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Abstract: It is more common to introduce the parapet/recurve/wave return wall over the existing
structure, such as a vertical seawall or composite structure, to reduce the overtopping efficiently. The
advantage of a recurve wall on top of the sea wall has been studied in the past in regards to wave
interaction and overtopping. However, their efficiency in protecting the inland structure during
extreme events such as flooding during a tsunami is unexplored. The present study addresses the
effect of a vertical seawall with recurve in reducing the dam break surge simulating tsunami-induced
forces on an inland structure. The study compares the momentum transferred on the landward
structure behind a Vertical seaWall (VW) and a vertical wall with the Large ReCurve on the top (LRC)
during overtopped conditions. The outcome from the numerical simulation shows an insignificant
contribution due to the LRC in reducing the force on the inland structure compared to the VW, albeit
delaying the impact time. However, the LRC performed slightly better in the case of a low-rise wall
located near the inland structure than the VW. Furthermore, a low-rise VW increases the force and
overturning moment on the inland structure compared to no-wall conditions. Both the LRC and the
VW reduced the horizontal force on the structure linearly with the increase in height. An exponential
decrease in the overturning moment was observed on the landward structure with the increase in the
height of the VW or the LRC. Design equations are proposed for the forces and overturning moment
reduction based on the height of the VW or the LRC.

Keywords: tsunami mitigation; vertical wall with recurve; vertical seawall; tsunami forces

1. Introduction

The use of a parapet/bullnose/wave return walls/recurve over an existing struc-
ture has been familiar from early ages [1,2]. Early research on the overhangs over the
existing wall focused on understanding the overtopping characteristics of different para-
pet/bullnose/wave return walls/recurve—e.g., [3–12] and the impact pressure on the
overhang—e.g., [1,13–18]. The primary purpose of the overhang is to deflect the uprushing
waves back to the seaside. Due to the deflection of the wave, the water recirculates in front
of the structure, thereby transferring the overtopping discharge directly to the sea. Com-
pared to the parapet, the recurve is preferred since it smoothly transfers the discharge back
into the sea, thereby reducing the local pressure accumulation at the intersection between
the parapet and the vertical wall [13,14]. Furthermore, introducing these overhangs with
the existing structure could reduce the freeboard depth [19]. In addition, the benefits of
altering the seaward shape of the seawall for efficient reduction of overtopping along with
the reduction of impact force experienced by the coastal structure due to the wave loads
have been investigated by many—c.f., [20–22].

Water 2022, 14, 1986. https://doi.org/10.3390/w14131986 https://www.mdpi.com/journal/water

https://doi.org/10.3390/w14131986
https://doi.org/10.3390/w14131986
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0002-6761-0562
https://orcid.org/0000-0003-3586-9577
https://orcid.org/0000-0002-0104-0499
https://orcid.org/0000-0002-5788-6696
https://doi.org/10.3390/w14131986
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w14131986?type=check_update&version=2


Water 2022, 14, 1986 2 of 33

Despite numerous studies on the performance of different seawalls in different wave
conditions, the mitigation effect of seawalls during extreme events such as a tsunami has
attracted the least. In the 2011 Tohoku tsunami and the 2004 Indian Ocean tsunami, the
vertical sea wall played a significant role in protecting the inland structures by reducing the
tsunami inundation. During the 2011 Tohoku tsunami, in many locations along the coasts,
the tsunami surge overtopped the sea wall, where inundation depth was over 10 m and hit
the structures behind the seawall [23–26]. Even in overtopped conditions, seawalls reduced
the building damage during the 2004 Indian Ocean Tsunami in Thailand [27,28]. Thus,
using SPH simulations, Crespo et al. [29] investigated the force and overturning moment
on the inland structure behind the finite width Vertical seaWalls (VW). The study observed
the effect of distance between the inland structure and the VW (L) on the maximum forces
(F) and the overturning moment (M) on the inland structure. As L increased, the F and M
increased. Oshnack et al. [30] carried out experiments with vertical sea walls of different
heights and found that the force on the inland structure decreases with the increase in the
height of the sea wall, albeit with some discrepancies. Furthermore, the presence of the
seawall delayed the time of surge interaction (tim) with the inland structure, and it was
found to be proportional to the height of the seawall. Following Oshnack et al. [30], Thomas
and Cox [31] carried out extensive experiments with sea walls of different heights ranging
from 0.31≤ hs/hm ≤ 3.1 (hs = height of the seawall; hm = maximum surge height measured at
the seawall location in its absence). The study proposed an empirical force reduction factor
as a function of hs/hm and L by comparing without the seawall condition. The distance
between the seawall and the inland structure (L) was found to play a significant role in the
force on the inland structure. As L decreases, the force decreases, especially in larger hs/hm,
similar to the observation by Crespo et al. [29]. However, low hs/hm located at L→0 has
been found to offset the advantage of the seawall by increasing the force on the landward
structure due to the “ramping effect” (i.e., uprushing water from the seawall is directly
projected over the building at a higher elevation). A similar observation was reported
by Rahman et al. [32] in experiments with a dam break. However, both Crespo et al. [29]
and Thomas and Cox [31] carried out their study with a finite width seawall, which
enables reconstruction of the deflected bore after a certain distance. Furthermore, Al-
Faesly et al. [33] attempted to investigate the effect of different types of seawall (VW, 45◦

inclined seawall and curved wall) and their height in reducing the forces on the inland
structure by keeping the seawall at two locations (L = 1b and 3b; where b is the width
of the structure). For the VW and 45◦ inclined seawall, the force on the inland structure
was more in 3b conditions compared to 1b condition, in line with Crespo et al. [29] and
Thomas and Cox [31] for high rise walls. However, contrary observations were reported
for the curved seawall due to this “ramping effect”. During such ramping process, much
aeration occurs during the interaction with the building [31]. Capturing the force or the
impulsive pressure accurately during such a process is difficult due to aeration [34–36].
Triatmadja and Nurhasanah [37] observed an insignificant variation in the force reduction
percentage for the VW after L/Frbhb > 2 from the dam break experiments, where Frb is the
Froude number evaluated using bore front celerity, and hb is the height of the bore at which
force on the inland structure is maximum in the absence of a seawall (measured from the
experiments without the structure and the seawall).

Arimitsu and Kawasaki [38] varied the seawall height and location of the inland
structure to understand the flow and pressure characteristics at the structure front. With the
increase in the hs, the overtopped inundation depth decreased, whereas the Froude number
(Fr) of the overtopped flow increased. The same has been observed in Esteban et al.’s [39,40]
experiments. Due to the increase in the Froude number of the overtopped bore, the
non-dimensionalized pressure (obtained by dividing the pressure and overtopped bore
depth) showed higher values at the structure’s bottom level, similar to the pressure profile
suggested by Asakura et al. [41] for waves with fission. Thus, the pressure distribution also
depends on the Fr of the overtopping surge [42]. Prabu et al. [43] attempted to understand
the influence of the sea dike height on the force reduction and the effective L for maximum
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force reduction. The study concluded that depending on the strength of the surge, the
effective L for maximum force reduction changes. More recently, Xu et al. [44] carried
out extensive experiments considering the hs/E (E is the summation of velocity (surge
front celerity) head and the static head) on the force reduction in the inland vertical wall.
The study did not focus on the L since L/Frbhm was maintained above 2.83. It was found
that the maximum force and the maximum moment would be amplified compared to the
no-seawall case when hs/E < 0.35, thus suggesting the minimum height of the seawall
required to avoid the negative consequence.

From the above discussion, it is clear that the force reduction depends on the height
of the seawall (hs), the shape of the seawall, the distance between the seawall and the
inland structure (L) and the Fr of the incoming flow. Most of the previous research focused
on understanding the effect of the VW (seawall) on tsunami force reduction. The effect
of parapet/bullnose/wave return walls/recurve in the existing seawall in tsunami force
estimation received less attention, despite being commonly adopted in many coastal regions.
The dependence of L on the forces and the overturning moment on the inland structure
still needs further understanding, even for the VW. Furthermore, the force and moment
variation with the hs still needs clarity, even for the VW, although a recent study by
Xu et al. [44] concluded an exponential decrease with the increase in the hs/E.

