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In the context of “green” approaches to coastal engineering, the term “eco-engineering”

has emerged in recent years to describe the incorporation of ecological concepts

(including artificially water-filled depressions and surface textured tiles on seawalls

and drilled holes in sea structures) into the conventional design process for marine

infrastructures. Limited studies have evaluated the potential increase in wave energy

dissipation resulting from the increased hydraulic roughness of ecologically modified

sea defences which could reduce wave overtopping and consequent coastal flood

risks, while increasing biodiversity. This paper presents results of small-scale laboratory

investigations of wave overtopping on artificially roughened seawalls. Impulsive and

non-impulsive wave conditions with two deep-water wave steepness values (=0.015

and 0.06) are evaluated to simulate both swell and storm conditions in a two-

dimensional wave flume with an impermeable 1:20 foreshore slope. Measurements

from a plain vertical seawall are taken as the reference case. The seawall was

subsequently modified to include 10 further test configurations where hydraulic effects,

reflective of “eco-engineering” interventions, were simulated by progressively increasing

seawall roughness with surface protrusions across three length scales and three

surface densities. Measurements at the plain vertical seawall compared favorably to

empirical predictions from the EurOtop II Design Manual and served as a validation

of the experimental approach. Results from physical model experiments showed that

increasing the length and/or density of surface protrusions reduced overtopping on

seawalls. Benchmarking of test results from experiments with modified seawalls to

reference conditions showed that the mean overtopping rate was reduced by up to

100% (test case where protrusion density and length were maximum) under impulsive

wave conditions. Results of this study highlight the potential for eco-engineering

interventions on seawalls to mitigate extreme wave overtopping hazards by dissipating

additional wave energy through increased surface roughness on the structure.

Keywords: climate change, coastal resilience, eco-engineering, ecologically enhanced seawall, vertical

breakwaters, wave overtopping, coastal flooding
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INTRODUCTION

As our climate continues to change, coastal defences will be
subjected to increasing pressures from rising sea levels and a
higher frequency of storm surges from extreme climatic events.
Damage to sea defences and significant flooding of coastal areas
from wave overtopping will present risks to lives and properties
and this will need to be managed (IPCC, 2014, 2018; Vitousek
et al., 2017). Approaches for managing flood risks in coastal
zones have traditionally relied on “hard” engineered sea defence
solutions which are costly to both install and maintain, and
can be visually unattractive. The longer-term sustainability of
such approaches is coming under increased scrutiny because of
adverse economic, environmental and ecological impacts. More
specifically, the negative impacts of “hard” engineered solutions
include losses of biodiversity in adjacent coastal zones (Barbier
et al., 2011; Browne and Chapman, 2014) and the lack of dynamic
response to climate change (Borsje et al., 2011; Temmerman et al.,
2013; Pontee et al., 2016; Vuik et al., 2016; Morris et al., 2018).
Eco-retrofitting of engineered infrastructures can contribute to
climate adaptation by integrating natural systems into existing
structures and incorporating building integrated living systems
(BILS), as advocated by Birkeland (2003, 2009), can produce
positive ecological benefits.

In recent years, the term “eco-engineering” or “hard eco-
engineering” has been spotlighted in many studies (Dafforn
et al., 2015; Perkol-Finkel and Sella, 2015; Strain et al., 2018a,b;
Evans et al., 2019; Salauddin et al., 2020a; O’Sullivan et al.,
2020; O’Shaughnessy et al., 2020; Evans et al., 2021) to describe
the adoption of biomimicry-based engineered interventions in
sea defence structures that enhance biodiversity and species
richness on the surface of the infrastructures and in surrounding
areas. Recent research has focused on the introduction to
existing coastal infrastructures of artificial, water-filled features to
enhance the ecological well-being of these structures. A common
element of these features, regardless of whether they are
“additive” (as in the case of bolt-on rock pools (Morris et al.,
2017; Naylor et al., 2017, 2018; Strain et al., 2017; Hall et al., 2019;
Figures 1A,B), or “textured concrete” or “textured surface” tiles
(Perkol-Finkel and Sella, 2015; Naylor et al., 2017; MacArthur
et al., 2018; Figure 1C) on sea defences) or “subtractive” (as
in the case of “drill-cored rock pools” in intertidal breakwaters
(Browne and Chapman, 2014; Firth et al., 2014a,b; Evans et al.,
2016; Hall et al., 2018; Waltham and Sheaves, 2020; Figure 1D),
is that they serve to increase the topographic complexity and the
surface roughness of the structures to which they are added.

