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Abstract

The paper provides basic information on the description of sediment transport in the coastal
zone of the sea. It explains the mechanisms of sediment movement under the influence of the waves
and currents interactions, characteristic for the coastal zone. It presents models describing the
movement of sediment in the regime of flat bottom, making their divided in accordance with the
method of description of vertical structure of sediments transport. Particular emphasis is placed on
modeling of graded sediment transport. It presents basis for the three-layer model of graded sediment
transport. This allows, among others, the analysis of the variability of particle size distribution in the
whole area of sediment movement. The model assumes that the movement of sediment is divided into
three layers: bedload layer, contact load layer and outer flow region, as a result of the shear stress
influence on the bottom.

Introduction

The primary factor leading to the reconstruction of the profile of the
seabed is a wave caused by the wind and the return current which is
caused by this wave. Wind-induced waves are generated in the deep-
water off-shore area, where the seabed does not affect the nature of the
waves. As a result of decreased depth, the wave undergoes a transform-
ation process leading to the increase of the wave crest height and
shortening its length, each wave through becoming shallower and
longer. In the area of deepwater it is necessary to use the sinusoidal
wave approximation, whereas along with the decrease of the depth, the
2nd Stokes approximation is used and then the cnoidal approximation
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and solitary waves (DRUET, KOWALIK, 1970). In the coastal zone, for the
purpose of describing sediment transport, the 2nd Stokes wave approximation
is most commonly used (KACZMAREK 1999). It is characterized by shortened
and steep crest and elongated and flattened through, in comparison to the sine
wave.

In the coastal zone there is an interaction between the hydrodynamic forces
and sediment and bathymetric profile of the bottom. The fluid stream due to
friction forces, runs the sediment from the bottom and the sediment material
is transferred over a certain distance. So, moving water causes the bottom
sediment transport, and the spatial variability of sediment transport volume
causes changes in morphology of the bottom, which in turn affects the water
movement change. The question of what controls the rate and method of
sediment transport and the nature of changes in the level of the bottom
occupied researchers for over a century. Numerous relations between the level
of bottom elevation and the rate of sediment transport and flow parameters,
including a number of empirical and far less theoretical relations have been
proposed. Empirical relations generally can not be applied beyond the limited
conditions for which they were formulated, and the majority of theoretical
propositions depends on arbitrary assumptions with only a little or no physical
credibility (ALLEN 1977). Comprehensive description of such a complex system
is very difficult and therefore only by successive approximations and simplifi-
cations it is possible to describe the phenomena occurring in the coastal zone of
the sea. Despite that in recent years there has been a significant progress, still
many issues remain unresolved.

The objective of this paper is the review of sediments transport models. It
has been indicated that the primary advantage of the two- and three-layer
models in comparison with classic models, based on empirical and semi-
empirical relations, is the fact, that such models allows to evaluate a concentra-
tion of sediments at any level, depending on the instantaneous hydrodynamic
force. The proposed three-layer theoretical model of graded sediments trans-
port providing a complete theoretical description of the vertical structure of
transportation of the sandy sediment of a various grain size. Using this model,
it is possible to predict an amount of moving sandy sediments of various grain
size, as well as there is a possibility to predict the size of the transport of
individual fractions.

Sediment transport in the coastal zone
Hydrodynamic processes (waving and wave driven currents) are the driv-

ing force of the sediment transport and the evolution of seabed. Actual
parameters of morphodynamic and lithodynamic processes depend on the kind
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of sediment which residues in the seabed and on the supply of these fractions of
sediment that are susceptible to the effects of water flow in the bottom layer
(transportation in the form of bedload transport and suspended as a result of
shear bottom stresses impact). First of all, the parameters of the litho — and
morphodynamic processes depend on the wave climate, the bathymetric
bottom arrangement and hydrotechnical facilities in the coastal zone of the
sea.

