é
] water

Article

Wave Impact Loads on Vertical Seawalls: Effects of the
Geometrical Properties of Recurve Retrofitting

Shudi Dong !, Md Salauddin 2, Soroush Abolfathi ** and Jonathan Pearson !

Citation: Dong, S.; Salauddin, M.;
Abolfathi, S.; Pearson, J. M. Wave
Impact Loads on Vertical Seawalls:
Effects of the Geometrical Properties
of Recurve Retrofitting. Water 2021,
13, 2849.
https://doi.org/10.3390/w13202849

Academic Editor: Chin H Wu

Received: 30 August 2021
Accepted: 9 October 2021
Published: 13 October 2021

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and institu-

tional affiliations.

Copyright: © 2021 by the authors. Li-
censee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (http://crea-

tivecommons.org/licenses/by/4.0/).

1 School of Engineering, University of Warwick, Coventry CV4 7AL, UK; d.shuudi@outlook.com (S.D.);
J.M.Pearson@warwick.ac.uk (J.P.)

2 UCD Dooge Centre for Water Resources Research, School of Civil Engineering, and

UCD Earth Institute, University College Dublin, D04 VIWS8 Dublin 4, Ireland; md.salauddin@ucd.ie

Correspondence: Soroush. Abolfathi@warwick.ac.uk

Abstract: This study investigates the variation of wave impact loads with the geometrical configu-
rations of recurve retrofits mounted on the crest of a vertical seawall. Physical model tests were
undertaken in a wave flume at the University of Warwick to investigate the effects of the geometrical
properties of recurve on the pressure distribution, overall force, and overturning moment at the
seawall, subject to both impulsive and non-impulsive waves. Additionally, the wave impact and
quasi-static loads on the recurve portion of the retrofitted seawalls are investigated to understand
the role of retrofitting on the structural integrity of the vertical seawall. Detailed analysis of labora-
tory measurements is conducted to understand the effects of overhang length and height of the
recurve wall on the wave loading. It is found that the increase in both recurve height and overhang
length lead to the increase of horizontal impact force at an average ratio of 1.15 and 1.1 times larger
the reference case of a plain vertical wall for the tested configurations. The results also show that
the geometrical shape changes in recurve retrofits, increasing the overturning moment enacted by
the wave impact force. A relatively significant increase in wave loading (both impact and quasi-
static loads) are observed for the higher recurve retrofits, while changes in the overturning moment
are limited for the retrofits with longer overhang length. The data generated from the physical mod-
elling measurements presented in this study will be particularly helpful for a range of relevant
stakeholders, including coastal engineers, infrastructure designers, and the local authorities in
coastal regions. The results of this study can also enable scientists to design and develop robust
decision support tools to evaluate the performance of vertical seawalls with recurve retrofitting.

Keywords: wave impact pressure; climate resilience; vertical seawall; recurve walls

1. Introduction

The combined effects of sea-level rise and intensified extreme storm surges due to
climate change will result in the reduction of crest freeboard levels of existing coastal de-
fence infrastructures in the coming decades and increase the vulnerability of coastal de-
fences to erosion and flooding [1-3]. Traditionally, coastal flood risk management
schemes relied heavily on ‘hard” engineered coastal defense infrastructures [4-6], which
are often associated with high costs of design, construction and maintenance. One of the
effective methods in enhancing the climate resilience of existing coastal defence infra-
structures against wave induced overtopping hazards is retrofitting [7-9]. While the ret-
rofitted sea defences may be efficient in mitigating wave overtopping characteristics
[10,11], they can be subjected to violent wave impact loads that may cause structural dam-
age, including reduction of structural stability of retrofitted infrastructures [12,13].

Recurve walls are considered as an effective approach in mitigating wave overtop-
ping at vertical seawalls [14-19]. The addition of a recurve wall changes the geometrical
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shape of the seawall structure; therefore, it is essential to fully understand the character-
istics of wave impact loads applied on the structure due to the addition of recurve retro-
fitting, in order to make informed decisions regarding the suitability of the retrofitting
design and the stability of the defence structure. Previous research showed that the addi-
tion of a recurve wall on the seawall crest increases the wave impact loads at the structure
[18,20,21]. Kortenhaus et al. [18] undertook physical modelling experiments on vertical
seawalls with different overhang lengths on the crest. They reported an increase factor of
around 2.0 for the wave impact force on the recurve parapet. Variations in the geometrical
properties of recurve parapet resulted in changes in the measured impact force. Longer
overhang length or larger recurve angles were reported to cause more significant in-
creases in the wave impact force [22-25].

