
CHAPTER 175 

BEDFORMS, SEDIMENT CONCENTRATIONS AND 
SEDIMENT TRANSEORT IN SIMULATED WAVE CONDITIONS 

1) 2) Jan S. Ribberink  and Abdullah Al-Salem 

Abstract 

Two series of experiments were conducted in a new Large Oscilla- 
ting Water Tunnel of Delft Hydraulics with the main objectives to 
study the behaviour of bedforms and the transport of sand in con- 
trolled wave conditions simulated at full scale (1:1). The main 
results are: 
i) Bedform dimensions are strongly influenced by the type of oscil- 

latory flow. The transition from rippled bed to plane bed condi- 
tions - as predicted by Nielsen s (1979) empirical relations - 
was not observed for sinusoidal waves but did occur for (ir)re- 
gular asymmetric waves, 

ii) The net sediment transports as measured during (ir)regular asym- 
metric wave experiments in plane or almost plane bed (sheet 
flow) conditions show a consistent linear relation with the 
third-order moment of the velocity <U3> and show a good agree- 
ment (within a factor 2) with the energetics total load sediment 
transport model of Bailard (1981). A calibrated formula of the 
form q = A • <U3> shows a reasonable agreement (within a factor 
1.5-3) with available existing datasets over a wide range of 
measured values (factor 1000). 

Introduction 

For the transport of sediment in the marine coastal environment 
the complex interactions between the wave and sea bed itself (bed- 
forms, sediment stirring) play a key role. After several years of 
experimental research in a small oscillating water tunnel, recently 
a new large oscillating water tunnel was constructed at DELFT HY- 
DRAULICS with the aim to extend the research to full scale (1:1) 
conditions. 
Sediment transport under the influence of waves and current is gene- 
rally divided into transport as carried by the current and transport 
as carried  by waves. By splitting  up of the  horizontal velocity U 
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and the sediment concentration C at a certain level in a time-avera- 
ged component and a fluctuating component due to the waves, the ho- 
rizontal sediment flux at that level <|> can be split up in a cur- 
rent-related part $ and a wave-related part 4> as follows. For a 
colinear situation (i.e. current and wave propagation have the same 
or opposite direction): 

u = u 
0 

+ u 
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Much of the research on sediment transport in the past has been 
concentrated on the transport component as carried by the current 
(often dominant in longshore direction). The waves are treated as an 
additional stirring mechanism for the sand. The sediment transport 
component as carried by the waves (e.g. due to wave asymmetry out- 
side the surfzone) is much less understood, which is probably caused 
by the complex character of this type of sediment transport which is 
governed by the intra-wave processes taking place in a relatively 
thin layer (millimeters to centimeters) near the sea bed. Neverthe- 
less, the wave-carried transport is of great importance for especi- 
ally the transport in cross-shore direction. For example, wave asym- 
metry (leading to relatively high orbital velocities in the direc- 
tion of the wave propagation and relatively low orbital velocities 
in the opposite direction) is generally held responsible for the 
onshore motion of sand on the upper shoreface and for example for 
the onshore motion of offshore bars. 
The experimental research programme around the new tunnel was there- 
fore started with the objectives: i) to obtain a better understan- 
ding of the wave-carried sediment transport and ii) to verify and 
improve existing concepts for the description of this type of sedi- 
ment transport. 

Large Oscillating Water Tunnel 

A general outline of the new tunnel is given in Figure 1. The 
horizontal test section has an appproximate length of 15 m, an inner 
width of 0.3 m and an inner height of 1.1 meter. The complete test 
section can be provided with a sand bed with a layer thickness of 
0.3 meter, leaving 0.8 m height for the oscillatory flow above the 
bed. A desired oscillatory water motion (regular or irregular) can 
be imposed by a computer controlled hard driving system, which con- 
sists of a hydraulic servo-cylinder moving a steel piston in one of 
the cylindrical risers. The other cylindrical riser is open to the 
atmosphere. The maximum amplitude of the piston is 0.75 m which 
coincides with a maximum semi-excursion length of water particles in 
the test section of app. 1.75 meter. 

Figure 2 shows the working regime of the new tunnel in terms of 
period and maximum velocity amplitude of the oscillatory flow, in 
comparison with the small tunnel of DELFT HYDRAULICS and the exis- 
ting large tunnels at SCRIPPS (USA) and ISVA (TU Copenhagen). The 
main feature of the new tunnel is that it  has  the  possibility of 
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controlled simulation in the relevant velocity/period regime (scale 
1:1). A desired regular and irregular oscillatory flow can be produ- 
ced in the test section with a limited deformation. Figure 2 shows 
that the tunnel covers the bedform regimes from initiation of motion 
to sheet flow (D 50 0.2 mm). 

