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Abstract: Compound mitigation systems, integrations of natural and engineering struc-
tures against the high inundating current from tsunamis or storm surges, have garnered
significant interest among researchers, especially following the Tohoku earthquake and
tsunami in 2011. Understanding the complex flow phenomena is essential for the resilience
of the mitigation structures and effective energy reduction. This study conducted a flume
experiment to clarify flow characteristics and fluid force dissipation in a compound defense
system. Vegetation models (V) with different porosities (Φ) were placed at three different
positions downstream of an embankment model (E). A single-layer emergent vegetation
model was considered, and a short-layer vegetation with several values of Φ was incorpo-
rated to increase its density (decreased Φ). Depending on Φ and the spacing (S) between
the E and V, hydraulic jumps occurred in the physical system. The findings demonstrated
that a rise in S allowed a hydraulic jump to develop inside the system and contributed to
reducing the fluid force in front and downstream of V. Due to the reduced porosity of the
double-layer vegetation, the hydraulic jump moved upstream and terminated within the
system, resulting in a uniform water surface upstream of V and downstream of the system.
As a result, the fluid force in front of and behind V reduced remarkably.

Keywords: tsunami overtopping; compound mitigation system; vegetation porosity;
hydraulic jump; fluid force

1. Introduction
The catastrophic 2011 Tohoku Earthquake and tsunami caused an enormous loss of

lives and loss to the economy in the northeast coastal community of Japan. The Ministry of
Land, Infrastructure, Transport, and Tourism of Japan classified this catastrophic occurrence
as a Level 2 tsunami because it would recur in several hundred to a thousand years [1]. The
inundation depth reached approximately 10 to 40 m, overwhelming the coastal defense
structures, which led to the destruction of parts of these structures and widespread flood-
ing of inland areas [2]. Tsunami walls, coastal dykes, and tsunami gates collapsed, and
coastal forests were destroyed [3,4]. The consequences were severe, including a significant
number of deaths, huge property and building destruction, and a substantial impact on the
economy. The destructions were severe where the structural defense was partially or totally
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collapsed [3,5]. The post-tsunami survey revealed that some of the coastal dykes, especially
those with forests behind them, were able to survive the impact of the tsunami waves [6].

Tsunami mitigation strategies since the 2011 disaster have indeed evolved from relying
on single approaches to adopting multiple and hybrid defense systems. This shift is driven
by the recognition that no single structural method can completely protect against the
diverse and complex nature of a tsunami wave. Hybridizations combining ecosystem-
based approaches such as coastal or mangrove forests, coral reefs, dunes, and structural
defenses like tsunami-break waters, seawalls, and large embankments perform better than
single measures [4,7,8]. The use of land is also a high priority in the coastal mitigation
strategies. Multiple-layer defense systems comprising structural approaches such as coastal
dikes, seawalls, and embankments with a buffer zone of a coastal forest were proposed for
a future tsunami mitigation strategy in Japan, and a pilot project is continuing [9].

However, extensive research is required to elucidate the mechanisms of multiple
mitigation systems against the impact of tsunami currents and is necessary prior to im-
plementation. The recent studies on compound defense strategies in coastal areas have
highlighted the effectiveness of integrating natural and engineered structures against envi-
ronmental hazards such as tsunamis or storm surges. These strategies combined different
elements to create a better mitigation method, which includes a coastal forest and moat [10],
an embankment with trees followed by another embankment [11], a dune and canal [12], an
embankment moat and forest [13], a double-layer forest behind a coastal embankment [14],
or a canal behind an embankment [15].

Recent studies have shown that combining an embankment with a backward-facing,
vertically double-layered forest can generate a water cushion by forming a hydraulic jump
between the structures, which helps to reduce the downstream overflow energy [14,16].
The flows can easily pass through the vegetation and sometimes form a hydraulic jump
inside or close to the vegetation due to the higher porosity of the vegetation. In contrast,
vegetation with higher resistance (due to lower porosity) can induce a submerged hydraulic
jump on the downward-facing slope of the embankment, which may prevent embankment
erosion [14]. Additionally, when the overflow depths are increased, the hydraulic jump
might not develop within the available space of the hybrid defense system and can extend
into the vegetation, resulting in strong undulations and passing through the vegetation.
Strong roller vortices in the counterclockwise direction have been observed during the
jump as flow moves from left to right; these vortices produce scour holes [17].

A recent flume study conducted on a movable bed explored the scouring phenomenon
in a compound defense system comprising a double-layer of vegetation and an embank-
ment. The study revealed that the double-layer vegetation could reduce scouring up to
a maximum of about 34%. However, the scour length covered around 64% of the space
between the embankment and vegetation, and, in some cases, the scour hole reached the
vegetation model. It was recommended that the gap between the embankment and coastal
forest should be adjusted to reduce scouring at the embankment toe and achieve optimal
performance from such a compound defense system [16].

Therefore, in order to achieve optimal mitigation effects against destructive tsunami
forces and ensure the sustainability of the mitigation structures, it is necessary to understand
how the position and length of the hydraulic jump are affected by changes in the distance
between the vegetation and embankment. Additionally, fluid force should be reduced to
minimize damage from the breakage and washing out of trees and houses in the inland [18].

In recent years, most studies on compound or hybrid mitigation systems have concen-
trated primarily on the flow characteristics and scouring phenomena between the structures
and have estimated the total energy reduction by the defense system [14,16,19]. Some recent
studies have examined the energy heads behind the single-layer emergent vegetation in
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compound structures [13,20]. However, they did not address the fluid force downstream
that results from these kinds of compound defense systems when double-layer vegetation
is implemented.