In addition to the influence on the magnitude of impact loads, the pressure profile is
also significantly affected by the geometrical properties of the recurve wall, including
overhang length and recurve angle. Generally, for the plain vertical seawall, the maxi-
mum wave impact pressure occurs at around the still water level [26-28]. For a vertical
seawall with recurve retrofitting, the location of maximum pressure moves upward ver-
tically along the seawall with the increase of overhang length of the recurve wall. By in-
creasing the overhang length, the location of maximum pressure may move downward
towards the toe of the seawall due to the wave-structure interactions and waves bouncing
back on the overhang portion of the recurve wall [29,30].

Previous research works also suggest different wave characteristics such as wave pe-
riods or wave breaking parameters that led to different interactions between the wave,
the bottom topography, structure, and air in the nearshore region [31,32], enacting varia-
ble magnitudes of the wave loads (e.g., pressure and total force) on the structure. For ex-
ample, Ravindar et al. [33] carried out a series of large-scale experiments to investigate the
wave impact forces on recurve walls under a range of breaking wave conditions. They
observed a relatively significant increase in wave loads for small air entrained between
the breaking waves and structures. Similar findings were also reported by Bullock et al.
[26], where they reported that larger impact force usually occurs when less air bubbles are
entrained in front of the structure.

In recent years, several studies have been devoted to investigating the influence of
wave impact loads on vertical breakwaters (e.g., [22,28,33,34]). However, detailed under-
standing and reliable prediction of violent wave impact loads on vertical seawalls with
recurve retrofitting are still limited due to the lack of comprehensive data on the relation-
ship between wave loading and geometrical properties of recurve walls under both swell
and extreme wave conditions. This study aims to bridge this existing knowledge gap by
performing a comprehensive suite of physical model experiments investigating the wave
impact loads for three different shapes of recurve parapets subjected to both swell and
storm wave attacks. Detailed analysis of the physical modelling measurements and com-
parison of the results with the existing predictive methods are conducted to examine the
variation of wave impact loads and the overturing moment on the seawall with respect to
the geometrical properties of the recurve retrofitting.

2. Materials and Methods

Physical model experiments were undertaken in a wave flume in the School of Engi-
neering at the University of Warwick. The wave channel has dimensions of 22.0(L) x
0.6(W) x 1.0(H) m with a 1:20 smooth foreshore beach (see Figure 1). The flume is equipped
with a piston-type wave generator and an active absorption system (AWAS). Each test
case consisted of approximately 1000 pseudo-random waves based on the JONSWAP (y
= 3.3) spectrum, at a 1:50 scale.



Water 2021, 13, 2849 3 of 16

i 3 W * ? 6 Container
b e b
0.35m  0.89m 0.35m  0.89m
Foreshore slope 1:20

12.21m |

1
Figure 1. Schematic of the test set-up designed for this study (adopted from [10]).

The inshore wave characteristics, i.e., wave heights and wave periods, in deep water
and near the seawall structure were measured by the three-point wave gauging method,
adopting Mansard and Funke’s [35] methodology. Additionally, to mitigate any uncer-
tainty that may arise from reflection induced from the structure, calibration experiments
were performed in ‘bare’ channel condition, maintaining the same wave gauge profiling,
as described by [36—40]. To observe the influence of wave characteristics on wave impact
loading on the recurve parapet, deep water nominal wave steepness ranging from se 2%
to 6% were tested in this study. A summary of wave conditions and test configurations
investigated in this study is shown in Table 1.

Table 1. Nominal wave conditions and structural configurations used for the physical modelling