In the traditional division (GRADZINSKI et al. 1986) adopted in considera-
tions concerning the transport of sediment, the sediments are transported in
three layers, starting from the lowest point: bedload, saltation and in the layer
of suspended sediments. The bedload layer covers an area below the bottom of
the theoretical level of very high concentration of sediment particles set in
motion under the influence of the shear stress impacting the bottom surface.
Shearing the bottom layer being the result of shear stress causes only a slight
increase in the space between the particles of sediment. Surface friction and
intermolecular collisions cause energy transfer between individual molecules
of the sediment. The thickness of the bedload layer ranges from one to several
tens of sediment grain diameters (NIELSEN 1992, O’'DONOGHUE, WRIGHT 2003).
In saltation layer with a thickness of about few centimeters, the sediment
particles are transported and they are raised from the bottom as a result of
turbulent pulsations and punching through the falling sediment particles on
the small height above the bottom. Due to the short time of the particles
staying in suspension, their transport depends on the oscillation velocity of the
wave motion (GRADZINSKI et al. 1986). Suspension layer with a thickness of
about meters covers an area over the saltation layer up to the free surface of
the water column. In this layer, sediment particles reside for a period longer
than the period of the wave, and their resultant transport is mainly related to
the return current which is characteristic for the coastal zone of the sea. To
describe the transport of sediment in suspension it is applied the theory of
compensating return current (SVENDSEN 1984).

Sediment transport may take place in two basic regimes. In the regime in
which the bottom is covered with bottom forms, e.g. in the form of ripples or in
the regime where the bottom is flat with a mobile “carpet” of sediments or flat
— stationary. The ability of occurrence of these sediment movement variants
depends primarily on the type of sediments building the sea bottom and on the
intensity of the waving impact on the bottom. To determine the size of the
driving force causing the movement of sediment, most commonly the Shields
parameter is used — 65, and this defines the dimensionless friction. It is
assumed, that the beginning of the sediment movement occurs when 6,5 =
= 0.05 (NIELSEN 1992).

The resultant sediment transport rate along the transverse profile of the
sea coast is the result of the coexistence of wave motion asymmetry and
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compensating return current. The consequence of the wave motion asymmetry
is the asymmetry of orbital velocity of water at the bottom between the wave
crest and the through (CHEN et al. 2010, ZHENG 2007, YHENG et al. 2008).
There is a far greater impact on the bottom during the wave crest than during
the through. As a result, the individual fractions of the bed sediment are more
intensively transported in landward than in seaward direction (Fig. 1). Despite
the fact that the duration of the wave through is longer than the crest, only
small diameter grains participate in the motion. During the wave crest, the
wider spectrum of sediment particles is transported.

Ucrest Ucrest
—— " large onshore movement

i net movement

Utrough
Utrough
small offshore movement : <=
A
(asymmetric wave velocity) (net-transport in wave direction)

Fig. 1. Resultant sediments transport rate under the influence of the asymmetric waves
Source: Hassan (2003).

As demonstrated by laboratory tests, carried out in the oscillatory tunnel
(RIBBERINK, AL-SALEM 1994), the resultant sediment transport rate with the
representative median diameter of d5o = 0.21 mm is in landward direction, i.e.
compatible with the direction of wave propagation. For fine-grained sediment
of d5o = 0.13 mm, RIBBERINK and CHEN (1993) obtained the opposite (from the
coast) transport direction. It turns out that under conditions of strong wave
functions, the resultant sediment transport changes its direction (Fig. 2). The
reason for this is the fact that the suspension during the wave through (in
seaward direction of the water orbital velocity) of fine grains of sediment,
previously raised from the bottom during the wave crest, moves in seaward
direction. Sediment particles remain in suspension for the duration of the wave
through due to the low speed of their descent. The phase lag (arising as a result
of the above situation) between the maximum speed of the water and the
maximum concentration of sediment can be particularly well noted for the fine
sediment, transported by the strong and short-term waves (DOHMEN-JANSSEN,
HANES 2002, JANSSEN 1995, O’DONOGHUE, WRIGHT 2004, VAN DER A et al.
2010). As a result, both the effect of the phase lag and the impact of return
current result that the resultant transport of the finest fractions of sediment is
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directed towards the sea. The magnitude of the volumetric sediment transport
intensity depends thus on: the intensity of the impact of wave motion on the
seabed, the asymmetry of wave motion, bed sediment grain size composition,
as well as on the value of the return current.
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Fig. 2. Resultant sediments transport under the influence of the asymmetric waves
Source: on the basis of: (*) RIBBERINK, CHEN (1993), (+) RIBBERINK, AL-SALEM (1994); following: HassAN
(2003).