Therefore, this study aimed to find an optimal compound mitigation method compris-
ing a seaside embankment and a landward double-layer forest. Considering the highest
overflow from the embankment, single-layer and double-layer vegetation of different
porosities were used, varying the length of the open space (S) between the embankment
and the vegetation. To explore the effectiveness, a flume experiment was conducted in
which the installation position of the vegetation was varied to understand the complex flow
phenomena within the mitigation system and its effect on the fluid force on the vegetation
and downstream the mitigation system.

The objectives of this study were as follows:

• Assess the impact of vegetation porosity on the flow characteristics and scouring
phenomena within the mitigation system;

• Determine the optimal length of the open space between the embankment and vegeta-
tion to minimize scouring and enhance the stability of the embankment;

• Evaluate the formation and position of hydraulic jumps relative to different configura-
tions of the mitigation system;

• Investigate the downstream fluid force and its potential to cause damage to inland
structures, aiming to reduce such forces effectively.

For these objectives, the flume experiment involved varying the position and porosity
of the vegetation while monitoring the flow patterns and the behavior of hydraulic jumps.
The findings from this investigation are expected to provide insights into the optimal
configuration of a compound defense system that maximizes the mitigation of destructive
tsunami forces and ensures the sustainability of the mitigation structures.

2. Materials and Methods
2.1. Features of Experimental Flume and Flow Conditions

An experimental flume at the Hydraulic and Environmental Engineering Lab of
Saitama University was used for the experiments. The flume dimensions were 15 m long,
0.7 m high, and 0.5 m wide. A pump was installed at the start of the flume to ensure
continuous water circulation, regulated by a measurement software called “Hydra 2.0”,
which maintains a constant discharge rate (m3/s). A gently descending slope with a
gradient of 1/200 was designed to achieve supercritical flow conditions. Achieving a
Froude number (Fr) greater than 1, (Fr = v/(gh)0.5, where h stands for the water depth
(m), v denotes the depth-averaged velocity (m/s), and g is the acceleration (m/s2) due to
gravity, is essential to simulate the high-velocity, turbulent conditions that characterize
tsunami currents [21,22]. For this experiment, a comprehensive range of five Fr numbers
(1.38, 1.44, 1.49, 1.52 and 1.56) was selected. These values ensure that the embankment and
vegetation models placed on the flume bed will face higher forces, providing insights into
their robustness under extreme conditions.

A visualization of the experimental setup is depicted in Figure 1a. To evaluate the
flow phenomena with respect to the Fr numbers, five critical overtopping flow depths (hc)
were selected: 0.030 m, 0.038 m, 0.055 m, 0.069 m, and 0.04 m.
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width of the vegetation, DSL and DEL are the center-to-center distance between the cylinders in the 
submerged layer (SL) and emergent layer (EL), respectively, and GSL and GEL are the gap between 
the trees in the SL and EL, respectively, the two sided arrows represent the distance or heights. 
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and a vegetation model (V) containing both single and double-layer vegetation configu-
rations, SV and DV, respectively. A 1:100 scale physical model was selected to replicate 
the real conditions on a reduced scale. The E model was built with wooden planks with a 
height of 14.5 cm and an inclination of 1:2, which was constructed using an actual sce-
nario [9]. Circular wooden cylinders were chosen for their simplicity and ease of con-
struction, with specific diameters (0.04 m) to mimic the emergent and submerged layers 
of coastal vegetation. The trees of the emerged (EL) and submerged (SL) layers of V were 
simulated by wooden cylinders with a diameter (d) of 0.004 m and heights of 0.18 m and 
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tion porosity. 

  

Figure 1. Experimental setup: (a) flume with experimental models, (b) vegetation arrangement; red
and yellow color dots represent the tall and short vegetation respectively, (c) double-layer vegetation
model, and (d) single-layer emergent vegetation where EH and EW are the embankment height and
width, respectively, S is the open space between the embankment and vegetation, VW is the width of
the vegetation, DSL and DEL are the center-to-center distance between the cylinders in the submerged
layer (SL) and emergent layer (EL), respectively, and GSL and GEL are the gap between the trees in
the SL and EL, respectively, the two sided arrows represent the distance or heights.

2.2. Compound Mitigation Models

In this experimental setup, a compound mitigation system was designed to simulate
the mechanisms of coastal protection. The system comprised a seaward embankment (E)
and a vegetation model (V) containing both single and double-layer vegetation configura-
tions, SV and DV, respectively. A 1:100 scale physical model was selected to replicate the
real conditions on a reduced scale. The E model was built with wooden planks with a height
of 14.5 cm and an inclination of 1:2, which was constructed using an actual scenario [9].
Circular wooden cylinders were chosen for their simplicity and ease of construction, with
specific diameters (0.04 m) to mimic the emergent and submerged layers of coastal veg-
etation. The trees of the emerged (EL) and submerged (SL) layers of V were simulated
by wooden cylinders with a diameter (d) of 0.004 m and heights of 0.18 m and 0.05 m,
respectively [23] (Figure 1b–d). In this study, the following formula was derived to evaluate
the integrated porosity ΦI of the vegetation models.

ΦI = 1 − πd2(nt1h1 + nt2h2)

4
√

3D2h
(1)

where h1 and h2 denote the relative heights of SL and EL, and nt1 and nt2 are the number of
trees in each layer, respectively, h = h1 + h2, and D is the center-to-center distance between
the emergent cylinders in the transverse direction of flow (Figure 1b). Table 1 shows the
experimental cases where the number in the subscript of V means the vegetation porosity.
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Table 1. Experimental cases.

