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9.1  Introduction

Sediment transport on sandy beaches connects hydrodynamic conditions to changes 
in morphology. Sediment transport is typically driven by a combination of hydrody-
namic mechanisms, which include waves, wind and tides. The mechanisms vary in 
both magnitude and direction on different spatiotemporal scales. For instance, flows 
due to wind, tides and the net effect of waves can typically vary over a timescale of 
several hours and more, whereas the orbital motion of waves varies over a timescale 
of seconds, and turbulent fluctuations over milliseconds.

Independent of the scale of interest, the volume of sediment transported in a wa-
ter column (or through the air) per unit width can be defined as a horizontal vector 
(S [m2 s–1]) resulting from the product of a sediment concentration (expressed as a 
ratio of sediment volume to total volume cs [ m

3 m−3]) and horizontal sediment speed 
(us [m s−1]) integrated over the vertical water (air) column:

∫=S c u dz
h

s s
0	

(9.1)

where the vertical coordinate z varies from the bed at z = 0 to the water surface where 
z = h.

S= ∫0hcsusdz

9
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Many uncertainties exist in the detailed relationship between the hydrodynamic 
conditions, the sediment concentration, the sediment speed and therefore the sediment 
transport at different scales. It is far from straightforward to perform comprehensive 
and repeatable measurements of spatiotemporally varying sediment speeds and sedi-
ment concentrations. Due to both the complexity of transport mechanisms and the 
limited availability of such direct measurements of transport, the total understanding 
of sediment transport and driving processes of sediment transport is still under devel-
opment. There are, however, many useful theoretical and practical concepts available 
that describe and quantify sediment transport at different scales of interest.

The magnitude of sediment transport can vary in many ways due to feedbacks 
with environmental processes and morphology. An accepted model concept is that the 
carrying capacity of water flow over a flatbed is related to the (local) flow velocity to 
some power higher than 1. Also, time-varying horizontal gradients in sediment trans-
port cause morphological changes following continuity according to:
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(9.2)

where η is the surface elevation of the bed, Sx and Sy are the time- and space-dependent sedi-
ment transports in x- and y-direction respectively and a is the porosity (Parker et al., 2000). 
When transport gradients in the direction of the transport are positive, the increasing trans-
port leads to erosion at the bed. When transport gradients in the direction of the transport 
are negative, the decreasing transport leads to sedimentation at the bed.

A steady concentration (and associated sediment transport) seems to exist in sta-
tionary and uniform conditions, which simplifies the description of sediment trans-
port. However, at sandy beaches the conditions are hardly stationary or uniform with 
both sediment concentrations and sediment speed responding differently to changing 
flow due to waves and currents combined and changing morphology. Therefore, more 
complex concepts are needed to describe sediment transport and gradients on beaches.

This chapter describes the most common concepts of sediment transport at sandy 
beaches. It starts with some essential details on timescales and sediment properties that 
are important for sediment transport, followed by the dominant modes of sediment trans-
port, bedload and suspended load. Furthermore, alongshore sediment transport and cross-
shore sediment transport are discussed separately. This chapter closes with a reflection on 
some of the current challenges regarding the description of sediment transport processes.

9.1.1  Timescales of sediment transport

The range of timescales that characterise sediment transport at sandy beaches can be 
classified according to the hydrodynamic forcing. The most important forcings and 
timescales are:

•	 turbulence (milliseconds)
•	 intra-wave processes on the short wave and wave group scale (seconds)
•	 short-wave-averaged flow (minutes–hours).

∂η∂t=−11−a∂Sx∂x+∂Sy∂y

η
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Turbulence is a relatively small-scale instability generated by shear. Turbulence in 
the water column affects the pathways of individual sediment grains on a very small 
scale (µm–cm). Describing the details of turbulence in flows remains a scientific chal-
lenge. Therefore, when measuring and modelling sediment transport, the turbulent 
timescale is often addressed using parameterisations of turbulent shear through an 
eddy viscosity concept of water that is linked to sediment dispersion.

Sediment transport on the intra-wave timescale (centimetres–metres) is driven by 
oscillatory flows that are related to the orbital motion of the waves. Such orbital flows 
include opposite directions depending on phases within the wave cycle. The resulting 
sediment transport can have a net component over the wave cycle that adds to a wave-
averaged transport.

Sediment transport on a wave-averaged timescale (1–10 m) is also driven by wave-
averaged flows due to wind, wave-induced radiation stress gradients, tides, wave 
streaming and Stokes drift. The magnitude and direction of wave-averaged flows can 
vary significantly in magnitude up to several metres per second and direction (with 
alongshore and cross-shore components) such as explained in Chapter 7 and summa-
rised in Fig. 9.1.

Figure 9.1  Schematic overview of wave-averaged currents in alongshore and cross-shore 
direction.
Source: Data from Svendsen and Lorenz, 1989.
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There is ongoing interaction between the different sediment transport timescales. 
For instance, oscillatory near-bed turbulent flows are not only responsible for stirring 
up sediment at the intra-wave scale but they also influence the wave-averaged sedi-
ment concentrations that are important for transport driven by wave-averaged flows.

9.2  Sediment properties

Important parameters for the sediment transport process are the mobility of sediment 
particles expressed by the initiation of motion together with the sediment particle's fall 
velocity. Both parameters are dependent on grain size, weight and shape. In the case 
of sandy beaches, a mix of grain sizes and shapes is usually present, forming a grain 
size distribution (see Chapter 2 for more elaborate discussion on sediment properties). 
In sediment transport concepts, a median grain size diameter is often chosen as a 
representative value for the distribution (D). For simplicity, a single grain size, unless 
otherwise stated, is used throughout this chapter.