The average size of the shallow sea sediment particles decreases with
increasing distance from the coast. As a result of observations (PAWLUK 1984,
PAWLUK 1990) it was found, that the largest sediment sizes do occur in the area
of wave shoaling and it decreases with the increase of water depth. The nature
of the sediment which builds the bottom in the profile perpendicular to the
shoreline is closely related to the morphology of the coastal zone. Basically, in
the submerged bar throughs there are sediments with a lower median size
than on the crests of submerged bars (GUILLEN, 1995), on which the sediment
is not well sorted out and often characterized by bimodal particle size
distributions, without shapes typical for regular bimodal distributions. Bi-
modal distributions with a clear dominance in the field of fine fractions and
mode of coarse fractions as a form of long and flat tail — otherwise known as
bimodal distributions negatively sloped — occur on slopes of submerged bars
(PrUSZAK 1998). On the seaward slopes of submerged bards, the nature of
sediment is usually unimodal and well sorted out. Sometimes in the distribu-
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tion of sediment grain size it is possible to distinguish such a small mode
within the fine fractions and dominant mode of coarse fractions (bimodal
distribution positively sloped).

Modeling the sediment transportation
in the flat bottom regime

The sediment transport rate, under the action of waves and currents is
defined as integrated (summed by depth) product of velocity and sediment
concentration. The sediment transport rate is highly variable during the
period of the wave. Stationary models of sediments transport models base on
the analytical or numerical solution of basic equations of momentum (amount
of motion) and the continuity of the fluid and the equation mass conservation
— equation of diffusion-advection. Stationary models describe the transport of
bottom sediment in the simplified manner. In this case, the empirical or
quasi-empirical formulas are used. They are based mainly on the characteristic
parameters of the wave motion, such as: the maximum (in wave period) water
velocity at the bottom or the maximum bottom friction value. Sediment
transport models can be divided into three main groups, according to the
criterion of how to describe the vertical structure of the sediment transport:

— models describing suspended sediment transport,

— models describing bedload sediment transport,

— two- and three-layer models, i.e. describing the transport of suspended
and bedloaded sediments; possible third layer describes transition region
between the layers and corresponds to the saltation layer.

Suspended sediment transport models put the emphasis on the solution of
the equations of water momentum and advection — diffusion equation descri-
bing the instantaneous concentration of sediment being suspended. In case of
flat bed (1DV), i.e. when only the variability of flows in vertical is taken into
consideration, it is possible to express as follows:

(1)

where:
C = C(z, t) — instantaneous volumetric concentration of the suspended sedi-
ment [m?/m?],

Ws — sediment grains falling speed [m/s],
& = &lz, t)- factor of sediment diffusion turbulence in the vertical profile
[m?s],
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whereas the volumetric concentration is possible to be defined as follows:

C=—= (2)

where:
V., - volume of the ground control volume,
V, — pores volume.

To determine the sediment concentration distribution in the vertical profile
it is necessary to know the size of the concentration at reference level, i.e. at
the lower limit of the modeling. In simplified models, it is generally assumed
that the turbulent diffusion factor is constant in time — mostly during the wave
period. In addition, it is assumed its constancy throughout the whole depth
range. In addition, sometimes, additional simplification may also relate to the
concentration at reference level. It can be determined using empirical or
semi-empirical functions, making the concentration dependent on the friction
along the bottom surface (e.g. ENGELUND, FREDS@E 1976, GLENN, GRANT 1987,
GRANT, MADSEN 1986, MADSEN, GRANT 1976, ZYSERMAN, FREDSgE 1994).

A detailed review of models of suspended sediment transport in the regime
of flat bottom can be found in the works: AMOUDRY, Liu (2010), DAVIES,
VILLARET (2002), DAVIES et al. (1997), DOHMEN-JANSSEN (1999).

In the description of sediment transport, in the bedload layer, strong
influence of interactions between sediment particles causes the necessity of
a different approach to the description of transport than the concept of
diffusion, used in the suspension layer. BAGNOLD (1956) introduced the
postulate of “dispersion stress” in the bedload layer, which is the result of
sediment grains presence in the soil and water mixture and he showed that as
a result of shear of soil and water layer, due to the presence of sediment grains
in the mixture, there is an additional normal (causing the relaxation of water
and soil mixture) and tangential stress generated. SAYED and SAVAGE (1983),
using the results of experimental researches on the mechanics of granular
media, proposed the constitutive equations to describe the state of stress and
strain, as well as associated relations used to describe normal and tangential
stresses resulting from the momentum transfer between particles of sediment
on their mutual collisions.