Experimental Cases h′c DEL (cm) DSL (cm) GEL (cm) GSL (cm) ΦI (%)

EN 0.21, 0.26, 0.38,
0.47, 0.51 -- -- -- -- --

ESV98
0.21, 0.26, 0.38,

0.47, 0.51 2.5 -- 0.85 -- 98

EDV88
0.21, 0.26, 0.38,

0.47, 0.51 2.5 1.25 0.85 0.225 88

EDV83
0.21, 0.26, 0.38,

0.47, 0.51 2.5 1.25 0.85 0.225 83

EDV70
0.21, 0.26, 0.38,

0.47, 0.51 2.5 0.833 0.85 0.0167 70

Note: EN: embankment only (no vegetation); ESV: embankment and single-layer emergent vegetation; and EDV:
embankment and double-layer (submerged with emergent) vegetation, where the subscripts of V stand for the
respective vegetation’s’ porosity ΦI (%). h′c = hc/EH; hc is the critical water depth defined in Figure 2; and HE,
DEL, DSL, GEL, and GSL are defined in Figure 1, the -- means the parameter is not used.
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Figure 2. Sketch of flow structure in the experimental scenario: (a), Type-A, (b) Type-A1, (c) Type-A2,
(d) Type-B, (e) Type-B1, and (f) Type-C, where the jump types represented in (a–c) occur for Case
ESV and (d–f) occur for Case EDV, the dots and spiral symbols represents the eddies generated in
the jump.
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2.3. Collecting and Analyzing Data
2.3.1. Water Surface Profile and Velocity Measurement

Once the E and individual V models were installed in the experimental setup, the
chosen flows were consistently maintained. The water level was recorded at the middle of
the flume in order to accurately record the effect of vegetation on the flow. Depending on the
variations in the water surface levels, these measurements were made at regular intervals
between 1 and 5 cm. This interval range ensured a detailed and precise understanding of
the variations in water depth induced by the presence of vegetation.

The flow velocity in the mitigation system was measured using a particle image
velocimetry (PIV) instrument (Green Laser Sheet 200 m/G, Kato Koken Co., Ltd., Kanagawa,
Japan). The measurements were taken at two specific locations: 5 cm upstream of the
vegetation and 7 cm downstream of the vegetation. This arrangement allowed a detailed
analysis of the flow dynamics and the effects of the vegetation on the flow velocity in the
channel.

2.3.2. Fluid Force Estimation

The flow in the composite defense system becomes very complex, and, sometimes,
the oscillations approach or pass through the vegetation because hydraulic jumps are
formed [14,24]. Since the hydraulic jumps are expected to occur within the open space S,
V can be affected by the strong flow force generated due to overtopping E. The dynamic
fluid force is a crucial parameter in fluid dynamics and is essential for understanding
and designing various engineering systems. In particular, the vegetation behind a dam
must consider the dynamic forces exerted by flowing water to ensure the sustainability of
such counter measures. Therefore, in this study, the dynamic fluid force (FD = ρv2/2, ρ is
the density of water (kg/m3), and v is the velocity measured in front of the vegetation in
Section 3 (Figure 1a)) was estimated to explore the effects of the complex flow on V.

In addition, the fluid force is a crucial factor in the breaking or washing away of
structures or trees downstream of the mitigation system. To determine the breakage and
washout conditions of trees and houses, the fluid force (F) acting on these structures can be
calculated using the following equation [18]:

F =
1
2

CdρdBHFI (2)

where Cd and dBH represent the coefficient of drag and characteristic diameter of a tree
at breast height, respectively, ρ is the density of the water, and FI = v2h, v is the depth-
averaged flow velocity, and h is the water depth. The fluid force index (FI) was utilized
as a key factor to determine the conditions for breakage and the washout of trees or
structures. This parameter was estimated in Section 4 (Figure 1a) to evaluate the impact of
V downstream the mitigation system.

In this study, the flow forces were estimated in front of and behind the forest for all
experimental cases. These estimates help to understand the susceptibility of the vegetation
to breakage and washout conditions downstream under different flow conditions and
vegetation scenarios.

2.4. Non-Dimensional Parameters

The following important dimensionless parameters were considered to analyze the
flow characteristics in the mitigation system:

f1
(

Fr, h′c, ∅I , D′
j, L′

j, h′t, S′
i, F′

D, ∆FI
)
= 0 (3)
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where h′c = hc/HE (hc is the critical depth, HE is the embankment height), D′
j = Dj/Si (Dj

is the hydraulic jump distance from the vegetation front, and Si (I = 1, 2, 3) is the spacing
between E and V; S1 = 0.5 m, S2 = 1 m, and S3 = 2.5 m), h′t = ht/h (ht is the tail-water depth
of the hydraulic jump (in Section 3), and h is the height of V), S′

I = Si/Wv (Wv = 0.2427 m is
the vegetation width), F′

D = FDV/FDN (FDV is the dynamic fluid force after the placement
of V, and FDN is the dynamic fluid force without V (only E) at Section 3 (Figure 1a)), and
∆FI = (FIEN − FIEV)/FIEN (FEN is the fluid force index in Case EN, and FEV is the fluid
force index in E and V cases (Figure 1)).

3. Results
3.1. Transformation of the Flow in the Mitigation System

Several types of flow structures have been differentiated in the defense system, espe-
cially in the vegetation and the embankment models. A gradually varied flow structure was
observed for the embankment-only case. In contrast, the flow turned into a hydraulic jump
when confronted with vegetation downstream. The position of the jump varied depending
on ΦI and S′ values. The types of hydraulic jumps varied according to their position of
origin in a horizontal or near-horizontal bed facing a steep upstream slope. A Type-A jump
is defined when its initial position is on the horizontal bed, and Type-B is defined when the
jump occurs on the steep upstream slope and continues on the downstream slope. Type-C
is defined when the jump location is at the contact or transition point, and, if it occurs
entirely on the upstream slope, it is defined as Type-D [25–28].