To date, research efforts have focused on investigating the
ecological benefits of such interventions and this is well reported
in scientific literature (see for example, Barbier et al., 2011;
Borsje et al., 2011; Temmerman et al., 2013; Browne and
Chapman, 2014; Evans et al., 2016, 2019; Morris et al., 2018;
Strain et al., 2018a,b). To the authors’ knowledge however,
there have been no studies that investigated the potential
benefits of these ecological interventions in the context of
reducing wave overtopping and flood risk as a result of the
increased wave damping that accrues from the additional surface
roughness of modified sea defences. Consequently, there remains

a research gap in assessing the hydraulic performance of coastal
defences that have been artificially roughened by ecological
interventions such as “vertipools” (Hall et al., 2018, 2019) or
“flowerpots” (Browne and Chapman, 2011; Strain et al., 2018a,b).
Overtopping of waves on sea defences in this regard, refers
to the situation where wave run-up levels of the largest waves
are greater than the crest height of the structure, resulting
in a volume of water flowing over the structure (such as a
seawall, a dike, or a breakwater). Overtopping of waves can
cause damage to the structure itself but may also present
significant flood hazards in areas behind the structure with
risks of harm to both people and property. More hazardous
conditions can result in situations of extreme events. This paper
presents laboratory-based physical modelling investigations on
the wave overtopping characteristics on artificially roughened
seawalls. The seawalls were not tested with scaled models of
the actual biomimicry-based interventions of the type shown in
Figure 1, but rather, included a range of generic roughnesses
configurations of varying scale and density using circular
elements that allowed for an assessment of overtopping for
various roughness of sea defence structure. The experimental set-
up in this study is adapted from the well-established small-scale
wave flume investigation guidance of Wolters et al. (2009) and
EurOtop (2018). Both wave and overtopping characteristics at
a plain vertical seawall (reference case), as well as at artificially
roughened seawalls, were assessed and experimental results
relating to overtopping were compared to empirical predictions
using the established EurOtop (2018) guidance. It was anticipated
that the increased topographic complexity from increasing the
surface roughness of the tested seawalls may mitigate wave
overtopping (reduction in volumes) on the sea structure by
reducing wave height and wave energy, and this was largely
proven to be the case. The findings of this paper will be of interest
to both researchers and practitioners engaged in designing
new and retrofitting existing sea defences, particularly where
enhancing biodiversity and climate resilience of the defence
infrastructures is important.

EMPIRICAL PREDICTIONS OF WAVE
OVERTOPPING

Wave overtopping is a key process at the wave-structure
interface of sea defences and is often expressed as the mean
overtopping discharge (q in m3/s per m) per linear meter
width of structure. Considerable field and laboratory-based
research efforts have focused on developing and improving
reliable prediction methods for estimating mean overtopping
discharges at sea defences (Franco et al., 1994; Van der Meer
and Janssen, 1994; Besley, 1998; TAW, 2002; Allsop et al.,
2005; Victor et al., 2012; Salauddin et al., 2017; Salauddin
and Pearson, 2019a, 2020; Dong et al., 2020a,b). However,
it was not until 2007 that the first design guidance for
estimating overtopping at sea defences was published by
EurOtop (Pullen et al., 2007). This EurOtop manual has
recently been superceded by a second EurOtop (2018) guidance
manual, which reflects the addition of more recently acquired
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FIGURE 1 | Examples of eco-engineering interventions—(A) artificial water-filled depressions (credit: Ecostructure), (B) “flowerpots” used for enhancing sustainability

in Sydney Harbour (credit: R. Morris), (C) textured concrete tiles attached to the seawall (credit: Ecostructure), (D) “drill-cored rock pools” in intertidal breakwaters

(credit: Ecostructure).

data and an improved understanding of the complex wave-
structure interactions and resulting overtopping processes.
Recent laboratory investigations on plain vertical seawalls by
Dong et al. (2018) and Salauddin and Pearson (2018, 2019a)
showed that the empirical prediction formulae in EurOtop (2018)
approximated closely the overtopping measurements for both
impulsive and non-impulsive wave conditions.

The existing tools for predicting overtopping at vertical
seawalls are mainly based on incident wave characteristics at
the wave-structure interface for impulsive and non-impulsive
wave conditions. Non-impulsive or pulsating wave conditions
are those associated with deeper waters where wave heights are
small relative to depths. Non-impulsive waves do not break at
the structure interface, whereas impulsive wave conditions occur
in situations where waves break on the coastal defence structure.
Under impulsive conditions, wave induced forces can be very
significant, ranging from 10 to 40 times those observed for non-
impulsive wave conditions (Oumeraci, 1994; Allsop et al., 1996;
Bruce et al., 2010).

EurOtop (2018) proposes empirical relationships for
classification of wave conditions at vertical walls. Eq. 1 and 2

present the criteria for non-impulsive and impulsive wave
conditions, respectively:

h2t
(Hm0Lm−1,0)

> 0.23 (1)

h2t
(Hm0Lm−1,0)

≤ 0.23 (2)

where,Hmo is the significant wave height calculated from spectral
analysis, ht is the water depth at the toe of the structure, Lm−1,0

is the deep-water wavelength based on spectral wave period

(=
gT2

m−1,0

2π ) and Tm−1,0 denotes the spectral wave period derived
from spectral analysis of incident waves.

Mean overtopping rates at vertical walls with foreshore slopes
are estimated by Eq. 3 for non-impulsive conditions, and Eqs. 4
and 5 are used for impulsive conditions:

q
√

gH3
m0

= 0.05exp

(

−2.78
Rc

Hm0

)

(3)
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q
√

gH3
m0

= 0.011(
Hmo

htsm−1,0
)
0.5

exp

(

−2.2
Rc

Hm0

)

for 0 <
Rc

Hm0
< 1.35 (4)

q
√

gH3
m0

= 0.0014 (
Hmo

htsm−1,0
)
0.5

for
Rc

Hm0
≥ 1.35 (5)

where, Rc denotes the crest freeboard of the structure, g is the
gravitational acceleration and sm−1,0 defines the wave steepness
(= Hm0

Lm−1,0
).