Figure 1  Large Oscillating Water Tunnel 

(1) DH   -   small   tunnel 

(2) SCRIPPS 

(3) ISVA 

T   (s) 

Figure 2 Velocity-amplitude and period regime 

Set-up of experiments 

Because  bedforms are essential features for the sediment trans- 
port process, a first set (series A) of experiments was focussed  on 
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bedform behaviour under the influence of regular sinusoidal oscilla- 
tions, covering the major part of the tunnel's working regime. Twen- 
ty-nine tests were conducted with periods 4-10 s and velocity ampli- 
tudes 0.3-1.5 m/s using quartz sand with Ds_ = 0.21 mm. The main 
objectives of this first series were: i; to compare the observed 
bedforms (dimensions, transition to sheet flow) with existing data- 
sets and empirical formulations (tunnel validation) and, ii) to 
study the bedform behaviour in the still very unknown high velocity 
(U > 1 m/s) and large period (T > 5 s) regimes. 

A sec 
sediment 
of data i 
high velo 
1986). A 
nel  with 
oscillato 
mensions 
measured 
(U 
nel, T 

ond set of experiments (series B) was focussed on the  net 
transport as induced by wave asymmetry. Only a limited set 

s available on this type of  transport  especially  in the 
city regime (Horikawa et al, 1982 and Sawamoto & Yamashita, 
series of 12 experiments were carried out in the large tun- 

irregular (exps. 1-6) and regular (exps. 7-12) asymmetric 
ry flow in which the net sediment transport, bed  form di- 
and  time-averaged  suspended  concentration profiles were 
The experimental conditions  are  summarized  in Table  1 

root mean square value of the measured velocity in the tun- 
(peak) period of the oscillatory flow). 

(peak) 

exp. U 
rms 

T 
(peak) 

(ir)regular 

- m/s s - 

1 0.48 
2 0.32 6.5 irregular 
3 0.43 JONSWAP 

2nd order 
4 0.48 Stokes 
5 0.33 9. 1 
6 0.44 

7 0.50 
8 0.70 6.5 
9 0.92 regular 

2nd order 
10 0.54 Stokes 
11 0.70 9.1 
12 0.97 

Table 1  Experimental conditions series B (wave-asymmetry) 
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n comparison with the linear (symmetric) signal, 
symmetry, expressed in (significant) crest velocity 
sum of (sinificant) crest and trough velocity  (U 

onstant (0.62-0.65). c 
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Two different oscillation (spectral peak) periods were used (6.5 and 
9.1 s) for similar velocity time series in order to study the vali- 
dity of a quasi-steady approach for the description of the sediment 
transport. 
A laser-doppler system is used for the measurement of the horizontal 
velocity variation outside the boundary layer (20 cm above the sand 
bed). The net sediment transport rate in the middle of the test sec- 
tion (not disturbed by boundary effects at the two ends of the test 
section) is determined with a mass-conservation technique. The mea- 
sured bed-level change along the test section and the collected sand 
volume in two sand traps at both ends of the test section during a 
certain time interval (5 - 50 min) are used for the integration of 
the sediment continuity equation, yielding the distribution of the 
net transport rate along the test section. By repeating each experi- 
ment 5-8 times the net transport rate could be determined with an 
error of approximately 10-15%. Totally 93 tests were carried out in 
the above mentioned 12 different conditions. 

H3ig = 1.5 m 

Tp = 6.5 s 

h =   4.5  m 
JONSWAP 

Figure 3  Irregular asymmetric velocity signal 

The data analysis was concentrated on the bedform behaviour and the 
sediment transport rate. For information about the measured suspen- 
ded concentration profiles (time-averaged), reference is made to 
Ribberink and Al-Salem (1989, 1990). 

Bedforms 

Figure 4 gives an impression 
test section (central 8 m) for diffe 
periods (series A: regular sinuso 
length and height increase for incre 
period. Very large bedforms develo 
regime (U > 0.9 m/s) which, although 
rally observed in small wave flumes 
results from other wave tunnels and f 
X2 = D50/AgT*). 

of the bedform behaviour in the 
rent velocity amplitudes and 
idal oscillations). The bedform 
asing velocity amplitude and 
ped in the high velocity/period 
considerably larger than gene- 
, show a clear consistency with 
lumes in the world (see Fig. 5, 
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Figure 4 Bed geometry, regular sinusoidal flow 
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Figure 5  Ripple length as a function of orbital excursion length 
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It  is  shown  that  the measured dimensionless bedform lenght X. 
is roughly a linear function  of  the  dimensionless  total  orbital 
excursion  length d  of water particles near the bed (X ** 0.5 do>- 