Three different kinds of hydraulic jumps were identified in this investigation: Type-A,
Type-B, and Type-C, based on their location on the flume bed and embankment slope
(Figure 2). In addition, three distinct jump variations were observed in this experiment,
which were initiated but remained undeveloped or incomplete within the mitigation system.
As the jump type greatly affects the dynamic component of the fluid force on V and behind
the compound structure, these jumps are classified as Type-A1, A2 and B1 (Figure 2). Type-
A1 is defined when the jump position is inside the vegetation, Type-A2 means the jump
starts on the flume bed (in front of V) but does not finish within the S, and Type-B1 indicates
that the jump starts on the embankment slope but the jump does not finish within S.

Figure 3 shows the location of the hydraulic jump and its classification using h′c and ΦI,
where the legends ESVxx-Si and EDVxx-Si in Figure 3a mean the experimental cases with
vegetation porosity and spacing for xx and Si, respectively. On the other hand, a gradually
varied flow was observed downstream of the system, and there were no significant changes
in the flow with respect to Si and ΦI. Figure 4 represents some real hydraulic jumps in the
experimental cases. These are discussed in the next sections.
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3.2. Changes in Hydraulic Jump Properties
3.2.1. Relative Position of Jump and Jump Type

The hydraulic jump positions in relation to the flow circumstances for all of the
experimental cases are presented in Figure 3. Jump types are classified with respect to the
value of the relative distance of the jump position D′

j (=Dj/Si,) from the vegetation model
to upstream. Type-A, Type-B, and Type-C are classified according to the values D′

j < 0.9,
D′

j > 1, and 0.9 < D′
j < 1, respectively, whereas D′

j < 0 indicates that the jump starts inside
the vegetation, not within the space between the vegetation and the embankment model.
The value of D′

j changes with changing the h′c, S′
I, and ΦI, respectively. Figure 3b–d show

the flow type changes with respect to ΦI and S′
i. Figure 4 shows some real photographs of

the flow types in the experimental scenario.
For the experimental Case ESV98 with the minimum spacing S′

1, a hydraulic jump
was initiated inside the vegetation, and the jump position moved upstream but did not
develop in the range of h′c from 0.21 to 0.47 (Figures 3a and 4a). Only Type-C was observed
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for the highest value 0.51 of h′c (Figures 3a and 4a). However, the position of jump moved
upward the vegetation for S′

2 and S′
3. Only the Type-A jump was observed for this case.

The jump was fully developed when the spacing was maximum (S′
3) in this experiment

(Figure 3d).
The hydraulic jump changed from Type-C to Type-B for Case EDV88 in the experimen-

tal flow range for S′
1 and S′

2 (Figure 3b,c and Figure 4b). The Type-B1 jump was observed
only for the highest value of h′c with the minimum spacing (Figure 3c). But there was no
Type-B jump while the spacing was maximum (S′

3). In addition, the Type-A jump was
formed for 0.21 ≤ h′c ≤ 0.47, and only Type-C was observed for h′c = 5.1 (Figure 3d).

Only a Type-B jump was formed for Case EDV83 against all of the flow conditions
for both of S′

1 and S′
2 (Figure 3b,c). Type-B1 was created for h′c = 0.47 to 0.51 with the

minimum spacing (S′
1) (Figure 4b). When the spacing was increased to S′

3, the jump type
transformed to Type-C for 0.21 ≤ h′c ≤ 0.38, while Type-B remained unchanged h′c > 0.38
(Figures 3d and 4c).

On the other hand, a Type-B jump was always formed for Case EDV70 for all h′c and
S′i (Figures 3b–d and 4d). Type-B1 was observed for the highest flow range 0.47–0.51 when
the spacing was minimum (S′

1) (Figure 3d).

3.2.2. Relative Hydraulic Jump Length and Tail-Water Depth

Figure 5a shows the ratio of the hydraulic jump length (Lj) to the open space (S) and the
tail-water depth (ht) to the vegetation height (Hv) in this investigation. The parameters were
considered when a jump was fully developed in between the E and V models. A hydraulic
jump was not formed and/or developed within the open space S in some experimental
cases, especially in Case ESV98. On the contrary, the jump length fully covered the open
space and was not developed fully in Case EDV83 and EDV70 for h′c = 0.47, 0.51 and in
Case EDV88 for h′c = 0.51 with the minimum spacing S′1. The parameters are not displayed
in the figure in such cases.
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Figure 5a shows that L′ j increases with increasing h′c and decreasing ΦI. The maximum
L′

j was observed in Case EDV70 and the minimum in Case ESV98 for each value of S′
i. The

graph shows that the parameter value decreases with the increasing value of S′i in a specific
case. The changing trends of the parameter are also clear in Figure 5a. It was increased
logarithmically, exponentially, and linearly for S′1, S′2, and S′3, respectively, while the jump
length covered around 15–40% of the open space. The trend was exponential when the
jump length covered around 35–80%, and it became logarithmic when the length of that S
covered started from 60%.

The tail-water depth in front of the vegetation model was measured when the hy-
draulic jump was fully developed within the open space between the vegetation and
embankment. The relative tail-water depth h′t observed in this experiment is displayed
in Figure 5b. The graph shows that h′t increased almost linearly with increasing h′c and
S′

i in Case EDV83 and EDV70. The maximum value of h′t was observed in Case EDV70

for S′
3. Increasing the value of S′

i increased h′t 2–8% with respect to a flow condition in a
specific case. It was also observed that the relative tail-water depth varies according to the
type of the jump. For a fixed value of h′c, the value of h′t was increasing with increasing S′i
when the jump remained Type-B. On the other hand, h′t was decreasing with increasing S′i
in Case EDV88 when the jump was either Type-C or Type-A or transformed from Type-B
to Type-C or from Type-C to Type-A. The minimum value of h′t was in Case ESV98 in
this experiment.