To identify the hazards associated with extreme wave
overtopping events, it has become increasingly common to
consider the maximum individual wave overtopping volume
(Vmax) in an overtopping sequence in combination with themean
overtopping rate. Besley (1998) studied wave overtopping at plain
vertical seawalls and proposed Eq. 6 for predicting Vmax [Eq.6 is
also recommended in EurOtop (2018)]:

Vmax = a(ln Now)1/b (6)

where, Vmax is the peak wave overtopping volume per linear
meter width of structure, Now defines the number of overtopping
waves and a and b denote the Weibull scale and shape factors,
respectively. The Weibull scale factor for impulsive and non-
impulsive wave conditions is:

a =

(

1

Ŵ
(

1+ 1
b

)

)

(

qTm

Pov

)

(7)

where, Ŵ denotes the gamma function and Pov indicates the
proportion of overtopping waves.

Weibull shape parameters for inclusion in Eq. 6 are
determined from Eqs. 8 and 9, for non-impulsive and impulsive
wave conditions, respectively (Besley, 1998):

b =

{

0.66 for sm−1,0 = 0.02

0.88 for sm−1,0 = 0.04
(8)

b = 0.85 (9)

EurOtop (2018) recommends the use of Eqs. 10 and 11 for
estimating the proportion of overtopping waves, Pov, for non-
impulsive and impulsive wave attacks, respectively, at vertical
walls:

Pov =
Now

Nw
=exp

[

−1.21

(

Rc

Hm0

)2
]

(10)

Pov =
Now
Nw

=

[

h2t
(Hm0Lm−1,0)

(

Rc
Hm0

)]−1
with aminimum predicted

by Eq. 10 (11)
where Nw indicates the number of waves in a test sequence.

It is generally expected that the wave-by-wave overtopping
volumes in an overtopping sequence follow a two-parameter

Weibull distribution (Pearson et al., 2002; EurOtop, 2018), as
described in Eq. 12:

Pv = 1 − exp

[

−

(

V

a

)b
]

(12)

where, V is the overtopping volume per wave [m3 per m], Pv is
the probability that an individual overtopping volume will not
exceed V, and a and b denote the scale and shape factors of the
Weibull distribution function (Eqs. 7–9).

METHODOLOGY

Experimental Set-Up and Test Conditions
The laboratory investigations presented in this paper were
undertaken in a two-dimensional wave channel, with a working
section 22 m long, 0.6 m wide and 1 m high (Figure 2),
located at the Water Research Facility, in University of Warwick,
United Kingdom. The wave channel was equipped with a
piston type wavemaker with an active wave absorption system,
capable of generating both regular and random wave sequences.
An impermeable sloping foreshore with a uniform slope of
1:20 was constructed in front of a vertical seawall. The plain
(smooth) vertical seawall (0.25 m high) was made of thick
PVC board and positioned vertically across the entire width
of the flume. Following reference tests of the plain seawall,
the seawall was modified by including 10 no. different test
combinations which included initially an array of drilled holes
(5 mm), which were subsequently fitted with surface protrusions
of varying length (0.01, 0.03, and 0.05 m) and surface density
(25 stems/0.01 m2, 50 stems/0.01 m2, and 98 stems/0.01 m2).
Protrusions were arranged in a regular rectangular pattern, and
simulated a range of increased roughnesses on the seawall to
reflect the more complex topography that may typically be
associated with the retrofitting of biomimicry-based engineered
interventions in marine infrastructures. The surface protrusions
comprised semi-rigid plastic elements, 5 mm in diameter, which
were sealed to the vertical seawall. Images of experiments
are included in Figure 2. For all experiments, incident wave
characteristics (height and period) and wave overtopping
characteristics (mean overtopping discharge, proportion of
overtopping waves and individual overtopping volumes) were
measured. The experimental behaviour of the plain seawall
served as the reference condition to which results from the other
experimental configurations were compared. This experimental
philosophy, which increased progressively in complexity as the
length and density of surface roughness elements increased,
allowed the effects of the changes in surface topography to be
directly observed.

Six wire resistance wave gauges were positioned along the
wave channel to measure the incident wave conditions (height
and period) in this study. Each wave gauge worked independently
with an independent channel containing two parallel metal
probes that related the resistance across the probes to water
surface elevation.Wave conditionmeasurements were conducted
following the 3-point methodology of Mansard and Funke (1980)
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FIGURE 2 | (A) Schematic of experimental set-up for the plain vertical wall configuration. (B) Vertical wall with holes. (C) Vertical wall with protrusions.

(D) Photograph of an experiment for the case of vertical wall with holes. (E) Photograph of an experiment for the case of vertical wall with protrusions.

that recommends the use of three wave gauges to separate
the incident and reflected waves. Accordingly, wave condition
was recorded at two locations in the flume with one group of
three wave gauges (WG 1–3 in Figure 2) being located near
the wave paddle to measure the water surface elevations at
relatively deep water, and a second set of three wave gauges
(WG 4–6 in Figure 2) being placed in the nearshore region
close to the structure to determine the shallow water wave
conditions (near the seawall). The water surface elevations were
recorded using a WG8USB wave gauge controller (Edinburgh
Design Ltd.), capable of recording data from 8 channels.
Water surface elevation data were then further processed to
obtain calculated wave heights and wave periods (see sample
data in Supplementary Figure 1). A reflection analysis using
the least squares method enabled the separation of reflected
waves from incident waves. To reduce possible uncertainties in
determining incident and reflected inshore wave conditions, all
the experiments for inshore conditions in the test matrix were
repeated without the structure being in place.