Holistic modeling — describing transport within the whole area of sediment
movement, i.e. taking into account the total of bedload and suspended sedi-
ment transport in the regime of flat bottom, requires a description based on
a two-layer model (e.g. AMOUDRY et al. 2008, ASANO 1990, BAKHTYAR et al.
2010, DONG, ZHANG 2002, L1, SAWAMOTO 1995, Liu, SHEN 2010). The first
two-layer models were based on the classical bagnold approach (ASANO 1990,
KOBAYASHI, SEO 1985).
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KACZMAREK (1991) adapted the stationary description of sediment layer
motion, proposed by SAYED and SAVAGE (1983) for wave conditions. In order to
determine the instantaneous value of the sediment transport rates in bedload
layer, he used the instantaneous stresses at the upper surface of the bedload
layer. The resulting solution of the equations concerning movement in bedload
layer was in the next step “stitched” with the solution obtained in the
suspension layer, and obtained on the basis of diffusion — advective model
(1DV). KACZMAREK and OSTROWSKI in 2002 joined the third layer, so-called
contact load layer — between a bedload and suspension layers — using for its
description the proposal of DEIGAARD (1993). Deigaard’s description, adapted
by KACZMAREK and OSTROWSKI (2002) enabled the analysis of the momentum
exchange between the elements of water and sediment grains and the mutual
exchange of momentum (by way of chaotic collisions) between grains of
sediment. In turn, a more simplified version of 1DV modelling, rather more
similar to the model of KACZMAREK (1991) was presented by MALARKEY et al.
(2003).

The primary advantage of the two- and three-layer models in comparison
with classic models (formulas), based on empirical and semi-empirical rela-
tions, is the fact, that such models allows to evaluate a concentration of
sediments at any level, depending on the instantaneous hydrodynamic force.
Furthermore, they allow for the description of the vertical profiles of velocity
and sediment concentration throughout the entire area of sediment motion.

To describe the transport of sediments in the vertical profile, the various
models are used, e.g. UNIBEST-TC (BOSBOOM et al. 1998, RENIERS et al. 1995)
and CROSMORZ2000 (vaN R1JN 2000, VAN RIIN, WIJNBERG 1996) to describe the
bedload transport they use the quasi-stationary model of RIBBERINK (1998),
while for the description of the suspended transport — model of van RIJN (1993)
providing the size of averaged transport volume within the period of the wave.
COSMOS model (NAIRN, SOUTHGATE 1993, SOUTHGATE, NAIRN 1993) is based
on the Bailard’s model (1981), BEACH models (O’CONNOR, NICHOLSON 1989,
O’CONNOR et al. 1998), CIRC (RIVERO, SANCHEZ-ARCILLA 1993, SIERRA, SAN-
CHEZ-ARCILLA 1999) use the model of WATANABE (1980). These models, except
the CROSMOR2000 model do not take into account the graded sediment. In
CROSMOR2000 model, it is a priori assumed that some diameters of sediment
grains move within the bedload layer — to the coast and other within the
suspension layer — from the coast. Such an approach does not take into account
the fact, that along with the increase of the waving impact on the bottom, the
range of sediment diameters, transported from the coast in the suspension is
changed. Among others, for this reason, CROSMOR2000 model does not
describe the changes in grain size distribution in the coast cross profile which
is the result of the storm activity.
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Modeling of graded sediment transport

Graded sediment description is performed using the results of the
granulometric analysis, while the following relationship applies:

N
=1 3)

where:

n; — value describing the percentage size (fractional) of the i-th fraction in the
mixture of sediment which builds the bottom,

N - number of fractions in the mixture.

The biggest simplification used in the modeling of graded sediment trans-
port is the assumption that the intensity of transport (g) of all fractions of the
sediment is the sum of independent transport intensities (n,q;) of individual
fractions (BIEGOWSKI 2006):

N

q =X ng; 4)
i=1

The values of g [m?/s] and ¢; [m?/s] mean the grain skeleton flow intensity
(excluding the porosity) of a given flow volume per unit width and time. Value
of qi is the transport rate of homogenous sediment with a diameter of the i-th
fraction. It is assumed that this value does not depend on the presence of other
fractions in the mixture. Thus, the equation (4) means, that the simplified
model of mixture was adopted, assuming no interaction between the different
fractions of the sediment. In fact, the sediment fractions interact with each
other and the contribution of the various factions in the intensity of sediment
transport varies in relation to the situation when there is no interaction
between the fractions.