tests.
hs [m] Hino [m] Ty [s] Ly [m] Sop [-] Rc [m] Re/Hmo [-]
0.07 0.05 0.79 0.98 0.054 0.14 2.67
0.07 0.06 0.88 1.20 0.054 0.14 2.17
0.07 0.07 0.94 1.38 0.050 0.14 2.01
0.09 0.06 0.79 0.98 0.059 0.12 2.08
0.09 0.07 0.88 1.20 0.057 0.12 1.75
0.09 0.07 0.94 1.38 0.051 0.12 1.70
0.09 0.08 1.03 1.66 0.047 0.12 1.53
0.09 0.08 1.10 1.90 0.041 0.12 1.54
0.09 0.09 1.21 2.28 0.039 0.12 1.35
0.09 0.07 1.26 2.46 0.027 0.12 1.83
0.09 0.07 1.36 2.90 0.024 0.12 1.70
0.09 0.07 1.46 3.31 0.020 0.12 1.79
0.09 0.07 1.73 4.67 0.014 0.12 1.82
0.11 0.06 0.88 1.20 0.054 0.10 1.54
0.11 0.07 0.88 1.20 0.057 0.10 1.45
0.11 0.07 0.94 1.38 0.052 0.10 1.38
0.11 0.08 0.99 1.51 0.054 0.10 1.22
0.11 0.08 0.94 1.38 0.057 0.10 1.26
0.11 0.08 1.36 2.90 0.027 0.10 1.27
0.11 0.08 1.46 3.31 0.025 0.10 1.22
0.11 0.08 1.73 4.67 0.017 0.10 1.29
0.12 0.08 1.00 1.56 0.051 0.09 1.13
0.11 0.09 0.99 1.51 0.057 0.10 1.16
0.11 0.09 1.10 1.90 0.048 0.10 1.10
0.11 0.09 1.12 1.97 0.048 0.10 1.05
0.12 0.10 1.10 1.90 0.051 0.09 0.93

0.12 0.11 1.31 2.66 0.040 0.09 0.86
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To measure the wave pressure enacted by the incident waves, 10 Trafag ATM.ECON-
type transducers with a measuring range of 0-50 kPa were mounted on the seawall. These
transducers were installed with a minimum offset of 9.0 mm from the center of the struc-
ture (see Figure 2), in order to obtain high resolution pressure measurements along the
seawall. The horizontal force was determined by integrating the wave pressure recorded
by each transducer and frontal area of these transducers (see Equation (1)). The overturn-
ing moment applied on the structure induced by the wave impact pressures was calcu-
lated as the integral of horizontal force recorded by each transducer and their torque arm

(see Equation (2)).
F= Z P, Az (1)

M=ZPi-Az-zi @)

where, 1 is the total number of transducers applied, P; is the pressure results from the
No. ith transducer, and z; is the corresponding torque arm of No. ith transducer. For ref-
erence case, z; is the absolute height from the center of No. ith transducer to the toe of
seawall. Az is the length on the structure covered by each transducer.

In general, Az =19.7 mm, and it changes when transducers are mounted on the re-
curve wall. Both overall force (F) and overturning moment (M) are analyzed at the signif-
icant level of 1/250, in order to mitigate the uncertainties for an extreme event. Addition-
ally, pressure transducers were also installed at the bottom side of the tested model re-
curve walls to measure the wave pressure applied on the recurve. The sampling frequency
for each transducer was set at 1.28 kHz to ensure high accuracy during measurements.

598
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No.6é Transducer

210

No.5 Transducer
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No.? Transducer

Figure 2. Schematic of the position of transducers on the face of the plain vertical seawall (Units:
mm).

Three different configurations of recurve retrofits with varying overhang length and
recurve height were tested in this study (Figure 3). Recurve parapets were designed to
include small recurve [SR], long recurve [LR], and high recurve [HR] with a recurve angle
at approximately 45, 60, and 30-degrees, respectively (Figure 3). For each configuration,
recurve retrofit was installed on the crest of the plain vertical seawall (i.e., reference case).
Wave impact forces and the overturning moment induced by the incident wave attack on
the seawall were measured with the transducers positioned at fixed locations along the
vertical length of the structure.
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Figure 3. Schematic of geometrical properties of the recurve retrofitting tested in this study.

3. Results and Discussion
3.1. Pressure Distribution up the Wall

Distribution of wave impact pressure on the seawall is considered as a key factor in
the determining of the structural stability of the seawall structure; the location of the max-
imum wave load plays a particularly important role in the stability assessment of retrofit-
ted coastal structures. In Figure 4, the observed spatial distributions of wave impact pres-
sures on the plain vertical seawall are presented for the two tested toe water depths of hs
=0.09 m and 0.11 m. The X-axis in Figure 4 represents the relative location of the pressure
transducers, whereas Y-axis represents non-dimensional wave impact pressure at the sea-
wall. Data presented in Figure 4 show that the peak of the wave impact pressure occurs
approximately at the still water level (SWL), confirming the findings of previous research
[27,41,42] despite the different structural and test configurations. However, for a few
cases, the peak pressure was observed slightly above the SWL which may be attributed to
weaker wave breaking and air entrapment above the SWL when waves reach the seawall
[42]. Additionally, the distribution of the wave impact pressure above the SWL can be the
cause of smaller pressure measured above the SWL for the tested conditions in this study.

