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Modelling Coarse-Grained Beach Profile Evolution 

By Mohamad Hidayat Jdmal 

ABSTRACT 

Coarse-grained beaches are particularly prevalent in the UK, composed of 

accumulations of either gravely or mixed sand and gravel sediments. The aim of the wotk 

presented in this thesis is to improve capabilities for predicting coarse-grained beach 2D 

profile development. In particular, the effects of infiltration and sediment sorting are 

considered! 

In this study, the public domain numerical models XBeach (vI2) is developed 

further. This model was initially developed for studying sandy environments especially 

for the case of dune erosion. Here, the model is modified to enhance its capability to 

predict beach profile change on coarse-grained beaches. Improvements include: use of 

Lagrangian interpretation of velocity in place of Eulerian for driving sediment 

movement; introduction of a new morphological module based upon Soulsby's sediment 

transport equation for waves and currents; incorporation of Packwood's infiltration 

approach in the unsaturated area of the swash region; and implementation of a multiple 

sediment fraction algorithm for sediment sorting of mixed sediments. These changes are 

suggested and justified in order to significantly improve the application of this model to 

gravel and rtlixed beaches, especially with regard to swash velocity asymmetry which is 

responsible for development of the steep accretionary phase steep berm above waterline 

and sediment sorting. 

A comparison between model simulation and large scale experiments is presented 

with particular regard to the tendency for onshore transport and profile steepening during 

calm conditions; offshore transport and profile flattening during storm conditions; and 

sediment sorting in the swash zone. Data used for this and the model calibration comes 

from the Large Wave Chamiel (GWK) of the Coastal Research Centre (FZK) in 

Hannover, Germany. 

The results are found to agree well with the measured experimental data on 

gravel beach profile evolution. This is due to the inclusion of infiltration in the nipdel 

which weakens the backwash volume and velocity in a more satisfying manner than 

through the use of asymmetric swash friction and transport coefficient. 



The model also simulates sediment sorting of a mixed sediment beach. However, 

the profile comparisons were not satisfactory due to limitations of the numerical model 

such as the constant permeability rate used throughout the simulation and the non-

conservation of the sediment volume in the laboratory data by an order of 50%. From the 

simulation, it was found that the fine sediment moves offshore and the coarser sediment 

moves onshore. This is because of infiltration weakens the backwash velocity; the 

coarser sediment moving onshore barely moves back offshore while the fine sediment 

rernains in rnotion. This pattern agrees with the pattern obtained from sediment samples 

analysis in the experiment and provides an explanation for the existence of composite 

beaches. The model is also shown to be capable of switching from accretionary to 

erosive conditions as the wave conditions become more storm-like. Again, the model 

simulations were in a good agreement with the observations from the GWK dataset. 

Numerical model simulations on the effects of the tidal cycle on coarse-grained 

beach profile evolution were also carried out. This preliminary investigation showed that 

the model was able to predict the anticipated profile change associated with a coarse

grained beach under such wave and tidal forcing. Tidally forced accretion and erosion 

were compared with those predicted under similar beach sediments and wave conditions 

for constant water level. The main differences are that the affected area is wider and the 

berm is located on the upper beach during flood for both gravel and mixed beaches. 

Therefore, the model developed in this study can be seen to be a robust tool with 

which to investigate cross-shore beach profile change oh coarse-grained beaches and 

sediment sorting on mixed beaches. Further work is also indicated. 
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CHAPTER 1: INTRODUCTION 

1.1 Background to Coarse-Grained Beach Research 

In coastal regions, the profile and shape of beaches are controlled by sediment 

transport processes. These, in turn, depend upon the natural force of waves and currents, 

sediment supply and removal, the geological features and coastal structures (e.g. seawall̂  

ports and harbours) on a particular coastline. Despite the focus of much coastal research 

resting oh sandy beaches, coarse-grained beaches are particularly prevalent in the UKj 

composed of accumulations of either gravel, or mixed sand and gravel sediments (Figure 