9.2.1  Initiation of motion

The initiation of motion of a single grain can be schematised by a balance of forces on 
sediment particles. The fluid motion causes a drag force and a lift force on individual 
grains. The mobilising force is counteracted by the gravitational force on the grain 
(see Fig. 9.2).

The Shields (Shields, 1936) parameter (θ) summarises the ratio between mobiliz-
ing and stabilizing forces on a single sediment grain according to:

θ τ
ρ ρ( )

=
− gD

b

s	
(9.3)

θ

θ=τbρs−ρgD

Figure 9.2  Forces on grains on the bed. Assuming spherical sediment grains, the 
proportionality of the forces can be estimated by the equations indicated in the figure.
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where τb is the shear stress exerted by the fluid flow on the grain, (ρs − ρ) is the den-
sity difference between the sediment grain (ρs) and water (ρ), g is the gravitational 
acceleration and D is the grain size diameter.

A critical Shields parameter (θcr
) and associated critical shear stress (τ b cr, ) deter-

mine the threshold of motion for a specific sediment weight and diameter. In a series 
of famous experiments, Shields (1936) has determined the critical Shields parameter 
to be around θ = 0.05cr  for sand that was placed on a horizontal bed in the case of a 
uniform flow. Also, Shields found the critical Shields parameter to be weakly depend-
ent on the grain Reynolds number.

In addition to the Reynolds dependency, typical circumstances related to sandy 
beaches can influence the threshold of motion. Those circumstances involve bed 
slopes, oscillatory flows, bed ripples and the grading of sediment. Bed slopes in the 
direction of the current can cause the critical Shields parameter to be higher for up-
ward slopes and lower for downward slopes. Oscillatory flows involve peak velocities 
that can exceed the threshold of motion. The wave-induced near-bed peak velocities 
are sometimes added to the current velocities to determine an equivalent wave-related 
Shields parameter (θeq). The time-dependent process related to grain size selective 
sediment transport, the sheltering of small grains by larger grains and grain angularity 
can influence the threshold of motion in the case of graded sediments.

9.2.2  Sediment fall velocity

The sediment fall velocity in water (wf) is a constant velocity that is characterised by a 
downward gravitational acceleration that is in balance with the upward drag force. In 
the case of spherical sediment particles this equates to:

( )=
−

w
s gD

C

4 1

3f
f	

(9.4)

where s is the relative density of sediment defined by s = ρs /ρ; Cf is the drag coef-
ficient of the sediment particle which is found to be dependent on the grain Reynolds 
number. Sediment fall velocities roughly vary between 0.005 and 0.06m s−1 when a 
typical range of sediment is considered from 50 to 400 µm. Detailed relationships 
between the grain size and fall velocities have been formulated amongst others by van 
Rijn (1993). An example is given in Fig. 9.3.

9.3  Modes of sediment transport

Typical modes of sediment transport are bedload and suspended load. Bedload sedi-
ment transport occurs typically very close to the bed where forces between sediment 
grains dominate the transport mechanism. Suspended load is the transport of sand 
above the bedload layer up to the water surface generally assumed to be carried by 
the upward turbulent diffusive forces. A common modelling approach is based on the 

θcrτb,cr

θcr=0.05

wf=4s−1gD3Cf
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discrimination between the instantaneous response of sediment transport (sediment 
concentration and sediment speed) to changes in near-bed intra-wave flow velocities 
in the case of bedload and the wave-averaged changes in sediment concentration over 
the entire water column in the case of suspended load. The sum of both bedload and 
suspended load represents the total load of sediment in the water column due to hydro-
dynamic forcing. See Fig. 9.4 for a conceptual representation in the case of uniform 
flow and the more complex case of cross-shore wave-averaged flow conditions.

9.3.1  Suspended load and the advection diffusion approach

Sediment suspensions typically occur in turbulent zones where waves break. Horizon-
tal flow velocities advect the sediment that is in suspension assuming that sediment 
speed is equal to the flow velocity. Sediments are brought into suspension from the bed 
by upward turbulent velocities against the downward fall velocity of the sediments.

Suspended load can be described by a 3D advection diffusion framework assuming 
the conservation of sediment:
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(9.5)

where the horizontal sediment velocities (us, vs) are assumed equal to the water veloc-
ity (u, v) and the vertical sediment velocity (ws) is assumed the difference between 
water velocity (w) and sediment fall velocity (wf). Coefficients εh and εv represent the 
horizontal and vertical dispersion (or diffusivity) of sediment, respectively. Note that 

∂ c ∂ t + u ∂ c ∂ x + v ∂ c ∂ y + ( w − w f ) ∂ c ∂ z − ∂ ε h ∂ c ∂ x -
∂x−∂εh∂c∂y∂y−∂εv∂c∂z∂z= 0

Figure 9.3  The dependency between fall velocity and grain size formulated by Van Rijn 
(1993).
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the dispersion coefficients can, depending on the considered scale and detail of meas-
urements or model, reflect several processes implicitly that typically involve smaller 
scales than the ones that are explicitly reflected by the advection terms. For instance, 
when interpreting measurements of sediment transport one can measure the advection 
of local sediment vortices on a very detailed scale over a rippled bed (using high-
frequency PIV systems) leading to large advection terms in the high-resolution advec-
tion diffusion description. Alternatively, one can measure average flow velocities and 
concentration gradients in a larger control volume (using an array of acoustic devices) 
leading to larger dispersion coefficients in the equation and smaller advection terms 
representing less detail.