3.2.3. Velocity Upstream and Downstream of Hydraulic Jump

It is observed from Figure 6a–c that the velocity before the hydraulic jump is the
minimum in Case ESV98 compared to the other cases, which varied between 0.85 and
1.25 m/s. On the other hand, the values change from 0.33 to 0.42 m/s, which was found to be
the maximum in the downstream of a hydraulic jump in comparison to other experimental
cases. The velocity in the double-layer vegetation cases varied from 1.42 to 1.93 m/s in the
upstream, while it was between 0.18 and 0.47 m/s in the downstream of the hydraulic jump.
The v grew both upstream and downstream of the hydraulic jump as the h′c increased.
Figure 6 shows that the v in the upstream grew as the jump changed its type from A to C
and later to B. In contrast, as its type changed in the same sequence, it declined downstream
of the jump. Type-B had the lowest velocity downstream of the jump. It is observed that v
decreased as the open distance between the E and V increased.
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3.3. Dynamic Fluid Force in Front of Vegetation

The dynamic fluid force (FD) was estimated in Section 3 (Figure 1a) to understand
the impact of V on fluid force. The tail-water depth in this section is sufficient when the
hydraulic jump was far ahead of V, and this parameter was estimated only for these cases.
The parameter values were not considered when the jump position was within or very close
to V. The non-dimensional dynamic fluid force F′

D for individual V models is represented
in Figure 7.
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It can be observed that the F′D value in Case ESV98 decreased with increasing h′c. The
trend was exponential for S′

3. The parameter value was higher for S′
1 and S′

2 than S′
3.

The highest value was about 0.25 for S′
3. It was about 0.15 for S′

1 with the highest value of
h′c = 0.51. F′D decreased slightly with increasing h′c for S′1, S′2, and S′3 in Case EDV83. F′D
also slightly increased with the increasing value of S′ for h′c < 0.48 and decreased slightly
for h′c ≥ 0.48. The maximum value was 0.12 for S′

3 with a minimum of h′c (=0.21), and
the minimum value was reached at 0.072 for S′

2 with the highest value of h′c (=0.51). In
Case EDV83, F′

D was almost constant for all values of h′c with S′
2, at about 0.067. For S′

1

and S′
3, however, both increasing and decreasing trends were observed. For S′

3, it was
about 0.1 and 0.61with h′c = 0.21 and h′c = 0.51, respectively. In this experimental case, the
higher value of F′

D was observed for the higher range of h′c (>0.38) with S′
1. It is evident

that, in Case EDV70, the F′D value was considerably lower. For all cases of S′, the value was
less than 0.06 and remained almost steady until h′c = 0.38. As h′c grew, F′

D showed a little
increase for S′1 and a reduction for S′2 and S′3. The highest F′D was approximately 0.66 for
S′

1 with h′c = 0.51.

3.4. Fluid Force Index Downstream of Vegetation

The depth-averaged velocity (u) was used to calculate the fluid force index (FI) behind
the vegetation (Section 4 in Figure 1a). Figure 8 shows the reduction in the FI compared
to the case where only the embankment was implemented for each cases with respect to
S′

i. The graph shows that the relative reduction rate ∆FI (%) increased with increasing h′c
for each vegetation model. For a given value of h′c, the parameter value decreased slightly
with increasing S′

i in Cases ESV98 and EDV88. On the other hand, Case EDV83 showed
both an increasing and decreasing trend for a fixed value of h′c, whereas the percentage of
reduction in ∆FI increased with increasing h′c and S′ in Case EDV70. The greatest reduction
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was almost 35% at h′c = 0.51 for S′
1, and the minimum was 5% against h′c = 0.21 for S′

3 in
Case ESV98.
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Figure 8b shows the reduction in ∆FI (%) in Case EDV88. The data show that the
parameter value changed slightly with the change in the S′

i value. The reduction was
almost the same for S′

1 and S′
2 with respect to the h′c values. On the other hand, the

reduction was decreased when it was increased to S′
3. The reduced value of ∆FI varied

between 7% and 33% depending on h′c and S′
i. It is observed that the relative reduction

rate of ∆FI is almost constant in the range of 0.38–0.51 of the h′c value regardless of the S′
i

value in Case EDV83. However, for the smaller values 0.21 and 0.26 of h′c, the reduction
rate decreased by 1–4% with increasing S′

i values (Figure 8c).
On the other hand, the reduction rate of ∆FI in Case EDV70 was slightly increased

with the increase in h′c and S′
i values (Figure 8d). The minimum reduction rate was about

11% for h′c = 0.21 and S′
1, and the maximum value was about 29% for h′c = 0.51 and S′

3.
The results show that the percentage reduction in ∆FI varied with the hydraulic jump

type. The quantity was decreased when the jump type transformed from Type-B > Type-C
>Type-A, and the amount was reduced. It was slightly increased or remained almost
similar with respect to the h′c and S′

i values when the jump type remained unchanged.
The observed range of variation in the reduction percentage was highest in Case ESV98 and
lowest in Case EDV70.

4. Discussion
4.1. Flow Characteristics

The 2011 tsunami revealed the limits of existing tsunami mitigation structures due
to their massive destruction. To reduce the devastation caused by future tsunamis, a
plan to build multilayer tsunami protection utilizing a combination of seawalls, forests,
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elevated roadways, and existing highways has been proposed for Sendai City, Japan, the
most severely damaged area from the 2011 tsunami effect [29]. Since several structures are
intended to be integrated for future mitigation, it is crucial to take into account both the
defense system’s complex flow structures and sustainability as well as their capacity to
reduce the impact of tsunamis. This work clarified the flow characteristics of a compound
mitigation system consisting of an E and a V. The flow structure in such a system and its
effect on the V and downstream conditions were clarified by testing the vegetation at three
locations behind the embankment against different overtopping flow depths.

