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On sand and gravel beaches, the increase of the gradient of the beachface with increasing sediment size has been attributed to
swash infiltration. The present study uses a process-based numerical model to examine in detail the role of swash infiltration in
determining the beachface gradient. It is found that swash infiltration increases the onshore asymmetry in the swash flow,
thereby enhancing onshore sediment transport and resulting in relatively steep beachface gradients. However, the accretionary
effects of swash infiltration are only evident when the rate of infiltration is sufficiently large, i.e. when the total infiltration
volume over a wave cycle exceeds c. 2% of the uprush volume. This threshold is attained when the hydraulic conductivity
exceeds 1 cm/s which is approximately equivalent to a grain size coarser than 1.5 mm. This finding suggests that the correlation
between beachface gradient and sediment size observed on sandy beaches is not due to enhanced swash asymmetry caused by
swash infiltration. For gravel beaches, however, swash infiltration is likely to be the dominant factor in controlling the beach-
face gradient with increased hydraulic conductivity (i.e. sediment size) resulting in steeper beachface gradients. © 2001
Elsevier Science B.V. All rights reserved.
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steep gradient compared to the rest of the beach
profile. This is generally ascribed to the asymmetry

The beachface is the sloping section of the beach in the swash flow due to swash infiltration into the

profile below the berm normally exposed to the action
of wave swash. The shape of the beachface ranges
from planar to concave, although under conditions
of profile adjustment the beachface may have a
convex shape (Sonu and van Beek, 1971; Sonu and
James, 1973; Makaske and Augustinus, 1998). The
most characteristic feature of the beachface is its
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beachface and frictional drag on the swash (Bagnold,
1940). The term ‘swash infiltration’ in this context
refers to the net infiltration that occurs during swash
motion.

The effect of swash infiltration on sediment trans-
port in the swash zone and beachface morphology has
been known for quite some time (Grant, 1948) and is
conceptually easy to comprehend. Swash infiltration
weakens the backwash with respect to the uprush
because most of the water that infiltrates will not parti-
cipate in the backwash (Kemp, 1975). The ensuing
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Fig. 1. Results of a small-scale laboratory experiment whereby a sandy beach was subjected to mildly erosive wave conditions with an
artificially elevated beach groundwater table (inhibiting swash infiltration; solid line) and a artificially lowered beach groundwater table
(promoting swash infiltration; dashed line). In both cases, the shoreline retreated and berm/bar morphology developed. However, the size
of the berm and the gradient of the beachface were substantially larger for the experimental run with the lowered beach groundwater table.
Clearly, swash infiltration, enhanced by lowering of the beach groundwater table, promotes onshore sediment transport and results in the
formation of a beach with a pronounced berm and a steep beachface gradient (unpublished data).

swash asymmetry enhances onshore sediment trans-
port and a steepening of the beachface until a gradient
is attained whereby the onshore force due to swash
asymmetry is balanced by the offshore gravity compo-
nent. The resulting gradient, referred to as the equili-
brium beachface gradient, increases with the amount
of swash infiltration (Quick, 1991). Swash infiltration,
and hence onshore sediment transport in the swash
zone, can be promoted by artificially lowering the
beach groundwater table (Fig. 1). Coastal engineers
apply this method, known as beach dewatering, on
eroding beaches with the objective to increase swash
infiltration and promote onshore sediment transport
(for a review of the beach dewatering technique, see
Turner and Leatherman, 1997).

On tidal beaches, swash infiltration depends largely
on the tidal stage with infiltration predominantly
occurring during the rising tide when the beach is

relatively dry (Turner, 1993). However, if tidal action
is ignored, the amount of water infiltrating into the
beach during swash action depends primarily on the
hydraulic conductivity (or permeability) of the beach-
face. The permeability of the beachface increases with
sediment size and to a lesser degree with sediment
sorting (Krumbein and Monk, 1942). Hence, the
well-known finding that beachface gradient increases
with sediment size and sorting (e.g. Bascom, 1951;
Shepard, 1963; McLean and Kirk, 1969) is often
explained in terms of beachface permeability and
swash infiltration.

There are some indications in the literature that
suggest that swash infiltration is only important in
controlling the beachface gradient when the beach
sediment is relatively coarse. Bagnold (1940)
conducted a series of laboratory experiments to inves-
tigate the relationship between sediment size, swash



G. Masselink, L. Li / Marine Geology 176 (2001) 139-156 141

0.2 0.2 0.2
(a) o (b) © (c) o
0.15 g% © 0.15 o o 015/ © ooo ©
@ Qo o
2 o1f 239, 0.1 ?O @, 0.1 %Dg o
8 o o
< o O X
0.05 0.05{ 0¥ 5 0.05
o o o
0 0 0
0 02040608 1 12 0 0.1 02 03 0 005 01 015
Dso (mm) K(cms™) ws (ms™)

Fig. 2. Scatter diagrams of beach gradient tan 3 versus: (a) sediment size Ds; (b) permeability K; and (c) sediment fall velocity w; for thirty one
low-energy beaches in south-western Australia. All sediment properties have been determined independently: Ds, was obtained using sieving,
K was measured in situ at the top of the beach using a constant head method and w, was determined using a settling tube. The sediment samples
for D5y and wy were obtained from the mid-beachface position. (Data from Hegge, 1994).

infiltration and beach gradient. For D5y =3 mm, it
was found that swash infiltration is significant and
results in the formation of a relatively steep and
concave-upward beachface. The larger the sediment
size, the greater the amount of swash infiltration and
the steeper the beach. For D5, = 0.5 mm, however,
Bagnold (1940) concluded that swash infiltration is
negligible suggesting that a beach composed of such
sediments is virtually impermeable. Unfortunately, no
experiments were conducted for intermediate sedi-
ment sizes to indicate at what sediment size swash
infiltration starts playing a significant role.