A time-invariant wave-averaged vertical sediment concentration profile can occur 
when flows and sediment properties are not varying (or very slowly varying) in time 

Figure 9.4  Top panel shows a conceptual representation of sediment transport as a function of 
sediment velocity and sediment concentration assuming homogeneous flow. The bottom panel 
shows a conceptual representation of a typical wave-averaged cross-shore sediment transport 
under combined (non-breaking) wave and current forcing in a confined cross-shore profile. 
Note the cross-shore flow variations over depth.
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and no horizontal gradients in sediment concentration exist. With the time-averaged 
upward sediment dispersion in balance with the downward fall velocity, Eq. (9.5) can 
be rewritten as:

ε− ∂
∂

=w c
c

z
0f v	

(9.6)

which allows for the estimation of a steady vertical concentration profile:
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where ca is a reference concentration at height a which is commonly assumed to be 
the horizontal interface between the bedload and suspended load (see Fig. 9.4). The 
sediment dispersion is a fundamental parameter for the estimation of the concentra-
tion profile, and it is a function of bottom roughness and shear stress, sediment stir-
ring due to waves and settling velocity. A relation between eddy viscosity is often 
adopted when determining the dispersion coefficient. However, the dispersion of sedi-
ment is arguably not entirely analogous to the eddy viscosity of water (Camenen and 
Larson, 2007). Different estimations of the sediment dispersion profile have been de-
rived using data which can be used for modelling. Common examples are the constant, 
linear and parabolic dispersion profiles (see Fig. 9.5).

Where the constant dispersion profile is easiest for modelling purposes from a 
pragmatic point of view, the theoretical shape of an eddy viscosity profile of water 
flow in an open channel is followed by the parabolic dispersion profile. The increased 
dispersion of sediment due to increased turbulence at the water level due to wave 
breaking can be reflected by the linear distribution. In addition to Fig. 9.5, more com-
plex empirical estimations of dispersion profiles have been formulated when simulat-
ing sediment transport with both waves and current profiles. A widely used example 
in numerical models is the empirical formulation by van Rijn (1993) who makes a 
discrete separation between current-related dispersion and wave-related dispersion 
and used empirical estimates for the shape of the distribution, including a maximum 
and minimum dispersion.

The reference concentration at height a is dependent on shear stress, sediment 
parameters and bed roughness. From a practical point of view, the assumed refer-
ence concentration has a crucial effect on the estimation of the total sediment load 
in the water column regardless of the shape of the chosen dispersion profile. A 
comprehensive overview of the different formulations is given in Camenen and 
Larson (2007).

Naturally, the reference concentration and reference level are related to the bedload 
transport and bedload layer thickness. Often the reference level and the top of the bed-
load layer are considered equal. Furthermore, reference concentrations are formulated 
as higher order functions of the near-bed shear stress or shear velocity similar to com-
mon bedload transport formulations.

wfc−εv∂c∂z=0

cz=caexp−∫ahwfεv∂z
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9.3.2  Bedload transport

Bedload transport involves moving sediment in the thin layer where transported sedi-
ments are in close contact with the bed, and sediment concentrations respond imme-
diately to changes in flow velocities (Nielsen, 1992). Considering the specific case 
of sandy beaches, bedload is the dominant mechanism outside the surf zone where 
the turbulent forces that are required for suspended load are limited, and near-bed 
shear orbital velocities due to waves are generally relatively large compared to wave-
averaged currents. Bedload transport is a large contributor to the total load throughout 
the surf zone in both stormy and mild conditions. The momentum exchange is driven 
by the near-bed velocity structure, which is a function of both the bed shear stress, or 
the friction force between the fluid and the bed (τb), and pressure gradient induced by 
passing waves (dp/dx) (Shields, 1936; Sleath, 1999).

Shear controls the momentum transfer through the wave and current boundary 
layers to the bed, where a lateral force imposed on the sediment grains causes the 
grains to move. Shear-driven transport can be characterised by the non-dimensional 

Figure 9.5  Top left: the depth-varying dispersion profiles assuming constant, linear and 
parabolic profiles normalised with a common reference that is dependent on shear stress. Top 
right: the resulting concentration profiles. Bottom panels show the current-related dispersion 
and wave-related dispersion proposed by Van Rijn (1993) and widely implemented in 
numerical models such as Delft3D.
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bed stress or the Shields parameter (θ; Eq. (9.3)). Bedload occurs when θ exceeds the 
threshold of incipient motion or the critical Shields parameter θcr (θ > 0.05), such 
that grains start to roll and bounce along the bed. Sand ripples and bedforms form, 
move and grow when ∼0.1 < θ < ∼0.8. Sheet flow occurs when θ > 0.8 and is char-
acterised with high and mobile sediment concentrations close to the bed (Fig. 9.6). 
Many sediment transport models rely on an estimate of the bed shear stress either 
determined through measurements (which are difficult in the field) or estimate the bed 
shear stress with a friction factor model. Friction factor models estimate the bed stress 
under waves, currents or combined flows by multiplying the squared flow velocity by 
a friction factor fit from empirical data or detailed intra-wave models.