1.1). These type of beaches are common not only in the UK but also on mid and high 

latitude coasts (Carter and Orford, 1993). Approximately, one third of the beaches in 

England and Wales are classified as coarse-grained especially around the south of 

England (Lopez de San Roman-Bianco, 2003). Coarse-grained beaches are an important 

form of natural coastal defence and protect a backshore region of substantial urban areas^ 

agricultural, natural habitats, recreational and environmental assets (Lopez de San 

Roman-Bianco, 2003) against wave run up and storm surge. Beach berms on the upper 

coarse-grained beaches will also act as sediment supply on storm and during period of 

beach erosion (Baldock et al. 2005), Therefore, understanding the morphological 

behaviour of coarse-grained beach in response to short-term and long-term forcing is 

vital for coastal protection. 



Figure 1.1: Steep, bermed gravel beach (Hordle Cliff, UK). 

The complexity' of coastal processes makes it difficult to predict the 

morphological response to changing wave conditions and water levels accurateh'. In 

general, during swell conditions, the impetus for cross-shore sediment transport over 

coarse-grained beaches is onshore in the swash zone drix'en by asymmetr>' in flow 

N'elocity. This, increases the beach \olume. steepens the beach face and raises the crest 

elevation (Austin, 2005). Figure 1.2 shows illustrative profiles for gravel beaches during 

accretion. Even though coarse, steep beaches are relati\eh stable against wave attack, 

during periodic extreme storm events, larger, more energetic waves saturate the beach 

face and create significant erosion as the asymmetry is reduced. Therefore, the beach 

berm will also act as a sediment supply during this period (Baldock et al. 2005). Storms 

may cause a failure on coarse-grained beach barriers such as that which happened at 

Slapton beach, U.K in 2001 (Chadwick et al.. 2005). The storms attacked a point towards 

one end of this barrier beach. Although a breach did not occur, the road running the 

length of the barrier had to be diverted and set-back from the original route. Such 
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incidents highlight the dyn^iiic nature of such accumulations of sediment which is at 

odds with the engineers wish to tame these natural features iii a sustainable manner. 

Near shore 

Swash zone , 

V > . Beim 

1 1 
' Surf zone 

MSL 

Figure 1.2: Formation of accretionary benn (black line) on gravel beach. 

Indeed, as in the Slapton beach case, soft engineering approaches are often miich 

inore acceptable than using hard structures to maintain and protect eroding coastlines. 

The beach management plans increasingly use replenishment of an eroding beach with 

coarse-grained material or mixed sand and gravel as a preferred alternative (Mason et al. 

2007). Other soft approaches include beach drainage system where a porous drain pipe 

buried beneath the swash zone parallel to the shore. This technique artificially lowers the 

groundwater table hence increasing infiltration on the upper beach. Generally, this 

process will enliance accretion and retard erosion in the swash area (Law et al. 2002; 

loarmidis and Karambas, 2007). However, this approach only appropriate to sandy 

beadhes. 

It is thereforCj important to develop a reliable technique to predict the evolution 

of a beach consisting of coarse material. The understanding of steep coarse-grained 
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beaches is important because of their crucial role in shore protection against beach 

erosion and flood defence in coastal areas. Their steep terraces accumulate of coarser 

sediments provide protection pf the beach and cHffs from erosion. However, despite their 

importance as a beach defences, current knowledge of the behaviour of gravel beaches 

against wave and storms action is limited. 

1,2 Beach Morphology and Processes 

Simm et. al. (1996), have classified beaches into four categories based on the 

beach slope, grain material and their spatial distribution of sediment within a beach: 

1. Shingle (purely gravel) 

2. Shingle upper/sand lower (gravel on steep upper foreshore and sand on gentle 

lower foreshore with distinct boundary between them). 