Field observations also suggest that for relatively
fine sediments swash infiltration does not play an
important role in controlling the beachface gradient.
Dubois (1972) measured beachface gradients on fine
to medium sand beaches enriched in heavy minerals
along the shores of Lake Michigan. The data showed
that small, but heavy sand grains (Dsy= 0.2 mm)
formed steeper beachfaces than large, but light sand
grains (Dsy = 0.4 mm), indicating that permeability
was not a significant factor in controlling the beach-
face gradient. The results displayed a strong positive
correlation between the beachface gradient and the
percentage of heavy minerals in the sediment. It was
hypothesized that the correlation was due to a depen-
dence of the equilibrium beachface gradient on sedi-
ment fall velocity, which was mainly a function of the
sediment density at the study site (but generally
depends on sediment size). Such dependence suggests
that the beachface gradient can also be controlled by
suspended sediment transport processes as envisioned
in the heuristic model of Dean (1973). According to

this model, the heavier a sediment particle, the greater
its resistance to removal by the backwash and hence
the steeper the equilibrium gradient is.

It thus appears that there are (at least) two explana-
tions for the dependence of beachface gradient on
sediment size found in nature as indicated by Komar
(1998). On beaches consisting of relatively fine sedi-
ments, the beachface gradient is established mainly by
cross-shore transport of suspended sediments. In this
case, the beachface gradient will increase in a direct
proportion with the ability of the sediments to resist
transport (Dubois, 1972) and will increase with the
sediment fall velocity (a function of the size and
density of sediment particles). On beaches with rela-
tively coarse sediments, the asymmetry in the swash
flow resulting from swash infiltration is more impor-
tant and the gradient of the beachface will increase
with the permeability of the beach sediment (a func-
tion of size and sorting of sediment particles). In
reality, correlation between beachface gradient and
sediment properties (e.g. Dalrymple and Thompson,
1976; Sunamura, 1984) cannot be used to identify the
most important process controlling the gradient
because sediment size, permeability and fall velocity
are highly interrelated. When the beachface gradient
is plotted versus each of the three sediment character-
istic parameters (Fig. 2), similar trends are observed,
providing no discrimination against either the
mechanism based on the sediment permeability or
the hypothesis built on the sediment fall velocity.

The critical grain size above which infiltration
effects start to play a dominant role in controlling
the beachface gradient is not known, although from
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the work of Bagnold (1940), it can be deduced that it
is likely to exceed 0.5 mm. Knowledge of this thresh-
old is of great use from a numerical modeling point of
view. Models of shoreline evolution have so far made
slow progress in dealing with the swash zone (Butt
and Russell, 2000). To a large extent this can be
ascribed to the complexities involved with sediment
transport processes in the swash zone. In particular,
the role of interactions between the swash flow and
the beach groundwater are still poorly understood,
despite some recent studies (Baird et al., 1996; Turner
and Masselink, 1998; Li and Barry, 2000; Butt and
Russell, 2000; Butt et al., 2001). If it can be assessed
under what conditions groundwater effects are insig-
nificant this would significantly simplify the
approaches to model sediment transport processes in
the swash zone.

The main objective of this paper is therefore to
investigate when (i.e. for what sediment size) swash
infiltration becomes important in controlling the
beachface morphology. It is appropriate to point out
that the present study focuses on swash asymmetry
induced/enhanced by infiltration (i.e. swash infiltra-
tion losses). This study does not address the effects
of vertical flow through a porous bed resulting in
either seepage forces changing the effective weight
of surficial sediments, or boundary layer, ‘thinning’
and ‘thickening’ due to infiltration and exfiltration,
respectively (cf. Turner and Masselink, 1998). A
process-based numerical model is used here to inves-
tigate the role of swash infiltration on swash zone
sediment transport. The model is able to determine
the effect of swash infiltration on swash hydrody-
namics, and hence sediment transport, but does not
account for sediment suspension. Therefore, the
model enables an investigation of the role of swash
infiltration on beachface morphology without the
confounding effects of sediment suspension. The
outline of this paper is as follows. Section 2 discusses
the sediment transport mechanism implemented in the
numerical model. Section 3 gives a brief description
of the numerical model and investigates the effect of
swash infiltration on swash hydrodynamics under
different incident wave conditions. The model is
then used to simulate swash zone morphological
changes affected by infiltration in Section 4. The
results are subsequently discussed in Section 5,
followed by conclusions in Section 6.

One of the simplest approaches to model sediment
transport is the energetics-based model of Bagnold
(1963, 1966) modified by Hardisty (1984) for use in
the swash zone:

kouy T,

b=+ anp’ 0

kouy Ty

tan ¢ — tan B’ @

I, =
where [ is the immersed weight sediment transport
load per unit m width; k is a calibration coefficient;
u represents a statistical measure of the flow velocity;
T is the flow duration; ¢ is the friction angle of the
sediment (tan ¢ = 0.625); B is the beach angle; and
the subscripts ‘v’ and ‘b’ refer to the uprush and back-
wash stages of the swash flow, respectively. Accord-
ing to the Bagnold model, sediment transport during
the uprush is inhibited by the beach gradient (sand is
moved up-slope), whereas the beach gradient
promotes sediment transport during the backwash
(sand is moved down-slope). The mean swash
velocity is commonly entered into Eqs. (1) and (2)
(Hardisty, 1984; Jago and Hardisty, 1984; Hughes et
al., 1997). However, because sediment transport is
considered proportional to the velocity cubed, the
cube-root mean cubed velocity (obtained by taking
the cube root of the mean cubed velocities) is more
appropriate (Masselink and Hughes, 1998).