2.0 2.0
] «T=0.8s -+T=0.9s - T=0.85s —=—T=0.9s
. To0.955 -+ T—1.02s + T=0.95s s T=1.0s
1.5 LS F ——T=1.0s —+T=Lls
~T=1.1s -+T=12s
——T=1.35s —e—T=1.35s
~+T=125s ~T=135s 3 T 43
1.0 ~T=142s Lo }
.05
L
g
T 00 SWL L SWL
=) 60 8D
3
-0.5 I
10 |
-15
P/ngmO ['] 1)/ngmO [']
(a) (b)




Water 2021, 13, 2849

6 of 16

Figure 4. Distribution of wave impact pressure for experiments with benchmark configuration (plain vertical seawall). (a)
hs=10.09 m, (b) hs=0.11 m. Lines with different color represent the pressure distribution from cases with different wave

periods.

2.0

Figure 5 represents the pressure profile of the pua of the whole structure correspond-
ing to the SR configuration benchmarked with the measurements from the reference case
(i.e., plain vertical seawall). The analysis of data presented in Figure 5 demonstrates that
the elevation of pmax on the recurve wall shifts upwards when compared with the pressure
profile for the plain vertical seawall (Figure 4). When the water depth at the toe of the
structure increases from 0.09 m to 0.11 m, it also can be observed that the elevation of pmax
moves upwards. As the recurve wall approaches the SWL, the elevation of pma rises grad-
ually. It can be inferred that incident waves are bounced back or trapped under the re-
curve wall, as is visually evident in Figure 6, while they are thrown upwards for the ref-
erence cases. An additional volume of water gathers around the interception between
the recurve wall and the vertical seawall, resulting in a rise in local maximum pressure
elevations and the magnitude of wave pressure enacted on the structure. Similar findings
were also reported by Kisacik et al. [30].

2.0
SR T=0.8s -*-SR T=0.9s ¢ SR T=0.85s —e—SR T=0.9s
¢ SR T=0.95s -*-SR T=1.02s * SR T=0.95s —*-SR T=1.0s
—--SRT=1.1s -SRT=1.2s 15 ——SR T=1.0s —*-SRT=1.1s
: ——SR T=1.35s ——SR T=1.42s

—-SR T=1.25s -*-SR T=1.35s
SR T=1.42s

——SR T=1.65s

(z-d)/Hpp [-]

P/pgH, ;o [-] P/pgH, [-]
(@ (b)

Figure 5. Distribution of wave impact pressure for experiments with SR configurations: (a) ks =0.09 m (b) hs = 0.11 m.
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Figure 6. Incident waves interactions with the seawall and thrown-back by the recurve retrofitting.

Figure 7 presents the distribution of wave impact pressure for the experiments with
LR and HR retrofitting configurations. Overall, it can be observed from Figure 7 that the
pmax occur above the SWL for both the LR and HR configurations. It can be also noticed
that with the increase of water depth, the elevation of pm also increases. For the tested LR
configuration, the increase in the overhang length causes a decrease in the elevation of
pmax, while increases in the height of the recurve wall for the HR configuration results in
an increase in the elevation of pma. It can be inferred that incident waves, especially those
with large wavelengths, are bounced downward by the overhang. Hence, the wave crest
for the case of LR reaches a relatively lower point compared to the measurement corre-
sponding to the SR configuration (Figure 5). These findings are consistent with Kisacik et
al. [29]. The toe of HR is likely to be submerged, causing the crests of more breaking waves
o hit the underside of HR with increased jet velocity. Therefore, the maximum wave im-
pact pressure, pm happens above the SWL and shifts upwards, becoming closer to the toe
of HR.
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Figure 7. Distribution of wave impact pressure for experiments with LR and HR configurations: (a) Long Recurve hs=0.09
m (b) Long Recurve ks =0.11 m (c) High Recurve hs = 0.09 m (d) High Recurve hs =0.11 m.