Flow structures are very complex in multiple defense systems. When an obstruction
was placed downward of a steeply descending slope, the water level in the structures rose,
resulting in a hydraulic jump [25,30]. When the flow overtopped the embankment in this
experiment, it faced a steep downslope and vegetation on a nearly horizontal slope. There
were several kinds of hydraulic jumps made in the open area between the E and the V.
Similar to earlier research, this study classified jumps based on where they occurred within
a complex system with a variable slope [14,25,30]. In a vegetated flume with supercritical
flow conditions, hydraulic jumps occurred, and the jump location shifted upstream of
the vegetation as its density and thickness increased [31]. In a multifaceted channel with
a sharp upward gradient, the jump toe shifted onto the steep slope due to the rise in
tail-water depth, and the type of the jump switched from A to B [32]. In this experiment,
when the emergent vegetation of a fixed density and width was installed behind the E,
the flow structures did not change noticeably. But when a submerged layer with varying
porosities was incorporated in the emergent vegetation, there were remarkable changes.
As the submerged layer’s porosity decreased, the hydraulic jump position moved upward.
The changes in flow characteristics in this experiment are discussed below.

The results showed no appreciable changes in the flow structure in the open space S′
1

in Case ESV98, and the high energy overtopping flow easily passed through the vegetation
when h′c < 0.38. It was then placed in front of the vegetation, facing the range of overflow
depths 0.38 ≤ h′c ≤ 0.47, to form Type-A2 and the highest overflow depth h′c = 0.51 to
form Type-B2 jumps (Figure 3b). Because the vegetation was stiff, the water depth inside
the V rose with rising h′c, the interaction with the flow stream increased, and the jump
position shifted upstream (Type-A1 jump). But with a fixed h′c, the extent of open space
rose to S′

2, and the flow changed from a Type-B1 to a Type-C jump. When this value was
increased further to S′

3, the jump type stabilized, and Type-A was formed and completely
developed despite all flow circumstances (Figure 3d). When the jump type was A2 or B2, as
in Case ESV98, there was significant undulation up to the vegetation, making it impossible
to quantify the flow characteristics in these situations. The hydraulic jump covered around
20% of the S when the jump type was A and about 30% of the S when the jump type was C
(Figure 5a). Additionally, the Type-A jump has a greater relative tail-water depth in front
of the vegetation than the Type-C jump. As a result, when the V was positioned with the
maximum gap of S′

3, the flow stabilized following the jump (Figure 4a).
In contrast to Case ESV98, the porosity of V in Case EDV88 dropped due to a submerged

layer that created a greater flow resistance. As a result, the water surface rose, and a
hydraulic jump was formed within the open space S. For S′

1 and h′c > 0.38, the hydraulic
jump only started but did not complete within the available space. As for S′

2 and S′
3, the

jump evolved against all values of h′c and changed into Type-A and Type-C. About 98%
and 60% of the maximal hydraulic jump length (L′ j) were covered in S1 and S2, respectively
(Figure 5a). On the other hand, the maximum value was found to be 29% in S3. In this
experimental situation, increasing the S′ value had little effect on the h′t value; instead, it
grew by roughly 1–10%. The L′

j value was discovered to be a determining factor, and the
findings indicated that lowering the L′

j raised h′t.
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In Case EDV83, decreasing the porosity of V resulted in a greater rise in water level
within the space S, shifting the jump location further upstream in comparison to Cases
ESV98 and EDV88. In the lower range of h′c (=0.21 to 0.38), only Type-C was identified
for S′

3, and the jump was Type-B for S′
1, S′

2, and S′
3 (Figure 3). In the greater range of

h′c, the maximum jump length was the length of S, approximately 98%, 78%, and 34% for
S1, S2, and S3, respectively, and the minimum was 67%, 39%, and 15% for S1, S2, and S3

correspondingly against the minimum of h′c (Figure 5a). The h′t ranged from 1% to 5%
against all of values of h′c, regardless of the S′ value. It was discovered to be independent
of h′c but not L′

j.
In contrast, Case EDV70 shows that the jump type is independent of h′c and S′. How-

ever, as S′ grew, L′
j shrank by about 60%, and the h′t value climbed by around 2% to 6%. It

is thus observed that, by making V less porous, the water depth in the open area between E
and V rose, moving the jump position upstream and establishing a submerged hydraulic
jump. The relative length of the hydraulic jump diminished as the distance between E and
V expanded for a specified porosity of V. Moving the position of V further downstream
yields additional water depth in front of the vegetation and calms and steadies the water
surface, even though the percentage gain is not very large.

It was found that the velocities upstream and downstream of a hydraulic jump also
depend on the position of the hydraulic jump. In the experimental cases, the jump position
varied from inside the vegetation to the slope of the embankment, which influenced the
velocity. In a Type-A jump, the jump position was on the flume bed, and, thus, the velocity
was observed to be lower compared to the other types. It was increased in the Type-C
and B jumps because the jump position moved further upstream. In contrast, while the
Type-B jump formed and the jump become stabilized, the tail-water depth increased, and
the v was observed to be reduced in front of the vegetation, which occurred in the double-
layer vegetation with minimum porosity and maximum open space. In the single-layer
vegetation, the tail-water depth declined, and, thus, the velocity in front of the vegetation
increased compared to the double-layer cases of V. It is evident that increasing s’ values
reduced v in front of V.