The Bagnold model provides a suitable framework
for relating swash zone hydrodynamics to sediment
transport and morphological changes because it
enables a definition of the equilibrium bed gradient
(when I, = L)):

F _
t =1t s 3
an = tan ——— 3)
where
_ kT, @
kngTb ’

Eq. (3) suggests that F must be larger than 1 for a
positive beachface gradient to be maintained and
that the equilibrium gradient increases with F. Jago
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Table 1

143

Results of least-squares analysis using the cube-root mean cubed flow velocity (tan 8 = beachface gradient; D5, = mid-beachface sediment size
in mm; N = number of swash events; k, = k-coefficient for the uprush; k, = k-coefficient for the backwash; the confidence interval is 95%;
r* = coefficient of determination; data from Edwards (1997) and Masselink and Hughes (1998))

Location tan B D5y Uprush Backwash

N k, 95% P N ke 95% P
Trigg 0.12 0.6 30 19.9 3.0 0.50 30 9.4 1.2 0.76
Myalup 0.14 0.5 27 14.5 2.5 0.58 27 7.4 1.1 0.72
Brighton 0.20 0.7 22 17.8 22 0.70 16 15.3 2.5 0.45
City 0.22 0.8 19 17.0 33 0.46 21 7.8 1.5 0.48
All 98 16.1 1.3 0.57 94 8.0 0.7 0.64

and Hardisty (1984) assumed that k, = ky, and u, T, =
u, Ty, so that F reduces to (uy/up)’, which is simply a
measure of the swash velocity asymmetry.

Strictly speaking, Eqgs. (1) and (2) only apply to
sediment transport by bedload, but Hughes et al.
(1997) and Masselink and Hughes (1998) calibrated
the Bagnold model for the swash zone by relating the
total sediment load carried up and down the beachface
to uprush and backwash flow characteristics. They
justified their approach by arguing that: (1) sediment
transport in the swash zone on natural beaches occurs
predominantly under sheet flow conditions; and (2)
sheet flow is similar to bedload in the sense that in
both cases the sediment transport rate depends on the
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flow velocity cubed (Wilson, 1987; Ribberink and Al
Salem, 1990; Nielsen, 1992).

Masselink and Hughes (1998) measured near-bed
swash flow velocities and total sediment load during
wave uprush and backwash of twenty seven swash
events. Calibration of the Bagnold model (Egs. (1)
and (2)) indicated different constants of proportional-
ity (k-values) for wave uprush and backwash, with the
uprush value being approximately twice that obtained
for the backwash. In other words, given the same flow
velocity and flow period, the uprush would move
twice the amount of sediment up-slope than the back-
wash would move down-slope. Masselink and Hughes
(1998) provide three explanations why the uprush
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Fig. 3. Calibration of the Bagnold model (Egs. (1) and (2)) for sediment transport in the swash zone during: (a) uprush; and (b) backwash. Data

from Edwards (1997) and Masselink and Hughes (1998).
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appears to be more ‘effective’ than the backwash in
transporting sediment. First, wave uprush is character-
ized by decelerating flows of shorter duration and larger
magnitude than the accelerating backwash. This results
in a thinner boundary layer and hence larger bed shear
stresses during the uprush (King, 1991; Nielsen, 1992).
Second, sediment mobilized by wave breaking and/or
bore collapse at the initiation of wave uprush will be
added to the sediment entrained by the instantaneous
uprush flow. Third, vertical flow through the beachface
(instantaneous in-exfiltration) may promote uprush
sediment transport (Turner and Masselink, 1998) due
to its effect on the thickness of the boundary layer
(Conley and Inman, 1994).

If sediment transport in the swash zone is modeled
using Bagnold’s energetics approach the resulting
equilibrium gradient is strongly dependent on the
ratio k/ky, (Egs. (3) and (4)). It is therefore appropriate
to determine whether the results of Masselink and
Hughes (1998), which were obtained on a single
beach, are comparable with other beaches. In particu-
lar, the possible dependence of the k-values on beach-
face gradient and sediment characteristics warrants
further investigation. To this effect, Edwards (1997)
conducted three additional field experiments using the
same methodology as Masselink and Hughes (1998).
The four data sets on swash zone sediment transport
were used to calibrate Egs. (1) and (2) (Table 1). Apart
from the backwash data collected on one of the beaches
(Brighton) there is excellent agreement between the k-
values obtained from the different data sets despite the
range in beach gradient present in the data
(tan B = 0.12-0.22). Calibration of the complete data
set (Fig. 3) resulted in k,=16.1* 1.3kg/m’
(*=057) and k,=8.0*+0.7kg/m’ (*=0.64),
confirming the original finding of Masselink and
Hughes (1998) that k, = 2k In a recent study Puleo et
al. (2000) used the suspended load sediment transport
model of Bagnold (1963, 1966), which is very similar to
Egs. (1) and (2), to compare against measured
suspended transport rates in the swash zone. They also
found that k, = 2K, (their Figs. 12 and 13).

