is superimposed on a current, the overall sediment mixing is 
represcnted by a linear addition. of thc wave-related and current-related mixing 
coefficients (van Rpn, 1985), as follows: 

C,&W = e , , ,+ö , , ,  (4.11) 
in which: 

f:s,c>v = sediment mixing coefficient for current and waves 
es,< = current-related sediment mixing coefficient 
ts,w = wave-related sediment mixing coefficient 

(m2/s) 
(m2/s) 
(mz/s) 

WAVE-  RELATED MIXING 

It is assumed that the wave-related mixing is not modified by the presence of a 
current. Therefore, Equation (4.6) is applied (see also Figure 7). 
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CURRENT- RELATED MIXING 

Because of the presence of waves, the mean current velocity profile is modified (van 
Rijn,.l985). Therefore, it is logica1 to assume that the current-related mixing is also 
modified. This effect has been represented by adjusting the mixing coefficient (in 
the lower half of the depth) of a current alone, as described by Equation (4.5), as 
roiiows: 

(4.12b) z for - 0.5 
h =i:,,,,,,, = 0.25 P ~ u * , , h  

i n  which: 

rj = coefficient 
u*,< = bed-shear velocity for equilibrium conditions 

accordhg to Equation (3.23) 

The ~,,,,,,,,-value is nat supposed to be modified. The y-coefficient is assumed to 
be in thc range q = 1 (linear) to q = 2 (parabolic) depending on the relative 
strength of the wave motion (ûh,",) and the mean curreut (U) .  Equation (4.12) is 
shown in Figure 6. 
Based on the analysis of measured concentration profiles, it was found (van Rijn, 
1985): 

(4.13a) a dh.W 

lul JU1 

0 b . W  

lul 

q = -0.25 k 2  +2, for 0 G - 6 4 

(4.13b) q = l  , for - > 4  

4.4 Equilibrium concentration profiles 

Applyíng EquUtion (2.3) and tlie proposed expressions for the mixing coefficient, a 
Concentration profile for equilibrium conditions can be computed analytically or 
niimerically (van Rijn, 1984). 
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5 Boundary conditions 

5.1 Plow domain 

The following specifications are required: 

Initia1 (t  = O) bottom-level profiles dong the traject: zb = f ( x ,  t = O) 
Water depth along the traject : h = f ( x , t  = O) 
flow width along the traject : b = f ( x )  

The water surface is assumed to be horizontal. Water level variations due to 
acceleration and deccleration effects are neglected. 

5.2 Inlet bouodary 

The inlet boundary shonld be selected at a location where no or minor 
morphological changes are to be expected. For unidirectional flow this location 
should be chosen as close as possible to the area of interest. In case of tidal flow 
the inlet boundary should be far away From the area of interest. 
The following specifications are reqnired : 

discharge 
flow velocity distribution 
mixing coefficient distribution 
sediment concentration distribution :c = f(z. t )  

Preferably, measured concentration profiles should be used at the inlet (x = O). 
Special cases are au equilibrium concentration profile or a zero-concentration (no 
initia1 load) profile specified at the inlet. 

:Q = .i ( t )  
:u 3 f(2, t )  
:c, = f(2, t )  

5.3 Oiitlet boundary 

The location of thc outlet boundary should alwiiys be far away froin the area OF 
interest. As the water surface is assumed to be horizontal, no additional 
specifications are required. 
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5.4 Water surface 

The net vertical sediment transport is assumed to he zero, resulting in: 

5.5 Bed boundary 

flow velocity : w = O at z = zo 

v concentration : c, specified at z = zb+n, ar 

The bed concentration (ca) as wel1 as the upward sediment flux (E") are specified 
by functions which relate those variables to local near-bed flow, wave and sediment 
parameters. The applied functions are presented in paragraphs 5.5.1 and 5.5.2. 
When the flow is varying rapidly, the application of a bed-concentration type of 
boundary condition may result in a positive concentration gradient near the bed 
(see Figure 8) which is physically nat realistic. In that case the concentration at  
that location ( x i )  is recomputed applying a zero-concentration gradient as bed- 
boundary condition (&,/& = O). 

Figure 8 Positive bed-concentration grndient. 

The bed-boundary condition is specified at an arbitrary level ( E )  above the mean 
bed level. It is attractive to apply a bed-boundary level close to the bed, because in 
that case the bed concentration (or the flux) can be represented by their 
equilibrium values assuming tbat there is an almost instantaneous adjustment to 
equilibrium conditions close to the bed. Detailed experimental research has shown 
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that these assumptions are reasonable /Delft Hydraylic Laboratory, M1531-I, 
1981a; M1531-11, 1981b; M1531-111, 1983a and M1531-IV, 1983b). 

5.5.1 Bed concentration function 

ORADUALLY VARYING FLOWS WITH WAVES 

For these conditions a simple deterministic function, as proposed by van Rijn 
(1982a, 1985) for sand particles, is used. This function relates the equilibrium bed 
concentration (ca ,e )  to local flow, wave and sediment parameters, as follows: 

dSO T’.’ 
= 0.015 - - 

a (5.5) 

in which: 

D, = &O (y P. - P  7) ‘9 ‘ I 3  = particie size parameter ( - )  

f h , c w - f h , c r  

?h,w 
T =  = shear-stress parameter ( - )  

.ib,,, = effective bed-shear stress for flows with WBVCS 

(van Rijn, 1985) 
?b,cr = critical bed-shear stress for initiation of motion 

according to Shields 
dSU = median particle size 
a = reference level 
p. = sediment density 
p = fluid density 
,9 = acceleration of gravity 
Y = kinematic viscosity coefficient 

Equation (5.5) specifies a dimensionless concentration. Multiplying by ph [ O 3  yields 
a concentration in mgll. 

COMPLICATED FLOWS WITHOUT WAVES 

For complicated flows where flow separation and flow reversal may occur, a 
deterministic approach as expressed by Equation (5.5) does not yield realistic 
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resulis. i n  such flows the (effective) bed-shear stress in ar near thc separation and 
reattachment point may approach zero resulting in a zero-bed concentration ar 
flux (applying a deterministic equation), which is not realistic in a physical sensc. 
Therefore, a stochastic approach is introduced to represent the influence of the 
velocity fluctuations close to the bed which have a dominating cffect on the pick- 
up of sediment particlcs near the separation and reattiichment points. 
Applying a stochastic approach (van Rijn, 1984), the time-averaged bed 
concentration [ca) can he exprcssed as:  

~ 

I 

- 
d s o  
a 

c, = 0.03 - - (5.6) 

in which: 

= stochastic shear-stress 

parameter 

u' 
q,?? = momentnneous critical bed-shear stress 

= standard deviation of effective bed-shear stress 

The J I  and J 2  integrals as wel1 as expressions for tlie critical bed-shear stress are 
given hy van Rijn (1984). 