Overtopping discharges were directed via a chute into a
collection tank suspended from a loadcell. Individual wave
overtopping events were identified by installing an overtopping
detector with two metal strips along the crest of the structure
serving as a switch which was closed by the overtopping water.
Wave-by-wave overtopping volumes in a test sequence were
calculated by measuring the increment in mass of water in
the measuring container after each overtopping event, following
the method described by Pearson et al. (2001); Bruce et al.
(2009) and Salauddin and Pearson (2019a). A syphonmechanism
was designed and installed to allow continuous measurement
of overtopping for the test cases with a higher range of
overtopping discharges.

All experiments were conducted for (the period of)
approximately 1,000 random waves generated with a standard
JONSWAP spectrum γ = 3.3. Both non-impulsive and impulsive
wave attacks were studied with two deep-water wave steepness
values of 0.015 and 0.06 (Table 1), representing swell and storm
conditions, respectively. The incident wave heights varied from
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TABLE 1 | Tp [s] values for tested combinations of s0p and Hm0 [m] in this study.

Hm0 0.05 0.06 0.07 0.08 0.09 0.1 0.12 0.14 0.16

s0p

0.015 1.46 1.60 1.73 1.85 1.96 2.07 2.26 2.44 2.61

0.06 0.73 0.80 0.86 0.92 0.98 1.03 1.13 1.22 1.31

0.05 to 0.16 m at the toe of the vertical wall for each nominal
wave steepness. Two water depths of 0.09 and 0.16 m (toe) were
tested in this study. Geometrical scaling of 1 in 50 was applied to
the design test wave conditions. A matrix of 12 wave conditions
was therefore undertaken for each experimental configuration,
resulting in a total of 132 tests across the 11 configurations (1A
to 5C in Table 2). The experiments included measurements
to parameterise average overtopping rates and to determine
the proportion of overtopping waves in addition to maximum
individual overtopping volumes. Details of all tests and wave
conditions are included in Table 2.

Approaches for minimising scale and model effects were
considered throughout the experimental programme. The
laboratory set-up for the experiments in this study adopted the
well-established guidelines for small-scale two-dimensional wave
flume investigations in EurOtop (2018) and HYDRALAB III
(Wolters et al., 2009). Following Wolters et al. (2009), scale
effects were minimised by ensuring that significant inshore wave
heights were not less than 30 mm (tested wave heights in
this study ranged from 50 to 150 mm, see Table 2). As also
recommended by Wolters et al. (2009) and EurOtop (2018),

each test was conducted with a sequence of no less than 1,000
pseudo-random waves, representing a typical storm duration
of 3-h, where both swell and storm wave conditions were
included. Model effects in tests from the reflection of the model
boundaries were minimised by an active wave absorption system
in the flume. The efficacy of this system in minimising model
effects from boundary reflections was confirmed in preliminary
experimental tests where no seawall was present (“bare” flume).
Results of these tests, in comparison to seawall tests, showed good
agreement between wave heights across the full range of tested
wave conditions.

System Accuracy
Prior to carrying out experiments, the accuracy of the
overtopping measurement method was inspected using the
techniques reported in Pearson et al. (2001) and Salauddin
and Pearson (2019a). To replicate a known sequence of wave
overtopping events, known volumes of water were added to the
overtopping measuring tank passing through the crest of the
structure. The data from the loadcell and overtopping detector
were then analysed using a specifically developed algorithm to
identify the individual overtopping volumes in the test sequence.

The true overtopping volume (pre-measured) for each event
was subsequently compared to measured values from the
calibration experiments (as shown in Supplementary Table 1)
to verify the accuracy of the measurement system. Results
indicate that themeasured total overtopping volume differed only
marginally (0.62%) from the actual (given) volumes, confirmed
by a root mean square error (RMSE) of 9.98 ml. However,

TABLE 2 | Overview of test conditions.

Experimental configuration Test series Toe water

depth, ht [m]

Relative

freeboard,

Rc/Hm0 [–]

Nominal wave

steepness,

sop [–]

Significant wave

height,

Hm0 [m]

Plain vertical seawall 1A 0.09 and 0.16 0.5–4.5 0.015 0.05–0.15

0.060

Vertical seawall with drilled holes 2A 0.09 and 0.16 0.5–4.5 0.015 0.05–0.15

0.060

Seawall with protrusions of 0.01 m in length (98 stems/100 mm2) 3A 0.09 and 0.16 0.5–4.5 0.015 0.05–0.15

0.060

Seawall with protrusions of 0.01 m in length (50 stems/100 mm2) 3B 0.09 and 0.16 0.5–4.5 0.015 0.05–0.15

0.060

Seawall with protrusions of 0.01 m in length (25 stems/100 mm2) 3C 0.09 and 0.16 0.5–4.5 0.015 0.05–0.15

0.060

Seawall with protrusions of 0.03 m in length (98 stems/100 mm2) 4A 0.09 and 0.16 0.5–4.5 0.015 0.05–0.15