The effects of swash infiltration on swash zone
hydrodynamics, sediment transport and beach profile

changes were investigated using a process-based
numerical model that simulates interacting surface
and subsurface flow and sediment transport processes.
The details of the model have been given elsewhere
(Li and Barry, 2000; Li et al., 2001). Here only the
model formulation and assumptions are described
briefly.

In the model, the transformation of monochromatic
waves across the nearshore zone and the motion of
swash are modeled using the non-linear shallow water
equations (SWE; Peregrine, 1972). The SWE assume
that the fluid velocities are uniform in the vertical
direction, hence changes in the bottom boundary
layer due to flow acceleration/deceleration (King,
1991; Nielsen, 1992) and swash infiltration/exfiltra-
tion (Conley and Inman, 1994) are not accounted
for. The role of turbulent bore dissipation (Puleo et
al.,, 2000) is not directly considered in the model
either. Modifications of the SWE are made to account
for the mass and momentum exchange between sea
water and beach groundwater due to in-exfiltration.
Bottom friction is also included by using the quadratic
approximation, 1/2f]u u, where fis a friction factor and
u is the flow velocity (Packwood and Peregrine,
1981). A value of f=0.015 was assumed (Kobayashi
et al., 1989). Only the saturated beach groundwater
flow, as governed by the Laplace equation, is consid-
ered in the model. However, the capillary effects on
the saturated flow are incorporated through the free-
surface boundary condition at the water table
(Parlange and Brutsaert, 1987; Li et al., 1997). The
wave model is coupled with the groundwater flow
model via the boundary conditions at the beach. For
the groundwater flow, the seaward boundary condi-
tions are determined by the shoreline position and the
local sea surface elevation, both of which are calcu-
lated by the wave motion model. The rates of in-exfil-
tration across the beach computed by the groundwater
flow model are then inputted to the wave model. The
instantaneous sediment transport rate /; is calculated at
each cross-shore grid point based on the Bagnold
model according to

ki
I = ultiu ’ 5
" tan ¢+ tan B )
T
Ly, it (©)

~ tan ¢ + tan B’
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where u;, and u;, are the instantaneous flow velocities
derived from the wave motion model and k, = 2k,
Strictly speaking, Eqgs. (5) and (6) have been formu-
lated for bedload transport only, as discussed above.
However, validation of the bedload equations by
Masselink and Hughes (1998) using total load
measurements gives sufficient confidence to use the
formulations in the present model to predict total load
sediment transport (bedload and suspended load). It
should be noted that at present no other sediment
transport model for use in the swash zone is readily
available. The sum of the instantaneous rates over a
wave cycle gives the net sediment transport rate,
which is used to predict the beach profile changes
based on the continuity equation. The location of the
nodes at the beachface in the groundwater flow model,
and the local beach slope in the wave motion model
and the sediment transport model are then adjusted
according to the beach deformation.

For the present purpose, the model domain
comprises of a sand/gravel beach with an initially
constant slope (tan 8 = 0.15) starting at a depth of
3 m. At the seaward boundary, the wave model is
forced by a monochromatic incoming wave field char-
acterized by a wave height H and period T. The beach
groundwater dynamics depend largely on the hydrau-
lic conductivity or permeability K of the beach sedi-
ment. Various empirical formulations are available
for estimating K from sediment characteristics
(Krumbein and Monk, 1942; Bear, 1972), however,
different formulations can give estimates that may
differ by one order of magnitude (Butt et al., 2001).
Therefore, rather than specifying a sediment size in
the model it was considered more appropriate to use
the hydraulic conductivity K. As a reference, sand and
gravel are characterized by hydraulic conductivity
ranges of 0.01-1 and 1-10 cm/s, respectively.

In the model, a small non-dimensional water depth is
used in defining the instantaneous shoreline. One
problem with the numerical simulation of swash
motion on relatively impermeable beaches
(K <1 cm/s) is that the beachface during the backwash
remains covered by a thin lens of slowly moving water.
On permeable beaches (K > 1 cm/s) this problem does
not occur because infiltration during the backwash
‘clears’ the beachface very effectively. The thickness
of this backwash lens is very small with most of it being
less than 2 mm. As a result, the downrush limit (i.e. the

lowest point within the swash zone that falls dry) is
elevated significantly above the still water level, and
the swash length (i.e. the distance between uprush and
downrush limit) is relatively small. To overcome this
problem, a critical water depth 4. of 2 mm was used to
distinguish between ‘wet’ and ‘dry’ in analyzing the
simulation results. It should be noted that the selection
of h. only affects the definition of the apparent swash
excursion when analyzing the simulation results for
relatively impermeable beaches (results for permeable
beaches are not significantly affected). The swash
excursion decreases and the backwash period increases
with decreasing % ;. However, swash velocities are not
affected by A,;. It is questionable whether such shallow
flows (2 mm deep) are capable of transporting sedi-
ments. Visual field observations suggest that sediment
transport at the end of the backwash under very shallow
water depths (2 <1 cm) is limited. For this reason a
second critical water depth /., was formulated defining
the minimum depth required for sediment transport to
occur. No observational data are available to give
insight into the character of very shallow backwash
flows, therefore k., was intuitively set to 1 cm. The
model output is sensitive to A, with small values
promoting backwash sediment transport because it
allows for extended backwash events. However, sensi-
tivity of the morphological results to /., is only evident
for simulations with relatively low permeabilities
(K <1 cm/s).