3.2. Impact and Quasi-Static Force

For the conditions tested within this study, it was observed that the impact and quasi-
static force occur in one wave event (e.g., see Figure 8), which can be distinguished by the
relative duration of the loading. It was particularly noted that the impact loads act on the
structure with a large force value but in a short duration, whereas the quasi-static loads
act on the structure with much smaller values but more than doubled in the duration of
impact loading. Under impulsive wave conditions, a ‘two-peak’ phenomenon was also
reported that can be inferred with the generation of wave force, similar to those observed
by Peregrine [43]. When a wave arrives and breaks at the seawall, the crest of the wave
collides with the structure and runs up with small air pockets and causes the impact load-
ing as shown by the first peak in Figure 8a. Afterwards, subsequent oscillations happen
due to the breaking of the incident wave crest and air bubbles remain entrapped in the
water, as shown in Figure 8b, while under the effects of gravity, the water is deaccelerated
and falls back, causing the second peak, as shown in Figure 8b at around /T = 0.7. These
characteristics of impact and quasi-static loading are consistent with the literature availa-
ble for wave loading at vertical walls [26,44,45].

10 10

L - F. ak
8 r \ F!mp (peak) 8 imp (peak)

F/(pgHnod) [-]
F/(ngmOd) [']

’ 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 00.35 0j4 0.‘45 0.5
/T[] t/T,, [-]
(a) (b)

Figure 8. Example of time series data for impact and quasi-static force measured from one wave event during the physical
modelling experiments: (a) The force history of a whole wave event. (b) The impact force and oscillation occur after the
wave event due to the trapped air between the wave and structure.

3.3. Wave Impact Force

This paper mainly investigates the wave impact loads in the horizontal direction, in-
cluding the horizontal impact force (F:) and the overturning moment (M) generated by
the horizontal impact force. To mitigate any potential uncertainties in the recording of the
maximum pressure during the tests under impulsive wave conditions, the horizontal
wave impact force data was analyzed to determine the averaged value of the maximum
four events in a test sequence, recorded as Fi,imp1/250, and the corresponding overturning
moment applied on the structure, recorded as Mu,imp1/250.

Figure 9 presents a comparison between the measured horizontal force for the refer-
ence condition and retrofitted configurations. The graph shows that the measured hori-
zontal impact force increases as the wave becomes more impulsive in nature. When com-
paring the wave impact forces for the retrofitted conditions with the plain vertical seawall,
it can be observed that wave impact force increases with the addition of a recurve wall on
the crest of the structure (Figure 9). The magnitude of measured overall horizontal force
(Enimp1/250) on the seawall moves up for SR configurations, with an increase of 1.3 times
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the average values, compared to the plain vertical seawall, similar to the findings of [18].
For the LR configuration, Frimi250 increases only under extreme impulsive wave condi-
tions (low h-), as shown in Figure 9, whereas for the HR configuration, an increase in the
measured Fi,imp1/250 can be observed for all the tested conditions presented.

30
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Figure 9. Comparison of the horizontal impact force (Fnimp1/250) measured for the reference and ret-
rofitted configurations. - is the wave impulsiveness defined as h, = h2/(HpmoLm—1,0)-

Figure 10 illustrates the increase of Fuimpir2s0 for the three tested recurve retrofits com-
pared to the reference case. Data in Figure 10 show that when h* increases Fu,imp1/250 also
increases simultaneously, except for those two cases tested with a relatively long wave
period. This increment of impact force with the increase in the impulsiveness parameter
confirms the findings reported by [18], demonstrating that non-impulsive wave force in-
creases more significantly compared to the impulsive wave force when a recurve wall is
retrofitted on the seawall. For the conditions tested with the SR configuration, the Fi,imp1/250
increases up to 1.7 times the measurements for the benchmark case. A similar magnitude
of increase in Fu,imp1/250 can also be observed for experiments with LR and HR retrofits, with
an average increase of 1.4 and 1.5 times larger than those values recorded for the plain
seawall, respectively. Overall, the maximum increase of Fuimp1/250 is reported for HR con-
figuration, with a maximum increase of 2.3 times larger compared to the reference case.
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Figure 10. Increase in the horizontal impact force (Fu,imp1/250) measured for recurve retrofits compared
with those measured for plain vertical wall.