The devastation in 2011 was extreme, with the tsunami walls and embankments
completely or partially destroyed. Due to the coastal forest behind it, some of the coastal
dykes survived. According to recent studies [5,33], the water was deeper in front of the
forest, and a submerged hydraulic jump was formed around the levees, which prevented the
levees from eroding. There was significant undulation along the hydraulic jump’s length,
which is thought to have caused the scouring that extended up to the vegetation front with
the maximum overtopping flow and within the 50 cm gap between the embankment and
vegetation [19,34]. In light of the dikes’ overall stability, the National Institute for Land
and Infrastructure Management suggested and/or put into practice shielding the dikes’
slope and topping them with thick concrete blocks and strengthening the leeward toe’s
soil to prevent scouring [9]. It follows that, in order to lessen the erosion caused by the
impact of high intensity wave flows around V and the toe of E, a Type-B jump must be
formed, and its length must be reduced. In this experiment, Case EDV70 with S′

3 fulfills
both demands. Therefore, raising S was found to be useful for stabilizing the hydraulic
jump in cases where the porosity of V is very low.

4.2. Mitigating Fluid Forces

Any surface or item in touch with a fluid can be affected by the dynamic force of the
fluid. The dynamic pressures imposed by moving water must be taken into consideration
while building hydraulic structures, such as spillways and dams, or soft measures, like
vegetation, to ensure structural integrity. The water depth increased in front of the vegeta-
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tion when a super-critical flow encountered resistance from it, turning the flow subcritical
and creating a hydraulic jump upstream of the vegetation [14,20,31,35]. Water rises in front
of the vegetation and changes the hydraulic jump length, and the surface undulation that
results after the jump depends on the vegetation’s density and flow condition [14,20,24].
This experiment also revealed that ΦI and Si affected the parameters Lj, ht and v (Figure 5a,b
and Figure 6). Some of the coastal vegetation was washed out and broken during the 2011
tsunami, which resulted in additional damage to areas downstream [9,33,36]. Thus, both
structural sustainability and lowering the force of tsunamis on the coastal environment
should be prioritized. To comprehend the effect of a complicated flow on V and the force
exerted in the downstream environment, this study assessed this parameter in front of V
and the fluid force index behind V.

The dynamic fluid force in the compound mitigation system was compared with
the fluid force in Case EN. The purpose of this comparison is to better understand how
the vegetation is affected by the overtopping flow’s dynamic force. Flow overtopping
the embankment resulted in a very high fluid force downstream; however, when V was
implemented, the fluid force decreased (Figure 6). Figure 6a illustrates that the F′

D was
extremely high for values of h′c and decreased with higher values of h′c when the V of 98%
ΦI was applied behind the E. It can be observed in Figure 7a that, when the V of 98% ΦI

was applied behind the E, the F′
D decreased with rising h′c and was extremely high for

smaller values of h′c. As h′c increased, the hydraulic jump’s position shifted upward, as
shown in Figure 3a, which indicates that it was quite near to the V for small values of h′c.
The F′

D was thus found to be highly dependent on the jump position. However, as S′ was
increased, the jump position moved upward from the V, and v decreased with a minimum
range of h′c. As a result, F′

D is likewise decreased.
The jump position in Case EDV88 was nearly at the embankment toe (Figure 3a), and

it increased as h′c increased. Little difference was found when the S′ value was changed,
and it was noticed that the F′

D was reduced slightly due to increasing v with an increase
in h′c. For h′c = 0.48 and 0.51 with S′

1, the F′
D was found to be 14% higher than the value

with S′2 and S′3. Strong undulation was seen, and the jump length persisted up to V, which
slightly increased the v in front of V when the open space value was at its lowest (S′1). This
had an impact on the F′

D value.
F′

D was discovered to be nearly constant against the h′c in Case EDV83 with S′
1 and

S′2. With smaller values of h′c with S′3, the parameter value was found to be 35–40% higher.
It is evident that, in this instance, the hydraulic jump location moved from the embankment
down slope to the flume bed, which contributed to reducing the velocity increase in the F′D
value for this case. When the jump position was on the E slope, it was, however, lowered
by roughly 13–14% with an increase in the S′ value.

The hydraulic jump position in Case EDV70 remained on the E slope and independent
on S′ and h′c. When V’s position was changed, the F′D value remained rather constant. The
parameter value remained nearly constant for a given S′ value while h′c changed. However,
when h′c > 0.38 with S′

1, it increased by 20%. For this lower porosity of V, increasing the S′

value decreased v and the amount of F′
D from 12 to 20%. Therefore, when the porosity of

the vegetation was very low, the increasing length of the open space effectively reduced
the dynamic force of the flow.

The result showed that the hydraulic jump type and L’j significantly influenced F′
D.

When the open space between E and V was expanded, a Type-B jump was created, with
a very low ΦI of V, the flow become constant, the surface undulation downstream of the
jump decreased, and the tail-water depth in front of V grew, which contributed to lowering
the v. As a result, the F′

D decreased to the minimum in Case EDV70. Therefore, it was
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found that increasing the length of open space effectively reduced the dynamic force of the
flow when the porosity of the vegetation was very low.