5.5.2 Sediment f lux  function 

Applying Equation (2.3), it follows for equilibrium conditions that: 

E, = - W , C ,  (5.7) 

It is assumed that the upward sedimení flux at the bed in non-uniform (û i /ûx  # 0) 
conditions wil1 be approximately equal to  its equilibriuni value for uniform 
conditions. 

ORADUALLY VARYINO FLOWS 

Suhstitution of Equation (5 .5)  in Equdtion (5.7) yields: 
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COMPLICATED FLOWS 

For hydraulic conditions below those for initiation of motion, Equations (5.8) and 
(5.9) yield B zero-upward sediment flux which is specified as a zero-concentration 
gradient (ûc,/ùz = O). 
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6 Bed level changes 

6.1 Equations 

After computation of the concentration field the bed level changes are computed 
using the cross-section-iutegrated coniinuity equation, which rcads as follows: 

in which: 

zb = bed level with rcspect to rcference datum 
t =time 
p = porosity facior 
b = width 
h = water depth 

1 Z b + h  

h il>+« 
C = - c dz = depth-averaged concenlration (kg/m3) 

S = S,7+Sb = cross-section integrated total laad (m3/s) 
S, = cross-section integrated suspended laad (m3/s) 
SI, = cross-section intcgrated bed load (m3/s) 
P S  = sediment density (kg/in3) 

Assuming quasi-stcady flow conditions, the storage tcrm (ùbhëjût) can be neglecicd. 

6.2 Suspended load transport 

The uuspended load transport is computed as: 

r b t h  

a s + "  
S,? = b 1 u c d z  
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in which: 

c = local concentration 
u = local flow velocity 
a = reference Icvel 
z = vertical coordinate 

6.3 Bed-load transport 
The transport of sedimot  particles helow thc bed-houndary levcl (zb +zo < z < zb + a )  
is represented as bed-load transport using a simple formula. This schematization 
implies the selection of a bed-boundary level (a) close to the bed. In the present 
study this level is assumed to be located at the top of the bed forms. Thus a - 4 Au 
( A b  = bed-form height) wiih EI minimum value of a = 0.01 h for reasons of accuracy 
(van Rijn, 1982a). 
This approach requires information of the bed-form height, which can he obtained 
by measurements (echo soundings) or predictions (van Rijn, 1982b). Finally, it is 
noted that the computed bed-load transport may be rather inaccurate. This, however, 
does nat seriously effcct the overall results of the SUTRENCH-model, whcn the 
model is applied for conditions with a dominating suspended laad. 

6.3.1 

For a current alone ihe bed-laad transport can he represented by a simple formula, 
as follows (van Rijn, 1982a): 

Gradually uarying jlows with wuue.s 

T2.I 
Sh = 0.053 b ( A  g)0 .5  d i 2  Do;3 (6.3) * 

in which : 

Sb = bed-bad transport 
A = (pa -p ) /p  = relative density 

Gravity effects a t  sloping hottoms resulting in an increased bed-load transport rate 
at a downward sloping bottom and a reduced value at an upward sloping bottom 
are taken into account via the 7’-parameter. 

In case of hydraulic conditiona with currents and waves a generally accepted 
formula for the bed-laad transport is not available. Therefore, the foilowing 
approach is used : 

,Yb = a b c a u ,  (6.4) 
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in which: 

u = thickness of bed-load laycr 
h = flow width 
c ,  = (volume) concentration at reference Icvel (z = a) 
u, = flow velocity at reference level (z = n)  

The thickness of the bed-load layer is assumed to be equal to the distance between 
the reference level iind the m e m  bed level. Tlic concentrations in this layer are 
assumed to  he constant and equal to the concentration (c,,) computed at the 
reference levcl. Is is realizcd that this schematization is rather crude, hut since thc 
bed-load transport is smal1 compared wiih the suspended laad transport possible 
errors donot have a significant effect on the accuracy of the toial load transport. 

I 

I 

I 

6.3.2 Cornplicated Jlaws 

The bed-load transport is represented hy a stochastic version of Equation (6.3), as 
follows (van Rijn, 1984): 
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7 Numerical solution methods and accuracy 

-+X(=0,4 -,j- 
I I 

7.1 

To solve Equation (2.4), a finite element method based on weighted residuals 
according to the (modified) Galerkin-method is used. 
The continuous solution (two-dimensional) domain is divided into a system of 
quadrangular elements. The vertical dimensions of the elements decrease towards 
the bed to provide a greater resolution in the zone where large velocity and 
concentration gradients exist. Between the nodes of the elements the unknown 
viiriable is represented by a linear function. Then, for each element the coefficients 
corrcsponding to the unknown variable a i  cach node are determined. Finally, the 
(tri-diagonal) coefficients matrix for the complete solution domain is determined, 
from which the coefficients can be solved (Vreugdenhil, 1982). A detailed accuracy 
analysis shows that in vertical dircction at least 10 grid points should he wed for 

Continuity cquation for local suspended sediment 

1.0 

0.8 

0.6 

0.4 

o. 2 

O 

- distonce. x im) 

- analytica1 solution Hjelmfclt and Lcnau 
- - niimerical rolution (n = 15, A x  = 0.2 h)  

h = 1.0 m K = 0.4 

w, = 0.02 mts 
U = l.Om/s /?=i 

u* = 0. 1 inis 
ca = 1000 mg/i 

Figure 9 Comparison of analytically and niimerically compuied concentrationa. 
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conditions with a current alom and at least 20 points for currents superiinposed hy 
wavcs. In loiigitudintil dircction at least 10 elcment lengths should be used over the 
characteristic length scale of the hottom profile (side dope lengtli of a dredged 
channel). 
For a horizontally uniform flow (without waves) the results oî the numerical 
solution method can be compared with tin analytica1 solution. Hjelmfelt and Lenau 
(1970) presented an analytical solution of Equation (2.2) assuming a :  . parabolic sediment mixing coefficient (Eqnation (4.4)), . constant flow velocity in vertical direction and . constant bed concentraiion in longitudinal direction. 
Figure 9 shows the results of the analytical solution and the (present) niimerical 
solution for a specific case (w,//litu, = 0.5). The numericai solution is bdSd on 15 
grid points in vertical direction, dx = 0.2 h and a bed conccntration specified at 
a = 0.05 h. The numerical inaccuracy incrciises towards the water surface which is 
caused hy the variable element size in vertical direciion yielding relatively Iargc 
vertical element sizes near thc water surface. The maximum error is about 5 to  
10 ;(, which is quite acceptable for engineering purposes. 