The variation in F,imp1/250 with respect to the geometrical properties of recurve para-
pets is presented in Figure 11, with an increase ratio of Fuimpi/250 on LR and HR compared
to the measurements from the SR configuration (e.g., Fuimp1/250, LR or HR/Fhimp1/250, sr). The data
points in Figure 11 indicate that the variation of the geometrical shape of recurve wall
influence Fi,impr2500n the seawall. For the extreme impulsive wave conditions (k< 0.09),
Fnimp12s00n LR configurations is found to be larger than SR, with a maximum increase ratio
of 1.6, indicating the influence of recurve’s overhang length on impact loading. The re-
curve height is also found to increase the Fuimp1/250; as such the measured Fuimp1/250for the HR
configurations show an average increase of 1.25 times compared to the case of SR. Based
on the measurements, it can be concluded that the influence of increasing recurve height
should be carefully considered for all the wave conditions, while the overhang length only
influences the Fiimn2s0under extreme impulsive wave conditions (/< 0.09).

2.0
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g 1.5 © 5]
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Figure 11. Increase in the horizontal impact force (F,imp1/250) measured for HR and LR compared with
those measured for SR.

3.4. Wave Quasi-Static Force

In addition to impact loading, knowledge of the influence of recurve geometry on the
overall quasi-static loading on the structure is required to assess the potential risks gener-
ated from long-lasting wave loads. For the tested conditions, the extreme large quasi-static
forces measured in this study are analysed and discussed as the mean value of the largest
four events (Fys1250), adopting the methodology proposed by Cuomo et al., [27], to mini-
mize the uncertainties that may arise from the physical modelling measurements. Figure
12 shows an increase in the quasi-static force (Fss1/250) measured for recurve retrofits com-
pared with those observed for the reference case. The results show that the overall Fys1/250
is larger when a recurve wall is mounted on the seawall crest. The influence of recurve
retrofitting is significant, particularly for the lower range of /.. Fgs 1250 for SR configuration
becomes up to 1.6 times larger when compared to the measurements from the reference
cases for - value of 0.05. Overall, for the tested retrofits, an average increase of 1.2 from
the reference case are observed (see Figure 12). More significant increases in Fys 1250 are
observed for HR and LR cases, with an average increase of 1.6 and 1.3, respectively, com-
pared to the plain vertical wall.
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Figure 12. Increase in the quasi-static force (Fys 1/250) measured for recurve retrofits compared with
measurements for plain vertical wall.

To investigate the influence of recurve geometry on the magnitude of quasi-static
loads, measured Fys 1250 for LR and HR tested configurations are compared with the meas-
urements corresponding to SR. Figure 13 shows that measured Fys1/250 for LR are in similar
magnitude of those observed for the SR case. When comparing measured values of Fys1/250
from HR with SR, it can be reported that Fss 1250 values of HR configuration are larger than
the values from SR, with an average increase of around 1.5. Hence, for the conditions
tested within this study, the influence of increased recurve height on the quasi-static force
was significant compared to the influence that was observed for the increased overhang

length.
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Figure 13. Increase in the quasi-static force (Fss1/250) measured for HR and LR compared with meas-

urements for SR.

3.5. Overturning Moment

The overturning moment (M-:,inp) generated by the wave impact force was also inves-
tigated in this study to analyze the influence of impact force on the stability of the seawall
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structure. With regard to the stability concern, the structure must counterbalance the ap-
plied overturning moment with its strength and any additional support provided from
the shoreward structures. The overturning moment was calculated by integrating the in-
dividual generated wave impact force and the corresponding torque arm (see Equation
(2)), for both the plain vertical seawall and the SR configuration. Figure 14 highlights that
the torque arm for the applied wave impact force changes with the change of the structural
configuration i.e., from vertical seawall to the recurve retrofitting.

o Seawall o Seawall

T T T T TTTTTTT 77777 ‘ T T 7T TTT 77T T
7777 7T

(a) (b)

Figure 14. Schematic of force direction on plain vertical seawall and SR configurations, showing
changes in torque arm. F1 and F: represent wave force applied on plain vertical seawall (a) and
recurve walls (b), respectively. The torque arm for F1 and F2are shown as L: and Lz respectively.

