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Abstract: Sea defences, such as urban seawalls can fail due to the development of a scour hole at
the toe of the structure. The scour depth or the information on ground levels at the structure toe is
required for the sustainable management of coastal defences, due to its influence on the structural
performance. This research reports and summarises the main findings of a new laboratory study
on toe scouring at a smooth sloping wall with permeable gravel foreshore. A set of small-scale
laboratory experiments of wave-induced scouring at sloping seawalls were conducted. Two gravel
sediments of prototype d50 values of 13 mm and 24 mm were used to simulate the permeable 1:20
(V:H) gravel beach configurations in the front of a smooth 1 in 2 sloping wall. Each experiment
comprised of a sequence of around 1000 random waves of a JONSWAP energy spectrum with a
peak enhancement factor of 3.3. The relationship of the scour depth with toe water depth, Iribarren
number, and wall slope were investigated from the test results of this work and through a comparison
with available datasets in the literature. The results of this study showed that the relative toe water
depth and Iribarren number influence the relative toe scour depth at a sloping structure on a shingle
beach. Within the experimental limitations, the maximum toe scour depths were observed for the
experiments under spilling and plunging wave attack.
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1. Introduction

Toe scouring at a coastal structure is usually defined as the development of a scour hole at the toe
of the structure. This may eventually lead to the deterioration and damage of the structure through
the redistribution of the sediment near the toe of the structure under the wave action over time [1,2].
Sea defences, such as urban seawalls in the United Kingdom (UK), can fail because of this toe scouring
phenomenon, see [3–5]. In addition, climate change is believed as one of the most crucial challenges
encountering mankind [6] in today’s world. The combined influence of climate change and global sea
level rise, which is expected as 4 mm/year for the 21st century [7] by the IPCC (Intergovernmental
Panel on Climate Change) set a long-standing threat of coastal hazards on the sea defences in nearshore
regions. The scour depth or the information on ground levels at the structure toe is required for the
sustainable management of coastal defences in response to climate change, due to its influence on the
structural performance [8].

Many researchers have performed laboratory and field research over the years, to improve the
understanding of this phenomenon and, to provide design guidance on toe scouring at coastal structures
with sandy foreshores, for example [4,9–12]. In 2008, [1] provided an overview of experimental and
field studies on toe scouring at vertical breakwaters on sandy foreshore configurations. Some numerical
researches have been performed in recent years to understand the scouring patterns at coastal structures
in addition to physical studies, see [13–16].
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Investigations on vertical walls showed that the toe scour depth and relative toe water depth
is strongly correlated for sandy beach configurations, see [1,17]. For instance, for the prediction of
scour depth at vertical seawalls with sandy beach, [17] and [8] established an empirical relationship
(Equation (1)) between the dimensionless scour depth (St/Hs) and relative toe water depth (ht/L0m).
For a known beach slope, these authors suggested another empirical equation to predict the toe scour
depth at vertical walls with sandy beaches, see Equation (2).

Stmax

Hs
= 4.5e−8π(ht/Lm+0.01)

(
1− e−6π(ht/L0m+0.01)

)
[−0.013 ≤ ht/L0m ≤ 0.18] (1)

St

Hs
= 6.8(0.207 ln(α) + 1.51)e−5.85kmht

(
1− e−3kmht

)
− 0.137 [−0.04 ≤ ht/L0m ≤ 0.12] (2)

in which Stmax is the maximum toe scour depth, St is the toe scour depth, Hs significant wave height
defined as highest one-third of wave heights = H1/3, α is the beach slope, ht is the toe water depth, and
L0m is the deep-water wave length based on mean wave period Tm.

Powell et al. [18] conducted a laboratory study with prototype sediment diameters of 5 < d50 < 30 mm
in a model scale of 1:17 and derived a dimensionless scour plot for the approximation of scour depth at
the vertical walls on shingle beds. Based on a laboratory study on scour depths at vertical structures
with a sandy slope and two gravel slopes, [19] proposed an empirical relationship between the
maximum wave height at the toe of the slope, submergence of the berm, and local wave length to
estimate the scour depth at this type of sea defence. Nevertheless, these empirical predictions have not
been validated with other datasets.