As described above in detail and to the best knowledge of the authors, most studies
investigating the effect of sea walls on reducing tsunami surge forces on inland structures
conducted physical experiments. Nevertheless, many studies have applied numerical
models to address such tsunami flow structure interaction problems in the past. Regularly
applied methods that have been used in the tsunami interaction studies are the Finite
Volume method [45–47], the Arbitrary Lagrangian-Eulerian method [48], the Finite Ele-
ment method [49], the coupled FEM and meshless method [50,51], the coupled FEM and
FVM methods [52] and particle-based methods, such as the Smoothed Particle Hydrody-
namics [53], the Moving Semi-Implicit method and the Meshless Local Petrov Galerkin
method [50,54]. With increasing computational resources in recent decades, numerical sim-
ulations can provide a more in-depth understanding of flow interaction processes [55,56].
From the range of available methods, the open-source FVM solver OpenFOAM is applied
in the present study to investigate the interaction processes between tsunamis and inland
structures in the presence of seawalls.

Thus, the present study will focus on understanding the effect of with and without recurve
at the top of a vertical wall (LRC and VW) in the forces and overturning moment reduction
on the inland buildings during tsunamis by carrying out numerical simulations using
OpenFOAM. The simulations are carried out on a geometric scale of 1:15. The study reveals
the difference in the force and the overturning moment observed between the plain vertical
wall (VW) and vertical wall with the recurve at the top (LRC), thereby addressing the
significance of recurve in the force and moment reduction during extreme scenarios. The
study varied hs and L for both the LRC and the VW to understand the force and moment
reduction. The dam break surge is used to replicate the extreme scenarios in the coastal
region [57–59].

The paper is organized as follows: Initially, a brief introduction to the OpenFOAM
and the adopted solver are made. The numerical model validation against the experimental
results of Al-Faesly et al. [33] is then presented. After validation, the numerical tank
representing a newly planned dam break setup at IIT Madras is described, followed by
results and discussions. The results obtained from the simulations carried out 1) without
an inland structure and mitigation wall (free-flow hydrodynamics evaluation), 2) without
the LRC (or VW) and with the inland structure and 3) with the LRC (or VW) and the inland
structure is detailed. Empirical equations are provided for force and moment acting on the
inland structure in the presence of an LRC (or VW).
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2. Numerical Simulation

The numerical simulation was carried out using the open-source CFD solver Open-
FOAM, which was used for similar studies in the past [46,47,60,61]. OpenFOAM (OF)
consists of numerous utilities, solvers and libraries applicable for an extensive range of
physical problems. This study used the “interFoam” solver to simulate the free surface
two-phase flow. The incompressible three-dimensional RANS conservation equations were
solved using the Finite Volume Method (FVM) discretization. A PIMPLE algorithm was
used for pressure velocity coupling. The Courant number was kept at 0.5 for all simulations,
and variable time stepping was adopted during solving. The free surface was tracked
by the volume of fluid (VOF) method. Turbulence modeling is essential since the flow
is turbulent during the extreme wave interaction. Asadollahi et al. [46] reported that the
realizable k-ε turbulent model reproduced the experimental results of Al-Faesly et al. [33]
very well. Hence, the realizable k-ε turbulence model has been used as a closure model
for RANS.

2.1. Validation Domain

For validating the numerical model, the experimental domain of Al-Faesly et al. [33]
was used. Figure 1a shows the experimental domain of Al-Faesly et al. [33]. The mitigation
wall was kept at L = 0.305 m from the structure. We hereafter refer to the “structure” for the
inland structure, such as buildings and “mitigation wall” for the VW and the LRC. The water
depth inside the dam break tank was 0.85 m. The structure was 0.305 m × 0.305 m in the
cross-section. The height of the structure was kept at 0.9 m so that no overtopping occurred.
The domain was discretized into hexahedron cells using blockMesh and snappyHexMesh
utility in OpenFOAM. To reduce the computational cost, a high resolution was chosen
near the column to capture the complexities of the hydrodynamic conditions during surge
interaction and to ensure accurate results in these regions. Along the flume length (x-axis),
the mesh size starts from 1 cm near the structure and changes to 4 cm toward the opening
of the dam break tank. The cell length along the x-axis inside the dam break tank was
maintained at 4 cm. The cell length along the x-axis in the structure location region was
kept constant at 1 cm. From the structure backside, the cell length was once again increased
from 1 cm to 4 cm towards the end of the numerical tank. The cell size in the z-direction
was 1 cm at the flume center and gradually increased to 3 cm near the wall. The mesh size
in the y (vertical; direction of gravity) direction was kept at 1.5 cm. A similar mesh setup
was adopted by Asadollahi et al. [46]. Slip boundary conditions were provided for the rest
of the surface since the grid was not refined to viscous sub-layers. Atmospheric boundary
conditions were implemented on the flume topside and at the exit.

Figure 1c shows the force comparison between the experimental measurements and
the numerical simulation. It can be observed that the numerical simulations are able to
reproduce the experimental force. The time ‘t = 0 s’ indicates the starting time of the tank
opening. The surge interaction with the structure at the impact phase, initial reflection phase
and quasi-steady phase have been portrayed in Figure 2. The surge is highly turbulent at
the initial reflection phase with a completely aerated flow (Figure 2b). Ravindar et al. [34]
reported that the aeration makes the force capturing complicated both in experiments
and numerical simulations. Even in the experimental results of Al-Feasly et al. [33], the
force–time history had high-frequency oscillation during such process. Despite this, it is
clear that both impact and quasi-steady phases are replicable in the numerical simulations,
and hence with the same solver setting, numerical simulations were carried out.
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Figure 2. Snapshots of the surge interaction with the structure obtained from OF for Al-Faesly et al.
(2012) domain: (a) time = 1.8 s (Impact phase); (b) time = 2.8 s (run-up phase); (c) time = 6.0 s
(quasi-steady phase).

2.2. Computational Domain

The numerical simulation was carried out with the dimensions of the newly planned
dam break set up at the Department of Ocean Engineering, IIT Madras (Figure 3). The
boundary conditions remained the same, as explained in Section 2.1. The mesh parameters
remained the same as adopted for the validation domain. In the x-direction, the mesh
size starts from 1 cm near the structure and changes to 4 cm toward the opening of the
dam break tank. The cell length along the x-axis inside the dam break tank was kept at
4 cm. The cell length along the x-axis in the structure location region was kept constant at
1 cm to resolve the flow features accurately. From the structure backside, the cell length
was once again increased from 1 cm to 4 cm towards the end of the numerical tank (4.7 m
from the structure’s backside). Mesh cell size in the z-direction was 1 cm at the flume
center and gradually increased toward the walls, reaching a maximum of 3 cm near the
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wall. The mesh size in the y (vertical) direction was kept constant at 1.5 cm. Near the LRC
or the VW, each cell was further refined to eight subcells to precisely capture the surge
interaction process. A mesh sensitivity analysis has been carried out and is reported in
Appendix A. All simulations were carried out in the computational cluster available at the
RWTH Aachen University. Simulations were carried out with 48 cores in parallel, with
each simulation requiring computational time on an average of 100 h per simulation with
the vertical wall or the recurve wall.
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2.3. Parametric Study

The width of the tank (W) was kept as 1 m. The length of the dam break tank was
kept at 10 m. The schematics of the numerical tank are shown in Figure 3. The simulations
were carried out with two impoundment depths (do = 0.6 m and 0.9 m). The present study
focused mainly on understanding the effect of the recurve on the forces acting on the
structure. Hence, the numerical simulations were carried out with seven different heights
for the LRC and the VW, which are more common along different coasts worldwide. We
also varied the distance (L) between the structure and the mitigation wall to understand
the effect of L since earlier literature reported that L also influences the forces on the inland
structure [31,33,37,43]. The overall height of the VW and the LRC was kept the same to
understand the potential influence of the recurve. The simulations were carried out on the
1:15 model scale. The structure had a square cross section of 0.3 m × 0.3 m, representing a
b/W = 0.3, where b is the frontal width, and W is the flow channel width. The height of the
inland structure was kept in such a way that no overtopping occurred. Table 1 summarizes
the numerical simulation carried out in this study, where hm denotes the maximum bore
depth measured in the absence of the mitigation wall at that location, and hf,wall represents
the maximum bore depth in front of the VW under non-overtopping conditions. Both hm
and hf,wall are described separately in Sections 3.1 and 3.4.2, respectively.

Table 1. Simulation protocol.