Pressure gradient-induced transport is characterised by a ratio between the desta-
bilizing forces applied by the peak horizontal pressure gradient and the stabilizing 
forces applied by gravity, such that the non-dimensional Sleath parameter is:

ρ ω
ρ ρ

=
−

S
U

g( )l
s

0

	
(9.8)

Sl=ρU0w(ρs−ρ)g

Figure 9.6  Mechanisms of bedload sediment transport. Shear (top) versus pressure gradient-
induced (bottom left) sediment transport. Note, shear-driven transport mechanics (incipient 
motion, bedform formation/migration and sheet flow) are relevant to both wave- and current-
driven flows, whereas pressure gradient-driven transport is most relevant to wave-driven 
flow. Mechanism for bedform migration and growth (bottom right). When the transport is in 
phase with the bedform shape, the bedform will migrate; when out of phase, the bedform will 
grow (phase offset to the left of bedform crest—shown) or decay (phase offset to the right of 
bedform crest—not shown).
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where the horizontal pressure gradient for sinusoidal waves can be described by 
dp(t)/dx = ρUow sin(wt), w is the angular frequency, Uo is the wave orbital velocity 
amplitude, ρs is the grain density, ρ is the water density and the ratio is not dependent 
upon sediment grain size (Foster et al., 2006; Sleath, 1999). During pressure gradient-
induced transport the sediment structure will momentarily fluidize, and the sediment 
will move as a plug (Fig. 9.6). Pressure gradient-induced sediment transport, or plug 
flow, occurs when the Sleath parameter exceeds a critical value of approximately 0.29. 
Knowledge of the influence of the pressure gradient is limited by understanding of the 
mobile layer thickness, hb (Fig. 9.6). At the grain scale, sediment transport is driven 
by a complex combination of both shear and pressure gradient-induced forces (Foster 
et al., 2006; Frank et al., 2015; Mieras et al., 2017; Yeh and Mason, 2014).

Estimating the magnitude of bedload sediment flux is difficult using metrics of the 
Shields parameter and the Sleath parameter. Furthermore, analytical solutions for the 
bedload sediment transport flux are not well defined due to challenges in modelling 
sediment speed, the distribution of the sediment concentration and the mobile layer 
thickness (hb) in relation to the flow forcing conditions. Instead, there are many empir-
ical and semi-empirical approaches based on estimations of the total bedload transport 
in wave, current and combined wave-current forcing conditions using measurements. 
Generally, bedload sediment transport models depend on both the flow forcing condi-
tion and the granular or bedform roughness.

Models that are formulated to quantify bedload sediment transport can be a func-
tion of the bed shear stress or directly a function of the flow velocity. The bed shear 
stress is indirectly related to the flow velocity through the boundary friction velocity 
(u*) which is dependent on the vertical velocity profile. The bed shear stress τ b is re-
lated to the square of the flow velocity:

τ ρ= u u~b *
2 2

	 (9.9)

Empirical findings from experiments in both predominantly wave and riverine cur-
rent-driven flows show that bedload sediment transport, Sb, is related to some higher 
order function (n > 1) of bed shear stress by:

τS ~ n
b b	 (9.10)

Therefore, it is generally accepted that Sb has a higher order (i.e. non-linear) relation-
ship with the horizontal flow velocity.

While Eq. (9.10) is initially derived for riverine currents, they are also success-
fully applied to the oscillatory motion of waves. The assumption that the instantane-
ous sediment transport is proportional to some power of the instantaneous near-bed 
orbital velocity for waves or the mean velocity for currents is called the quasi-steady 
approach (see, for instance, Grasmeijer, 2002). In oscillatory flows, the net bedload 
transport rate over a wave period can be obtained by time averaging (over the wave 
period, T) of the instantaneous transport rate using a bedload transport formula ‘quasi-
steady approach’.

τb

τb=ρu*2∼u2

Sb∼τbn
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The conceptualisation of bedload transport can be specified using shear based 
models and energetics models and adopting the terminology by Ribberink (1998) and 
Wengrove et al. (2019). Shear-based models involve a detailed description of the mo-
bilizing fluid shear and stabilizing properties of the sediment grain. Energetics models 
consider the energy dissipation by shear as the main driver for sediment transport.

9.3.2.1  Shear approach to total bedload

Shear-based bedload models typically relate the bedload sediment flux (Sb in volume 
of solid material per time unit) to the excess non-dimensional bed stress. In its tradi-
tional form, valid for unidirectional flow, it is written as:

θ θ( ) ( )= − −S m D gD s 1b c

n 3
	 (9.11)

where Meyer-Peter and Muller (1948) determined m = 8 and n = 1.5 as an example 
of a shear-based bedload sediment transport model derived for riverine environments.

Eq. (9.11) has been adapted for wave applications as well, either by using a wave-
averaged shear stress or by accounting for the intra-wave variation of the shear stress 
(Ribberink, 1998). In order to cope with oscillatory flows, Ribberink (1998) described 
bedload transport by writing Eq. (9.11) in a time-dependent (intra-wave) form, which 
enables a sign change during the wave cycle:

θ θ
θ
θ( )( ) ( ) ( )

( ) ( )= − −S t m t
t

t
D gD s 1b c

n 3

	
(9.12)

where θ  is the time-dependent instantaneous Shield parameter during the wave cycle, 
|...| is the absolute magnitude and <...> is the averaging over the wave scale.

This resulting quasi-steady model determines the wave-averaged, wave-related 
transport while assuming an instantaneous response of the sediment to the time-var-
ying bed shear-stress. Herewith it takes wave nonlinearities into account to the extent 
that wave skewness leads to a net transport in wave-propagation direction. In addition 
to wave skewness, acceleration differences between the front and the back of the wave 
exist that can influence the wave-related bedload transport (van der A et al., 2013). 
Since waves in the nearshore are generally asymmetric or skewed, and velocity asym-
metry and skewness have been correlated to bedload sediment transport magnitudes, 
the consideration of the wave shape in the context of bedload sediment transport is 
important.

