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A G E H Experimental study on energy reduction of a tsunami current through

a hybrid defense system comprising a sea embankment followed by a
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Large tsunamis can cause dreadful natural disasters. Following the Great East Japan tsunami (GEJT) in 2011, the
methods of mitigating tsunami damages have been changing form single to a multiple defense system (combination
of natural and/or artificial countermeasures). This study investigated the mitigation effect of a hybrid tsunami defense
(a combination of natural and artificial structures) system comprising a sea embankment followed by a coastal forest.
For enhancing the mitigation effect of a finite width forest, different types of vertical and horizontal double layer forest
models were introduced by innegrating short and tall trees. Flume experiments were conducted to investigate the effects
of the double layer forest in single and as a secondary countermeasure in the hybrid defense system respectively. The
following summary could be derived from the different schemes in this study:

In the first scheme, the energy reduction mechanisms of different types of vertical double layer forest models were
investigated against a high inundating tsunami current. The results showed that, although the resistance against the
flow depends upon the porosity of both layer (submerged and emergent), it is more dependent on the submerged layer’s
porosity. Decreasing the porosity of this layer increases the resistance against the flow and produces a large water rise
in front of the forest as well as low inundation depth downstream of the forest. Around the vegetation, a less porous
short layer, in single or combined with the tall layer vegetation, creates a low velocity near the bed and a relatively
high velocity above the short layer vegetation, as well as it generates a mild water surface slope inside and behind the
vegetation.

By having a double layer, the resistance of the forest is increased as well as the high velocity observed above a single
submerged layer is reduced. In addition, since the combined layer vegetation creates a low-velocity zone at the forest
back, the scope of forest damage due to scouring may be assumed to be less in this model compared with a single layer

emergent vegetation model. Moreover, air entrainment by the double layer vegetation contributes to a further decrease



in velocity at the backside as well as to the downstream flow compared with the single layer submerged vegetation.

Secondly, the effects of a submerged layer contained in an emergent sparse forest was elucidated, which showed the
following findings:

The presence of a submerged layer in an emergent vegetation enhanced the hydraulic resistance (water rises increased
around 36-42% and 25-54% in front of the vegetation compared to only submerged layer (OSL) and only emergent
layer (OEL), respectively of the vegetation zone and provided more energy reduction. The double-layer vegetation
also produced a large number of air bubbles inside and behind the vegetation. This raised the water level behind the
vegetation in Case ESL (emergent with submerged layer) which was around 12-18% compared to Case OSL and
created a mild water surface gradient behind the vegetation.

Introducing a submerged layer within an emergent layer further reduced maximum velocity behind the vegetation by
25%. The velocity near the ground in front, within, and behind the vegetation was reduced by maximum 18%, 74%, and
33%, respectively. This could effectively reduce the bed erosion in the vegetation zone. The double-layer vegetation
generated a mixing velocity zone inside the vegetation that may contribute in reducing velocity behind the vegetation
further.

Moreover, the double layer vegetation generated a low-velocity region behind the vegetation that contributed to
the reduction of the fluid force around 23-29% relative to a single layer of emergent vegetation. Reducing this fluid
force, coupled with the air bubble effect creating a mild water surface, implies reducing the erosion of the ground just
behind the vegetation and reduction of breakage or washing-out incidents downstream of the vegetation. Thus, not only
for strengthening the emergent forest but also reducing the vulnerability to a secondary disaster due to the driftwood
production caused by washing-out of trees (especially the backward portion of the forest) could be minimized by
implementing double- layer vegetation.

The next scheme focuses on the mitigation effects of a hybrid defense system on reducing the energy of a tsunami
current where the role of the vertically double layer forest as a secondary defense structure behind a sea embankment
was elucidated. To investigate the flow structure and energy loss mechanisms, different combination of embankment
model (EM) and single layer forest model (SLM) or vertically double layer forest models (DLM) were placed in an
experimental flume against a supercritical flow. The following findings could be summarized:

In the case of the single embankment, the overtopping discharge had high energy on the ground and no hydraulic jump
was found downstream in the experimental range of an initial (without EM and forest models) Froude number (Fr,) in
between 1.08 and 1.56.

On the other hand, different types of hydraulic jumps were observed in the hybrid defense system. Two types of
hydraulic jump, Type-A (jump occurred on the flume bed downstream of the EM) and Type-B (jump started on the
leeward slope of the EM and continued on the flume bed downstream of the EM) were observed in the combination of
EM and SLM or DLMs. Because the embankment remained unchanged and the gap between the forest and embankment
models was fixed, forest types, especially the porosity of the submerged layer (L1), and flow conditions influenced
the hydraulic jump characteristics. When the SLM with a porosity of 98% was implemented, the Type-A jump
formed. The water depth within the gap increased and the jump toe moved further upstream sufficiently when DLMs
were respectively implemented as a secondary defense structure. Due to this, the jump type changed from Type-A to
Type-B when Fr, increased and the porosity of L1 decreased respectively. The jump type was changed from A to B, its
occurrence position was almost controlled and reduction of flow velocity in the jump was significant. Therefore, for the

safety of the structure, the jump could be controlled around the embankment slope by forming the Type-B jump if the



embankment slope is protected.