Recently, [20] performed an extensive laboratory investigation on the toe scour depths at vertical
breakwaters with two permeable shingle beaches. The authors showed that there is a strong relationship
between scour depths with relative toe water depth and Iribarren number for shingle foreshores, as
observed by [12] on sandy beaches. As expected, the maximum scour depths were reported for spilling
and plunging waves (0.005 ≤ ht/L0m ≤ 0.04).

In comparison to the vertical walls, there have been surprisingly few studies devoted to the toe
scouring at sloping walls with both sandy and permeable shingle beach configurations. In 2006, [12]
investigated scouring at a 1 in 2 sloping wall, as well as at a plain vertical wall on a sandy beach. The
authors postulated that toe scouring are independent of the slope of the structure and claimed that the
scour depths at sloping walls do not differ from those reported at vertical walls. To date, little knowledge
is available regarding the scouring at sloping walls with permeable shingle beach configurations.

This study investigated the toe scouring at sloping walls on shingle foreshores. In addition to
scour depths, the profile of foreshore slope after a wave attack was also investigated. This research
reports and summarizes the main findings of a new laboratory study on toe scouring at a sloping
seawall with the permeable shingle foreshore slope. A set of small scale laboratory experiments of
wave-induced scouring at sloping seawalls has been conducted in a wave flume at the University of
Warwick. Two gravel sediments of prototype d50 values of 13 mm and 24 mm were used to simulate
the permeable 1:20 (V:H) gravel beach configurations at smooth 1 in 2 sloping walls. The findings of
this laboratory study provide the data and comprehensive knowledge that are required to understand
the toe scouring phenomenon at a sloping structure with a gravel foreshore.

2. Laboratory Set-Up

The small-scale physical experiments were performed in the wave channel within the school of
engineering at the University of Warwick. The two-dimensional (2D) wave flume is approximately
22 m long, 0.60 m wide, and has an operating depth of 0.40 m–0.70 m. The wave channel is equipped
with an active absorbing-piston type wave paddle, enables simulating both uniform and random sea
state within the flume. The physical experiments were carried out on a plain (prior to start the test) 1
in 20 permeable shingle beach in front of a smooth impermeable 1:2 (V:H) sloping seawall. In Figure 1,
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a layout of laboratory set-up that was used in this work to carry out physical experiments on scouring
at 1 in 2 smooth sloping walls is presented.
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Figure 1. Laboratory set-up used for physical experiments on scouring at a 1 in 2 sloping wall.

In generally, the correct representation of beach permeability, the threshold of sediment mobility,
and the relative magnitudes of onshore/offshore movement are the three main requirements to
reproduce a gravel beach within the laboratory, as suggested by Powel [21]. The model sediments have
only two parameters (size and specific gravity); therefore, the proper representation of all three criteria
is hardly achievable within the laboratory. Powel [21] reported that the crushed anthracite with a
specific gravity of 1.39 is able to satisfy most of the requirements by modelling the appropriate threshold
of motion and onshore/offshore movement. As following the approach that was recommended by
Powel [21], the filtered anthracite coal of a specific gravity of 1.40 (T/m3) was used to represent
the gravel beach materials. Two different sediment sizes of gravel were used in this work, scaled
adapting the methodology, as suggested by [21]. The tested model bed materials d50 of 2.10 mm and
4.20 mm represent the prototype grain size d50 of 13 mm and 24 mm, respectively, at a 1 in 50 scale
with a prototype specific gravity of 2.65 (T/m3), see details in [20]. It is important to note that any
reference to the size of sediment within this paper has only been referred as prototype values, unless
otherwise stated.