These shear-based bedload sediment transport models are dependent upon an ex-
ternal estimate of the bed shear stress, mainly estimated through friction factor-based 
models. Some bed shear stress models assume a logarithmic boundary layer shape, 
which is not necessarily representative for many nearshore flows, where waves and 
combined wave-currents complicate the boundary layer structure and momentum ex-
change. In addition, there are several bedload sediment transport models that are still 
considered to be shear-based but, instead of using an external shear formulation, each 

Sb=mθ−θcnDgD3s−1

Sbt=mθt−θcnθtθtDgD3s−1

θ
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is embedded with its own shear stress model. van Rijn (2007, 1993) commonly used 
wave-averaged models of this functional form.

The application of the shear theories has led to a wide range of models that are each 
very sensitive to the detailed assumptions regarding sediment transport and the as-
sumptions regarding the shear stresses (and threshold shear stresses). For instance, in 
Eqs. (9.11) and (9.12) it is required to calibrate not only for n, m but also for the shear 
model that is behind θ (including currents and intra-wave processes). At the same 
time, such models are often calibrated on total sediment transport alone. In specific 
cases, results of different shear-based models are shown to expose large variabilities 
when compared to measurements (Wengrove et al., 2019). By implication, consider-
able uncertainty should be expected if untuned models are used to make absolute 
predictions for field conditions.

9.3.2.2  Energetics approach to bedload (Bagnold, Bailard, Bowen line  
of models)

Energetics models relate the sediment transport to some portion of energy dissipation 
by the flow (Bagnold, 1966; Bailard, 1981; Bailard and Inman, 1981; Bowen, 1980). 
For bedload, the energy dissipation is due to bed friction, which is modelled through 
a quadratic friction law. Consequently, in energetics models, the bedload transport is 
related to a higher order function of the flow velocity. As for the shear-based models, 
appropriate friction factors need to be specified. As opposed to the shear-based mod-
els, there is no criterion for the initiation of motion through a critical bed shear stress. 
Bagnold (1966) formulated an energetics bedload (and suspended load) model for 
unidirectional flow on a sloping bed. The model style for total load transport was ex-
tended to a quasi-steady formulation by Bowen (1980) and Bailard and Inman (1981) 
valid for combined wave current flow on a sloping bed. A recent example by Hsu et al. 
(2006) involves a horizontal bed and slight reformulation of the transported volume of 
solid material (Sb) due to waves and currents:

�
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� �ε ε
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−
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where �
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U 0  is the magnitude of the orbital velocity, �U0

is the orbital velocity,
�

U0
 is the 

magnitude of the orbital and current velocity, U0
 is the current velocity and ϕ is the 

angle of repose. Additionally, εb is the sediment transport efficiency, which can be seen 
as the efficiency of the process of momentum transfer from the fluid to moving the 
sand. Finally, Cw and Cc are the wave and combined-wave current friction coefficients, 
respectively. Those friction coefficients depend on the existence of bedforms such as 
sandbars and bed ripples (see for details Hsu et al., 2006; Wengrove et al., 2019).

In fieldwork and modelling efforts where the boundary layer dynamics are not 
well resolved, without high-resolution measurements or modelling of boundary layer 
shape, it has been shown that the energetics method of estimating sediment trans-
port can provide robust results (Hoefel and Elgar, 2003; Hsu et al., 2006; Wengrove 
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et al., 2019). However, the bed shear stress along with the pressure gradient are ulti-
mately the mechanisms moving the sediment grains, so with high fidelity estimates of 
the bed shear stress, shear-based models are also shown to perform (Rodríguez-Abudo 
and Foster, 2014). Clearly, bedload sediment transport models are still largely empiri-
cal and the value of quantitative estimates depends widely on measurements that are 
only rarely available in the field.

9.4  Alongshore and cross-shore sediment transport

In the nearshore both currents and waves influence the magnitude and direction of sedi-
ment transport in the alongshore and the cross-shore directions. Often the two motions 
are separated in process descriptions. It is important to note that all discussed processes 
are ultimately a function of the combination of wave and current forcing, although for 
the purpose of simplification some processes are described as systematically driven by 
currents or waves individually. Fig. 9.7 shows the dominant sediment transport pro-
cesses along the cross-shore profile for both suspended and bedload sediment transport 
as well as the corresponding distribution of alongshore sediment transport.

9.4.1  Alongshore sediment transport

Alongshore sediment transport is mainly driven by obliquely incident waves that stir 
up the sediment and generate an alongshore current transporting the sediment. The 

Figure 9.7  Cross-shore profile showing topographic gradients in cross-shore direction that 
involve bed level but also bedforms and sediment transport processes (top) and characteristic 
alongshore sediment transport magnitude relative to the cross-shore profile (bottom).
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alongshore current is caused by a cross-shore gradient in the alongshore radiation 
stress in the surf zone (Longuet-Higgins, 1970). Additionally, alongshore currents can 
be driven by tide and alongshore varying wave heights that can cause an alongshore 
wave force and generate alongshore setup differences. Sediment concentrations in 
the surf zone are mostly driven by stirring due to the oscillating near-bed velocities 
in combination with the turbulence caused by breaking waves. Alongshore sediment 
transport is mainly induced by wave-related processes, and most studies and descrip-
tions of alongshore sediment transport are therefore focused on the wave and surf zone 
properties.