HASSAN (2003) presented the possibility to implement a quasi — stationary
model, proposed by BAILARD (1981), to describe the intensity of graded
sediment transport. It is assumed the sediment transport intensity in the
bedload layer depends on the representative diameter (median dso) of the
sediment of the bottom. However, in the suspension layer, because of the
variable fall velocity, depending on the particle diameter, the flow of sediment
transport depends on the diameter of individual sediments fractions. Thus,
with respect to the suspended sediment transport rate, there is a simplification
described by the equation of (4).

Within the frames of the simplification, described by the equation of (4),
RIBBERINK (1998) made the volume of individual deposit fractions transport
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dependent on the dimensionless friction, the most frequently described by the
Shields parameter, determined for each diameter of the sediment. In turn,
DOHMEN-JANSSEN (1999) has adopted the RIBBERINK’S (1998) quasi-stationary
model of graded sediments transport and she also introduced a modification,
taking into account the effect of the phase shift between suspended sediment
concentration and instantaneous velocity of water. In this way, it was possible
to achieve the simplified, two-way selective description of sediments transport,
wherein the coarser fractions move towards the coast, and finer fraction move
away from the coast.

However, the quasi-stationary models of graded sediments transport
(BAILARD 1981, RIBBERINK 1998) insufficiently describe the intensity of sedi-
ment transport due to hydrodynamic forcing. What’s more, they very poorly
describe the bidirectional effect of sediments transport within the coastal zone
of the sea (BIEGOWSKI 2006). In the last case, in the calculations carried out
with model of DOHMEN-JANSSEN (1999), it is possible to obtain better results,
although the best results are obtained only when the particle size of the
sediment is described with four fractions (HASSAN 2003). This description
makes it obviously impossible to characterize a natural sediment, deposited on
the bottom of the sea.

The three-layer model of graded sediments transport

Complete description of sediment transport, i.e. the description of grain
heterogeneous sediment transport within the entire area of motion may be
made on the basis of the three-layer model of graded sediments transport
(KACZMAREK et al. 2004). The model assumes that the movement of sediment is
carried out in three layers (Fig. 3): bedload layer, contact load layer and outer
flow region, as a result of the shear stress influence on the bottom. In the area
of each layer there is a different character of the deposits movement and the
momentum exchange between the water and sediment particles and therefore,
they are described with various equations. At the contact of layers, there is
a “stitching” of solutions, so as to ensure the continuity of sediment movement
description.

The model assumes that all fractions in the bedload layer move at the same
speed in the form of a dense water and soild mixture and sediments sorting is
carried out in this layer. It was assumed that the interactions between the
sediment fractions are so strong, that finer fractions are slowed down by the
coarser ones, and finally all fractions move at the same speed. Thus, this layer
does not apply to the simple summation of transport flow for individual
fractions, treated as the homogeneous sediment.
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Fig. 3. Scheme of the three-layer sediment transport model

The intensity of sediment transport in the bedload layer (KACZMAREK et al.
2004) towards the coast (for the duration of wave crest) ¢, and away from the
coast gy, respectively equals (see SAWCZYNSKI 2012, SAWCZYNSKI et al. 2011):

T. &
gis = %J(ju;,(z:t) @) dz’)dt (5)
0 0
and
T 5
Gox = le Juz;r(z’,t) ¢ (z’,t) dz’)dt (6)
T, 0
where:
T., T - wave crest duration, wave period,
)y — bedload layer thickness,
uhs — sediment velocity in the bedload layer,
chr - sediment concentration in the bedload layer,
z’ — elevation, while 2z’ axis directed vertically down.