A 1:50 length scale was applied in this study to generate random wave conditions within the wave
flume. Two constant nominal wave steepnesses (sop = 0.02 and 0.05) were tested to cover both wind
sea state as well as swell sea conditions. A matrix of 120 test conditions (significant wave heights, wave
steepnesses, crest freeboards, water depths, and gravel sizes) were covered to investigate scouring
at the toe of the sloping structure, see Table 1. The test matrix that was followed within this study
was developed by following the available guidelines for typical small-scale investigations, as reported
in [22,23]. For example, the inshore significant wave heights that were tested in this study varied from
50 mm to 150 mm, which is comparable to every good small-scale investigation. Furthermore, each
experiment comprised of a sequence of around 1000 random waves of a JONSWAP (Joint North Sea
Wave Project) energy spectrum, with a peak enhancement factor γ = 3.3 to represent a typical storm
of 3 h.

The incident wave characteristics (wave heights and periods) were measured by determining the
free water surface elevations at the six different locations along the wave flume during the experiments.
The well-established three-point technique developed by Mansurd and Funke [24] was adapted to
separate the incident waves from reflected waves. One set of three wave gauges were placed in
relatively deep water (close to wave generator) to determine the deep-water wave characteristics.
The next set of three gauges were fixed near the toe of the sloping wall to determine the incident wave
conditions at the structure. The wave gauge (WG6) near the toe of the sloping wall was set by adapting
the technique of Klopman and Van der Meer [25], which helps to reduce the effect of a reflective wall
on the measurements. Further, the measurements of wave conditions were also repeated without the
structure in place, in order to decrease any probable uncertainty in the measurement of the incident
wave characteristics induced by the reflection.
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Table 1. Overview of test conditions.

Structural and
Bed Configuration

Toe Water
Depth, ht

[mm]

Crest
Freeboard, Rc

[mm]

Wave Height,
Hm0 [mm]

Wave
Steepness, sop

[-]

Wave Period, Tp
[s]

Sloping wall on a
shingle bed

d50 = 13 mm

60 190 50–160
0.02 1.27–2.26

0.05 0.80–1.43

75 245 50–160
0.02 1.27–2.26

0.05 0.80–1.43

100 150 50–160
0.02 1.27–2.26

0.05 0.80–1.43

150 100 50–160
0.02 1.27–2.26

0.05 0.80–1.43

180 140 50–160
0.02 1.27–2.26

0.05 0.80–1.43

200 50 50–160
0.02 1.27–2.26

0.05 0.80–1.43

Sloping wall on a
shingle bed

d50 = 24 mm

60 190 50–160
0.02 1.27–2.26

0.05 0.80–1.43

75 245 50–160
0.02 1.27–2.26

0.05 0.80–1.43

100 150 50–160
0.02 1.27–2.26

0.05 0.80–1.43

150 100 50–160
0.02 1.27–2.26

0.05 0.80–1.43

180 140 50–160
0.02 1.27–2.26

0.05 0.80–1.43

200 50 50–160
0.02 1.27–2.26

0.05 0.80–1.43

The scour depths were calculated with the use of a depth point gauge before and at the end of the
experiment. The foreshore bed was reshaped to the initial uniform bed profile of 1 in 20 permeable
gravel slope in the front of the structure, prior to the start run of each test. The scour depth at the toe of
sloping wall (St) and maximum scour depth (Smax) were measured for each experiment. In addition,
scour depths were also measured at several locations along the foreshore slope to determine the bed
profile of gravel beach after a random wave attack. This was executed with the use of the depth point
gauges at fixed locations, and consequent analysis was performed.

3. Results and Discussion

3.1. Inshore Wave Conditions

For this study, the distributions of measured incident wave heights at deep water are plotted for
each experiment and are compared with the expected Rayleigh distribution. Figure 2 represents the
distribution of wave heights for deep water conditions (close to wave paddle) for two test configurations,
and also compares the results with the estimated Rayleigh distribution. It is clearly seen from the
graphs that the resulting data points show a good agreement with the Rayleigh distribution for both
low and high wave steepness However, the measured wave heights were found to deviate from the
expected Rayleigh distribution for very high waves, which may be a result of the limitations of paddle
generation, such as the wave paddle stroke or wave breaking on the paddle. For the tested conditions,
the reflection co-efficient varied from 0.25 to 0.45 at a relatively deep water, near the structure the
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observed values were in the range from 0.37 up to 0.79 near the structure. This is the reason why
the experiments were also carried out without the structure in place to remove the structure induced
reflection in the measurements.
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Figure 2. Comparison of the distribution of measured wave heights with the Rayleigh predictions- (a)
sm-1,0 = 0.02, Hm0 = 0.06 m (b) sm-1,0 = 0.06, Hm0 = 0.078 m.