0.060

Seawall with protrusions of 0.03 m in length (50 stems/mm2) 4B 0.09 and 0.16 0.5–4.5 0.015 0.05–0.15

0.060

Seawall with protrusions of 0.03 m in length (25 stems/100 mm2) 4C 0.09 and 0.16 0.5–4.5 0.015 0.05–0.15

0.060

Seawall with protrusions of 0.05 m in length (98 stems/100 mm2) 5A 0.09 and 0.16 0.5–4.5 0.015 0.05–0.15

0.060

Seawall with protrusions of 0.05 m in length (50 stems/100 mm2) 5B 0.09 and 0.16 0.5–4.5 0.015 0.05–0.15

0.060

Seawall with protrusions of 0.05 m in length (25 stems/100 mm2) 5C 0.09 and 0.16 0.5–4.5 0.015 0.05–0.15

0.060
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for the relatively small overtopping events, a larger deviation
between measured and actual overtopping volumes was observed
(Supplementary Table 1). The larger deviations are likely to be
associated with a reduced sensitivity in the load cell for measuring
these smaller volumes which are in the range of 5–9 ml.

Validation of Reference Condition
The measurements for the case of the plain vertical seawall
were taken as the benchmark or reference condition and the
test data for the roughened wall configurations were compared
to this reference case to evaluate the performance of the
modified seawalls. Mean overtopping rates, the proportion of
overtopping waves and the maximum individual overtopping
volumes were determined for each experimental configuration

and then compared with the predictions of EurOtop (2018).
The data presented in Figure 3 indicates good agreement
between measured and predicted overtopping discharges for
the case of non-impulsive test conditions. The dimensionless
mean overtopping rates for impulsive wave conditions are
compared with EurOtop (2018) empirical predictions (Eq. 5) in
Figure 4. Good agreement between measured data and empirical
predictions is observed.

The measured probability of overtopping waves for the
benchmark experiments are compared with the predicted values
of EurOtop (2018) for both impulsive and non-impulsive
wave conditions in Supplementary Figure 2. The results for
the tested conditions in this study correlate reasonably well
with the empirical predictions of EurOtop (2018), increasing

FIGURE 3 | Wave overtopping discharge on a plain vertical seawall (reference case), subjected to non-impulsive wave conditions (solid line represents predicted

values of EurOtop, 2018, with 90% confidence interval).

FIGURE 4 | Wave overtopping discharge on a plain vertical seawall (reference case), subjected to impulsive wave conditions (solid line represents predicted values of

EurOtop, 2018, with 90% confidence interval).
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FIGURE 5 | Comparison between measured and predicted distribution of

incident wave heights: (A) s0p = 0.015, Hm0 = 0.06 m, and (B) s0p = 0.06,

Hm0 = 0.10 m.

confidence in the robustness of the EurOtop prediction method
for estimating Pov at plain vertical walls.

Furthermore, the maximum individual wave overtopping
volumes in an overtopping test sequence for the reference
case (plain vertical wall) are compared with the prediction of
EurOtop (2018) in Supplementary Figure 3 under both non-
impulsive and impulsive wave attacks. The results show that
measurements for the reference case compare favourably with
EurOtop predictions.

It is therefore evident from the comparison between
the measured overtopping characteristics and EurOtop
predictions that the overtopping measurements of the reference
configuration (i.e., plain vertical seawall) are in good agreement
with the predictions.

RESULTS

Incident Wave Heights
In general, the incident wave heights in relatively deep
waters follow the Rayleigh distribution whereas in nearshore
regions, the distribution of incident wave heights deviates
from the Rayleigh distribution (Battjes and Groenendijk, 2000;
Goda, 2009; EurOtop, 2018; Dong et al., 2020b). The Rayleigh

FIGURE 6 | Distribution of wave by wave overtopping volumes for (A)

sop = 1.5%, and (B) sop = 6%.

distribution of wave heights can be expressed as:

FH = 1 − exp

[

−

(

H

Hrms

)2
]

(13)

where,H denotes the individual wave height andHrms represents
the root mean square of the wave height.

For the two wave conditions tested in this study, the
distribution of incident wave heights is compared to the predicted
Rayleigh distribution in Figure 5. The individual wave heights
(H) in Figure 5 are normalised with mean square wave height
(Hm). The measured data is shown to correlate well with the
Rayleigh distribution for all but the extreme (largest) waves in
the test sequence. Deviations from the theoretical distribution for
extreme waves were not unexpected and have been previously
observed in similar experimental programmes (e.g., Abolfathi
et al., 2018; Dong et al., 2018, 2020b; Salauddin and Pearson,
2019a,b). Such deviations are typically associated with the
breaking of waves close to the wave paddle under depth-limited
wave conditions.
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FIGURE 7 | Wave overtopping discharge on a vertical seawall retrofitted with artificially roughened surface protrusions under impulsive wave attack. (A) Seawall with

drilled holes, (B) Seawall with protrusions of 0.01 m in length, (C) Seawall with protrusions of 0.03 m in length, and (D) Seawall with protrusions of 0.05 m in length

(solid lines represent predicted values from EurOtop, 2018).