7.2 Bed level changes 

Bed level changes are computed from the cross-section integrated sediment 
transport (Equation (6.1)). 
For the computation of the new bed level at time i + &  from the known bcd level 
at time t the following numerical scheme (LAX-scheine) is uscd: 

The ?,-factor in Equation (7.1) dctermines to what extent thc bed levels of the 
surrounding points of zb,x  are taken into account for the coinputation of the new 
bed levcl z,,, I at time t + A t .  This causes nnmerical smoothing at sharps transitions of 
the bed level profile. N u m e r i 4  inaccuracy is minimal for a proper selection of the 
(nuinericd) y.. N aiid At paraincter. 
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8 Streamline refraction for channels and trenches oblique to the flow 

Generally, sedimentation predictions are to be made for channels and trenches 
which are obliqne (at au angle) to the approaching current (see Figure 10). 

approaching current 

Y 
X 

. .  

sin do - 
sin a, - "R,O 

Figure 10 Sircamline rekaction in an obliquo channel. 

The streamlines are refracted at the upstream and downstream side slopes of the 
channel. The refraction effect is largest near the bed and smallest near the water 
surface. Because of tlie refraction cfîcct, tliere is an increase of the current velocity 
within the channel (converging streamlines). For u channel at a smal1 angle 
(ao < 20") the current velocity in the channel may become larger than that outside 
the channel. 
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Tlic depth-averaged current velocity in an oblique channel of infinite length in ( y -  
direction) can be described by the following equations: 

- au i ap %.l 

ax ax P h 
MOTION U -  + -- -,4S,f - = 0 

. au Tb.? u- -gs,+ . - = o  
ax P h  

in which: 

1i = depth-averaged velocity in x-direction 
0 = depth-averaged velocity in y-dircction 
p = depth-averaged fluid pressure 
ih = bottom shear stress (= p,4 ÜR/C*) 
s = bottom gradient 
h = water depth 
[J = fluid density 
4 = acceleration of gravity 

(8.3) 

Boer (1984) has shown that both ihe convection kind friction terms are of essential 
importunce for a good representation of tlie flow field. 
A numerical solution of Equations (X,l), (8.2) and (8.3) is also given by Boer 
(1984). Applying this approach the and ü-variables as wel1 as thc local current 
direction can be computeà. 
The current velocities along the refracted streamline can be represented in the 
SUTRENCH-model by varying the width (b) of the flow. 
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9 Sensitivity analysis of controlling parameters of SUTRENCH-model 

9.1 Introduction 

A detdiied sensitiviiy analysis of the controlling parameters of tlie SUTRENCI-I- 
model is given by van Rijn (1984). In this report only the influcnce of the most 
essential parameters, is given which are: 

thc flow, wave and sediment transport conditions at the inlet (x = O) 
0 the direction of the approaching current and the streamline refraction effects in 

the particle fall velocity of the suspended sediment. 

These controlling paramcters should be bdsed as much as possiblc on reliable and 
accurate measuremcnts (field survey). 

the dredged channel, 

9.2 Influence of hydraulic conditions at the inlet 

Generally, the inaccuracy of the sediment concentration profiles to be used as 
boundary conditions at íhc inkt (x = O) is rather large because of inadequate I 

Figurc 11  Influence of siispended load ai  the inlet on coinpuied bed level (tidal flow). 
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measuring methods, tidal (neap-sping) and/or seasonal (summer-winter) 
fluctuations. Variations of a factor 2 are commonly observed values. When detailed 
measurements are not available, the flow and sedimcnt transport conditions at thc 
inlet (x = O) have to he estimated. In that case the iniiccuracy may be much larger 
than a factor 2. 
Figure 1 1  shows the influcnce of the suspended sediment transport at the inlet for a 
channel pcrpendicular to thc (tidal) flow conditions in the Eastern Scheldt Estuiiry 
(The Netherlands). The variation of the suspended load is assumed to be a factor 
2. As can be observed, the influence of variations of the suspended load on the 
computed bed levcl profiles is rathcr large. The amount of deposited material is 
almost linearly dependent oii the value of the incoming siispended load. 
Figure 12 shows the influence of the ratio of tlie suspended ( S ~ )  kind total load 
(.yt = s,+s,,) at ihe inlet (x = O). The total load is s t  = 0.04 kg/sm for al1 three 
computations. A large value of the suspended load (s./s, = 0.9) yields the largest 
sedimentation in the middle of the channel, hut ii less rapid migration of the 
upstream side slope. These results emphasize the importance of a correct 
estimation of the suspended and bed load at the inlet houndary. 

distance, x ( m )  

I 
E 

hours 

Figure 12 Iníluence of ratio of suspcnded and lotal load 011 coinputcd bed IevcI (iinidirectional flow). 

Finally, the influence of the wave height on the sediment transport at tlie inlet is 
presented. Generally, wave propagation models starting at deep water (boundary 
conditions) are used to predict the local wavc height, when local measurements are 
not availabie. Depending on the complexity of the bed topography, tbe inaccuracy 
of the predicted local wave height miiy be as large as 20%. Figure 13 shows the 
computed bed Icvels for a 20'x viiriation of the wave height at the inlet. Tlie wave 
height in ihe chiinncl is iissuined to he equal to that at the inlet (x = 0). A change 
of thc incoining wave beight results in a change of the incoming sediment transport 
and hence a change of thc sedimentation rate in the channel. 
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.1 -+ distance. x (rn) 

b i n i t i a l  bed level m' 
(h0=5rn. u,=lrn/s, ws=0.015 m/s, ks=0.05rn. T = 7  S )  

l i  = 2.4 in ISb," = 0.10 kg/srn = 7.0 kgism) 
- H = 2.0 in = 0.085 kglsm S, ,o  = 5.0 kglstii) 
- - - H = 1 . 6  rn = 0.07 kglsin = 3.4 kgjsin) 

Figurc 13 Inlluence of wave Iieight on cornputcd bed level (unidirectional flow). 