In the case of the single embankment, the energy reduction was found to be approximately 45% and 30% against
lower Fr, (1.08 and 1.29) values in the range, but it dropped to 2-3% for higher Fr, values. In the hybrid defense
system, the energy between the structures was reduced approximately 19% to 39% by hydraulic jumps in the range of
Fry 1.08 and 1.52, whereas the total energy reduction downstream was between 27% and 54%. When SLM or DLM was
implemented, this hybrid defense system reduced the energy ~30—40% more compared to the single embankment case.
However, the total energy reduction downstream of SLM or DLMs was increased when the hydraulic jump within the
gap of the models changed from Type A to Type B.

Although the Type A jump was found to be effective to reduce the flow energy, Type B is preferable to sustain the
structures. When a Type B jump is formed, the water depth within the structure increased sufficiently, and due to this,
the erosion around the defense structures could be reduced. However, when a forest is implemented downstream of
an EM, the total resistance of the forest needs to be increased as much as possible to store some water in between the
structures so that the Type-B jump could be formed.

The final scheme focuses on enhancing the mitigation effect of a finite width coastal forest by a horizontal
combination of dense short trees and sparse tall trees and elucidates the mitigation of a hybrid defense system when the
horizontally double layer forest is employed behind a sea embankment. Different combination of an embankment model
(EM) and finite with forest models of a single layer (SLM) or horizontally double layer (HDLM) was placed in the
hydraulic flume against a supercritical flow. Those were EF;; (a combination of EM and SLM), EFg; (a combination of
EM and HDLM keeping short trees in front of tall trees) and EF (a combination of EM and HDLM having short trees
behind the tall trees). The following conclusions are derived:

In Case of only embankment model (EMN), the overtopping flow appeared on the flume bed with higher fluid force
and there was no hydraulic jump in the downstream. The Froude value increased about 2-3.2 times compared to the Fr,.
Energy reduction was around 51% and 40 % in lower value of non-dimensional overtopping flow depth (4',) of 0.10 and
0.16, respectively, but with increasing the /', energy reduction reduced sharply and dropped to 2-5%.

In the hybrid defense system, the hydraulic jump occurred within the structures and flow depth increased downstream
which reduced the flow velocity. Two types of hydraulic jump, Type-A (jump occurred on the flume bed downstream
of the EM) and Type-B (jump started on the leeward slope of the EM and continued on the flume bed downstream of
the EM) were observed in the combination of EM and SLM or HDLMs. Type-A jump was generated in Case EFq,
the water surface elevation downstream was highest for this combination which provided 47-67 % energy reduction.
Whereas, water depth within the gap increased sufficiently and Type-B jump was formed in Cases EFg;and EF . The
energy reduction downstream was in between 42% and 67% in Case EF;g The reduction percentage was almost the
same (46-67%) in Case EFg; compared to Case EF .

It is noticed that Type-A jump provided maximum energy reduction in the downstream. Whereas, Type-B jump was
found effective for reducing the flow velocity around the structures as well as energy reduction downstream. Although
the combination EF¢ found to be more efficient for reducing flow velocity around the structure, the combination EFg;
was effective in reducing the energy downstream. In addition, when the tall layer forest exists behind the short trees,
it could trap the broken branches if breakage occurs to the short trees. Therefore, the combination of an embankment
and a landward forest having short dense and sparse tall trees in the horizontal direction may have a better mitigation
capability to reduce damage to the structures due to erosion as well as reducing the flow energy in the landward.

Therefore, with the above viewpoints, it can be concluded that the resistance of a forest could be enhanced by a double



layer forest (combination of short and tall trees) and it could provide more energy reduction against a tsunami, than a
single layer forest (submerged or emergent) when the inundation depth is relatively high. Moreover, forest damage due
to scouring or erosion might be reduced by having a submerged layer in an emergent sparse forest. Besides the energy
reduction, the double-layer forest in horizontal or vertical direction downstream of an embankment could be effective
to control the hydraulic jump position and reduce the flow velocity around the embankment as well as reducing the
tsunami energy downstream.

However, for an improved tsunami countermeasure by a coastal forest is required to provide higher resistance as well
as a larger trunk diameter to reduce trunk breakage and trap tsunami-borne floating debris. Because achieving a denser
and thicker emergent forest in practice is somewhat difficult, a combination of a sparse tall trees and a less porous layer
of short trees may be a viable option to provide higher resistance against the tsunamis current. In addition, the stability
of a hybrid defense system against the destructive tsunami forces could be improved by a combination of a protected
embankment on the seaward side and a double-layer forest on the landward side. These findings will be helpful for

designing an optimum bio-shield against tsunamis as well as for the resilience of the hybrid defense structures.
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