LRC VW

do (m) Nomenclature hs (m)
(Model) hs/hm (-) hs/hf,wall (-) L = 1 m L = 2 m L = 3 m L = 1 m L = 2 m L = 3 m

With building

0.9 0 0 0 4 4 4 - - -

0.9 Wall 1 0.1333 0.53 0.16 4 4 4 4 4 4

0.9 Wall 2 0.1809 0.72 0.22 4 4 4 4 4 4

0.9 Wall 3 0.2412 0.96 0.29 4 4 4 4 4 4

0.9 Wall 4 0.3136 1.24 0.38 4 4 4 4 4 4

0.9 Wall 5 0.3836 1.52 0.47 4 4 4 4 4 4

0.9 Wall 6 0.4583 1.82 0.56 4 4 4 4 4 4

0.9 Wall 7 0.6 2.38 0.73 4 4 - 4 4 -

0.6 0 0 0 4 4 4 - - -

0.6 Wall 1 0.1333 0.79 0.24 4 4 4 4 4 4

0.6 Wall 2 0.1809 1.08 0.32 4 4 4 4 4 4

0.6 Wall 3 0.2412 1.44 0.43 4 4 4 4 4 4

Without building
(free flow simulation)

0.9 4

0.6 4
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Recurve Wall

An LRC consists of a vertical wall with a recurve at the top. Figure 4 shows the typical
recurve wall tested in this study. A recurve of height Hr contributes to a specific portion
of LRC depth, which can be defined as αhs. In this specific study, we chose α = 0.305,
following the recent large-scale experiments on recurve walls by Stagnos et al. [14] and the
small-scale experiments of Ravindar and Sriram [13]. In an LRC, Hr is equivalent to Br due
to the 90◦ recurve. The effect of the recurve size on the forces on the inland structure is
discussed separately in Appendix B, wherein no significant influence of recurve size (α) on
the transition and quasi-steady phase was observed.
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3. Results and Discussions
3.1. Free Flow Hydrodynamics

For simulating the tsunami interaction with the structure, the surge generated from
the dam break was used. Figure 5a shows the non-dimensionalized surge front elevation
at the seawall location. The simulated results are compared against the theoretical surge
front profile for an infinite length reservoir [62]. The theoretical solution from Ritter [62] is
given as

X
t
√

gdo
= 2− 3

√
h
do

for− 1 ≤ X
t
√

gdo
≤ +2 (1)

Here, X represents the local axis with origin at the starting of the tank; h is the
surge depth at any instant of time at X; t = 0 s represents the starting time of simulation;
g is the acceleration due to gravity. Despite a slight discrepancy at the surge tip, the
simulated surge front profile matched well with the theoretical solution. The maximum
non-dimensionalized surge depth (hm/do) registered at the mitigation wall location for both
impoundment depths was approximately 0.28. Figure 5b presents the Fr variation over
time. The Froude number is estimated as u/(gh)0.5, where u is the depth-averaged velocity.
Fr exponentially decreases from high supercritical to near supercritical flow over time.
The simulated Fr are in the range of previously observed tsunamis [63–67], and hence this
study finds direct application to the field. At the time of hm, Fr for the two impoundment
depths was approximately 1.7 for both cases. Figure 5c presents the non-dimensionalized
momentum flux with 4gdo

2 plotted against non-dimensional time. Since the chosen tank
length is sufficiently long, the non-dimensionalized momentum flux remained roughly
constant over a specific time region. Interestingly, the non-dimensionalized maximum
momentum flux remained approximately the same for both impoundment depths, although
the non-dimensionalized time of maximum momentum flux was different. In addition, the
time of maximum momentum flux occurred prior to the time of maximum surge depth,
agreeing with ASCE-07 [68] and Wüthrich et al. [69]. Finally, it should be noted that the free
flow hydrodynamics discussed herein corresponds to the seawall location, not the inland
structure location.
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Figure 5. (a) Comparison of simulated non-dimensional surge front profile with the theoretical
solution of Ritter (1892) at the location of mitigation wall (X = 9 m) in its absence; (b) Froude number
of the simulated surge at X = 9 m; (c) Non-dimensionalized momentum flux of the simulated surge
at X = 9 m. Red indicates do = 0.6 m and black indicates do = 0.9 m. Solid lines indicate simulation
results, and the dashed line indicates Ritter’s [62] solution.

3.2. Without Mitigation Wall (hs = 0 m)

The force exerted on the structure in the absence of the mitigation wall is discussed. There
have been many studies that investigated the surge interaction with the structure [33,58,69–75].
The surge interaction with the structure had resulted in an initial impact (during splash-
up), a surge runup or transition phase, and a quasi-steady flow phase [74,76]. Figure 6a
provides the force–time history of the surge interacting with the structure for do = 0.9 m
and L = 1 m. In addition, the overturning moment–time history is also plotted. The corre-
sponding pressure time history at the structure front is provided in Figure 6b. The pressure
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distribution over the depth at different time steps is provided in Figure 6c. Depending on
the impoundment depth and the structure location, the surge tip reaches the structure at a
different non-dimensional time. Figure 7 provides the typical surge interaction process.
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When an incoming surge is obstructed by the presence of a macro roughness element 
(e.g., a building; here referred to as a structure), the flow is deflected vertically by the 
element (Figure 7a), which is described as the splash-up phase [75]. The initial impact 
pressure distribution took a parabolic form, similar to the observations from earlier stud-
ies [70,74,77]. The initial impact force is not so appreciable since the surge tip has a negli-
gible front slope, as the impact force depends on the surge front slope [70,74,77–79] (Figure 

Figure 6. Force, overturning moment and pressure characteristics in the absence of a mitigation wall
for do = 0.9 at X = 10 m: (a) force and moment–time history (black solid line, force; black dotted line,
calculated hydrostatic force; red solid line, overturning moment; dashed lines indicate the time at
peak); (b) pressure time history at different levels from the structure bottom at the structure center;
(c) pressure distribution at different time steps (solid line-at Fn,max (black) and Mn,max (red)).
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Figure 7. Surge interaction process in the absence of a mitigation wall. The numbers in the images rep-
resent the distance in the x-direction from the tank origin in meters: (a) impact phase (t(g/do)0.5 = 9.57);
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When an incoming surge is obstructed by the presence of a macro roughness element
(e.g., a building; here referred to as a structure), the flow is deflected vertically by the ele-
ment (Figure 7a), which is described as the splash-up phase [75]. The initial impact pressure
distribution took a parabolic form, similar to the observations from earlier studies [70,74,77].
The initial impact force is not so appreciable since the surge tip has a negligible front slope,
as the impact force depends on the surge front slope [70,74,77–79] (Figure 6a). Once the
splashed-up bore starts feeling the effect of gravity, the splashed-up surge falls back on the
incoming flow (Figure 7b). This phase is referred to as the initial reflection phase in the
literature [73,74], which occurs during the beginning of the run-down phase. After this
phase, the reflected water conglomerates with the incoming surge in front of the structure
in the so-called transition phase (Figure 7c,d). During this stage, the pressure distribution
transforms from the parabolic form to the near hydrostatic state (Figure 6c). During the
quasi-steady flow phase, the pressure distribution tends to be linear, with the maximum
non-dimensionalized pressure (P/ρghf) at the structure bottom being approximately equal
to unity [74,80,81]. In Figure 6a, the hydrostatic force (black dotted line) is computed as
0.5ρgb

(
h2

f − h2
r

)
. Herein, hf and hr refer to the bore depth at the front and backside of the

structure. The measurements of hf and hr are obtained at a 4 cm distance from the structure
front and back face in the tank center. During this stage, the computed hydrostatic force
matches the numerically simulated force–time history in accordance with Ikeya et al. [82]
and Harish et al. [81]. The length of the tank is sufficient enough to reach this stage. For
this specific case, the maximum force (Fn,max) was observed during the transition phase
(t(g/do)0.5 = 18.5). However, it depends on the characteristics of the incoming surge and the
three dimensionalities of the structure. For example, Robertson et al. [73] and Xu et al. [44]
observed maximum force during the initial reflection stage for vertical walls. A gradually
increasing water depth over a more extended period might shift the location of maxi-
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mum force to the quasi-steady flow phase. Overall, the above-described process coincides
with most existing literature investigating tsunami surge or bore interaction with rect-
angular structures. However, a clear distinction between the different phases is not yet
available [58,69,72].