Alongshore sediment transport can occur in both the positive and negative along-
shore directions depending on the wave direction. The alongshore sediment transport 
in a sandy beach system varies in the cross-shore direction. Sediment concentrations 
are highest where most stirring due to turbulence takes place around the breakpoint, 
where waves start breaking. Also, wave breaking causes cross-shore gradients in ra-
diation stresses to be large at this point and alongshore currents are relatively large. 
As a result, alongshore sediment transport is relatively large around the breakpoint.

Although the forcing mechanisms of alongshore sediment transport occur on the 
wave timescale, typical timescales on which the impacts of alongshore sediment trans-
port are considered are weeks to decades. The gross sediment transport over a period 
of time is the sum of the transport in either of the two alongshore directional com-
ponents. The net sediment transport is the sum of both directional components. The 
net sediment transport is often a small difference between two large numbers, which 
leads to large uncertainties when estimating the amount of net alongshore sediment 
transport at arbitrary locations.

9.4.1.1  Estimating wave-driven alongshore sediment transport

In practical situations, bulk formulations are often used for the estimation/quantifica-
tion of alongshore sediment transport for engineering purposes. The most commonly 
used formula is the CERC formulation (CERC, 1984) that follows the principle that 
alongshore sediment transport (Slst) is proportional to the alongshore wave power 
available for sediment transport (Komar,  1998). The CERC formula is equivalent 
in form to an energetics bedload approach to bulk alongshore transport (Inman and 
Bagnold, 1963). It should be noted that Slst is commonly expressed in the deposited 
sediment volumes per time unit seconds (hence including pores [m3 s−1]). The CERC 
formula reads:
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where ρ is the density of the water, ρs is the density of sediment, g is the gravitation 
acceleration, γb is the breaker index, φb is the wave angle at breaking, Hs,b is the signifi-
cant wave height at breaking and K is an empirical coefficient. The volumetric mass 
of solid material is converted to deposited mass using the porosity index (a). K can be 

Slst= ρKgγb16ρs−ρ1−aHs,b2.5sin2φb

φb
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calibrated using measurements where appropriate values that have been reported are 
in the range of 0.2 (Schoonees and Theron, 1997, 1993) to 0.39 (CERC, 1984). It has 
also been stated that the empirical coefficient might be dependent on surf similarity 
(Kamphuis and Readshaw, 1978). Mil-Homens et al. (2013) specified the dependency 
of K based on a polynomial relation with the surf similarity parameter. However, they 
state that much scatter continues to exist around the fitted relationship for the CERC 
formula (but also for other bulk formulae) that could be caused by profile shape, tidal 
range and local wind conditions, which are not taken into account in the bulk formu-
lae. Despite caveats, the CERC formulation is nowadays still one of the most com-
monly used bulk sediment transport formulae.

More recently, Bayram et al. (2007) developed an energetics-suspended load ap-
proach to bulk alongshore transport. The result is a formulation in which alongshore 
currents are made explicit. In addition to the wave-driven currents, tide- and wind-
driven currents can also be taken into account by using the product between local 
alongshore current velocity and the sediment concentration integrated through the 
vertical and across the surf zone:

∫ ∫( )= −S a u c dzdx1/ 1
x h

slst
0 0

b

	
(9.15)

where the x is in the cross-shore direction with 0 defined at the waterline, xb is the 
location of the breakpoint and u  is an estimate of a representative alongshore current 
velocity for transport.

Bayram et al. (2007) further used an energetics approach assuming that the work 
that is needed to keep the sediment in suspension is equal to a certain portion of the 
wave energy flux (EC) according to:

∫ ∫ε ρ ρ( )= −EC gw c dzdxw s s

x h

s
0 0

b

	
(9.16)

where εw representing the portion of wave energy used for the work, E is the wave 
energy per unit crest width and C is the wave group velocity. The right-hand side is 
the work needed to keep the sediment in suspension, which is given by the product 
of the concentration and the submerged weight of the sediment particles with the fall 
velocity.

By combining Eqs. (9.15) and (9.16) it is straightforward to calculate Slst:
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To account for the averaged alongshore current velocity due to oblique waves only, 
a simple alongshore momentum equation, linear wave theory and the assumption of a 
Dean profile can be used to determine a depth-average current according to Bayram 
et al. (2007):

Slst=1/1−a u¯∫0xb∫0hcsdzdx 

u¯

εwEC=ρs−ρgws∫0xb∫0hcsdzdx

Slst=εwECρs−ρ1−agwsu¯



Marine sediment transport	 203
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where cf is the friction coefficient and A is a parameter that describes the beach profile 
shape according to a Dean profile (h = Ax2/3; Dean, 1991; van Rijn, 1993) and γb is the 
breaker index. Note that in Eq. (9.18), the lateral mixing of momentum is neglected 
and a single representative wave is assumed.

The combination between Eqs. (9.17) and (9.18), using an additional relationship 
between A and ws by Kriebel et al. (1991), gives:
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This expression is identical to the CERC formulation where:
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linking the two approaches together when only considering wave-driven alongshore 
currents.

A range of time-varying wave heights and directions at breakpoint determine real-
world sediment transport and applied numerical models (such as UNIBEST CL + , 
LITPACK and GENESIS ) exist that provide elaborate estimations of cumulative 
alongshore sediment transport. Such models include time-varying conditions such as 
offshore wave height and direction, tide, wave period as well as profile shape and 
coastline orientation that influence the wave height and wave angle of incidence (both 
at breakpoint) and hence the sediment transport magnitude. Total transport during a 
period can be estimated by integrating over a discrete set of varying forcing condi-
tions in time. Also, spatial gradients in time-aggregated alongshore sediment transport 
indicate erosive and accretive conditions.