3. Shingle/sand mixed (no clear spatial division exist between sand and gravel) 

4. Sand (purely sand) 

The term coarse-grained beach describes the first 3 of these categories. Most of 

these types of beaches consist of non-cohesive material. Shingle or gravel beaches have 

steep inclined slopes ranges from 1:12 to 1:4 (Jennings and Shulmeister 2002). The size 

of the grain particles on gravel beaches varies between 2 mm to 64 mm but sometimes 

cobbles which range between 64 mm to 256 mm can also be found (Pedrozo-Acuna, 

2005). Where a beach exhibits an upper coarse profile, separated from a sandy lower 

terrace, it can be classified as "composite" beach. Typically, the upper steep gravel slope 

is between 1:20 and 1:7 with the sandy low terrace between 1:33 and 1:10 (Jermings and 

Shulmeister, 2002). This kind of beach is typical of many mixed beach found in the UK 



(Lopez de San Roman-Bianco, 2003). The 3"̂  category corresponds to a well mixed sand 

and gravel sedimentary structure which may have a moderate slope between 1:25 to 1:8 

(Jennings and Shulmeister, 2002). Carter and Orford (1993) also suggested two types of 

gravel beaches, classified according to the beach slope; a) a single slope from the beach 

crest to the Wave base, ignoring small berms and bars; b) composite slope from the beach 

crest to the wave base with a steep upper beach and gentle low terrace. Gravel and well 

mixed sand and gravel beaches are reflective throughout the tidal cycle because they 

have a steep slope (Mason et al. 1997), while composite beaches may be dissipative 

during ebb tide and reflective during flood tide mostly due to the change of gradient. 

Beaches can also be described as "dissipative" or "reflective" which pays 

reference to the steepness of the bedch profile and the type of wave-breaking on the 

beach, which are interconnected, Breaking waves on a beach can be categorised as 

spilling, plunging, collapsing or surging (e.g. Fredsoe and Deigaard, 1992, Reeve et al., 

2004). These breaking wave types can be determined by using the "surf similarity" 

equation (Battjes, 1974). 

'^"^ (M) 
4WTL 

Where q is the surf similarity, fi is the angle of the beach slope, H is the wave height and 

L is the wave length. Collapsing {q > 3.3) and plunging (0.5 < ^ < 3.3) breakers are more 

likely to occur on coarse beaches, while spilling {q < 0.5) breakers are common on fine 

beaches (Carter and Orford, 1993). This is due to the different beach gradients, which are 

steeper on coarse beaches than on fine beaches. 



So, dissipative beaches are characterised as being high energy beaches with wide 

surf (> 100 m), low sloping beach (< 1°) composed of fine grains (e.g. sands). They are 

called dissipative because the waves break by spilling, starting far offshore so that the 

wave energy is dissipated over a large area (Bird, 2000). Reflective beaches form under 

low energy wave conditions on steep (6° - 12°) and narrow (~ 10 m) beaches composed 

of coarse material (e.g. coarse sand and gravel). In this case the beach is narrow and 

waves break (plunging/surging) close to the shore with part of the incident wave energy 

being reflected seawards (Bird, 2000). 

On steep beaches, undertow acts on a limited distance as the surf zone is narrow. 

Undertow is a seawards directed current which is caused by surface roller directed 

shoreward and waves breaking on the shore (Komar, 1976; Fredsoe and Deigaard, 1992). 

As waves break, the top of the wave crashes over the trough and the water frorn previous 

waves runs underneath them, creating a current which moves back to the sea. According 

to Pedrozo-Acuna (2005), undertow is less significant on steep beaches in comparison to 

gentle beaches frorii the results obtained in his model simulation. 

In coastal morphological studies, the nearshore zone is an important area which 

consists of surf zone and swash zone. In the surf zone, wave shoal, steepen then" break, 

creating a swash zone. The swash zone can be defined as the area between the limit of 

runup and the limit of rundown (Simm et. al,, 1996, Karunarathna et al. 2005), or the 

area that is intermittently covered and uncovered by wave runup and rundown (Puleo et. 

al., 2002). The swash zone may also extend over through the whole of the intertidal zone 

(Baldock et al. 1997). Swash zone processes affect the cross-shore beach morphology by 

influencing the rates of sediment transport and the deposition of sediment on the upper 

beachface. 



in the swash region of a shingle beach, gravel is carried upslope as far as the 

swash extends and deposited to produce a bemi in the upper-swash; this also leads to a 

steepening the beachface (Bradbury, 1998). This foreshore accretion and increase iri 

beach face slope are against the force of gravity which requires either the uprush and 

backwash velocities, or the amounts of sediment transported between uprush arid 

backwash, to be asymmetric (Aagaard and Hughes, 2006). 