Interestingly, the time of maximum moment (t(g/do)0.5 = 25.08) is different from the
time of maximum force. The maximum moment (Mn,max) was observed toward the near-
hydrostatic regime (Figure 7d). Wüthrich et al. [69] and Istrati et al. [83] also observed
minor deviations in the maximum moment and force occurrence time. Figure 8 presents
the time lag between the occurrence of the maximum moment and the maximum force. It
is observed that for do = 0.6 m, the time lag is negligible despite some scattering. However,
for do = 0.9 m, the maximum force occurred prior to the maximum moment. Since roughly
a constant momentum flux exists over a certain time range (Figures 5c and 6a), the force
variation is insignificant for the increase of the overturning moment. The variation in the
time can be related to the change in the centroid location of the force from the bottom
(Lever arm, Ln,A; the subscript n denotes “no-mitigation wall condition”, and the same has
been followed throughout the paper), which arose from the change in the pressure profile
(Figure 6c). This needs further studies in the future.
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Figure 8. Comparison of time of maximum force and time of maximum moment. (Black represents
do = 0.9 m, and red represents do = 0.6 m). τ = (t− tn, im), where t n,im refers to the time of interaction
of surge with the structure.

Fujima et al. [84] observed that the force is also dependent on the distance of the
structure location from the seashore, and hence, we simulated interaction studies at all
three locations without a mitigation wall for do = 0.6 m and 0.9 m, as listed in Table 1.
Figure 9 provides the force–time history for do = 0.9 m at three locations (X = 10 m, 11 m and
12 m). It can be observed that the variation of maximum force with respect to the location
is not so significant for the range of distance investigated in the present test conditions.
Depending on the distance of the location, tn,im varies. Herein, tn,im refers to the time instant
when the surge front reached the structure location in the absence of mitigation wall. We
observed insignificant variation in the force and the overturning moment for the distances
investigated in the tests without the mitigation wall.
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Fn,max and Mn,max Theoretical Estimation

For theoretical estimation of Fn,max and Mn,max, earlier literature proposed and in-
vestigated different design equations using free flow hydrodynamics (h and u) at the
location of the structure. Hydrodynamic drag force equations are widely suggested
(Equation (2)) [33,69,72,85–87].

Fn,max =
1
2

Cdρb
(

hu2
)

max
(2)

where Cd is the drag coefficient, and h and u are the free flow surge depth and velocity at
the structure location. Cd is still the research topic for unsteady surge interactions since
it depends on b/W (structure width/flow channel width) and Fr [82,85,88–90]. Cd = 2 is
commonly adopted in many design guidelines [68,91]. The numerical simulations showed
Fn,max occurred approximately at the same time as the maximum momentum flux ((hu2)max)
with minor discrepancies, agreeing with Wüthrich et al. [69]. Thus, Cd is obtained by
dividing Fn,max with (hu2)max. The values are summarized in Table 2. The Froude number
obtained at the structure location at the time of Fn,max is also provided in Table 3 for
comparison. Cd is merely unaffected for the range of L tested, although a moderate increase
in Fr was observed with the increase in L. However, Cd for do = 0.6 m is slightly higher than
that for do = 0.9 m, as Fr was less, agreeing with Xie and Chu [85] and Arnason et al. [72].
Asadollahi et al. [46] also observed the influence of Cd on the impoundment depth in the
tank with the dam break surge. Hence, Cd also varies with impoundment depth (do).

Table 2. The drag coefficient for the building model in the absence of the mitigation wall.

do

L
1 m 2 m 3 m

0.9 m 1.67 1.68 1.68

0.6 m 1.83 1.81 1.80

Table 3. Froude number in the absence of the mitigation wall and building at the time of Fn,max.

do

L
1 m 2 m 3 m

0.9 m 2.393 2.52 2.58

0.6 m 2.11 2.0 2.03
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The maximum overturning moment (Mn,max) can be determined using the Fn,max by
multiplying with the lever arm (Ln,A) [69]. The numerical simulation has shown a mi-
nor discrepancy for the time of occurrence of Fn,max and Mn,max (Figure 8). Observing
Figures 6a and 9, one can notice a minimal force variation for the period of constant mo-
mentum flux. Since design engineers need a concise equation for Mn,max, the following
equation is suggested in the literature [69,86].

Mn,max = Fn,maxLn,A (3)

The simulated Ln,A ranged from 0.8 to 0.95 times of hm1 at the structure location, as
shown in Table 4, where hm1 represents the maximum surge depth measured at the structure
location. The values are less than the recommendations from Wüthrich et al. [69], who
suggested Ln,A/hm1 = 1.15. However, one should also recognize that the lever arm also
depends on the Fr of the incoming flow. A high Fr surge results in higher water depth at the
structure front than a low Fr surge of the same inundation depth [81,82,92]. This process
might change the lever arm distance, and hence careful identification of the Cd and lever
arm are essential for accurate Mn,max. Thus, in this paper, Fn,max and Mn,max obtained at
different locations from numerical simulations are further used for non-dimensionalizing
the force acting on the structure at different L in the presence of the mitigation wall, as the
focus of this paper is primarily on understanding the force and moment reduction and the
corresponding physics.

Table 4. Lever arm (Ln,A/hm1) for experiments without mitigation wall.

do

L
1 m 2 m 3 m

0.9 m 0.83 0.84 0.85

0.6 m 0.86 0.92 0.94

3.3. Flow Overtopping and Force Characteristics

During the wave or surge interaction with the mitigation wall, the overtopping flow
behavior depends on the frontal shape of the wall [13,14,39]. Understanding the flow
overtopping characteristics is necessary to understand the forces on the inland structure.
Figures 10 and 11 show the flow interaction and overtopping process at different instants
of time with the LRC and the VW for Wall 4 and do = 0.9 m (Table 1). The water splashes
up during surge tip interaction with the LRC (or VW). The presence of the recurve in
the LRC redirects the splashed-up surge to the incoming surge. As observed in Ravindar
and Sriram [13], the exit angle of the reflected surge is approximately 90◦. The exit angle
depends on the type of recurve used. In the presence of the LRC, the redirected surge
interacts with the incoming surge, thereby largely disturbing the incoming flow field
(Figure 10a). Flow circulation happens at the upstream side of the LRC. Despite significant
flow disturbance, due to the continuous incoming flow of high strength, a part of the
incoming surge overtopped the LRC (Figure 10b). As seen in Figure 10b, a large volume
of water accumulated at the LRC upstream due to the flow recirculation process overtops,
subsequently hitting the structure. In the presence of a VW, the vertically splashed-up
surge falls back by taking a form similar to an Umbrella (Figure 11b), wherein a part of the
splashed-up surge falls back on the incoming flow, and the rest falls on the land side of the
VW. We defined this phenomenon as an umbrella effect occurring in the VW. The shape
of the splashed surge also depends on the location of the seawall and the height of the
seawall. For example, Crespo et al. [29] and Thomas and Cox [31] observed the jet type
projection of the splashed surge with low-height seawalls. Depending on the height of the
LRC (or VW), a part of the incoming surge is reflected offshore, and the rest overtops [40,44]
(Figures 10e and 11e).
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LRC for do = 0.9 m, L = 1 m and Wall 4. (Ux-Surge velocity in the x-direction in m/s; P- pressure in
N/m2). Vectors are colored with pressure, and the free surface is colored with Ux. The numbers in
the images represent the distance in the x-direction from the tank origin in meters: (a) t(g/do)0.5 = 7.92;
(b) t(g/do)0.5 = 14.19; (c) t(g/do)0.5 = 15.35 (tC); (d) t(g/do)0.5 = 17.49 (tD); (e) t(g/do)0.5 = 25.58 (tE).
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Figure 12a,b present the force and the overturning moment acting on the inland 
structure behind the LRC and the VW for Wall 4 and do = 0.9 m. The corresponding pres-
sure distributions are marked in Figure 12c. The force and the overturning moment acting 
on the inland structure without the mitigation wall are also presented to appreciate the 
load reduction. Both the LRC and the VW significantly reduced the forces and the over-
turning moment on the inland structure, ignoring the initial impulsive load phase. The 
presence of recurve primarily delayed the surge interaction with the inland structure com-
pared to the VW, as seen in Figures 10 and 11. The overtopped surge interaction with the 

Figure 11. Flow interaction with the inland structure at different time instances in the presence of
a VW do = 0.9 m, L = 1 m and Wall 4. (Ux-Surge velocity in the x-direction in m/s; P- pressure in
N/m2). Vectors are colored with pressure, and the free surface is colored with Ux. The numbers in
the images represent the distance in the x-direction from the tank origin in meters: (a) t(g/do)0.5 = 7.92;
(b) t(g/do)0.5 = 9.57; (c) t(g/do)0.5 = 11.06 (tC); (d) t(g/do)0.5 = 12.71 (tD); (e) t(g/do)0.5 = 25.58 (tE).