Validation of the groundwater/swash part of the
numerical model using analytical solutions is
presented in Li and Barry (2000). These validations
indicate that the model adequately reproduces: (1) a
steady state groundwater circulation from the upper
part of the beach to the lower part (Longuet-Higgins,
1983); and (2) the periodic local groundwater circula-
tion that occurs below progressive bores (Packwood
and Peregrine, 1979) and wave swash (Turner and
Masselink, 1998). The sediment transport part of the
model has not been validated. Such validation would
require phase-resolving (within the swash cycle) data
of swash hydrodynamics, infiltration/exfiltration,
sediment transport loads and beach profile changes,
however, these data are currently not available. The
model is used here as a tool to investigate the impor-
tance of infiltration losses on sediment transport
processes in the swash zone and is not intended to
be a complete model for beachface development.
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Fig. 4. Simulated time series of: (a) position of the instantaneous shoreline position; (b) swash depth; and (c) swash velocity. Model input
conditions were tan 8 = 0.15, H=0.4 m, T= 10 s and K = 10 cm/s. The model was run with (dashed lines) and without (solid lines) ground-
water effects. Swash depth and swash velocity were computed at the mid-swash position of the model run without groundwater effects,
indicated by the dashed horizontal line in (a). The intersection of the still water level with the beachface is located at x =20 m in (a).

This section will focus on the effects of infiltration
on swash zone hydrodynamics. All simulations
discussed in this section were conducted assuming a
rigid beach (sediment transport and beach profile
changes are not included).

The first two numerical simulations were conducted
with and without groundwater effects. Both simula-
tions used the same initial beach slope and wave
conditions (tan 8 =0.15, H=0.4m and T=105s).
For the simulation with groundwater effects, a highly
permeable beach (K = 10 cm/s; equivalent to coarse
gravel) was used. The results show that the effect of
infiltration on the uprush phase of the swash flow is

limited. Only a moderate reduction in the runup limit
and the swash depth can be observed (Fig. 4a, b), and
there is no discernable effect of infiltration on the
uprush flow velocities nor on the duration of the
uprush (Fig. 4c, b). In contrast, the effect of infiltration
is significant on the backwash phase of the flow. If
groundwater effects are ignored, a thin lens of water
remains present over most of the lower part of the
beachface during the latter stages of the backwash.
The landward extent of this lens of water (i.e. the
instantaneous shoreline) moves down the beachface
at a relatively slow rate and is encountered by the
proceeding wave at a location quite high on the beach-
face. As a result, the downrush limit (defined as the
lowest part on the beachface that is periodically
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Fig. 5. Simulated cross-shore variation in swash zone parameters: (a) mean uprush velocity u,; (b) mean backwash velocity uy; (c) velocity
asymmetry u,/uy,; (d) uprush period T,; (e) backwash period Ty; and (f) time asymmetry 7,/7},. Model input conditions were tan 8 = 0.15,
H=04m,T=10s and K= 10 cm/s. The model was run with (dashed lines) and without (solid lines) groundwater effects. The cross-shore
location is expressed as the relative swash zone position x/S, where x is the distance landward of the downrush limit and S is the swash length.

exposed during swash action) is elevated with respect
to still water level (Fig. 4a). When groundwater
effects are included, however, most of the beachface
is cleared of water prior to the arrival of the proceed-
ing wave due to infiltration. Consequently, the down-
rush limit coincides with or falls below the
intersection of the still water level with the beachface
(Fig. 4a), thereby significantly increasing the horizon-
tal extent of the swash motion (swash length §). Infil-
tration also results in a reduction of the flow depths
and velocities during the backwash (Fig. 4b and c).
Most importantly, the duration of the backwash is
significantly reduced due to infiltration.

The cross-shore variation in swash flow character-
istics was also investigated for the two simulations
discussed above (Fig. 5). Uprush/backwash velocities
and periods display a progressive decrease from the
downrush to the runup limit (Fig. 5a,b,d and e). The
significance of swash infiltration becomes apparent
when the velocity and time asymmetry of the swash
flow (u,/u, and T,/Ty, respectively) are investigated.
When groundwater effects are not considered, u,/u;, is
close to 1 over the entire swash zone, whereas T,/T},
progressively increases from 0.5 to 1 in the landward

direction (Fig. 5c and f). Thus, uprush and backwash
velocities are comparable, but the uprush is signifi-
cantly shorter than the backwash everywhere in the
swash zone. In order to conserve mass, this must
imply that the uprush flow is significantly deeper
than the backwash. When groundwater effects are
considered, the reduction in the backwash velocity
causes a significant increase in u,/u,. In addition, 7,/
T, exceeds unity in the upper part of the swash zone
indicating that the uprush period is longer than the
backwash period. It can be inferred that swash infil-
tration enhances onshore flow asymmetry and
promotes the development of onshore time asymme-
try. Both factors are expected to promote onshore
sediment transport.