FIGURE 8 | Wave overtopping discharge on a vertical seawall retrofitted with artificially roughened surface protrusions under non-impulsive wave attack (solid line

represents predicted values of EurOtop, 2018).
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FIGURE 9 | Proportion of overtopping waves on a vertical seawall retrofitted with artificially roughened surface protrusions under impulsive wave attack. (A) Seawall

with drilled holes, (B) Seawall with protrusions of 0.01 m in length, (C) Seawall with protrusions of 0.03 m in length, and (D) Seawall with protrusions of 0.05 m in

length.

Distribution of Individual Overtopping
Volumes
Measured individual overtopping volumes for the two tested
conditions are shown in Figure 6 on a Weibull scale, where V
is the wave-by-wave overtopping volume, P(V) is the probability
that the volume of an individual overtopping event will equal or
exceed a volume V and Vbar represents the mean overtopping
volume. The linearity of the data in Figure 6 confirms that
the measured individual overtopping volumes follow the two-
parameter Weibull distribution in accordance with the existing
well-established literature.

For the prediction of maximum overtopping volumes in an
overtopping sequence, the shape parameter, b, of the Weibull
distribution (Eq. 4) is determined from the gradient of the linear
regression line of the distribution. Larger overtopping volumes
are typically of most concern in terms of the climate resilience
of coastal infrastructures. Hence, the common approach (see for

example, Pearson et al., 2002; Zanuttigh et al., 2013; Salauddin
et al., 2020b) for determining theWeibull shape parameter for the
tested conditions by fitting to the higher proportion of individual
overtopping volumes (where V > Vbar) in the extreme tail of the
Weibull plot, was adopted (Figure 6).

Mean Overtopping Rates
Artificially Roughened Conditions

The non-dimensional mean overtopping discharges for the tested
retrofit cases with respect to the relative freeboard of the structure
are presented in Figure 7 for impulsive wave conditions. Figure 7
also compares the mean overtopping measurements from these
test cases with the empirical predictions from EurOtop (2018).
The uncertainty in the predictions derived from EurOtop
(2018) is represented by including 5% upper and lower limits
to the predictions. The overall trend of data corresponding
to Test Series 2A (drilled holes) is similar to that from the
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FIGURE 10 | Reduction of pov with respect to different surface density of protrusions.

FIGURE 11 | Proportion of overtopping waves (pov ) on a vertical seawall retrofitted with artificially roughened surface protrusions under non-impulsive wave attack.

reference condition as well as to the existing empiricaly-based
predictions (Figure 7A).

For test configurations with surface protrusions, the data
indicates that the mean overtopping rates are reduced for
the cases of artificially roughened conditions when compared
to empirical predictions from EurOtop II (Figures 7B–D).
A comparison of results for Test Series 3A to 3C (Figure 7B),
4A to 4C (Figure 7C), and 5A to 5C (Figure 7D) indicate that
reductions in mean overtopping rate increase with increasing
density of surface elements. Similarly, comparing results for
Series 3A to 5A, 3B to 5B, and 3C to 5C in Figures 7B–D

indicates that reductions in mean overtopping rate also increase
with increasing length of surface elements. A consistent pattern
regarding the dominance of either density or length in reducing
overtopping rates does not emerge from the measured data,
albeit results confirm that both density and length play a major
role in reducing overtopping. As such, the greatest reduction in
overtopping with respect to the reference condition (plain vertical
wall) was observed for Series 5A in which the combined effect
of both maximum density and length of roughness elements (98
stems/100 mm2 and 0.05 m) were considered. Comparing results
for Series 5A to those for the reference condition (Test Series
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FIGURE 12 | Maximum individual overtopping volumes on a vertical seawall retrofitted with artificially roughened surface protrusions. (A) Seawall with drilled holes,

(B) Seawall with protrusions of 0.01 m in length, (C) Seawall with protrusions of 0.03 m in length, and (D) Seawall with protrusions of 0.05 m in length.

1A) (Figure 7D) shows that reductions in overtopping rate are,
on average, reduced by over 90% across the range of relative
freeboards that were tested (1.58–3.33) but was at a maximum
of c. 100% for the relative crest height of 2.86.

For non-impulsive wave conditions, the measured
dimensionless mean overtopping discharge for all test cases
with respect to the relative freeboard of the structure are
shown in Figure 8. The empirical predictions of non-impulsive
overtopping as predicted by EurOtop (2018) are also included
in Figure 8. The results confirm that, for the wave conditions
studied, the observed mean overtopping rates are consistent
with the overall trend of empirical predictions proposed by
EurOtop (2018), indicating that for the non-impulsive wave
conditions, surface protrusions have a considerably lower
impact on overtopping rates compared to impulsive wave
conditions (Figure 8).

Probability of Overtopping Waves
The measured proportions of overtopping waves for the eco-
retrofitting cases are compared with the empirical predictions
of EurOtop (2018) in Figure 9. As expected, data for the
vertical seawall containing the drilled recesses for the surface
protrusions (Test Series 2A in Figure 9A) are entirely consistent

with predicted values of EurOtop (2018). More considerable
departures from EurOtop predictions were however, observed for
the test cases where the seawall roughening was more significant.
Figures 9B–D shows the measured proportion of overtopping
waves for the tests with surface protrusions of varying length scale
and surface density. Comparing the results for Test Series 3A to
3C (Figure 9B), 4A to 4C (Figure 9C), and 5A to 5C (Figure 9D)
and again for Series 3A to 5A, 3B to 5B, and 3C to 5C indicates
that the proportion of overtopping waves reduces considerably as
roughness (through increased density and/or increased length of
surface protrusions) is added to the seawalls. As was the case with
the mean overtopping rate, the maximum reduction in pov was
observed for Test Series 5A where the proportion of overtopping
waves across the range of tested relative freeboards was shown
to be, on average, approximately 80% less than that predicted by
EurOtop (2018), with no overtopping being observed for relative
freeboards in excess of 2.86 (Figure 10).