The new tunnel observations (DH, 1989) show a good agreement 
with the measurements conducted by Sakakiyama et al (1986) in the 
large Japanese CRIEPI wave flume (field scale). 
The transition to sheet flow conditions in the high-velocity regime 
did not coincide with the transition to plane bed conditions. For 
example, for U = 1.5 m/s large bedforms could be observed with a 
lenght X * 0.5 • d , with sheet flow taking place in a thin layer 
(appr. 0.5 cm) along the bedforms and without vortex generation in 
the bedform troughs (no flow separation on the bedform crests). 

This behaviour is also shown in Figure 6A in which the measured 
bedform lenghts are compared with Nielsen's (1979) empirical formu- 
lations (laboratory and field conditions). 
In Figure 6: x = 0.5 • d and U2/AgD _ is the mobility number with 
A = (p -p)/p, P = density of sediment, p = density of water and 
g = gravity acceleration. 
Although the transition to sheet flow indeed took place for mobility 
numbers > 100-200, the (dimensionless) bedform lenght measured in 
the tunnel but also in the CRIEPI flume did not show the expected 
decrease. 
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Fig. 6  Dimensionless ripple length as a function of mobility number 
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However, the situation changed in case the oscillatory flow becomes 
asymmetric (experimental series B) as shown in Figure 6B. Only the 
experiments 2 and 5 showed the presence of small two-dimensional 
rolling grain ripples, during the other 10 experiments the bed was 
plane and sheet flow was present. Now the reduction in ripple length 
roughly coincides with Nielsen's relations. 
Similar results were obtained for the measured ripple height. For 
more details, see Ribberink and Al-Salem (1990). 

Sediment transport induced by wave asymmetry 

For the modelling of sediment transport as carried by waves 
several approaches exist varying from relatively simple to very 
sophisticated (research) formulations. In the most simple approach 
the instantaneous transport during the wave cycle is directly rela- 
ted to the instantaneous horizontal velocity above the wave boundary 
layer near the sea bed. It is assumed that (time) phase lags between 
transport rate, sediment concentration and bed-shear stress and 
between bed-shear stress and velocity above the boundary layer can 
be neglected (quasi-steadiness). A general notation for this kind of 
transportconcept is: 

qs(t) = A|u(t)(n_1)|u(t) (1) 

in which q (t) = transport rate during the wave cycle expressed in 
volume per unit width and time, U(t) = horizontal velocity during 
the wave-cycle above the wave boundary layer, n = power and A = fac- 
tor depending on several parameters such as grain size and friction 
factor. 
Madsen & Grant (1976) base their transport description on the trans- 
port formula for uni-dlrectional steady flow of Einstein-Brown, 
yielding n = 6. 
Bailard (1981) proposes formulations for bed-load and suspended 
transport based on energy considerations of Bagnold, yielding n = 3 
for bed-load transport and n = 4 for suspended transport. 
For plane bed conditions also more sophisticated model concepts 
exist in which the detailed behaviour of sediment concentration and 
water/grain velocities during the wave cycle (also vertical struc- 
ture) is described. For example, a wave-boundary layer flow model is 
used in combination with a convection-diffusion model (see Freds^e 
et al, 1985). The above-mentioned phase lag effects are taken into 
account and for example, the delayed response of suspended particles 
to the varying (unsteady) flow conditions is modelled. Although even 
more extensive modelling efforts are carried out (see e.g. Bakker 
and van Kesteren, 1987), a general problem is the lack of detailed 
measurements for the verification of the various concepts. Observa- 
tions and measurements are often done in small laboratory flumes and 
tunnels in which the orbital velocities and wave periods are gene- 
rally far below their natural values. 

During all tunnel experiments in series B: i) the bed was plane 
or almost plane (rolling grain ripples in exps. 2 and 5), ii) a uni- 
form (net) transport distribution could be realized in the central 8 
meters of the test section, and iii) a net 'onshore' transport was 
measured. The latter agrees qualitatively with the power-law formu- 
lation eq. (1) (power n > 1) in combination with a velocity signal 
U(t) based on 2nd-order Stokes wave theory. 
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The validity of the power law approach was 
relation between the measured net transport 
city moments <|u   |ll> with n = 3, 4 and 6 
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Figure 7 Net transport rate as a function of velocity moments 
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The experiments with regular and irregular oscillatory flow seem 
to follow the same line, which confirms the quasi-steady approach of 
the power-law description. 
Nevertheless, a wave period influence is present (see Fig. 8) as for 
the experiments with T = 9.1 s the measured net transport rates are 
systematically higher (20-60%) than for the experiments with T = 6.5 
s. This indicates that phase-lag effects (or acceleration/inertia 
effects) are present and should be taken into account for more accu- 
rate transport modelling. 
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Figure 8  Period influence 