A crucial factor affecting the structures downstream of the mitigation system is the
fluid force index behind the vegetation [13,18,20]. According to recent studies, multiple
defense structures have the ability to reduce flow energy both downstream and within
the defense structure [20,24,37]. The vulnerability assessment from the 2011 post-tsunami
survey and simulation found that the buildings were less prone to damage, which were
shielded by steel, masonry, or wood structures [38]. The buildings were adversely affected
by both the inundating tsunami depth and the hydrodynamic force. Furthermore, the
washed away debris born from the collapsed building or seawalls accelerated the likelihood
of structural damage due to its higher momentum force [38,39]. Thus, to reduce the
probability of damage of buildings, trees, or other structures behind the mitigation system,
however, the fluid force index must be reduced by compound mitigation structures. It was
observed that the percentage reduction in ∆FI increased as h′c rose for all values of S′ in
all experimental scenarios. In Cases ESV98 and EDV88, the reduction amount decreased
marginally as the S′ value increased for a given value of h′c. Previous studies also found
that the FI was reduced with the increasing Fr in cases where a single layer of emergent
vegetation was employed. However, the pattern was the opposite in Cases EDV83 and
EDV70. When h′c > 0.38, it was discovered that the ∆FI was reduced by roughly 1–4% as
the ΦI decreased. On the other hand, when h′c ≤ 0.38, it grew by 2–9% while decreasing
the ΦI. The reduction in ∆FI(%) was higher in Case EDV98 even though the jump was very
near to or inside the V. Figure 3a makes it evident that there was significant air entrainment
via the jump when the vegetation porosity was very low because the jump places were
extremely close to V. Air entrainment through the vegetation increased the water depth and
reduced the velocity behind the vegetation, and, due to this, the energy was further reduced
downstream [37]. Therefore, under these conditions, air entrainment may help lower the
force index due to lowering the velocity. Air entrainment through the vegetation was not
detected when the jump position shifted upward, and the ∆FI(%) dropped as the S′ value
increased. In the remaining experimental circumstances, the value marginally increased
as S′ increased at the time that the Type-B jump developed and somewhat dropped as
S′ increased at the time that the Type-B jump changed into either Type-C or Type-A. The
porosity of V was minimum in Case EDV70, and a Type-B jump was formed regardless of
h′c and S′. In relation to h′c and S′, the ∆FI grew linearly, and, overall, the reduction in ∆FI
was between 1% and 4% less than in the other situations.

In supercritical flow conditions, the largest drop in the FI in the downstream of
vegetation was determined to be 16.7%, and this reduction increased with increasing
vegetation density downstream of the vegetation [20]. The highest reduction was observed
to be almost 80% against a supercritical flow in a complex mitigation system comprising an
embankment, 40 rows of vegetation, and a moat [13]. This study used a finite length of both
single and double-layer vegetation behind the E and discovered that, when the h′c grew
in double-layer vegetation scenarios, the FI increased as well. The maximum reduction
was found to be about 34% and 29–33% in single-layer and double-layer vegetation cases,
respectively (Figure 8). The reduction amount was marginally diminished while the
vegetation’s porosity ΦI was decreased. However, Case EDV70 was shown to be effective
in this experiment, considering the decrease in F′

D and ∆FI in front of and behind the
vegetation, respectively.

5. Conclusions
This study was conducted to find an optimal method for tsunami mitigation by

varying the open gap between embankment (E) and vegetation (V) to understand its effects
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within and behind the mitigation system. It was discovered that, when V is positioned
downward of E, an upstream hydraulic jump forms, reducing the force of the overtopping
flow. When the distance between the E and V models is minimal (S1) and a single layer of
vegetation of higher porosity (ΦI = 98%) is used, there is a possibility of the destruction of
trees by erosion as the jump occurs within or very close to the vegetation model. On the
contrary, the jump shifts upstream when the distance is increased (S2 and S3). If the ΦI

value decreases, the jump position shifts upstream of vegetation, and a Type-B jump occurs
even if the Si is increased. For the lowest porosity, ΦI = 70% with the largest distance S3,
a Type-B jump was noted for the considered values of h′c in this study. It was found that
a hydraulic jump was formed, the relative jump length was reduced, and the tail-water
depth was sufficient when the value of Si was increased. As a result, the water surface level
in front of the vegetation becomes almost steady. These were found in Type-B jumps with
the maximum distance between E and V. Thus, by controlling the position of the hydraulic
jump and its length, scouring around the V and E could be reduced.

In addition, when the jump is fully developed within the attenuation system, the
dynamic fluid force (FD) in front of the vegetation is reduced by reducing the velocity. The
parameter value is found to be highest because of the higher v when the jump position is
close to the V and lowest as v lowered when jump location is far upstream and the jump
length is shorter.

This study discovered a strong correlation between the hydraulic jump type and the
lowering of the FI. It was slightly reduced when the vegetation’s porosity (ΦI) decreased,
and the length of open space (S) increased. The maximum reduction was 34% in Case
ESV98, while it was 29% in Case EDV70. However, Case EDV70 is effective for both tasks
when considering the force reduction both in front of V and downstream, which leads not
only to downstream safety but vegetation stability as well.

Therefore, in addition to reducing the flow force, considering the resilience of the
embankment and vegetation, the porosity of the vegetation should be reduced as much
as possible using a submerged layer of vegetation or cylindrical resistance obstacles, and
the open space between them should be sufficient. The porosity of vegetation should be
moderate if space is limited.
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Nomenclature

Cd Coefficient of drag for tree
D Diameter of the cylinder used for tree model (m)
DSL Center-to-center distance between the neighboring cylinders in the submerged layer
DEL Center-to-center distance between the neighboring cylinders in the emergent layer (m)
Dj Distance of the hydraulic jump from the vegetation (m)
DV Double-layer vegetation
E Embankment
EH Embankment’s height
EL Emergent layer
FD Dynamic fluid force (N/m2)
FI Fluid force index (m3/s2)
Fr Froude number
g Acceleration due to gravity (m/s2)
GSL Gap between the neighboring cylinders in the submerged layer (m)
GEL Gap between the neighboring cylinders in the emergent layer (m)
h Water depth (m)
hc Critical overflow depth on the embankment crest (m)
ht Tail-water depth of the hydraulic jump in front of the vegetation (m)
h1 Water depth in the submerged layer (m)
h2 Water depth in the emergent layer (m)
Lj Length of the hydraulic jump (m)
nt1 Number of trees in the submerged layer
nt2 Number of trees in the emergent layer
S Distance (open space) between the embankment and vegetation (m)
SV Single-layer vegetation
V Vegetation
VW Vegetation’s width
v Velocity (m/s)
Φ Porosity of the vegetation
ρ Density of water (kg/m3)
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