Figure 12a,b present the force and the overturning moment acting on the inland
structure behind the LRC and the VW for Wall 4 and do = 0.9 m. The corresponding
pressure distributions are marked in Figure 12c. The force and the overturning moment
acting on the inland structure without the mitigation wall are also presented to appreciate
the load reduction. Both the LRC and the VW significantly reduced the forces and the
overturning moment on the inland structure, ignoring the initial impulsive load phase.
The presence of recurve primarily delayed the surge interaction with the inland structure
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compared to the VW, as seen in Figures 10 and 11. The overtopped surge interaction with
the inland structure induces an impact force. Compared to the VW, the LRC induces a
more prominent impact load. Observing Figure 10c, the accumulated water behind the
LRC overtops like a plunging breaker and hits the structure. In the case of a VW, the initial
overtopped volume undergoes more considerable energy dissipation due to the surge
collapsing on the offshore and the inland side (Figure 11c). After the initial impact (tC)
and the initial reflective stage (tD), the variation in the force profile induced by the LRC
and the VW is not so considerable. The flow and the force-time history in the tail-end
closely resemble the same (Figures 10e, 11e and 12a). Similar observations are noted
in the overturning moment time histories (Figure 12b). Herein, the impact moment is
not appreciable as an impact force, indicating the high-pressure impact at the structure
bottom level as observed in Figure 12c for the LRC (i.e., the lever arm, LA is very small).
Furthermore, the pressure distribution indicates that the pressure is no longer hydrostatic
at the structure front (Figure 12c) due to the high Fr of the overtopped bore [38].
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Figure 12. (a) Force acting on the inland structure in the presence of a mitigation wall (Wall 4; L = 1 m
and do = 0.9 m); (b) moment–time history; (c) pressure distribution over structure depth. The flow
interaction presented in Figures 10 and 11 at different time steps is also marked. The solid red line in
Figure 12c represents the hydrostatic pressure calculated with bore depth at the structure front at
time instant ‘tE’ mentioned in Figure 12a.



Water 2022, 14, 1986 18 of 33

We attempted to verify the same for low height mitigation walls (Wall 1). Figure 13
presents the force–time history for wall 1 with do = 0.9 m and L = 1 and 2 m. It can be
observed that for the low height VW, the inland structure experiences a higher impact load
compared to the LRC for L = 1 m Moreover, the initial short-duration impact load is higher
compared to the case without the mitigation wall. This is due to the flow-ramping effect,
which occurs when the inland structure is located in closer vicinity to the vertical wall
(Figure 13a) [29,31]. As observed in Wall 4 for the LRC, the overtopped surge behind Wall 1
for the LRC resembled more closely the same, inducing an initial impact on the structure
(Figure 13a). The magnitude of the impact depends on the overtopping volume, aeration,
angle of impact and overtopped surge characteristics. The overtopping volume at different
time instances would differ since the dam break surge is highly time-variant. In the case of a
VW, one can also notice two impacts compared to single impacts for the LRC (Figure 13a,b).
Thus, the LRC reduces the failure probability of the inland structure compared to a VW at
low heights. Neglecting the impact and the forces during the initial reflection phase, it is
interesting to note that although the low-rise mitigation walls delay the period of surge
interaction, the force reduction is not so appreciable when the structure is located near the
mitigation wall, despite a slightly better performance by the LRC (Figure 13a). However, the
structure away from the mitigation wall experiences comparatively lesser force, neglecting
the initial impact (Figure 13b). Similar observations occurred in the moment–time history
and are hence not presented here for the sake of brevity. The effect of L on force reduction
is discussed in Section 3.4.1.
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Figure 13. The combined effect of hs/hm and L on the forces on the inland structure for Wall 1:
(do = 0.9 m); (a) L = 1 m; and (b) L = 2 m.

From Figures 12 and 13, it is clear that the LRC delays the period of bore interaction
compared to the VW. Figure 14 presents the overtopped surge interaction time (tim) at three
different structure locations for the LRC and the VW. Here, tim is non-dimensionalized
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with tn,im (no mitigation wall condition). It can be observed that with the increase in hs,
the LRC delays the time of bore interaction more than the VW. The VW also delayed the
interaction time; however, it is found to be independent of the height of the mitigation wall.
This is not in agreement with the observations from Oshnack et al. [30]. The difference in
the observation can be attributed to the characteristics of the bore (steep bore front and
broken bore in Oshnack et al.) [30]. Nevertheless, it can be safely said that the LRC could
offer sufficient time for vacating people compared to the VW during an event.
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3.4. Force Reduction Due to Mitigation Wall

The forces and moment are the topics of interest to design engineers and researchers.
The maximum force and moment were obtained from the numerical simulations after
the time instant (tD) (mentioned in Figure 12a) to evaluate the load reduction due to the
mitigation wall promisingly. Since the impact depends on several factors, as discussed
in Section 3.3, the load until the initial reflection stage (tD) is not considered for further
discussions (until instant, tD). For example, in Figure 12a, the maximum load is chosen
at t(g/d0)0.5 ≈ 20 for the LRC. It should be remembered that the time instant (tD) differs
depending on hs/hm and L. The moment reduction is discussed separately in Section 3.5.

3.4.1. Effect of L

The distance between the mitigation wall and the landward structure plays a signif-
icant role in the force acting on the structure [31,37,43]. The effect of L can be discussed
in terms of L/Frbhb, where the surge Froude number, Frb = C√

ghb
, is defined using surge

front celerity (C) and the surge depth (hb). The non-dimensional term was introduced by
Triatmadja and Nurhasanah [37]. It should be noted that Frb mentioned in Triatmadja and
Nurhasanah [37] is different from Fr mentioned in Section 3.1; the latter uses local flow ve-
locity ‘u’ at the location of the seawall. Triatmadja and Nurhasanah [37] used hb as the surge
height at the time of maximum force without the mitigation wall, where hb is measured
in the absence of the mitigation wall and at the structure location (free-flow simulation).
ASCE-07 [68] suggested that maximum force occurs at two-thirds of maximum surge depth
(hm1; defined in Section 3.2). Recently, Wüthrich et al. [69] observed scattering in the data
between 0.6 and 0.8 times of hm1 for dry bed surges. Since it is highly dependent on the
incoming surge characteristics, the maximum surge depth measured at the mitigation wall
location (hm; defined in Section 3.1) is chosen in this study to reduce uncertainty. Since the
theoretical solution of Ritter [62] compares well with the bore front profile, the bore front
celerity (C) is calculated as 2

√
gdo. Thus, Frb is re-calculated as Frb = C√

ghm
, and the same

has been used further for discussion. Here, L/Frbhm tested in the present study ranged from
1.05 to 4.72. Earlier studies also indicated that the effect of L is also closely correlated with
the height of the mound [31].
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Figure 15a,b provide the force ratio (Fmax/Fn,max) plotted against L/Frbhm for LRC and
VW. Fmax and Fn,max represent the maximum force experienced by the structure with and
without the mitigation wall. The pattern of force reduction remained the same for both
type of mitigation wall. It can be observed that L/Frbhm plays a significant role between 0
and 2 for hs/hm < 1.0. A slight decrease in the F/Fn,max is observed with a further increase
in L/Frbhm between 2 and 3. For L/Frbhm > 3, negligible differences were observed due
to L. This specific effect arises for low-rise mitigation walls. Our results indicate that the
difference in the force reduction between L = 1 m and 3 m (for Wall 1 tested with do = 0.9 m)
can be up to 16.9% and 19.9% for the LRC and the VW, respectively. A further increase in
hs/hm reduced the effect of L. Since the effect of L is co-related with hs/hm, the discussions
are continued in Section 3.4.2.
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The result from previous studies on a VW as a mitigation wall is discussed further
to enlighten understanding. The trend of variation contradicts the observation from Triat-
madja and Nurhasanah [37], who observed a linear decrease in the force with the decrease
in L for L/Frbhb < 2 (Figure 15b). Since the tested range of hs/hm is approximately greater
than 2.1 in all the cases for Triatmadja and Nurhasanah [37], the force result in the present
study might have deviated from their experimental observation. The mitigation wall is
also of finite width. Moreover, the inland structure might have been overtopped in their
study since the height of the structure used in their experiment was small. The pattern
aligns with the experimental observations from Thomas and Cox [31] for the low-rise
mitigation wall located near the inland structure (Walls 1 and 2 tested in do = 0.9 m for
L = 1 m). Nevertheless, after L/Frbhm > 2, we did not observe a considerable force increase
compared to Thomas and Cox [31]. For high vertical walls, Thomas and Cox [31] observed
maximum force reduction