3.2. Relationship between Development of Scour Depth and Storm Duration

The development of a scour depth has strong correlation with the storm duration or the number
of waves [5]. In 2000, Sumer and Fredsøe [26] reported that the peak scour depth occurs between
1000–2000 irregular waves at a 1 in 1.2 seawall on a sandy bed. Recent investigations by [20] on the
vertical breakwaters with shingle foreshores showed that the greatest scour depth occurs at around
1000 random waves.

In Figure 3, the time development of maximum scour depth is presented by plotting the measured
scour depths against the number of waves. The experiments were performed with approximately 3000
random waves to observe the development of scour depths, where the measurements were conducted
at around 1000, 2000, and 3000 waves, respectively. From the graph, it is noticeable that the maximum
value of scour depth occurs at approximately 1000 waves, and it reveals similar features as reported
by [20] for vertical walls.



J. Mar. Sci. Eng. 2019, 7, 198 6 of 12

J. Mar. Sci. Eng. 2019, 7, x FOR PEER REVIEW 6 of 13 

 

1000–2000 irregular waves at a 1 in 1.2 seawall on a sandy bed. Recent investigations by [20] on the 
vertical breakwaters with shingle foreshores showed that the greatest scour depth occurs at around 
1000 random waves.  

In Figure 3, the time development of maximum scour depth is presented by plotting the 
measured scour depths against the number of waves. The experiments were performed with 
approximately 3000 random waves to observe the development of scour depths, where the 
measurements were conducted at around 1000, 2000, and 3000 waves, respectively. From the graph, 
it is noticeable that the maximum value of scour depth occurs at approximately 1000 waves, and it 
reveals similar features as reported by [20] for vertical walls. 

 

Figure 3. Relationship between development of scour depth and storm duration. 

3.3. Variation of Bed Level for a Sloping Wall with a Shingle Foreshore 

The variation of bed level (final elevation–initial elevation of foreshore) due to the random wave 
attack was inspected for the tested conditions within this study. In Figure 4, two examples of the 
measured bed level changes for swell (sop of 0.02) and storm (sop of 0.05) wave conditions are 
presented for six different toe water depths (ht = 0.06 m; 0.075 m; 0.10 m; 0.15 m; 0.16 m; 0.18 m). The 
data points correspond to positive values of bed changes denote accretion, whereas negative values 
indicate the scouring at the structure. Figure 4 demonstrates that the maximum accretion or scouring 
at the structure occurs for the lowest toe water depth for a known wave condition. To cite an example, 
if we look at the measured data points corresponding to swell waves (sop of 0.02) in Figure 4a, it is 
noticeable that the greatest accretion of 0.098 m occurs at the lowest water depth of 0.06 m. 

Figure 3. Relationship between development of scour depth and storm duration.

3.3. Variation of Bed Level for a Sloping Wall with a Shingle Foreshore

The variation of bed level (final elevation–initial elevation of foreshore) due to the random wave
attack was inspected for the tested conditions within this study. In Figure 4, two examples of the
measured bed level changes for swell (sop of 0.02) and storm (sop of 0.05) wave conditions are presented
for six different toe water depths (ht = 0.06 m; 0.075 m; 0.10 m; 0.15 m; 0.16 m; 0.18 m). The data
points correspond to positive values of bed changes denote accretion, whereas negative values indicate
the scouring at the structure. Figure 4 demonstrates that the maximum accretion or scouring at the
structure occurs for the lowest toe water depth for a known wave condition. To cite an example, if we
look at the measured data points corresponding to swell waves (sop of 0.02) in Figure 4a, it is noticeable
that the greatest accretion of 0.098 m occurs at the lowest water depth of 0.06 m.