The resulting proportion of overtopping waves for all
experimental configurations that were tested under non-
impulsive wave conditions, are compared with predictions from
EurOtop (2018) in Figure 11. Results demonstrate that measured
values of pov correlate reasonably well (within a factor of 2) with
those predicted by EurOtop (2018), indicating that increases in
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surface roughening for non-impulsive wave conditions have little
effect on wave overtopping characteristics (Figure 11).

Maximum Individual Overtopping Volume
For the tests undertaken with artificially roughened seawalls,
measured maximum individual overtopping volumes (Vmax)
are compared to EurOtop (2018) predictions in Figure 12.
Measured data is shown to be in good agreement with
empirical predictions. It is evident that for both impulsive and
non-impulsive wave conditions, the surface protrusions have
little impact on maximum wave-by-wave overtopping volumes.
Data also indicate that surface protrusions contribute to a
reduction in overtopping events (Figure 9), although Vmax

values remain comparable to those predicted from empirical
formulations. The findings of this study for Vmax are in-line
with findings previously reported by Salauddin and Pearson
(2019a) for vertical walls with shingle foreshores and by
Salauddin and Pearson (2020) for sloping structures with
permeable shingle slopes.

DISCUSSION AND CONCLUSION

The use of “hard” engineered coastal defence structures has,
for the most part, remained the standard for the management
of risks posed by sea and wave hazards, with seawalls and
breakwaters featuring prominently in many flood alleviation
schemes. A recent mapping exercise along the Ireland and
Wales Irish Sea coastline for example, identified 6,886 artificial
structures, the density of which was significantly higher in
urbanised areas (reaching up to 28 structures per km of
coastline) where the risks to human assets would be most
acute. Of the structures that were characterised and quantified
in this study, 32% were seawalls (Thompson et al., in review).
Notwithstanding the body of evidence that highlights differences
in the abundance and species richness of benthic organisms
supported by artificial structures compared to natural systems
(Chapman, 2003), the implementation of “hard” structures has,
until recently, remained largely unchallenged. This situation,
however, is now increasingly being questioned with researchers
(see for example, Browne and Chapman, 2011; Chapman
and Underwood, 2011; Firth et al., 2013, 2016; Temmerman
et al., 2013; Bouma et al., 2014; Browne and Chapman, 2014;
Evans et al., 2016; Morris et al., 2017, 2018; Strain et al.,
2018a; O’Shaughnessy et al., 2020) highlighting the potential
of “eco-engineering” or “hard eco-engineering” coastal defence
solutions to fulfil the requirements of conventional “hard” sea
defence structures while at the same time addressing the deficits
in benthic biodiversity and ecosystem functioning that arise
from these “hard” defences. Studies, however, assessing “eco-
engineering” interventions, and specifically those that directly
compare performance levels to “hard” engineered structures
under comparable environmental conditions, remain limited.
The likelihood therefore of “hard” structures continuing to
feature prominently in coastal protection schemes, coupled with
the prevalence of existing artificial structures in our marine
settings, has driven a parallel research effort that has focused

on ways of mitigating the negative ecological impacts associated
with “hard” structures. In this regard, “additive” measures
such as the introduction to seawalls of artificial water filled
depressions (e.g., vertipools, bolt on rock pools, and flowerpots)
and textured tiles as well as “subtractive” interventions such as
adding holes to an existing structures have gained traction within
the scientific community where richness in biodiversity of fish
and benthic organisms has shown to be positively correlated to
the topographical complexity of marine infrastructure (Chapman
and Underwood, 2011; Browne and Chapman, 2014; Firth et al.,
2014a,b; Perkol-Finkel and Sella, 2015; Evans et al., 2016; Hall
et al., 2018, 2019).