9.3 Influence of streamline refraction 

To investigate the influence of the ïcfraction effects on the sedimentation in a 
channel oblique to the approaching flow, SUTRENCH-computations were carried 
out along refracted und unrefiacted streamlines. The boundary conditions at the 
inlet were the same for al1 computations. The wave height was assumed to be 
constant. The streamline refraction was computed numerically (see cliapter 8). 
Figure 14 shows tlie current direciion (a), the current velocity (&), the suspended 
load transport (S,) integrated over the width of tlie stredmtube, and the bed levels 
for an approach angle of a,, = 10". The bed levels have been computed for an 
unidirectional flow and for a symmetrical tidal flow. The tidal flow is represented 
by two quasi-steady periods of 4 hours each. 
Firstly, the computation dong the refiacted streamline is discussed. 
The mean current velocity along the refracted sireamline shows aii increase from 1 
mis to 1.35 mis at the downstream side slope. Becdiise of the increasing velocities 
the reduction of thc suspended load (resulting in sedimentation), which is mainly 
caused by contraction of the streamtube, is relatively smal1 and confined to a 
region upstream of ihe channel axis. Downstredm of tlie channcl axis ihe 
suspended load transport increases resulting in erosion. This is clearly 
demonstrated by the computed bed level for unidirectional flow showing 
scdimentation upstream of the channel axis and erosion downsiream of the channel 
axis. Similar patterns were observed in model tests carried out at tlie H.R.S. 
Wallingford (1973). Experiments with polystyrene particlcs (in suspension) i n  a 
channel with a rigid botiom showed sedimentation upstream of the channcl axis 
while the region downstream of the channel axis remained free of polysiyrcne 
particles. 
In case of symmetrical tidal flow the computed bed level shows erosion in thc 
middle of the channel; the sediment material deposited during flood is removed 
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axis h = 5 m  
refracted Vi0 = 1 m/s /* streamiine ai = 10" 

H = 2 m  
unrefracted T = 7 s  
strenmline w, = 0.015 m/s 

h, = 0.05 m 
ks,c = 0.05 m 
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v 
o 1o mem current direction ia) at t =O 
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Figure 14 Inlliience of sireamline refraction on sedimentaiion in a ïhannel oblique 10 the flow (ao = 10"). 
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during the ebb Bow. Erosion can als0 be observed on hoth ends of the side slopes. 
Based on the ahove-given computation (along the refiactcd streamline), it seems 
that a channel inclined at an aiigle of 10" would nol only be self-cleansing but self- 
deepening as well. This is n o l  credible because inan-made channels always show 
sedimentation of material. This must be attributed to secondary effects such as 
infill of bed-load particles due to the gravity component causing the particles to he 
deflected iowards the channel axis, lateral diffusion and asymmetrical tidal flow. 
However, the overall sedimentation rate wil1 he rather small because of the effect of 
iiicreasing velocities in case of a small approach angle (ao = O to 2.0'). 
The computaiion along the unrc/rncted streamline shows a decrease of the mean 
currcnt velocity because tbe ciirrent velocity is iiiversely proportional to the íiow 
depth rcsulting in a considerable sedimentation (Fig. 14). Comparing the results for 
rcfmcted md unrefracted streliinlines, it is evideni that the refraction effect cannot 
be neglected for au approach angle of a. = 10". 
Siinilar computations have becn carried out for an approach angle of 4 5 O  and 60" 
(van Rijn, 1984). Based on these rcsults, it seems acceptahle to neglect the 
refraction effect for ai1 approach angle between a. = 60° and a. = 90". 

I 

9.4 Intluence of particle fall velocity of suspended sediment 

Usually, the representative particle fall velocity is determined from suspended 
sediment samples using a (laboratory or in-situ) settling tube method. For sand 
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particles the overall inaccuracy may bc as large as 25x,. For silî particles the 
inaccuracy may be much larger (say 50%). Fignre 15 shows the influence of a 25% 
-inCrcase of the particle fall velocity on thc computed bed level for a channel 
perpendicular to the (tidal) flow conditions. The increase of the totai amount of 
deposited material is about 25%. 
Figure 16 shows the influence of a 20%-increase oî the particle fa11 vclocity on the 
coinpuied bcd level for a channel in  811 unidirectional Ilow. A liirgzr piirticle f d l  
velocity yields a smaller vaiuc af the suspeiided loild in thc chaniiel and hence a 
larger scdiinentation rate resulting in a morc rapid migraiion of the upstream side 
dope. 
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Figure 16 Influeiice of particle fall velacity on cornputed bed level (unidirectional Bow). 

9.5 Influence of other parameters 

Variations (within reasonablc physical ranges) of othcr hydraulic parameters such 
as the bed roughness, mixing coefficients, stdndard deviation of the effective bcd- 
Shear stress and the angle of internal friction of the bed material parlicles donot 
seriously effcct the long-term morphological changes. This is also valid for the type 
of bed-boundary condition (bed-concentrdtion of sediment flux) aiid the reïerence 
level at which the bed-boundary condition is applied (van Rijn, 1984). 
The influence of wave height variations (due to depth variations; ShWdhg effect) 
on the sedimeiitation rate has also been investigated. The effect on the long-term 
morphological changes is relatively smal1 and may, therefore, be neglected. 
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10 Verification of SUTRENCH-model 

10.1 Introduction 

A comprehensivc verification analysis of the SUTRENCH-model has been carried 
out for various hydraulic conditions (van Rijn, 1984). 
Herein, the most important results for sedimentation in dredged channels are 
given. The foliowing cases are considered : 

o migration of a channel in a nume, 
sedimentation in a trial dredge channel in the Western Sclieldt, The Netherliiiids, 
scdimenirition in a tunnel trench in a tidal rivcr near Rottcrdain, Thc Nethcrlands, 
sedimentation in a trial dredge channel in Asan Bay, Korca. 

10.2 Migration of a channel in a flume 

HYDllAULIC CONUITIONS 

The migration of a channel with stcep sidc slopes of 1 : 3 was studied in a flume 
(length = 30 m, width = 0.5 in, depth = 0.7 m), The sand bed with a thickness of 
0.2 m consisted of medium fine sand with a d s o  = 160 pm and a dso - 200 pm. In 
the measuring section a smali channel was excavated (see Figure 17). 
To maintain equilibrium conditions upstream of the channel (no scour or 
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Figurc 17 Migriition of B chmnel in a flurne 
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deposition), sand of the same size and composition as the bed material was 
supplied at a constant rate of 0.04 kg/sm (Delft Hydraulics Lahoratory, 1980b). 
The water depth at the inlet was 0.39 m. The current velocity at the inlet was 0.51 
m/s. Measurements of the current velocities and sediment concentrations upstream 
of the channel were used to compute the suspended load resulting in a value of 
ahout 0.03 kg/sin. Hence, the bed-load transport was about 0.01 kg/sin (siind 
feed = total load = 0.04 kg/sin). 
Based on the analysis of suspended sedimcnt samples, the rcpresentative size of the 
suspended sediment was estimated to be 130 pni resulting in a particle fall velocity 
of ws = 0.013 m/u (teinperature of 15OC). Small-scale bed forms with a height iii 

thc range 0.015 to 0.035 m and a length in the range 0.10 to 0.25 m were present 
upstream of the channel. The effective roughness of thc movable bed was 
estimated to be k,  = 0.025 m (from velocity profiles). 