Subsequently, a large number of model runs were
carried out to investigate the dependence of swash
hydrodynamics on the incident wave conditions,
beach gradient and groundwater effects. Model runs
were carried out by changing the input parameters
tan B (0.075-0.25 in 0.025 increments), H (0.2—
0.8 min 0.1 m increments) and 7 (6—16 s in 2 s incre-
ments). The hydraulic conductivity was again set to
K=10cm/s and simulations were carried out with
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Fig. 6. Relationship between surf similarity parameter £ and (a) normalized runup height R/H without groundwater effects; (b) R/H with
groundwater effects; (c) swash velocity asymmetry u,/uy, without groundwater effects; (d) u,/u, with groundwater effects; (e) time asymmetry
T./T,, without groundwater effects; and (f) 7,/T, with groundwater effects. The asymmetry values relate to the mid-swash zone position. A
hydraulic conductivity of K= 10 cm/s was used. Symbols: (O) changes in beach gradient tan 8; (+) changes in wave height H; and (*)

changes in wave period 7.

and without groundwater effects. The following para-
meters were derived from the model output: (1) verti-
cal swash excursion R normalized by the input wave
height H; (2) velocity asymmetry u,/u,; and (3) time
asymmetry 7,/T,. The asymmetry parameters were
determined for the mid-swash position (x/S=0.5).
The parameters derived from the swash records
were plotted against the surf similarity parameter &

tan 8
= ——, 7
4 L, (N
where L, is the deep water wave length given by
gT*/27 (Fig. 6).
As expected from the SWE (cf. Raubenheimer and

Guza, 1996), R/H increases with & and plots around
the curves predicted by the formula of Hunt (1959) (R/
H = ¢) and saturated swash concept of Miche (1951)
(RIH = £*1r for £ <2-3) (Fig. 6a, b). Thus, under
dissipative (i.e. saturated conditions (¢ < 2), the verti-
cal swash excursion zone is relatively small, whereas
under reflective conditions (¢ > 3) the swash excur-
sion is relatively large. Comparing the results of Fig.
6a and b, it is clear that swash infiltration has a signif-
icant effect on the wave runup. Under dissipative
conditions, infiltration losses result in a lower back-
wash limit and hence larger R/H values. Under the
reflective conditions, on the other hand, infiltration
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losses result in a lower runup limit and hence smaller
R/H values.

When groundwater effects are ignored, the swash
flow asymmetry u,/u, at the mid-swash position is
around 1 over the entire morphodynamic domain
(Fig. 6¢c) With groundwater effects accounted for,
however, the swash flow is characterized by an
onshore asymmetry (u,/u, > 1) that decreases with
increasing & (Fig. 6d). If groundwater effects are
ignored, the backwash period is considerably longer
than the uprush period (7,/T, < 1) as long as ¢ <5
(Fig. 6e). As & approaches 5, the backwash period

becomes shorter than the uprush period T,/T, > 1).
In contrast, the results with groundwater effects
show that T,/T, = 1 over both the dissipative and
the reflective domain of ¢ (Fig. 6f). It can be
concluded that both flow and time asymmetry
decrease with increasing &. This result is not unex-
pected because as flow conditions become reflective,
swash motion develops into a standing wave, and if
frictional and infiltration losses are ignored, the flow
field associated with standing wave motion is
symmetric. Such a symmetric swash motion is
attained when ¢ = 5. It is important to point out that
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according to the modeling results, the flow asymmetry
parameters, u,/u, and 7,/T,, can be scaled reasonably
well using ¢ (Fig. 6¢c—f). In other words, a decrease in
tan B has the same effect on the swash flow asymme-
try as an increase in H or a decrease in 7. Such scaling
relation, which 1is physically meaningful and
expected, gives added confidence to the model.

A further series of simulations were carried out to
investigate the effect of hydraulic conductivity K on
swash flow characteristics (Fig. 7). Model input
conditions were tan 3 =0.15, H=04m, T=10s
and K varied from 0 (no groundwater effects) to
25 cm/s. Maximum R/H occurs for intermediate K-
values (K = 0.02—-0.06 cm/s; Fig. 7a). For less perme-
able sediments, the lowering of the downrush limit
due to infiltration is limited, whereas for more perme-
able sediments the runup limit becomes significantly
lower due to infiltration during wave uprush. Thus for
both low and high K-values, R/H is relatively small.

The velocity asymmetry of the swash flow u,/u, at the
mid-swash position progressively increases from 1 to
1.8 with increasing hydraulic conductivity (Fig. 7b).
For K < 10 cm/s, the time asymmetry of the swash
flow T,/T, at the mid-swash position is smaller than
one, indicating that the backwash is of longer duration
than the uprush (Fig. 7¢). On the other hand, 7./T;, for
K> 10 cm/s is larger than one, indicating that the
uprush takes longer than the backwash.

The amount of water that infiltrates into the beach
during swash motion was determined by integrating
the groundwater flow (positive and negative) across
the swash zone over one swash cycle. This value,
representing the net groundwater discharge over one
swash cycle, was related to the swash volume and
expressed as a percentage %inf. An almost linear rela-
tionship exists between K and %inf (Fig. 7d). For
small K-values, only a fraction of the swash volume
infiltrates into the beach (e.g. for K=1 cm/s,
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Yoinf=2%), but for large K-values, a significant
portion of the swash volume is lost through infiltration
(e.g. for K= 10 cm/s, %inf= 15%). The majority of
the infiltration loss occurs during wave uprush, but
losses during backwash are also significant. It should
be pointed out that the mass conservation principle
requires that the infiltration volume equals the differ-
ence between the uprush volume and backwash
volume. For all simulations, this was the case.

A series of simulations that included sediment
transport and beach deformation were conducted to
investigate the effect of swash infiltration on beach
profile development. The simulations, based on stan-
dard wave conditions (H=0.4 m and T=10s) and

an initial beach gradient of 0.15, covered a range of
values for hydraulic conductivity K. Each simulation
was run for 2000 wave cycles (c. 6 h) to ensure that
most of the beach deformation occurred within the
simulation period and a quasi-equilibrium beach
profile was attained for comparison.