(
Fn, max−Fmax

Fn,max
× 100%

)
due to L up to 90% when the seawall was

closer to the building (L = 0.6 m, in Thomas and Cox [31]). The hs/hm corresponding to the
observation was approximately 1.533, closely representing Wall 5. The hs/hm provided here
for Thomas and Cox [31] was reworked from the figures in their study. The force reduction
due to the seawall at L = 1.2 m and L = 1.8 m was 80% and 70%, indicating increased
force with the increase in L. However, our numerical simulation indicated force reduction
of 43% and 39% for L = 1 m and 2 m, respectively. For L = 3 m (a common position in
both the studies), we observed force reduction up to 46%, approximately equivalent to
Thomas and Cox [31]. In our observation, the force variation is not significant with L for
the high-rise mitigation wall (hs/hm > 1.0), contradicting the observation from Thomas and
Cox [31]. In fact, the same is reflected in Wall 6 and Wall 7 in Figure 15b. The deviation in
the observations might be related to the finite width of the mitigation wall tested in their
study. The finite width mitigation wall allows the reconstruction of a deflected bore from
the mitigation wall after a certain distance onshore, thereby inducing an additional force
on the structure, as observed in Crespo et al. [29]. Thus, the increased force on the inland
structure in their study. Furthermore, it depends on the site-specific Fr of the incoming
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surge, overtopping volume and the generated surge characteristics. Harish et al. [81] and
Ikeya et al. [92] discussed the effect of Fr on the water depth at the structure front. A surge
of higher Fr would have a higher water depth in front of the seawall than the lesser Fr. In
addition, the generated bore in Thomas and Cox [31] was steeper compared to our dam
break surge, which might have shifted the location of maximum force to the impact phase,
even in the absence of a mitigation wall in their study. Thus, the Froude number of the
incoming flow also plays a significant role in the forces on the landward structure since the
flow accumulation at the mitigation wall front depends on Fr [81,85,93].

3.4.2. Effect of hs

As discussed above, Fr also plays a significant role in flow overtopping. Hence, the
seawall must be non-dimensionalized using Fr and h rather than directly using hm. The wa-
ter level rises at the upstream side of the mitigation wall based on flow characteristics and
overtops when the freeboard level is less than the minimum height required for overtop-
ping. To estimate the minimum depth for non-overtopping for 2D walls, the conservation
of mass and momentum equations (CMC) can be used [42,81,82,85]. Harish et al. [81],
Sakakiyama [42] and Ikeya et al. [82] showed that CMC predicts the water depth at the
upstream side of the wall more reasonably than the energy equation for a 2D wall. The
water depth at the upstream side of the 2D wall (hf,wall) in the non-overtopping conditions
can be estimated as

h f ,wall = h(1.3 Fr + 1) (4)

The above equation provides the same result as CMC [41,42,81,92]. A 2D simulation
was carried out with a high VW such that no-overtopping occurred to verify the applicabil-
ity of the above equation. Figure 16a shows the typical bore interaction process with a VW
in non-overtopping conditions, and Figure 16b shows the predicted and simulated hf,wall.
Due to the initial splash-up phase, the water depth at the structure front was higher. The
splashed-up surge falls back and creates a quasi-steady condition at the wall front [73,74].
Neglecting the initial splash-up and run-down phase, the observation shows that the pre-
dicted hf,wall using CMC reproduces the simulated hf,wall closely compared to the energy
equation. Hence, the CMC equation is used to obtain the minimum depth required for non-
overtopping. The mitigation wall depth (hs) was thus non-dimensionalized with maximum
hf,wall estimated from Equation (4) (hs/hf,wall) to better understand the force reduction, and
the same has been adopted further. It should be noted that Equation (4) applies only to
a VW. Since there are no formulas available in the literature for an LRC, hf, wall estimated
from Equation (4) for a VW is used for the LRC in the present investigation.

Figure 17 presents the variation of the force ratio (Fmax/Fn,max) with respect to hs/hf,wall
for different L/Frbhm on an LRC and a VW. As one would expect, increasing the height
of the mitigation wall reduces the forces on the inland structure. It also portrays the
apparent independence of impoundment depth in the tank (do) in the force reduction due
to appropriate non-dimensionalization. From Figures 15 and 17, for hs/hf,wall < 0.29, it can
be observed that the LRC performed slightly better in the force reduction when L/Frbhm < 2.
Specifically, for L/Frbhm = 1.05, the LRC induced 4.1% and 8% force reduction, whereas the
VW induced 0.0% and 2.22% force reduction for Wall 1 and Wall 2 in do = 0.9 m, respectively.
Xu et al. [44] observed that a low-rise VW could increase the horizontal force on the inland
structure up to 20% compared to the absence of a mitigation wall (negative effect). The
same was observed in Thomas and Cox [31]. For hs/hf,wall > 0.4, the LRC induced a slightly
higher force on the inland structure than the VW. This can be related to considerable flow
accumulation in front of the LRC than the VW until the overtopping starts, as shown in
Figure 10. The accumulated water, upon overtopping, induced a slightly higher force on
the inland structure. Hence, it can be safely said that for hs/hf,wall < 0.29, the LRC performs
better when L/Frbhm < 2. Independent of L/Frbhm, the VW performs comparatively better
when hs/hf,wall > 0.4, despite the difference in the force ratio (Fmax/Fn,max) between the VW
and the LRC being approximately less than 0.065 in any case from our results.
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force increment from the linear reduction (upper bound).

With a VW, Xu et al. [44] showed exponential decay in the force with increased hs.
Moreover, Xu et al. [44] observed significant scattering in the data points. However, the
present results indicate a linear variation in the force. The discrepancy in the observation
can be related to the representation of the inland structure with a vertical wall in their exper-
iments, where the maximum force was usually at the initial reflective stage (tD) [70,73,75].
Moreover, the variation could have also resulted from the non-dimensionalization of the
seawall height with the energy equation in their study. As observed in Figure 17b, Osh-
nack et al. [30] also observed a gradual decrease in force with an increase in hs.
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Neglecting the effect of L for low-rise walls (i.e., 0.15 < hs/hf,wall < 0.29; L/Frbhm < 2),
the force reduces linearly. Hence, Fmax can be estimated as

Fmax

Fn,max
=

(
1− hs

h f ,wall

)
(5)

The above equation can be used directly for 0.15 < hs/hf,wall < 0.29; L/Frbhm > 2 and
hs/hf,wall > 0.29 for all L/Frbhm for both an LRC and a VW. The upper bound ratio can be
chosen by adding 0.1 to Equation (5) for the conservative force estimate. For including the
effect of L (i.e., 0.15 < hs/hf,wall < 0.29 for L/Frbhm < 2), the data from Figure 17 can be used.
A better F max prediction demands a proper adoption of Cd for Fn,max. Since our numerical
simulations were carried out with only two impoundment depths, it would be dubious to
suggest Cd from our study. Hence, Cd can be chosen from the previous studies without the
mitigation wall—c.f., [33,46,47,69,72].