COMPUTATIONS 

Thc SUTRENCH-model for complicated flows was used to compute the migration 

At the inlet boundary (x = 0)  thc cquilihrium conccntration profile (hased o11 

measuremenis) was specified. The vïlocity profile at J = 0 was described hy a 
logariihmic profile. For these conditions the maximum value of thc mixing coel- 
ficient at x = 0 is c,~,,,.~, o = 0.00155 m’/s (Equation (4.5)). 
The bed-boundary condition was specified at a level of a = 0.0125 m applying the 
E,-method (Equation (5.9)). The coefficient of Equatioii (5.9) was adjusied 
somewhat to give a suspended laad of s, = 0.03 kg/sm at x = O (as measurcd). Thc 
coefficient of the bcd-load formula (Equation (6.5)) was also adjusted to give 
sh = 0.01 kg/sm at x = O. The porosity factor of the bed material was assumed to 
bc 0.4. The numerical parameters wcre: dx = 0.25 in, 10 grid points in vertical 
direction, A t  = 900 s,  and ys  = 0.8. 

of thc chanticl. 

nPsui.rs 

Figure 17 shows the migration of the channel aker 15 hoiirs. The agreement 
hetween mcasured and computed values is rather good. 

10.3 Sedimentation in R trial dredge cliannel in thc Western Scheldt, The Netherlands 

HYPRAULIC CONDITIONS 

In 1965 a pipe h e  chiinnel was dredged across the Westerschelde (Western 
Scheldt), a tidal estuary in the southwest part of the Netherlands. The channel axis 
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was almost perpendicular to the flow. To estimate the sedimentation rate, a trial 
channel was dredged perpendiculwr to tlie tidal flow. A typical cross-section with 
measured bed-lcvel profiles is shown in Figure 18. 
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Figure 18 Trial dredge chaniiel in Wcstcrii Scheldt. The Nctherlands. 

The local hydraulic conditions during the mean tide are shown in Figiire 19, 
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Figiire 19 Hydraiilic (lidal) coiiditions. 
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The bed material consisted of sand ( d S o  = 180 pm, dso = 220 pm), Tlie 
rcpresentative particle diameter of the suspendent sedimeni was estimatcd to he 
about 140 pm resulting in a particle fall velocity of iv, = 0.015 mis (temperature 
15 "C). The effective bed roughness was estimated to be k,  = 0.2 m (iocal bed-form 
height e 0.2 in). 
Flow velocity and sand concentration measurcments were carried out to deiermine 
the suspended ioad transport. 
The inaccuracy of the suspended load may he rather large (say f 50 %) because of 
seasonal variations, inaccuracy of measuring methods and systematic errors (lag 
effects). The bed-load transport was not measnred. 

COMPUTATIONS 

The SUTRENCH-model for complicated îlows was used to compute the bed level 
profiles at various tiines. The neap-spring tidal cycle was represented hy the mean 
tide. The meaii tidal cycle was scheiiiatized to 4 quasi-steady flow pcriods of 2 
hours each (Figure 19). The periods with small velocities (helow initiation of 
motion) near slack tide were neglected. 
To represent the sedimcnt transport during thc neap-spring cycle correctly, the 
current velocities of the mean tidal cycle should be increased slightly ( 5  to 10%). In 
this way tbe relatively large contrihution to the sediment transport hy the 
springtide velocities can be accounted for, as shown by Van Rijn (1984). Assuming 
a power-law relationship with an exponent of 3 (s z U 3 )  hetween ihe sediment 
transport (s) and the inean curent velocity (u), the velocities of the mean tide 
should be multiplicd hy a factor 1.05. Usually, íhis effect is negligibly small 
compared with tlie inaccuracy of the incoiniiig sediment transport. Equilibrium 
concentration profiles are specified at the inlet (x = 0). The velocity profiles at 
x = O are assuined to have a logarithmic distribution. As bed-houndary condition 
the E,8-method (Equation 5.9)) has been used at a level of a = 0.1 m above the bed. 
The coefficient of Equation (5.9) has heen adjusted to give the correct measured 
suspended sand transport at x = O. The bed-load transport is computed hy 
Equation (6.5). The porosity factor of the bed material is assumed io he 0.4. 
Thc nuinerical parameters are, as ïollows: dx = 5 m, 10 grid points in vertical 
direction, A t  = 7200 s, ys = 0.2. 

RESULTS 

Figure i8 shows measured and coniputed bed levels. The computed sedimentation 
rates are reasonably good. It may be noted that the measured profiles donot show 
erosion at the banks. 
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10.4 Sedimentation in a tunnel trcncli in a tidal rivcr near Rotterdam, The Nethcrlands 

IIYDRAULIC CONDITIONS 

In 1978 a tunnel treiich was dredged perpendicular to the flow in a sinall tidal river 
near Rotterdam (Botlek-tunnel in Oude Maas). A typical cross-section iii the 
middle of the river is shown in Figure 20. 
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Figurc 20 Tuiiiicl ircnch in a lidal river near Rotterdam 

The hydraulic conditions are dominated by the river flow resulting in a 
dominatiiig ebh period of about 6 hours (current velocity of about 0.9 mjs, water 
depth of about 11 m). The effcctive îïood period is about 4 hours (curreni velocity 
of ahout 0.6 mjs, water depth of about 10 m). The bed consisted of fine sandy 
material (d50  = 200 pm, d90 = 300 pm). Based on suspended sediment samples, the 
representative particle diameter of the suspended sand was estimated to be about 
110 pin resulting in a particle fail velocity of 0.01 mjs (temperature of 15°C). The 
effective bed roughness was cstimiited to be abocit 0.15 in. Flow velocity and 
sediment coiicentration measurements were carried out io determine the suspended 
sediment transpori. The bed load was nat measured. 

COMPUTATIONS 

The SUTRENCH-model for complicated flows was used to compute tlic 
sedimentation in the trcnch. The iipplied boundary conditions are similar to those 
reported in paragrapli 10.3. Tlic wmh or sik load was nat taken into accouiit 
becausc its contribution to the sedimentation process was assumed to be of minor 
importance. The iiumerical paraineters are, as follows: dx = 5 m, 10 grid points in 
vertical direction, dt = 7200 s, yh = 0.05. 
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RESULTS 

Figure 20 shows the computed bed level after 14 days. Thc sedimeiitation in the 
deepest part of the trench (over a length of about 25 m on both sides of the axis) is 
about 25 m3 per unit widtli. This value caii be compared with the maintenaiice 
dredging volume of about 10 to 20 m3 per unit width during a period of 14 days in 
the saine part of the ircnch. 