Iri Table 1.1, a cornparison is provided of the difference between fine (sandy) and 

coarse-grained beaches. 

Table IJ : Morphodynamical comparison of sandy and gravel beaches 

Sandy beach 

• Gentle slope 

• Spilling breaker 

• Wide sutf zone 

• Undertow extends to a larger area 

• Dissipative beach 

• Can be treated as impermeable 

(fine grain i.e. sand) 

• Bed load and suspended load 

• Low asymmetry (i.e. velocity and 

swash transport) 

Gravel/mixed gravel beach 

• Steep slope 

• Plunging-surging breakers 

• Narrow surf zone 

• Undertow acts on limited short 

distance 

• Reflective beach 

• Permeable (coarse grain i.e. gravel) 

- variable saturation 

• Dominated by bed load 

• High asymmetry (i.e. velocity and 

swash transport) 



1.3 Review of Beach Modelling 

Because of the above, research on coarse-grained beaches has become very 

active. It is important to understand that, the balance of processes that govern such 

behaviour is different to that on sandy beaches, where, for instance infiltration is 

negligible. The complex processes associated with the ne^rshore on coarse beaches in 

particular make it difficult to predict the mbrphological changes accurately. Several 

modelling approaches of varying complexity have been reported. These include 

parametric models (e.g. Powell, 1990; Bemabeu et al., 2003) and process-based models 

(e.g. Kobayashi et al., 1987; Kobayashi et al., 1991; Masselink and Li, 2001; Karambas, 

2003; Clarke et al., 2004; Pedrozo-Acuna, 2005). 

Parametric models are robust, simpler and easy to apply but they often include 

extreme simplification or ignorance of the key morphological process. These models 

ignore the underlying physical processes and mostly relate the development of various 

features on the beach to wave conditions, beach slope and beach material characteristics. 

Some of parametric models are also called equilibrium beach profile models because 

they produce the predicted profile without depending on time, as the wave parameters 

and beach characteristics are taken as constant. Powell (1990) developed a parametric 

model to predict the beach profile by specifying wave parameters such as the significant 

wave height and peak wave period and beach characteristics such as the initial beach 

slope and sediment size. The model locates the predicted profile relative to the initial 

datum. Powell (1990) divided the profile into 3 parts called the berms/crest on the upper 

part of the profile, the transition/step on the middle part and the base on the lower part of 

the profile as shown in Figure 1.3. The berm is the area where deposition takes place and 

the base is the area where erosion takes place. 
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Figure 1.3: Schematic profile based on Powell's (1990) parametric model: initial profile 

(grey line); predicted profile (black line) 

In contrast, process based models take into consideration a more detailed 

explanation of the hydrodynamic and the sediment transport processes associated to the 

beach evolution. Kobayashi et al. (1987) used a nonlinear shallow water model to study 

the wave run-up and reflection on a rough slope. Later, Kobayashi et al. (1991) 

investigated the effects of permeability on wave reflection and runup on a rough slope 

from a small scale experiment. They found that a permeable slope will reduce wave 

setup, runup and reflection. Masselink and Li (2001) found that infiltration will increase 

swash asymmetry which enhance the onshore transport due to the reduction in the 

backwash depth and flo\v velocity. Eafch of these models has weaknesses and strerigths, 

but none is able to simulate all the important and complex processes that control gravel 

and mixed beach evolution. 

Karambas and Koutitas (2002) were able to simulate sandy beach erosion and 

accretion with a Boussinesq model incorporating the Dibajnia and Watanabe transport 

rate formulation (Dibajnia and Watanabe, 1996). The results obtained confirmed the 
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