3.5. Moment on the Structure (M)

In addition to the horizontal force, the overturning moment also plays an essential
role in the failure of the structure during a tsunami event. Since discrepancies are involved
in the time of occurrence of maximum moment and force (Figures 8 and 18), a separate
discussion is required. The overturning moment at the founding level depends on the
variation in the water depth between the structure frontside and the rear side as well as the
corresponding pressure distribution. Like the force, the maximum moment is chosen after
the time instant, tD (Figure 12a). Figure 19 presents the effect of L and Figure 20 presents
the effect of hs/hf,wall on the moment (M) for LRC and VW. Similar to the force observation,
for a low-rise vertical wall until hs/hf, wall < 0.29 and L/Frbhm < 2, the effect of L influences
even in the moment reduction. The reason can be attributed to the increased flow velocity
during overtopping and flow accumulation at the structure front due to the closeness of
the structure to the low-rise mitigation wall (double reflection between the structure and
the backside of the mitigation wall) [44]. It is also interesting to observe that for low-rise
vertical wall (VW) (Wall 1) at L/Frbhm = 1.05, the moment on the structure was higher than
the case without a mitigation wall (4.59% higher, negative effect). A similar observation
was reported by Xu et al. [44], where the authors observed up to a 20% higher overturning
moment than in no-mitigation wall cases. However, with the increase in L, the moment
reduction with a low-rise wall is still appreciable. The numerical simulation results indicate
that the difference in the moment reduction between L = 1 m and 3 m can be up to 15.73%
for an LRC and 25.6% for a VW for Wall 1 tested with do = 0.9 m. Nevertheless, the LRC
performed better until hs/hf,wall < 0.29. Similar to the observation for force, for hs/hf,wall > 0.4
(Wall 4), the moment reduction with a VW is slightly better than with a LRC.
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Figure 20. Effect of the height of the mitigation wall in the overturning moment variation on the
inland structure.

Interestingly, the overturning moment on the inland structure decreases exponentially
with the increase in hs/hf,wall. The variation in the trend between force and moment can be
related to the reduction in overtopping depth and the increase in the Fr with the increases
in hs, which result in localized high pressure at the structure bottom level, as pointed out
by Arimitsu and Kawasaki [38]. This phenomenon brings down the lever arm (LA) and
hence the reduced moment. This can also be justified using the pressure profile at the
structure front surface. Figure 21 presents the pressure profile at the time of maximum
moment for all the test cases for do = 0.9 m and L = 2 m. It should be remembered that
the time of maximum moment is different for different cases; however, it is always chosen
after the time instant, tD. As one could observe, with the increase in the height of the wall,
the pressure profile changes from near-linear variation to parabolic shape, similar to the
theoretical pressure profile shape of Cumberbatch [77] and Kihara et al. [74]. For Wall 7,
one could observe a localized high pressure at the bottom level of the structure, which
results in a reduced moment on the structure, similar to observations by Arimitsu and
Kawasaki [38]. The change in the pressure profile shape also brings down the location of
the lever arm.
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Figure 21. Pressure distribution at the structure front at the time of maximum moment for the LRC
and the VW for do = 0.9 m and L = 2 m.

The regression analysis was carried out, omitting the data in the range of hs/hf,wall < 0.29
for L/Frbhm < 2, thereby omitting the effect of L, which also means that hs/hf,wall < 0.29 for
L/Frbhm > 2 are still included. An empirical moment reduction ratio (Mmax/Mn.max) obtained
from regression analysis for the LRC and the VW is given as,

(
Mmax

Mn,max

)
LRC

= 1.0853

(
hs

h f ,wall

)2

− 2.0479

(
hs

h f ,wall

)
+ 1.0734 ; R2 = 0.97 (6)

(
Mmax

Mn,max

)
VW

= 1.1445

(
hs

h f ,wall

)2

− 2.2421

(
hs

h f ,wall

)
+ 1.1586 ; R2 = 0.96 (7)

The equations are valid in the range of 0.15 < hs/hf,wall < 0.29 for L/Frbhm > 2 and
0.29 < hs/hf,wall < 0.73 for any L/Frbhm. In the case of 0.15 < hs/hf,wall < 0.29 for L/Frbhm < 2,
we recommend further investigation for accurate moment estimation. Nevertheless,
Figure 20 data can be used for immediate field application in this range. The Mn,max
in Equations (6) and (7) can be estimated using Equation (3). A better prediction of Mmax
from Equations (6) and (7) depends on a good choice of Cd and Ln,A.

4. Conclusions and Outlook

This study performed a comprehensive set of numerical simulations to understand
the forces on the inland structures behind a mitigation wall such as a large recurve wall
(LRC) or a vertical wall (VW) on a 1:15 scale. The study potentially tried to understand
the difference in the mitigation characteristics of the LRC and the VW by analyzing the
force and the moment induced on the structure behind it. The same has been addressed
by varying the distance between the mitigation wall and the inland structure (L) and the
height of the mitigation wall (hs), which were found to be critical in force reduction on the
inland structure. The post-impact maximum force was chosen in this study to distinguish
the potential performance of LRC and VW. The present study focused mainly on the force
in the transition and the quasi-steady phases. Hence, the results can be considered free of
scale effects within the ranges of tested flow conditions and geometrical parameters [94,95].
The extensive set of numerical simulations yielded the following conclusion.

1. The LRC performs slightly better in force reduction in the case of a low-rise miti-
gation wall located near the structure (hs/hf, wall ≤ 0.29; L/Frbhm ≤ 2). For L/Frbhm
> 2 and hs/hf,wall ≤ 0.29 and between 0.29 ≤ hs/hf, wall ≤ 0.4, the LRC and the VW
perform closely. In terms of moment reduction, a slightly better performance by the
LRC until hs/hf, wall ≤ 0.29, was observed. However, for high-rise mitigation walls
(i.e., hs/hf,wall > 0.4), irrespective of L, the VW performs slightly better in force and
moment reduction, although the difference in the force ratio (Fmax/Fn,max) and moment
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ratio (Mmax/Mn,max) between the VW and the LRC does not exceed more than 0.065
and 0.058, respectively, in any case. For practical purposes, it can be safely said that
the LRC and the VW perform relatively the same when hs/hf, wall > 0.3.

2. The LRC delays the period of surge interaction due to the flow recirculation at the
structure front, compared to the VW. Furthermore, the time of impact (tim) increases
gradually with the increase in hs for the LRC, whereas no significant difference in tim
is observed with the increase in hs for the VW.

3. Independent of the LRC and the VW, the force reduces linearly with the increase in
hs/hf,wall. The overturning moment reduces exponentially. An empirical moment ratio
(Mmax/Mn,max) is introduced in this study for practical application. One should also
include the effect of L by adding suitable safety factors or including the results from
this study when considering a low-rise mitigation wall.

4. The change in the behaviour between the force reduction and the moment reduction
can be related to the variation in the pressure profile and the decrease in the bore
depth at the structure front. A high-rise mitigation wall induces local high pressure
at the structure bottom, thereby reducing the lever arm and hence the moment. This
is closely related to the reduced overtopped surge depth and increased Fr of the
overtopping surge [38].

5. The time of maximum moment may not occur at the time of maximum force. Accurate
estimation of the moment (Mn,max) is essential for applying Equations (6) and (7). For
immediate application, Equations (6) and (7) are suggested with careful selection of
Cd and Ln,A.

6. Finally, hf,wall prediction using conservation of mass and momentum equations (Equa-
tion (4)) helped in a clear understanding of the force and moment variation for
both the LRC and the VW. Hence, we suggest that future research shall consider
non-dimensionalizing the mitigation wall depth using Equation (4) for a better under-
standing of the physical process.

The above conclusions are derived based on a parametric study with dam break gen-
erated flows in a non-inclined flume for resembling tsunami inundation. To the best of the
authors’ knowledge, there is still ongoing research on simulating a realistic tsunami bore in
the laboratory (c.f., [96]) since the tsunami approaching the shore can be a non-breaking
wave, a breaking bore, a hydraulic jump or an undular bore—c.f., [96–98]. Thus, there
is randomness involved even in replicating a tsunami event in the laboratory or in the
numerical simulations. The dam break approach used in the present study is commonly
used in experimental tsunami studies since Chanson [57] proved that the bore front of a
dam break profile resembles the inundation by a coastal tsunami sufficiently. Subsequently,
many studies which focused on understanding the tsunami force reduction due to mit-
igation walls adopted the dam break setup in dry bed conditions without considering
any bottom slopes- c.f., [44] [partial dam break] [29,32,33,37]. Thus, we followed a similar
approach, thereby simulating a broken tsunami surge using dam-break. In the end, the
force-depending parameters are the bore depth (h), the bore Froude number (Fr) and the
momentum flux [81]. Hence, we non-dimensionalized the seawall height with respect to
incoming bore depth ‘h’ and bore Froude number (Fr) in the form of hf,wall (i.e., hs/hf,wall),
which enables us to estimate the force reduction if h and Fr are known for any incoming
bore condition for a seawall height (hs). Exact modelling of tsunami bore might not be
necessary for such a case. Numerically or theoretically, if researchers could predict the h
and Fr (in the absence of a seawall and the structure) at the seawall location, our results can
determine the force and momentum reduction on the inland building if a flat profile exists
between the seawall and the buildings. Since Esteban et al. [40] did not observe variations
in the overtopped surge depth due to variations in the bed roughness, our results can be
used for any coastal region.