Fig. 8 shows the model results for an impermeable
beach (K =0, i.e. groundwater effects are ignored).
Beach profile development is characterized by sedi-
ment transfer from the subaerial to the subaquous
beach, resulting in the formation of a distinct bar/
step feature below the still water level and a steepen-
ing of the beachface. The initial response of the beach
to the wave forcing is rapid and most of the profile
adjustment is accomplished within the first 250
waves. Over the remainder of simulation the beach-
face is relatively stable, but the bar/step feature
continues to move offshore, albeit at a progressively
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reducing pace. A quasi-equilibrium is reached at the
end of the simulation.

The beachface erosion at the start of the simulation
occurs because the swash zone processes encounter a
gradient that is too steep. As a result, the offshore
sediment transport during the backwash exceeds that
of the uprush causing beachface erosion. The combing
down of the beachface results in a steepening of the
gradient, not a flattening as suggested by previous

morphodynamic models (Hardisty, 1984). The
concurrence of beachface erosion and steepening
seems at a first glance contradictory. However,
morphological change results from spatial gradients
in sediment transport and is not achieved by a profile-
wide tendency to flatten or steepen. On the initially
planar beachface offshore sediment transport prevails
because the backwash is more powerful than the
uprush. Because the offshore sediment transport rate
increases down the beach from the runup limit to the
downrush limit, more sediment is removed from
the lower part of the swash zone than the upper part.
The only outcome of such a sediment transport pattern
is a steepening of the beachface (i.e. the gradient
increases). Equilibrium is attained at some stage
because as the gradient in the swash zone becomes
steeper, the swash motion becomes more symmetrical
(refer to Fig. 6).

The model results for a relatively permeable beach
K =1.6 c;m/s (equivalent to fine gravel) are shown in
Fig. 9. Beach development is characterized by initial
beachface erosion and the development of a bar/step
feature, but this is quickly followed by onshore sedi-
ment transport and the formation of a berm. As the
berm builds up, the gradient of the swash zone
progressively increases and attains a relatively stable
value of 0.21 at the end of the simulation. It is noted
that when groundwater effects are ignored, the model
produces an equilibrium beach profile relatively
rapidly, but when groundwater effects are included
it takes a very long time before equilibrium is
established.

When comparing Fig. 8 with Fig. 9 it is clear that
swash infiltration enhances onshore sediment trans-
port in the swash zone resulting in the formation of
a berm. In addition, the quasi-equilibrium gradient in
the swash zone is greater when swash infiltration
occurs. Simulations were also conducted with lower
and higher K to examine the effects of sediment
permeability on the beach morphology. The results
show that the subaerial beach volume (a measure of
the size of the berm and hence the amount of onshore
sediment transport in the swash zone) and the equili-
brium gradient in the swash zone are both positively
related to the hydraulic conductivity K (Fig. 10). The
relation between the beach morphology and K is,
however, highly non-linear. Up to K= 1 cm/s, the
effect of permeability is negligible. Once K is larger
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than this thereshold value, permeability greatly affects
beach profile development.

The results of the numerical model highlight the
role of swash infiltration in controlling the equili-
brium beachface gradient by influencing swash
dynamics and hence sediment transport. The numer-
ical results firmly substantiate the claim that swash
acting on beaches with coarse sediments produces
steeper gradients than on beaches with fine sediments
due to enhanced swash infiltration as first suggested
by Grant (1948). Infiltration of water into the beach
occurs primarily during the wave uprush, whereas
exfiltration of water out of the beach mainly occurs
during the backwash. The net water circulation is
characterized by net infiltration over the swash zone
and net exfiltration seaward of the swash zone (Long-
uet-Higgins, 1983; Li and Barry, 2000). The effect of
swash infiltration is mainly to reduce the duration and
velocity of the backwash flow; the uprush phase of the
swash is not much affected. This results in an increase
in the onshore flow asymmetry and promotes onshore
sediment transport and the development of steeper
equilibrium gradient results.

According to the numerical model, the effect of
swash infiltration on beachface gradient is only
important when the permeability K exceeds 1 cm/s.
For lower values of K, swash infiltration still occurs,
but the quantities involved are too small to signifi-
cantly affect the swash hydrodynamics (less than c.
2% of the wave uprush volume; refer to Fig. 7). It is
informative to relate this threshold value for K to
sediment size. The Hazen equation is one of the
most commonly used equations and is given by
K =0.01D}, where K is in m/s and D, is in mm
(Bear, 1972). For well-sorted sediments, such as
beach sediment, Ds, = 1.5D, and the Hazen equation
becomes K = 0.0044D%,. Application of this formula-
tion suggests that the threshold hydraulic conductivity
of K =1 cm/s that has emerged from the present work
corresponds to a sediment size of c¢. 1.5 mm. Beach
sediments are generally very well sorted and rounded.
Both factors would significantly enhance the perme-
ability. However, it is not known how well the perme-
ability of beach sediments is predicted by the Hazen

equation. To the authors’ knowledge, Hegge (1994) is
the only study that reports in situ measurements of
permeability on a number of beaches (refer to Fig.
2). Least-squares analysis of the results of Hegge,
1994 results yielded K= 0.0062D3, (r*=0.50;
N = 33) and application of this formula gives a thresh-
old sediment size of 1.27 mm which is in reasonable
agreement with the Hazen equation.