From the graphs, it is also observed that the storm waves generate scouring, while the swell waves
provide accretion at the structure for a certain water depth. This may happen due to the two different
wave characteristics, which actually dominate the movement or transport of beach materials. Generally,
steep storm waves generate scouring at gravel beaches through offshore sediment transport, whereas
swell waves (long waves) provide accretion of onshore sediment transport of bed materials [27]. Similar
characteristics of accretion and erosion with respect to long and short waves were also observed by [20]
for plain vertical walls on shingle foreshores.
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3.4. Variation of Toe Scour Depth with Relative Water Depth

Figure 5 shows the variation of the measured relative scour depth with relative water depth at
the toe of the structure. The dashed line represents the trend of scour depths at seawalls with sandy
foreshores, as reported by [8]. The negative values of relative toe water depth indicate the presence of
an extended beach above the still water level prior to the start of the experiment, whereas negative
non-dimensional toe scour depths denote the accretion at the structure.

The resulting data points show that the maximum scouring at the toe of the structure occurs under
the spilling and plunging wave conditions (0.005 ≤ ht/L0m ≤ 0.04). Similar trends of scour depths under
spilling and plunging impacts are also noticeable from the scouring predictions of [8], see Figure 5.
For the tested conditions, the maximum erosion at the toe of the structure is observed St/H1/3 = 0.93 at
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a relative toe water depth (ht/L0m) of around 0.01 and the maximum accretion is noted St/H1/3 = 1.51 at
a relative toe water depth (ht/L0m) of about 0.03.

J. Mar. Sci. Eng. 2019, 7, x FOR PEER REVIEW 8 of 13 

 

The resulting data points show that the maximum scouring at the toe of the structure occurs 
under the spilling and plunging wave conditions (0.005 ≤ ht/L0m ≤ 0.04). Similar trends of scour 
depths under spilling and plunging impacts are also noticeable from the scouring predictions of [8], 
see Figure 5. For the tested conditions, the maximum erosion at the toe of the structure is observed 
St/H1/3 = 0.93 at a relative toe water depth (ht/L0m) of around 0.01 and the maximum accretion is noted 
St/H1/3 = 1.51 at a relative toe water depth (ht/L0m) of about 0.03. 

In Figure 5, another clear aspect is that, under plunging and pulsating (surging) breakers (ht/L0m 
> 0.04), the scour depths continued to decrease with the increase of the relative toe water depth. For 
the data points corresponding to relatively higher toe water depths (ht/L0m > 0.10), accretion at the toe 
of the structure is noticeable from the graph. These characteristics were also reported by [1,12] for a 
plain vertical wall with a sandy foreshore slope.  

For the tested spilling and plunging conditions, accretion at the slope mainly occurred for long 
waves with relatively low wave steepness, whereas scouring was mostly observed for short waves 
with relatively high wave steepness. In Figure 5, if we consider the data points that correspond to an 
average wave steepness of 0.02 under spilling and plunging conditions, the accretion at the structure 
is observed, while the experiments with relatively high wave steepness of 0.06 give scouring at the 
structure for a certain relative toe water depth. This can be also related with reality, where accretion 
at the structure is mostly observed for long waves through the onshore sediment transport of beach 
materials and toe scouring phenomenon under storm sea conditions due to the offshore sediment 
transport. 

 

Figure 5. Variation of non-dimensional toe scour depth at a sloping wall with relative toe water 
depth. 

3.5. Variation of Toe Scour Depth with Iribarren Number 

The Iribarren number or breaker parameter is generally expressed as a relationship between the 
structure slope and wave steepness (Equation (3)) enables distinguishing the non-breaking and 
breaking waves.  𝐼 =  tan ∝𝐻 /𝐿  

(3)

Figure 5. Variation of non-dimensional toe scour depth at a sloping wall with relative toe water depth.

In Figure 5, another clear aspect is that, under plunging and pulsating (surging) breakers (ht/L0m >

0.04), the scour depths continued to decrease with the increase of the relative toe water depth. For the
data points corresponding to relatively higher toe water depths (ht/L0m > 0.10), accretion at the toe of
the structure is noticeable from the graph. These characteristics were also reported by [1,12] for a plain
vertical wall with a sandy foreshore slope.