Overall, it can be safely argued that the seawall shape did not influence the forces on
the inland structure during extreme events, despite the delay in the surge interaction time.
Furthermore, it would be interesting to focus on trapezoidal dykes to understand force
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reduction in extreme conditions since the slope of the dykes helps in quicker overtopping
than a VW, although Esteban et al. [39] did not observe much variation in the overtopped
bore depth. In addition, although the impact was not the main concern for the present
paper, the force–time history indicated that the LRC induces a plunging impact on the inland
structure due to the surge recirculation and accumulation in front of the LRC. In contrast,
in the case of a VW, during flow interaction, the splashed-up bore falls back offshore and
landward by taking the shape of an Umbrella, thereby dissipating incident flow energy.
This deteriorates the significance of recurve on a wall, although it offers significant pro-
tection against wave overtopping. A similar effect was observed in low-rise VW walls in
the form of the “ramping effect” when the structure is located just behind the mitigation
wall, agreeing with Crespo et al. [29] and Thomas and Cox [31], in which case the LRC
performed comparatively better. In addition, significant aeration is expected during such a
flow interaction process. In both experiments and numerical simulations, this aeration can
introduce stochastic behavior to the impulsive force. Subsequently, additional uncertain-
ties are generated with regard to the impulsive force and pressure assessment [34,35,99].
Furthermore, in such bore impact conditions, one could expect the scaling effect where
the aeration effect cannot be neglected [36]. In such a case, the recent scaling strategy
suggested by Ravindar et al. [34] (Cuomo-Froude method) might be a solution. On top of
that, there are always some obstructions in the actual field between the structure and the
mitigation wall, such as trees, debris, breakaway walls or bed roughness, which would
also alter the flow physics in the initial impact stage. Hence, the necessity for impact
load (or the impulsive load) discussion has not been considered. However, it would be
interesting to understand the effect of the aforementioned hurdles in the surge impact load
by conducting experiments or numerical simulations for practical field application. Finally,
the simulations were carried out with the dam break surge for b/W = 0.3. Future research
shall focus on varied b/W and different bore generation techniques over a wider range
of Fr for verifying the momentum reduction ratio and the force reduction suggested in
this study.

The present study highlighted the force and moment reduction due to the LRC and the
VW. As a next step, we will focus on the flow characteristics of the overtopped surge and
the forces on the mitigation wall in the overtopped condition. The force on the mitigation
wall under different overtopping conditions will be a topic of interest for the LRC since
field observation showed the failure of the mitigation wall due to considerable uplift at the
overhang [100].
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Abbreviations

List of Symbols
b Structure width
b/W Structure width/flow channel width
Br Overhanging length of the recurve
C Surge front celerity
do Impoundment depth in the tank
E Summation of bore front velocity head and static head (i.e., Energy head)
F Forces on the inland structure in the presence of the mitigation wall
Fn Forces on the inland structure in the absence of the mitigation wall
Fmax Maximum force on the inland structure in the presence of the mitigation wall
Fn,max Maximum force on the inland structure in the absence of the mitigation wall
Fr Froude number of the flow
Frb Froude number evaluated using the bore front celerity
g Acceleration due to gravity
h Local time-varying inundation depth at any X
hb Bore height at which the force on the inland structure is maximum
hf Water depth at the inland structure front
hf,wall Bore height at the VW front in the non-overtopping condition
hm Maximum inundation depth at the mitigation wall location
hm1 Maximum inundation depth at the inland structure location
Hr Height of the recurve
hr Bore depth at the inland structure backside
hs Height of the mitigation wall
L Distance between the inland structure and the mitigation wall
LA Lever arm obtained by dividing Mmax and Fmax
Ln,A Lever arm obtained by dividing Mn,max and Fn,max
M The overturning moment on the inland structure in the presence of the mitigation wall
Mn The overturning moment on the inland structure in the absence of the mitigation wall

Mmax
The maximum overturning moment on the inland structure in the presence of the
mitigation wall

Mn,max
The maximum overturning moment on the inland structure in the absence of the
mitigation wall

P Pressure at the structure front
t Time referenced with the tank opening
tD Time instant at the initial turbulent reflection phase

tim
Time of interaction of surge with the inland structure in the presence of the
mitigation wall

tn,im
Time of interaction of surge with the inland structure in the absence of the
mitigation wall

u Local time-varying velocity
W Flow channel width
x Axis along the length with origin at the origin of the tank
X Local axis starting at the tank opening
y Axis in the vertical direction, along the height, with the origin at the bottom of the tank
Y The vertical height of the structure with origin at the bottom of the structure
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Definition of terms
z Axis in the horizontal direction along the width with the origin at the origin of the tank
α The ratio of the height of the recurve and the height of the mitigation wall
ρ The density of the liquid
2D wall Vertical wall in the non-overtopping condition
CMC Conservation of mass and momentum
FVM Finite Volume Method
LRC Large ReCurve wall
OF OpenFOAM
RANS Reynold’s Averaged Navier-Stokes Equations
Structure Inland building model
VOF Volume of Fluid
VW Vertical Wall

Appendix A. Sensitivity of the Mesh Density on the Forces on the Structure in the
Presence of the Recurve

Since the numerical flume adopted for the parametric simulation is different from
the validation domain, we attempted to ensure sufficient accuracy of the obtained results
independently of the mesh density. Therefore, a mesh-sensitivity analysis has been carried
out considering the complexity of the flow interaction with hs = 0.3136 (Wall 4) for an
impoundment depth (do) in the dam break tank equal to 0.9 m. The numerical results
for the force on the structure for different mesh densities are presented in Figure A1.
Hereafter, “Fine” mesh refers to the mesh sizes explained in Section 2.2. The cell length
along each direction is then further increased by 12.5% (medium setup), 25% (coarse
setup), and 50% (very coarse setup), compared to the “Fine” mesh. For “Very fine” mesh
setup, the cell length is reduced by 12.5% compared to the “Fine” mesh. Comparing
the five mesh resolutions shows that the numerical simulation yields nearly the same
results for “Medium” and “Fine” mesh resolutions during all force phases (see Section 3.2).
Furthermore, the measured forces after the initial reflection phase remain approximately
the same for all investigated mesh resolutions. However, the impulsive force did not follow
any specific trend. The reason can be attributed to the turbulent aeration mix during the
impact process. Nevertheless, our study mainly focuses on the maximum force after time
instant “tD” (i.e., after the initial reflection stage) for which the results portray independence
of mesh density. Subsequently, further mesh refinements of the computational domain are
unnecessary, and the chosen resolution (fine; see Section 2.2) proves to be suitable.
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Appendix B. Effect of Recurve Size for an LRC on the Forces on the Land Structure

We attempted to investigate the influence of recurve size in the vertical wall on the
forces on the structure. For this specific investigation, the numerical simulations were
carried out with hs = 0.3136 (Wall 4) with an impoundment depth in the dam break tank
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equal to 0.9 m. The land structure was kept at 1 m behind the LRC. Figure A2 shows
the force–time history for different α. The force profile shows that the structure initially
experiences a very short duration impact force followed by the transition to quasi-static
force. Ignoring the initial short duration impulsive force, the force profile looks similar for
different recurve sizes in the transition and quasi-steady region. As observed, the impulsive
force did not follow any specific trend in variation with α. The possible reason could be
described in terms of turbulent aeration mix during the overtopping surge interaction
with the inland structure [36], overtopping volume and the corresponding overtopped
momentum flux [43,44]. In addition, as explained in our study, the LRC induces flow
circulation at the structure front, inducing a significant disturbance in the overtopping
surge. Furthermore, the impact load is also sensitive to the location of the land structure and
the height of the recurve wall. Wüthrich et al. [86] also pointed out that the bed condition
and roughness might play a significant role in impact force. Ignoring the impact phase,
we observed that α played a minor role in the transition and quasi-static force conditions
for these extreme overtopping conditions. Nevertheless, our discussions focused mainly
on the transitions and the quasi-static force conditions; the influence of the impact phase
requires separate investigation. Furthermore, designing a recurve wall with specific α is not
clearly well-established; hence we carried out our simulation following the wave impact
study from Stagnos et al. [14] and Ravindar and Sriram [13].
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