In Figure 15, measured Mu,imp1250 for the tested recurve configurations are compared
with those determined for the reference case. The data corresponding to the recurve ret-
rofits are found to be larger when compared with those of the plain vertical wall (Figure
15). It was found that for the SR configuration, similar to the reference case, the values of
Myimp1250 decrease with the increase of 4. . In Figure 15, the increase ratio of Mu,imp1/250 rises
with 4., from 1.0 up to 2.4 for the retrofitted configurations tested within this study. How-
ever, different scenarios can be observed for the six tests highlighted in Figure 15, where
a large increase ratio of up to 2.5 is observed with low 4.. These tests were all conducted
with Tw10> 1.3 s and sep < 0.025. Overall, it can be concluded that the measured M, imp1/250
increases with £ in each tested configuration, and both the longer overhang and height of
recurve wall leads to larger Muimp1/250. Based on the parametric analyses of the measure-
ments, a possible reason for this phenomenon is the combined influence of long wave-
length and low crest freeboard. The elevation of pma is found to increase for these two
highlighted cases, indicating an increased torque arm that results in a larger overturning
moment generated on the whole structure.



Water 2021, 13, 2849 13 of 16

3.0
A SR/Reference
8 Tp10”1.38, 5,,<0.025
= 25 f ————— e ——— ® HR/Reference
' 5]
g : © : A © LR/Reference
v ! "
20 |
| A A = Em 2
% L__A_ 4 jm B o =8
T =] (=] o
Zlos |
=5 O m o A (XS
3 g % A A 5O
Qcé Q Oi O A
1.0 T
2 b
v
Q o
o -
g 0.5
=
2 OO 1 1 1
0.00 0.05 0.10 0.15 0.20
h.[-]

Figure 15. Increase in overturning moment measured for recurve retrofits compared with those ob-
served for plain vertical wall.

Figure 16 compares the overturning moment determined for the case of LR and HR
configurations with those obtained from the SR configuration. The overturning moments
observed on LR are generally found to be almost similar when compared with the values
of SR, while there are three cases that show an increase of around 1.3 times greater than
SR values. This can be associated with the similarities in the impact wave force measured
for the LR and SR recurve cases. More significant increases are observed for the experi-
ments corresponding to the HR configuration. When the height of the recurve wall in-
creases, Mi,imp1250 becomes larger than the value corresponding to SR for almost all of the
tested cases. An average increase of around 1.15 times is observed, highlighting the lim-
ited but non-negligible influence of the recurve height on the overturning moment applied
on the seawall.
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Figure 16. Influence of geometrical shapes in overturning moment applied on the seawall structure.

4. Conclusions
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A comprehensive suite of physical modelling tests was undertaken to evaluate the
increase in the wave impact loads generated on the seawalls due to the addition of recurve
retrofitting on the crest of the seawall. Detailed measurement and analysis were carried
out to determine the distribution of wave impact pressure, the horizontal impact force
and the overturning moment generated from the wave impact force. For the conditions
covered within this study, test results demonstrate that the overall increase in the magni-
tude of horizontal impact wave loads for recurve retrofits is within a factor of 1.3 to 1.5
when compared to the measurements for the plain vertical seawall, leading to an approx-
imate increase of 1.5 times the overturning moment generated by wave impact forces.

The magnitude of wave loads (both impact and quasi-static force) acting on the struc-
ture was primarily influenced by the recurve geometrical properties. It was found that
with the increase of overhang length or height of the recurve wall, wave impact force and
the overturning moment generated at the structure also increased simultaneously. Re-
curve walls with a long overhang with a low crest freeboard can be particularly hazardous
due to the significant increase in the horizontal impact force under impulsive wave con-
ditions. For the quasi-static wave loading, it was found that variation of the height of the
recurve parapet significantly influences the wave loading on the seawall structure com-
pared to the limited influence observed for the overhanging length.

Additionally, it was observed that the location of maximum wave impact pressure
varies with the geometrical shape of the recurve parapet. For the tested conditions, it was
found that with the increase of overhang length or height of the recurve wall, the elevation
of the maximum pressure moves upwards. The experimental set-up of this study was de-
signed using the established guidelines for a typical two-dimensional wave flume inves-
tigation ass outlined by EurOtop, see [46]. It is therefore believed that outcomes of this
study would be comparable to the prototype measurements. However, any further vali-
dation of datasets through performing large-scale measurements would be clearly desir-
able. Data and information generated from this study provide new knowledge on the in-
fluence of recurve retrofitting on the wave impact force and structural stability of vertical
seawalls, which can directly benefit coastal engineers, managers, and stakeholders to
make risk-informed decisions regarding the design of the geometrical properties of the
recurve configurations considering the probable increase in wave impact loading.
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