In Figure 9 the formulas of Bailard (1981) and Madsen & Grant (1976) 
are verified in an absolute way by comparing computed net transport 
rates with the measurements. It is shown that the formula of Bailard 
(1981) can produce the measured transport rates within inaccuracy 
limits of a factor 2. The Madsen & Grant formula not only has the 
wrong power n (= 6) but also clearly overpredicts the transport rate 
in the high-velocity regime. 
Remark: In both formulae the friction factor formulation of Jonsson 
(1980) was used with roughness height k = D_„ and the significant 
water particle semi-excursion lengh (x . for the tests with irregu- 
lar waves). The Bailard formula was appISed with bed-load efficiency 
factor e = 0.1 and suspended-load efficiency factor E = 0.02 as 
suggested by Bailard. 
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In Fig. 10 a comparison is made between the present measurements 
and other available datasets. The measurements of Horikawa et al 
(1982) and Sawamoto & Yamashita (1986) were carried out in tunnels 
in the sheet flow regime using almost the same sand  as  during  the 
present experiments (D 

50 
0.2 mm). However, sinusoidal oscillations 
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were applied (Horikawa: T = 2-6 s and Sawamoto: 3.1 s) and the 
transport per half wave cycle (<q >y) was measured. The measurements 
of Roelvink and Stive (1988) were carried out in the large wave 
flume of DELFT HYDRAULICS (DELTA flume) using the same sand as used 
for the present tests. A net (onshore directed) transport <q > (due 
to wave asymmetry) was measured in case of irregular waves ?T , = 
5.1, 6.1 s, U =0.3 m/s). The inter-comparison of the different 
data sets is male through the power-law formulation.(1), as calibra- 
ted with the new tunnel data (factor A = 0.18 • 10 s2/m and n = 3) 
and applied to the other datasets. A reasonable agreement is obtai- 
ned (within a factor 1.5-3) over a wide range (factor 1000) of mea- 
sured values. Although the data of Horikawa and Sawamoto are syste- 
matically underpredicted by the calibrated formula (effect of wave 
period, 1/2 cycle transport?), the validity of the power n = 3 is 
clearly confirmed (see slope of the data points in Fig. 10). 

Conclusions 

Two series of experiments were conducted in a new Large Oscilla- 
ting Water Tunnel of Delft Hydraulics with the objectives to verify 
and develop (existing) relationships for sediment transport carried 
by waves, for suspended sediment concentrations and for bedform 
dimensions in controlled full-scale (1:1) conditions. Series A was 
conducted with regular sinusoidal waves, series B with regular and 
irregular asymmetric waves. 

Bedforms 

For regular sinusoidal waves the observed ripples: 
i)  were  considerably  larger  in the  high velocity regime (sheet 

flow) than as predicted by the empirical  relations  of Nielsen 
(1979) and did not show the expected transition to plane bed, 

ii) had dimensions (height/lenght) which were  linearly  correlated 
with the orbital excursion lenght and showed a clear consistency 
and agreement with existing datasets including  the  large  wave 
flume measurements of Sakakiyama et al (1986). 

For (ir)regular/asymmetric waves the expected  transition  to  plane 
bed conditions (sheet flow) did occur and agreed well with the rela- 
tions of Nielsen (1979). 

Sediment transport 

The net sediment transports as measured during the  regular and 
irregular  asymmetric  wave experiments in plane or almost plane bed 
(sheet flow) conditions showed: 
i)   a consistent linear relation with the third-order moment of the 

velocity <U3>, 
ii)  a systematic (20-60%) wave-period influence (phase-lag 

effects), 
iii) a much better agreement with the energetics total load sediment 

transport formula of Bailard (1981) (within a  factor  2)  than 
with the bed-load formula of Madsen & Grant (1976). 

A formula of the form q  = A ^,<U3>, calibrated with the new experi- 
mental  data  (A = 0.18 • 10   s2/m), showed a reasonable agreement 
(within a factor 1.5-3) with the small number of  existing  datasets 
(Horikawa  et  al, 1982, Sawamoto & Yamashita, 1986  and  Roelvink, 
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I 
1988, all: D_n =0.2 mm) over a wide range of measured values  (fac- 
tor 1000). 
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