An aspect of these “additive” measures that has received
comparatively little attention is whether they offer a dual
benefit of also serving to dissipate wave energy and reduce
overtopping and its associated hazard. Contributing to this
research question served as the motivation for the present
study, in which the overtopping performance of artificially
roughened vertical seawalls was evaluated under controlled
laboratory conditions, with different configurations of surface
protrusions being tested for both impulsive and non-impulsive
wave conditions. It was found that the increased roughening
from surface protrusions (increasing the length and/or density)
plays a pivotal role in reducing the dimensionless mean
overtopping rates on the seawall. Reductions in dimensionless
mean overtopping rate (by up to 100% in comparison to the
plain seawall reference condition) were confined to impulsive
(violent) wave conditions, with no significant differences (for
all tested roughness configurations) in mean overtopping rates
being observed for non-impulsive wave conditions compared
to the plain vertical seawall (reference condition). Given that
the wave impact hazards on sea defences and in surrounding
areas are significantly higher for impulsive wave attacks, the
finding of reduced overtopping for impulsive or violent wave
conditions is arguably more relevant for engineers and regulatory
agencies charged with the design and construction of marine
infrastructure. Measured overtopping rates for non-impulsive
wave conditions that were tested were shown therefore to
be consistent with empirical (EurOtop II) predictions. The
greatest reductions in wave overtopping for the impulsive wave
conditions were, unsurprisingly, observed for the test case
where both the density and length of protrusion was at its
highest. The proportion of waves that overtopped the seawalls
was also shown to reduce significantly (by up to 100%) as
the roughness of the seawall was increased, the maximum
reduction again being observed for the test case where both
the length and density of protrusion was at its highest. While
scaled models of eco-interventions were not in themselves tested,
experiments where the roughness characteristics of vertical
seawalls were increased, allowed for the effects of increased
surface complexity (akin to many “additive” eco-engineering
interventions) on overtopping of sea defence structures to
be considered. The results suggest that the addition of eco-
engineering interventions to existing seawalls can serve a dual
role in that (in addition to ecological enhancement) wave
heights and wave energy can be decreased, mitigating wave
overtopping and reducing flood risks behind sea defences. Given
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the ongoing need to enhance the resilience of existing sea defence
structures in the face of the increasing frequency and severity of
extreme climatic events, the results of this study are significant.
For the first time, the potential for specific arrays of “additive”
ecological measures on sea defence structures to mitigate wave-
overtopping of impulsive waves has been highlighted.

In addition to additive features, subtractive features of drilled
holes on seawalls were also tested in this study. The capacity
of these “subtractive” interventions in reducing overtopping
was not proven, but likewise, they were not shown on have a
negative effect on the overtopping characteristics of the seawall
and therefore do not compromise the engineering outcomes
of the structure.

Notwithstanding the results of this and previous studies, it is
likely that the wide adoption of eco-engineering interventions
for habitat enhancement and/or mitigation of wave overtopping
hazard will continue to face challenges and satisfactorily
addressing concerns of regulatory agencies regarding the longer-
term maintenance and sustainability implications arising from
“artificially” modifying sea defence structures will need to
be addressed. Furthermore, engineering design guidance for
predicting wave overtopping characteristics, exists only for plain
vertical walls. In the absence of specific guidance relating to
ecologically modified seawalls, we recommend a conservative
prediction of maximum individual overtopping volumes at
vertical seawalls with solid foreshore slopes i.e., the predictions
as stated by EurOtop (2018).

A challenge in the small-scale physical modelling of wave
environments is understanding and quantifying the effects of
scale on experimental results. It has been shown previously
that scale and model effects in studies of wave overtopping
on vertical or near-vertical impermeable seawalls undertaken
in small-scale wave flumes (of the scale used in this study)
are minimal [see for example, study of wave overtopping on
vertical seawalls by Pearson et al. (2002), the findings of which
were later incorporated into EurOtop (2018)]. The test set-
up in the current study also followed accepted wave flume
investigation guidelines (Wolters et al., 2009; EurOtop, 2018)
and given that measurements of incident wave heights followed
the conventional Rayleigh distribution and that overtopping
characteristics were consistent with empirical predictions, the
authors are satisfied that scale and model effects in designing
wave conditions were not significant. However, given the paucity
of data at prototype scale pertaining to the addition of surface

roughness of the type tested, scale effects in this regard could
not be quantified. Further validation of test measurements with
surface elements at both small and larger scales is clearly desirable
to explore any potential scaling effects from these elements
under laboratory and prototype conditions. Notwithstanding
these limitations, the study contributes to our understanding of
the effects on wave overtopping from increasing the topographic
complexity of sea defence structures for impulsive and non-
impulsive wave conditions.
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NOTATIONS

Symbol Meaning Unit

a Scale parameter in Weibull distribution [−]

b Shape parameter in Weibull distribution [−]

g Gravitational acceleration [m/s2]

ht Water depth at toe of the structure [m]

H Individual wave height [m]

Hm Mean wave height [m]

Hm0 Significant wave height determined from spectra analysis [m]

Ir Iribarren number or breaker parameter [−]

Lm−1,0 Spectral wave length based on linear theory (gTm−1,0
2/2π) [m]

Now Number of overtopping waves [−]

Nw Number of incident waves [−]

Pow Probability of overtopping per wave (Now/Nw ) [−]

P(V) Probability of exceedance of overtopping volume [−]

q Mean overtopping discharge per m width [m3/s per m]

Rc Crest freeboard [m]

sm Wave steepness based on average wave period (2πHm0/gTm
2) [−]

sm−1,0 Wave steepness based on mean spectral period (2πHm0/gTm−1,0
2) [−]

sop Wave steepness for spectral peak period (2πHm0/gTp
2) [−]

Tm Average wave period calculated from time series analysis [s]

Tm−1,0 Average spectral wave period defined from spectral analysis by m−1/m0 [s]

Tp Spectral peak wave period [s]

V Volume of overtopping wave per m width [m3 per m]

Vbar Mean overtopping volume per m width [m3 per m]

Vmax Maximum individual overtopping volume per m width [m3 per m]

α Slope of the structure [radians]

γ Peak enhancement factor of JONSWAP energy spectrum [−]

Ŵ Mathematical gamma function [−]
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