10.5 Sedimentation in a trial dredge channel in Asan Bay, Korea 

IHYDRAULIC? CONDITIONS 

Ta obtain information of ihe annual sedimentation rate in a (plantied) shipping 
chdnnel in the Asan Bay of Korea, a trial dredge channcl (length of about 750 m, 
width of about 150 m, Figure 21 A )  was dredged in the summer period of 1983. 
Thc initia1 bed profile along tlie (refracted) streamline iii the channel is shown in 
Figure 21 D. 
To determine the streainline pattern in the channel, a physical scale model (fixed 
bed) cis wel1 as a mathematical model was operated. Based on tlie model results, 
ihe approach angles of the currents were found to be a. = 20" for the flood phase 
iiiid a. = 15" for tlie ebb pliue. Tlie crirrent direction in the channel was found to 
be a = 10" for the flood as wel1 as tlie ebb phase. Analysis of tidc data showed a 
semi-diurnal type with a smal1 diurnal inequality. The mean tidal range is aboui 6 
in. Maximum currcnt velocities were in the range 0.6 to 1.2 m/s during thc neap- 
spring tidal cycle. 
Analysis of wave data for thc summer period showed a significant wave heighi of 
about 0.5 m for the flood phase and of about 0.25 for the ebb phase. The wave 
period was about 4 s. 

Analysis of various bed material samples showed the prescnce of medium fine sand 
with a mcdian (&) parlicle diaineter of 200 gin, Data of suspended sand 
conceiitrations were not availiible. Analysis of echo soundiiigs showed the presence 
of bed farms with a length of about 25 to 50 m, and a height of about 0.25 to 0.50 
in. Detailed information is reported by tlie Ministry of Construction of the 
Republic of Korea (1983). 

COMPUTATIONS 

Tlie SUTRENCH-model for curreni and waves was used 10 compute the bed level 
changes of the trial dredge channel over a period of 100 days. The mean tidal cycle 
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Figure 21 Trial dredge cliannel in Asan Bay, Korea. 
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was schematized to 2 quasi-steady flow periods of 6 Iiours each. The characteristic 
approach current velocitics were 0.78 mis for the flood phase and 0.66 mjs for the 
ebb phase. The water dcpth at thc inlet during flood was about I 1  m and about 6.7 
m during ebb. 
Bccause the cliannel is oblique to the approaching fiow field, streamline refraction 
in the channel wil1 occur. The direction of the refracted síreamlines and thc 
magnitude of the current velocities dong the refracted streamlines were computed 
by applying a two-dimensional horizontal mathematical model for an oblique 
channel of infinitc length (see chapter 8). 
The predicted velocities were reduced slightly (10%) to account for the finite length 
of the trial dredgc channel. The SUTRENCH-model was applied along a refracted 
streamlinc. The current velocities were rcpresented by varying the width ol the 
flow (streaintube approach). Thc coinputed current vclocities, presented in 
Figure 218, show a small increase of the velocities in the channel. 
At the inlet boundary (x = 0 )  equilibrium concentration profiles were specified. 
Standard coefficicnts were used. Data for calibration were not available. The 
representative pariicle diameter of the suspended sand inaterial was estimated to be 
ahout 150 pm resulting in a fall velocity of abut w, = 0.016 mis (Te ? 20°C). 
As bed-boundary condition the E,-method was used, applied at a level of 0.15 m 
abovc the nieaii bed. The etïcctive roughness was assumed to be k,  = 0.15 m. 
The bed-load transport was computed by Equation (6.4). 
Sedimentation oî bed-load particles hy gravity infill kom the side slopes was 
neglected. 
The numerical parlimeters are: dx = 25 in, 10 grid points in vertical direction, 
d t  = 21600 s, y> = 0.1. 

I<ESULTS 

Figurc 21C shows thc width-integrated suspended sand transport (at f = 0) for the 
flood and ebb phase of the tide. The nood phase is thc dominant period for thc 
sediment iransport. Figure 21D shows measurcd and computed bed levels after a 
period of 100 days. The agreemeni is rather good, plirticularly at the banks of the 
channel wherc erosion can be observed. In the middle of the channel ihere is also i1 
small region with erosion, probably caused by relatively large currcnt velocities. 
This effcct was not predicied by the SUTRENCH-model. The reason for this may 
be iin underprcdiction of the current velocities in  the channel. 
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11 Sediment trapping efficiency of dredged channels and trenches 

11.1 Introduction 

To obtain simple rules for sedimentation predictions, the SUTRENCH-model has 
been applied to determine the trapping efficiency of dredged channels with various 
dimensions and approach angles, as shown schematically in Fignre 22. The channel 
is assumed to be infinitely long (dong the axis). Streamline refraction in the 
channel has been computed numerically, as presented in chapter 8, resulting in the 
magnitude and direction of the current velocity vector at each location. These 
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Figurc 22 Definitian sketch far sediment trapping efficiency af dredged chnnncls. 
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results have been specified to the SUTRENCH-model (streamtube approach). 
Based on this, the SUTRENCH-model computes thc suspended sedimcnt transport 
along the streamtubc. 

11.2 Cnmpiitations 

In all, 300 computations have been executed using the following daia (see also 
Figure 22): 

approach current velocity :Vx.o = I injs 
approach water depth : h o  = 5 in 
approach angles 
cliannel depth : d  = 2, 2.5, 5 and 10 m 
cliannel width (normal 10 axis) 
chaiinel side slope (normal to axis) : tan y = I : 5, 1 : 10 and 1 : 20 
particle fall vclocity : w, = 0.0021, 0.005, 0.0107, 0.0142, 

: zo 

: 6 

= 1 5", 30", 60" and 90" 

= 50, 100, 200 and 500 m 

0.025 and 0.036 
effective bed roughness : k ,  = 0.2 m 

11.3 Results 

The trapping efficiency (e) is defined as the relative difference of the incoming 
suspended sedimcnt iransport Eind tlie minimum viilue of the suspeiided sediment 
transport in the channcl : 

bo = approach width of streamtube 
6, = width of streamtube in channel 
s o  = incoming suspeiided sedimeni transport per unit width 
s I  = suspended sediment transport per unit width in channel 

(mi 
ím) 

( W m )  
(kg/sm) 

The biisic parameters which determine the trapping efficiency are: the approach 
angle (uo) ,  approach velocity ( U n , o )  and depth (ho), appronch bed-shear velocity 

particle fdll velocity (ws), channel depth (d), channel width (b) and channel 
side dope (taii y). 
The functional relationship is : 
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Figure 23 presents the results for a channel perpendicular (a, = 90") to the flow 
direction. These results show that the influence of the side dope angle ( y )  is 
negligibly smal1 
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Figure 23 Sediment irapping cfliciency of ii channcl perpcndicular to thc flow (eo = 90'). 
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Additional results for ohlique channels are given by van Rijn (1984). 
The sedimentation rate (in kg/sm) per unit channel length (along the axis) 
immediately after dredging can he computed hy (see Figure 22): 

D = es,sina, (11.3) 

Finally, it is noted that this simple approach only yields a rough estiinate of thc 
sedimeiitatioii rate, which should not he uscd for dctailed fcasihility a d  
economical studies of shipping channels. 