The present study focuses on swash asymmetry
induced/enhanced by infiltration (i.e. swash infiltra-
tion losses) and the results indicate that the effect of
swash infiltration on sediment transport in the swash
zone is insignificant for sandy beaches. However, this
does not imply that vertical flows through the beach-
face due to instantaneous in-exfiltration are not impor-
tant. The implications for swash zone sediment
transport of infiltration under wave uprush and exfil-
tration under backwash have been investigated for a
saturated beach face by Turner and Masselink (1998).
Vertical flow through a porous bed can affect sedi-
ment mobility in two ways: (1) seepage forces change
the effective weight of surficial sediments (Martin and
Aral, 1971); and (2) boundary layer thinning due to
infiltration or thickening due to exfiltration result in
altered bed shear stresses (Conley and Inman, 1994).
Recently, Butt et al. (2001) hypothesized that there is
a threshold grain size where the dominance goes from
stabilization—destabilization (promoting offshore
transport) to boundary layer modification (promoting
onshore transport), and that this critical grain size is
0.24 mm. The present paper suggests the presence of a
second critical grain size of 1.5 mm above which
swash infiltration losses, also promoting onshore
transport, start playing a significant role.

Numerous empirical studies clearly demonstrate
that the beachface gradient is closely related to the
sediment size even within the sand fraction (e.g.
Bascom, 1951; Shepard, 1963). The present results
demonstrate, however, that the increase in beachface
gradient as a function of sediment size as found on
sandy beaches can not be attributed to changes in the
asymmetry of the swash flow due to swash infiltration
because the amount of swash infiltration on these
beaches is not sufficient to significantly modify the
characteristics of the swash flow. Komar (1998)
suggested there are two types of sediment transport
regimes in the swash zone. On fine-grained beaches,
beachface morphology is controlled by suspended
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sediment processes and the equilibrium gradient is
related to the sediment fall velocity. On coarse-
grained beaches, sediment dynamic conditions on
the beachface are controlled by swash flow asymme-
try due to swash infiltration and the equilibrium gradi-
ent is related to the permeability. This study suggests
that the latter sediment transport regime occurs when
D5y > 1.5 mm.

The sediment transport equations incorporated in
the numerical model are supposed to display self-
stabilizing characteristics through the inclusion of
the beach gradient, whereby any perturbation from
the equilibrium induces a response which opposes
the change and returns the beach toward the equili-
brium condition (Hardisty, 1984; Jago and Hardisty,
1984). However, it appears that the swash zone
morphodynamic system is quite unstable when
subjected to erosive wave conditions because its
response to an over-steepened bed is to steepen even
more. Nevertheless, at some stage the swash zone
morphology becomes quasi-stable and the equili-
brium gradient can be determined. Equilibrium is
the product of negative feedback and in the present
numerical model this is represented by the fact that the
time asymmetry of the swash motion decreases with
increasing bed gradient. Ignoring swash infiltration,
the motion of the swash on a steep gradient under
reflective conditions resembles that of standing
wave whereby u, = u, and T, = T, (refer to Fig. 5).
Subsequently, the equilibrium gradient becomes
simply a function of the ratio k/ky:

kolky — 1

tan B = tan (f)m

(®)

For ky/ky is 2, as assumed in the present study, the
equilibrium beachface gradient becomes tan 3 = 0.21
which is in reasonably agreement with the model
results.

In the simulations, the water table elevation at the
landward boundary (100 m from the shore) was set to
be the same as the mean sea level. On natural beaches
affected by tides, the position of the landward water
table relative to the mean sea level varies with the
tidal stages. At high tide, the water table becomes
relatively low, whereas the opposite occurs during
low tide. Although swash infiltration is a localized
phenomenon mainly driven by the hydraulic gradients
created by wave motion, it is also affected by the

landward hydraulic conditions (Li and Barry, 2000).
Swash infiltration is likely to increase at high tide and
decrease at low tide. Due to the non-linear nature of
the swash infiltration effects as shown in Fig. 10b, c,
tidal influence may result in a further increase in the
beachface gradient. Other factors that have not been
considered in the present study but may affect swash
infiltration include the randomness of the wave field
and beach dewatering. Under random waves, large
wave runup may occur on the dry bed, leading to
increased infiltration. Beach dewatering aims to
lower the water table and induces high infiltration
rates. Therefore, it is likely that the results presented
here represent the minimum effects of groundwater
flow on the beach morphology.

Swash infiltration increases the asymmetry in the
swash flow by reducing the backwash strength and
duration. The increased swash asymmetry enhances
on-shore sediment transport and berm formation,
resulting in relatively steep beachface gradients. The
effects of swash infiltration are highly non-linear.
Swash infiltration affects the beach morphology only
if the total infiltration volume over a wave cycle
exceeds c. 2% of the uprush volume. This threshold
condition leads to two critical parameters: critical
sediment hydraulic conductivity K= 1 cm/s and
grain size D5y = 1.5 mm. Therefore, swash infiltration
has negligible effects on sandy beaches where the
sediment grain size is usually less than 1 mm. The
correlation between the beachface gradient and sedi-
ment size at these beaches is due to other mechanisms,
rather than swash infiltration. For gravel beaches,
however, swash infiltration is likely to be the domi-
nant factor in controlling the beachface gradient.

We would like to thank Bruce Hegge for providing
the data plotted in Fig. 2. Paul Russell and an anon-
ymous reviewer provided useful comments on the
manuscript.
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