The essence of describing alongshore sediment transport and the resulting relation-
ships between angle of wave incidence and total sediment transport can be captured in 
an S–φb curve diagram (Fig. 9.8). The relationship between wave angle of incidence 
and sediment transport is often used at the core of the applied numerical models men-
tioned. Also, conceptual models based on the relationship have been used to explain 
naturally occurring coastline features such as high-angle wave-induced large-scale 
instabilities (Ashton et al., 2001).

9.4.2  Cross-shore sediment transport

Cross-shore sediment transport is relevant to many challenges related to sandy beach 
morphodynamics, including predicting beach and dune response to storms, the equi-
librium beach profile, shoreline response to sea-level rise, seasonal shoreline changes 
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and possibly more (USACE, 2002). Both bedload and suspended load are important 
when considering cross-shore sediment transport, and each contributes at varying 
magnitudes and directions from the depth of closure to the shoreline (Fig. 9.7).

9.4.2.1  Mechanisms of cross-shore sediment transport

The detailed mechanisms of cross-shore sediment transport dynamics are very complex 
due to the strong variation of the constituent processes in time and space. In the surf 
zone, under normal/mild conditions a mix of processes occurs consisting of bed and 
suspended load transport due to undertow (bed return flow), bound and free long waves, 
short wave skewness and asymmetry in combination with breaking-induced turbulence 
(Bailard, 1981; Roelvink and Stive, 1989). During extreme conditions the undertow 
is dominant (Steetzel, 1993), although long wave effects (bound and free) cannot be 
ignored (van Thiel de Vries, 2009). Under higher and longer waves, as present during 
storms, a net offshore transport is generally observed. By contrast, milder waves give 
an onshore transport due to predominantly short wave skewness. Offshore of the surf 
zone (the middle and lower shoreface), a mix of bed and suspended load transport is 
also encountered, but here wave boundary layer streaming, bound long waves and short 
wave skewness can be expected to generate a dominant onshore transport.

Assuming for simplicity, that the cross-shore transport is proportional to a higher 
order odd velocity moment, as would follow from a quasi-steady transport formula-
tion, the sediment load can be seen to be mainly stirred by short waves. The sediment 
is subsequently transported by the mean current or the long and short wave motion, 
leading to a net (wave-averaged) current-related or wave-related transport, respective-
ly. The mean current could be the onshore-directed wave-induced near-bed streaming 
in non-breaking waves or the offshore-directed undertow in the surf zone. In such a 
quasi-steady approach, the contribution of the oscillatory part of the instantaneous 
velocity to the net transport, that is, the wave-related transport, is related to the short 
wave skewness as well as to the interaction between the long wave velocity and the 
short wave velocity variance (the latter will change periodically on the timescale of 
short wave groups).

Figure 9.8  Left panel shows schematic representation of S–φb curve for an arbitrary wave 
height at breakpoint. Right panel shows schematic representation of different wave angles 
leading to different longshore sediment transport directions.

φb
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Another important transport component in cross-shore direction (but not limited to 
the cross-shore direction) is driven by gravity. In the case of a sloping bed in cross-
shore direction, the effects of slope on the initiation of motion have to be taken into 
account. Also, the transport directly induced by gravity when the grains have been set 
in motion can be significant. Therefore, in bedload formulations, sometimes a slope 
correction parameter is introduced (after Bagnold) which increases the transport rates 
for downslope transport and decreases the transport rates for upslope transport.

9.5  The present state and future challenges in sediment 
transport modelling

Comprehensive generic descriptions for quantifying the details of sediment transport 
do not exist due to the complexity caused by the discussed time-varying processes of 
suspended load and bedload sediment transport. To date, it is easier to predict offshore 
sediment transport (erosion) than onshore sediment transport in cases of beach build-
ing and recovery (Roelvink and Brøker, 1993). General methods that can be used to 
predict how sandy beaches evolve range from incorporating understanding of small-
scale sediment transport processes in the case of process-based models to assuming a 
direct relation between beach shape and wave dissipation in equilibrium models.

Process-based models predict cross-shore sediment transport as a function of (de-
tailed) hydrodynamic calculations. The processes of bedload and suspended load 
transport and the complex dependencies between grain size, local wave and current 
energy are incorporated. Examples of such models are XBeach (Roelvink et al., 2009), 
Delft3D (Lesser et al., 2004) and ROMS COAWST (Warner et al., 2008). Using the 
estimate of total sediment transport, process-based models estimate bed-level changes 
through gradients in sediment flux using Eq. (9.2). Such models need extensive tuning 
due to gaps in analytical understanding of cross-shore sediment transport processes 
and or feedback between processes.

Equilibrium models do not estimate sediment fluxes, but instead assume the beach 
profile to trend asymptotically towards an equilibrium shape based upon the wave 
energy dissipation and/or grain size. The widely used equilibrium profile assumption 
assumes that the beach profile trends to Ax2/3, where x is the cross-shore distance and 
A is the beach shape factor, which is a function of wave energy dissipation and/or grain 
size (Bruun, 1954; Dean, 1991). More recently, the equilibrium model has been mod-
elled by the first mode of the empirical orthogonal function about the beach profile 
mean (Ludka et al., 2015).