58 



12 References 

ALIWNK, B.J. and RIJN, L.C. van, 1983, Twa-Equation Turbulcnce Model for Flow i n  Trenclies, Journul 
of Hydrnulics Division, ASCE, vol. 109, No. 3, USA. 

BOCK, S., 1984, Thc Flow across Trcnches a t  Obliqiie Anglc to thc Flow, Velft Hydraulics Laboratory, 
Report C490, Delft, Tlie Nctherlands. 

CDI.EMAN, N.L., 1970, Flume Studies of the Sediment Transfer Coefficient, Waier Rcsources Research, 
Vol. 6, No. 3, USA. 

COLRS, U., 1965, The Law of the Wake in the Turbulent Boiindary Layer, Joumal of Huid Meclianics, 
Vol. I ,  England. 

DF.~ST HYDKAULICS LAnORATQRY, 1975, Sedimentation of Tuniiel Trenclies (iil Dutch!, Report R975-I, 
Delft, The Netherlands. 

DELFT HYDRAUL~CS LA~ORATORY, 1977, Niimcrical Model for NonBtcndy Suspended Sediment Transport 
Report R975-11, Delft, The Netlierlands. 

DELFT H Y ~ R A O L ~ C S  Lnooi~nroRY, 1980b, Camputation of Siltation in Dtedged Trcnches, Report 
Report R1267-111, Delft, The Nctherlands. 

DELIT HYDRAULICS LnnonATonV, 19SOb, Computalion of Siltalion in Dredged Trcnches, Report 
R1267-V, Delft, Tlie Nctherlands. 

DRLPT HYDRAULICS LARORATORY, 1981a, Entrainmcnt of Fine Sediinent Particles; Determination of 
Bed-shcar Velocities, Report M1531-I, Delft, Thc Netherlands. 

DI!LFT HYDRALILICS LAROKATORV, 1981b. Entrainment of Fine Sediment Particles; Development of 
Concentration Prafilcs in a Stcady Uniform Flow without Initia1 Sediment Load, Report M1531-11, 
Delft, The Netherlands. 

DOLPT HYDRAULICS LARORATORY, 1983a, Entrainmcnt of Fine Sediment Particles; Initiation of Motion 
and Suspension, Development of Concentration Profiles in a Steady Uniform Fiow without Initial 
Sediment Load, Report M1531-ll1, Delft, The Netlierlands. 

DBLPT HYDnAUl.ICS LARORATOKY, 1983h, Entraininent of Finc Sediment Particles; Sediment Pick-up 
Functions, Report M1531-IV, Delft, Tlie Netlier1;inds. 

HJRLMTBLT, A.T. and LRNAU, C.W., 1970, Non-Equilibrium Transport af Suspcnded Sediment, Journal 
of the Hydraulics Division, ASCE, HY 7, USA, 

H.R.S. WALLINOFOKU, 1973, Laboratory Studies of Flow across Dredged Channels, Report EX 618, 
Wallingfard, England. 

Hydraiilics Laboratory, Report S78-V1, The Netherlands. 
KPRS~ENS,  P.J.M., 1977, Morphological Computalions for Suspcndcd Sediment Transport, Delft 

KBRSSBNS. P.J.M.. PRINS. A. and RIJN. L.C. van. 1979. Model for Susocnded Scdiment Transoort 
Journai of the Hydraulics Division, ASCE, HY 5, USA. 

IRth IAHR-connress. Baden-üaden. Wcst-Gerinanv. 
KRKSSLNS, P.J.M. and RIJN, L.C. van, 1977, Model for Non-Stcady Suspended Sedimcnl Transport 

RwUnLic OP KOR& Minislry of Construction, i9Sj. Sedimentation Study for Navigation Cliannel of 

RODI, W., 1980, Turbiilcnce Models aiid their Application in Hydraulics, IAHR-section on Fundamentals 
the Pyeong Teak LNG Receiving Terminal, Volume 1. 

.. 
of Divisioii 11, Delft, Thc Netherlands. 

RON, L.C. van, 1980, Model for Sedimentation Predielions, 19th IAHR-congrcss, New Delhi, India. 
RUN, L.C. VBn. 1981, Compuvhtion of Bed-load Concentration and Bed Laad Transport, Delft 

RIJN, L.C. van, 1982% Computatioii of Bed Load and Suspended Load Transport, Delft Hydraulics 

UIIN, L.C. van, 1982b. Prediction of Bed Forms, Alluvial Ilaugliness and Sediment Transpoit, Delft 

Hydraolics Lnboratory, Report, S487-I, Delft, Thc Netherlands. 

Laboratory, Report, S487-11, Delft, The Netherlands. 

Hydriiulic Laboratory, Report, S487-111, Delft, The Netherkmds. 

59 



RIJN, L.C. van, 1983, Two-Dimensional Mathematical Flaw Model with a Two-Equatjon Tiirbulencc 
Cloaurc, Dclfi Hydraiilics Laboratory, Report S488-I, Dclft, Tlie Netlicrlnnds. 

RIJN, L.C. van, 1984, Two-dimensional Vertical Mathematical Modelling of Suspcnded Sediment by 
Curient iind \Uaves, Delft Hydraiilics Lahoriitory, Report S488-1V, Delft, The NetherlandS. 

RIJN, L.C. van, 1985, Initiaiion of Mation, Bed Forins, Bed Roughncss, Sediincnt Concentration and 
Tianïport by Currcnt iind WtiVeS, Delft Hydraiilics Labonltory, Report S487-IV. Delft. The 
Netherlnnds. 

VILliUGBIINItIL, C.B., 1982. Nurnerical Solution of n Convection-Diïfusion Eqiintion using Finite Elements 
Delft Mydraulics Laboratory, Inlerndl Note X 59, Delft, The Nctherlands. 