The mathematical modeling takes into account the fact that the most
intensive vertical sorting takes place in the process of raising grains in the
contact load layer over the bottom. In the contact load layer, turbulent and
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chaotic pulsations of collision between particles cause very strong differentia-
tion transportation of individual fractions of the sediment. Very close to the
bottom — in a sublayer, where in the distribution of the i-th fraction of
sediments, the slip speed is strongly revealed — there is a very strong
interaction between the individual fractions, resulting in mutual chaotic
collisions. In a further distance from the bottom, these interactions between
fractions are subject to weakening. However, the concentration of the i-th
fraction is so high as to cause turbulence suppression, while this suppression is
dependent on the grain diameter di. It was assumed, that each i-th fraction, as
a result of interactions, moves with its own speed, and it is characterized by its
own concentration. Coarser fractions velocities and concentrations, calculated
in the contact load layer are greater than the size of which would have these
fractions if the bottom is homogenous and made of only one, corresponding
fraction. This increase in speed in the mixture is the result of interactions
between fractions where coarser ones are accelerated by the finer ones.

The intensity of sediment transport in the contact load layer (KACZMAREK
et al. 2004) towards the coast ¢ and away from the coast gz may be
respectively described as (see SAWCZYNSKI 2012, SAWCZYNSKI et al. 2011):

N T, &
@ =3 n, (%j Ju:i(z,t) cHz,b) dz)dt) 1)
i=1
0 0
and
N 1 T &
Qo = Z n; (T J ( Ju;(z,t) ci(z,t) dz)dt) (8)
i=1 AR
where
0 — contact load layer thickness,
n; - percentage content of the i-th fraction,
ult~ — velocity of the i-th fraction in the contact load layer,
c&/~ — concentration of the i-th fraction in the contact load layer.

In the outer layer, over the contact load layer, it is assumed that there is no
change in the particle size distribution of the transported sediment. The
vertical distribution of concentration in this layer is described by a power
function.

The transport flow in the outer layer (KACZMAREK et al. 2004) can be
expressed with the following formulas (see SAWCZYNSKI 2012, SAWCZYNSKI
et al. 2011):
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H

@ = jng<z>co<z>dz ©)
e
H

Gy = j%(z)co(z)dz (10)

8

where, Cy means the averaged in time value of suspended sediment mixture
concentration and U, and U,, are current velocities, resulted from waving (in
the coastal zone of the sea) of the respectively return current (directed towards
the sea) and alongshore current, generated as a result of waves propagation at
the angle to the cross profile of the coast.

BIEGOWSKI (2006) in his doctoral dissertation, using a three-layer model of
graded sediments transport, conducted, among others, the analysis of grain
distribution variability on the profile, exhibiting at the same time a usefulness
of the model. He explained the essence of formation of a various grain
distributions (unimodal and bimodal) during a short-term storm, depending on
the position of the calculation point on the profile (from the sea or from the
coast) and the occurring phenomenon of erosion or accumulation as a result of
the bi-directional stream of deposits. This bi-directional flow is related to the
transport of sediment at the bottom, faced towards the coast as a result of the
asymmetry of wave motion and transport of sediments carried away into the
sea by the return current.

Summary and conclusions

As a result of the review of sediments transport models, presented in this
paper, it has been indicated that the primary advantage of the two- and
three-layer models in comparison with classic models (formulas), based on
empirical and semi-empirical relations, is the fact, that such models allows to
evaluate a concentration of sediments at any level, depending on the instan-
taneous hydrodynamic force. Furthermore, they allow for the description of
the vertical profiles of velocity and sediment concentration throughout the
entire area of sediment motion. The three-layer theoretical model of graded
sediments transport details the bedload, contact load layer and outer flow
region. Character of interactions between water and sediments is different in
each of the above layers and that is why they are described in different
equations, while at the contact between the layers there is a stitching of
solutions, providing a complete theoretical description of the structure of
transportation of the sandy sediment of a various grain size. Using this model,
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it is possible to predict an amount of moving sandy sediments of various grain
size, as well as there is a possibility to predict the size of the transport of
individual fractions. As a result, the knowledge of grain size may be crucial,
e.g. in planning and conducting works associated with artificial sand supply.
The silt material extracted from the navigation channel is often used to
reinforce the edge in the vicinity of ports and therefore knowledge of the
particle size distribution is very important. Based on the three-layer model of
graded sediment transport, it is possible to determine the bathymetry changes
taking place under the influence of variations in the flow of sediment transport
of non-uniform grain size, and to determine the mutual impact of changes in
grain size of sediments and evolution of the bottom profile.
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