For the tested spilling and plunging conditions, accretion at the slope mainly occurred for long
waves with relatively low wave steepness, whereas scouring was mostly observed for short waves
with relatively high wave steepness. In Figure 5, if we consider the data points that correspond
to an average wave steepness of 0.02 under spilling and plunging conditions, the accretion at the
structure is observed, while the experiments with relatively high wave steepness of 0.06 give scouring
at the structure for a certain relative toe water depth. This can be also related with reality, where
accretion at the structure is mostly observed for long waves through the onshore sediment transport
of beach materials and toe scouring phenomenon under storm sea conditions due to the offshore
sediment transport.

3.5. Variation of Toe Scour Depth with Iribarren Number

The Iribarren number or breaker parameter is generally expressed as a relationship between
the structure slope and wave steepness (Equation (3)) enables distinguishing the non-breaking and
breaking waves.

Ir =
tan ∝√

H1/3
L0m

(3)

To observe the influence of Iribarren number (Ir) on toe scouring, the measured relative scour
depths are plotted (St/H1/3) against the Iribarren number in Figure 6. One of the clear conclusions
from the graph is that there is considerable variation in scour depths for similar values of the Iribarren
number. This may be a result of the variation of toe water depths that has not been fully considered in
Figure 6.
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3.6. Variation of Toe Scour Depth with Relative Toe Water Depth and Iribarren Number

The measured values of non-dimensional scour depths are plotted against dimensionless toe
water depth with the data categorized into two ranges of Iribarren number to investigate the combined
influence of relative water depth and Iribarren number on the scour depths, as following:

• 0.20 < Ir < 0.30 and
• Ir > 0.30

The graph demonstrates that, for any known value of relative toe water depth (ht/L0m), the greatest
scour depths occur for the larger Iribarren numbers, see Figure 7. Similar trends of scour depths were
observed by [12] for a sloping seawall on a sandy beach foreshore.J. Mar. Sci. Eng. 2019, 7, x FOR PEER REVIEW 10 of 13 
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3.7. Variation of Toe Scour Depth with Wall Slope

To investigate the influence of wall slope on the scour depth at coastal structures, the resulting
foreshore profiles of this study at 1:2 smooth sloping walls have been compared with the dataset of the
plain vertical walls, as reported by [20], see Figure 8. It is important to note that, for both sloping and
vertical structures, the experiments were performed with the same permeable shingle materials and
inshore wave conditions, but with different structural configurations. As observed in Figure 8, the
measured scour depths at sloping walls within this study do not remarkably differ from those that
were reported at vertical walls by [20]. Similar characteristics of scour depths with respect to wall slope
were also observed by [12] on sandy slope based on a laboratory study at 1 in 2 sloping wall and a
plain vertical wall with sandy foreshore.
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4. Conclusions

This laboratory research investigated the mechanics of scour at a smooth impermeable 1 in 2
sloping wall with a uniform 1:20 permeable shingle foreshore slope. A set of small scale physical
tests were carried out to measure the scour depths and the bed level changes for two different gravel
foreshores. The relationship of scour depth with toe water depth, Iribarren number, and wall slope
were investigated from the test results of this work and through a comparison with the available
dataset in the literature. The following conclusions can be drawn based on the described study:

— The results of this study showed that the relative toe scour depth at a sloping structure on a
shingle beach, is influenced by the relative toe water depth and Iribarren number.

— Within the experimental limitations, the maximum toe scour depths were observed for the
experiments under the spilling and plunging wave attack (0.005 ≤ ht/L0m ≤ 0.04).

— It was found that the scour depths at the sloping walls within this study do not remarkably differ
from those reported at vertical walls with similar permeable foreshore slopes, which indicates
that the scour depths are independent of the slope of the structure.

It is important to note the test conditions, such as water depths, wave conditions, etc. that were
followed within this study were developed by adapting the available guidelines for two-dimensional
small-scale investigations, as reported in [22,23] to make it comparable with typical physical model
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study. It is expected that the results of these two-dimensional hydraulic tests can be related to the
prototype conditions; however, the further large-scale investigations would always be recommended.
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