60 



In the series of Rijkswaterstaat Communications the Collowing numbers have been 
previously published: 

No. i .  Tidal Compufalions in Shallow Wufer 
Dr. J. J. Dronkersi. and prof. dr. ir. J. C. Schönicld 
Report on Ifydrostalic Leveling u c r m  the Westerschelde 
Ir. A. Waaiewijn, 1959 

No. 2. Computarions of fhe Decca Parfern for the Nerhcrlands Delta Works 
Ir. H. Ph. van der Schaart and P. Vetterli, Ing. Dipl. E. T. H., 1960 

No. 3. The Aging of Asphullic Birumez 
Ir. A. J. P. van der Burgh, J. P. Rouwman and G. M. H. SleiCelaar, 1962 

No. 4. Mud Disiribuiion and Lond Reelamafion in the Easrern Wnddepr Shollows 
Dr. L. F. Kampst, 1962 

No. 5 .  Modern Construction of Wing-Gales 
Ir. J. C. ie Nobel, i964 

No. 6. A Sfrucfure Plan for the Soufhern IJsselmeerpolders 
Board of the Zuyder Zee Works, 1964 

No. 7. The Use of Explmivesfor Clearing lee 
Ir. J. van der Kley, 1965 

The Design md Construction ofrhe Von Brienenoord Br idp  across Ihe River Nieuwe Maas 
Ir. W. J. van der E b t ,  1968 

Eleclronic Compulufion of Wafer Levels in Rivers during Ifigh Discharges 
Section Rivcr Studies. Directie Bovenrivieren of Rijkswaterstaat, 1969 

No. 10. The Canaliralion offhe Lower Rhine 
Ir. A. C. de Gaay and ir. P. Bloklandt, 1970 

No. I i .  The Harinphel Sluices 
Ir. H. A. Ferguson, ir. P. Blokland t and ir. dra. H. Kuiper, 1970 

The Appliealio!, of Piecewi.w Polynomrnals 10 Prol>lems of Curve and Surfuce Approximufion 
DI. Kuri Kubik, 1971 

No. 13. Sysfemsfor Aufamalie Compufafion and Ploifing of Parilion Pofferns 
Ir. H. Ph. van der Schaaf l., 1972 

No. 14. The Reulizufion ond Funcfion of rhe Norfhern Basin of the Dellu Projeei 
Deltadienst af Rijkswaterstaat, 1973 

No. 15. Fysica/-Engineering Model of Reinfmed Conerere Frames ut Compression 
Ir. J. Blaauwendraad, 1973 

Navigofion Locksfor Purh Tows 
Ir. C. Kooman, 1973 

No. 17. Pneumafie Barriers Ia reduce Solt Inirurion rhrough Loch 
Dr. ir. G. Abraham, ir. P. van der Rurg and ir. P.de Vos, 1973 

No. 8. 

No. 9. 

No. 12. 

No. 16. 

61 



No. 18. Experienees wirh Mufhemamal Model.? ured/or Water Quulily <ind Water Proh1em.s 
Ir. J. Voogi and dr. ir. C. B. Vreugdenhil, 1974 

Na. 19. Sund Srabihrarion aiid Duw Ruilding 
Dr. M. J. Adnani and dr. J. H. J. Tenvindi, 1974 

The Rood-Pielure a.? a Touehstone /o, ihe three dimcnsiond Dmign of Roods 
Ir. J. F. Sprinper and ir. K. E. Huizinga (alm in Gcrman), 1975 

No. 20. 

No. 21. Push Towr in Cunols 
Ir. J. Koster, 1975 

No. 22. Lock Capacily und Trofliie Rensfa>,ee of L o c h  
Ir. C. Kooman and P. A. de Bruijn, 1975 

No. 23. Compuler Calculalions of a Complex Sreel Bridge ver$ed bg Model Invesri~arions 
Ir. Th. H. Knyser and ir J. Bridhorst, 1975 

The Kreekrak Loeks on ihe Scheldi-Rhine Connecnon 
Ir. P. A. Kolkman and ir. J. C. Slagter, 1976 

Motorway Tunnels buil1 bv ihe Immerserl Tube Merhod 
Ir. A. Glerum, ir B. P. Rigter, ir. W. D. Eysink and W. F. Heins, 1976 

Sali Disiriburion in Esrumiet 
Rijkswaterstaat, Delft University of Technology, Delft Hydraulics Laboratoiy, 1976 

Asphalr Revermem o/ Dyke Sloper 
Committce on thc Compaction of Asphdt Revetmenis of Dyke Slapcrs, 1977 

Ca/cu/arion Meihods for Two-dmemronat Croundwaler F/ow 
Dr. ir. P. van der Veer, 1978 

No. 29 Ten years of Qualily Cohirol in Road Consrrucrion in ihe Nerherlailds 
Ir. C. van de Fliert and ir. l i .  Schram, 1979 

No. 30. Digifal Large Scule Resfitufion ond Map Compilarion 
J. G. van der Kraan, H. Rietveld, M. Tienstra and W. J. H. IJzcreef, 1980 

P&y Analysis/or rhe Naironal Waier Managemen1 o/ fhe Nethe!'la>id~ 
(Neiherlands Contributions, reiaied io ihc PAWN-siudy, for the ECE-seminar on Economic 
Instruments far ihc Rational Utilization OL Water Resourceï-Veldhoven, Nethcrlands- 1980) 

No. 24. 

No. 25. 

NO. 26. 

No. 27. 

No. 28. 

Na  31 

No. 32. Changing E8luarier 
Dr. H. L. F. Saeijs, 1982 

No. 33. A Birn's Eye View of 1Iie Sliipping Trn/le on !he Norik Seo 
North sea directoraie, 1982 

No. 34. Confribuiions i0 Remole .Seeming: Appbcalro?tr o/ Thermnl In/inred 
H. W. Bmnsveld van Hulten (ed.), P. Hoogenboom, A. F. G. Jacobs, C. Kraan, G. P. de Loor and 
L. Waricna, 1984 

No. 35. O?, rhe Conslucrion o/ Compurarional Methodp for Shallow Wuier Flow Prohlems 
Dr. ir. G. S. Stelling, 1984 

62 



No, 36. Wrong-wuy driving 
Ir. G. A. Brevaord 

The Use of Asphah in Ilydmulic Eqqineering 
Technica1 Advisory Committec on Waterdeîenccs, 1985 

Recyebng of Raad Pavemeni Maicrinls in ihe Nethedandi 
J .  J. Gerardu and C. F. Hendriks, 1985 

No. 39. Groundwater Injilrïaiioii wirh Dored Wells 
Nalional Instiiuie Eor Water Supply, et al, 1985 

No. 40. Biologica1 Re.search .!?m~.Doll<iid Estun?y 
Biologica1 Siudy of thc Ems-Dollard Esluary (BOEDE), 1985 

No. 37. 

No. 38. 

63 