These methods are continuously under development and are becoming more and 
more robust to apply in practice with increased process knowledge and computing 
power in the future. Significant challenges continue to exist and specific directions 
to approach new concepts include two-phase flow models, coupled flow and particle 
models, and machine learning statistical models (such as described in Chapter 28). 
Such methods sometimes depend on different relationships for modelling sediment 
transport. Two-phase flow models numerically solve the Navier–Stokes equations for 
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a two-phase flow—fluid and sediment. For example, SedWaveFOAM models both 
water and sediment as fluids (Kim et al., 2018). Also, two-phase SPH models both 
water and sediment as discrete particles (Shi et al., 2017). In coupled flow-particle 
models the flow is numerically modelled with the Navier–Stokes equations and the 
particles act as discrete element springs with a higher density that are forced by the 
fluid (Calantoni et  al.,  2004). Bayesian statistic or other machine learning models, 
which are data-hungry statistical models, use existing data to learn the complex rela-
tionships and patterns of sediment transport (Plant and Holland, 2011).

9.6  Measuring the magnitude of sediment transport 
along sandy beaches

Direct measurements or measurement techniques of sediment transport that allow for 
systematic and precise observations of sediment transport that occur in field settings 
are not available. Instead, the models described so far can be used to estimate sus-
pended sediment transport based on estimations of sediment concentrations (using 
calibrated optical backscatter devices or concentration samples) and flow velocities 
(using electromagnetic flow meters or acoustic Doppler current profilers or velocime-
ters). Bedload sediment transport via bedform migration can be measured using a set 
of sonar bathymetric scans or jet-ski surveys processed to estimate the bedload sedi-
ment flux (Traykovski et al., 1999; Hay and Mudge, 2005; de Schipper et al., 2016). 
Additionally, sheet flow, as observed on top of sandbars and in the swash zone, can be 
measured using conductivity cell profilers that detect changes in conductivity through 
the mobilised sediment bed between water and packed sand (Mieras et al., 2017).

The logistical and equipment costs that are involved with collecting field data limit 
the availability of data of sediment transport at sandy beaches. Even the most elabo-
rate field campaigns have resulted in only a limited range of data points. Key field 
campaigns that are responsible for most of the data used in coastal studies are the 
series of Duck, North Carolina, US field campaigns, including Duck94, SandyDuck 
and SuperDuck (Birkemeier and Thornton, 1994), the Coast3D field campaign in the 
Netherlands (Soulsby, 1999), and other California, US-based experiments. There are 
several prominent long-term coastal evolution datasets, including the Pacific North-
west, USA (Oregon State University), Southern California, USA (Scripps Institute 
of Oceangraphy), Duck, NC, USA (US Army Corps Field Research Facility), the 
Southern Dutch coast, NL (TUDelft and Deltares) and Narrabeen, Australia (WRL-
UNSW). Additionally, there have been several large-scale laboratory experiments 
with flume length of 100 m or greater, including in the Hinsdale Wave Lab at Oregon 
State University (CROSTEX), the DeltaFlume in the Netherlands (BARDEX I & II) 
and the Hydralab+ flume in Barcelona, Spain that have advanced understanding re-
lated to sediment transport.

A rare example of measured cross-shore sediment fluxes in the field during the 
Coast3D field campaign is shown in Fig. 9.9. A combination of measured flow ve-
locities and sediment concentrations was used to estimate wave-averaged sediment 
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fluxes at a sandy beach. The signal reveals that both the magnitude and direction 
of ‘current-related’ transport and ‘wave-related’ transport (showing onshore transport 
due to nonlinear waves) vary over the vertical, as described in Section 9.4.2. Measured 
current-related sediment transport was in the offshore direction depitcing undertow. 
Measured wave-related transport was in onshore direction due to nonlinear waves. In 
both cases, sediment transport is relatively large close to the sediment bed highlight-
ing the importance of resolving near-bed processes when measuring and modelling 
sediment transport.

9.7  Conclusions and outlook

The concepts that are presented in this chapter give an introduction, and a perspec-
tive, of the sediment transport processes used to describe mechanisms for evolution 
of sandy beaches. Sediment transport in the cross-shore and the alongshore directions 
over varying length and timescales can be estimated using a combination of suspended 
load and bedload formulations. Given the complicated range of the relevant spatiotem-
poral scales for sediment transport processes at sandy beaches, a unifying theory that 
involves all concepts available would be an immense challenge to achieve in the near 
future. Ongoing scientific progress steadily builds towards additional understanding, 
comprehensive concepts, and analysis and modelling techniques.

From a scientific perspective, there is currently much work still to be done re-
garding the quantification of sediment transport due to hydrodynamic forcing (van 
Rijn et al., 2013). New possibilities of executing detailed measurements are emerg-
ing and more detailed process concepts are being formulated based on new insights. 
Amongst those recent insights are the role of grain size distributions in specific cases 

Figure 9.9  Left photo shows an example of an array with optical backscatter devices 
and electromagnetic current meters used to gather data on current speed and sediment 
concentration. Right figure shows an example of transport measurements in cross-shore 
direction after (Grasmeijer, 2002).
Source: Both images courtesy of Bart Grasmeijer.
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(Huisman et  al.,  2016), the role of natural and human-induced variations in large-
scale coastal morphology (Luijendijk et al., 2017), the role of bedforms (Wengrove 
et al., 2019, 2018), the role of wave shape in sheet flow processes (Mieras et al., 2017), 
the role of complex hydrodynamic forcing conditions (Meirelles et al., 2018) and the 
interaction between marine and aeolian sediment transport (Cohn et  al.,  2019). In 
addition to that, computational infrastructure (through, for example, parallel process-
ing techniques) now allows increasingly detailed numerical simulations of individual 
sediment transport processes (see, for instance, Luijendijk et al., 2019). These new 
developments continue to provide valuable contributions towards the field of coastal 
sediment transport, building an ever-evolving and expanding knowledge base.
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