
Chapter 18

Tsunami-Deck: A New Concept of Tsunami

Vertical Evacuation System

Abdul Muhari, Fumihiko Imamura, and Shunichi Koshimura

Abstract We introduce the concept of a new type of vertical evacuation shelter.

It combines the function of pedestrian bridge and tsunami tower, which are then

installed at intersection. The idea provides the ease of constructing and mainte-

nance in addition to the loss of required land acquisition. We first evaluate the

performance of pedestrian bridges during the 2011 tsunami in Japan by taking into

account the exposure component in term of their position from the shoreline and

the susceptibility component in term of the tsunami height around the bridge as the

influencing parameters in determining damage probability. We developed fragility

curves to show that pedestrian bridges lay on an area less than 500 m from the

coastline (around 0.1 of the maximum inundation extent), or in the area where

the tsunami flow depth are 1.5 of the height of the bridge’s deck have more than

50 % probability to be damaged by the tsunami. If the function of pedestrian bridge

will be expanded into ‘Tsunami-deck’, the information about tsunami behavior at

the intersection therefore becomes important. For that reason, we performed a set of

numerical experiment of tsunami flow at the intersection to determine conditions

that will allow the installation of tsunami-deck with a height similar to the average

height of the existing pedestrian bridge. By doing so, we attempted to determine

preliminary placement criteria for Tsunami-deck in order to ensure the safety of

evacuee. The results gave an opportunity to have more distributed vertical evacua-

tion shelter in flat and densely populated areas.
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18.1 Introduction

In pre-disaster condition, difficult to find space for vertical evacuation structures is

the common problem in a densely populated area. Utilizing the existing tall

buildings especially in developing countries are sometimes risky because the struc-

tural strength is not adequate against the strong ground shaking before the tsunami

(e.g. Muhari et al. 2010; Imamura et al. 2012). In densely populated cities, therefore,

horizontal evacuation and utilizing the natural hills (if any) is the most common

option for tsunami evacuation. However, the available evacuation time starts from

the occurrence of the earthquake until the first arrival of the tsunami wave is very

limited. Also, some physiological aspects play an important role in determining the

evacuation behavior. Experience during the 2011 East Japan tsunami demonstrated

that many people returned to the tsunami affected area to pick up their relatives using

cars (Muhari et al. 2012). As an implication, massive traffic jams occurred along

the roads that supposed to be used for evacuation, and thus delay the people to reach

safe areas. To overcome the above situations, a new type of vertical evacuation

structure namely Tsunami-deck is proposed. The underlying conception is the

combination of two distinct structures with different conditions and experiences as

evacuation shelter in Japan. The first is the pedestrian bridge. During the 2011

tsunami in Japan, many of them were survived and used for rapid evacuation by

those who get trapped in a traffic jam around the intersection (Muhari et al. 2012).

However, not so many people can be accommodated due to the limited space

available on the bridge’s deck. The second structure is tsunami tower, but applying

the tsunami tower in a populated city is difficult because it requires large open spaces

for the structures. We are then thinking to utilize both structures by eliminating their

weaknesses and complement their strength to develop a flexible (easy to construct

and to maintain) and solution-oriented evacuation structure of the above mention

evacuation problems. The limited space in pedestrian bridge is trying to be solved

by expanding the deck to occupy the whole area at intersection. This means that we

will have an evacuation tower at the intersection (Fig. 18.1). By doing so, several

advantages are obtained such as the applicability in densely populated areas, multi-

purpose in daily basis i.e. as pedestrian bridge, easy to construct and easy to

maintenance, and the most important thing is that it gives an adequate temporary

evacuation shelter for those who get trapped in a traffic jam during evacuation.

Since the basic idea is to extend the function of the pedestrian bridge, the

limitations may come from the design height. The existing height of pedestrian

bridge is around 4.5–5 m. Open structure with height taller than this might not be

appropriate for the elderly in case of rapid evacuation. Therefore, criteria for its

placement according to the tsunami characteristics at intersection are necessary.

We first evaluate the performance of pedestrian bridges during the 2011 tsunami

in Japan. Evaluation is carried out by considering two parameters that influence

the damage probability. First is the exposure in term of their position from the

shoreline and the second is their susceptibility in term of the tsunami height around

the bridge. Based on the developed fragility curves, we establish the placement
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criteria to ensure the safety of the evacuee if the tsunami-deck built to the same

height as a pedestrian bridge. Starting from the concept of sudden expansion

phenomena (e.g. Goto and Shuto 1983), we performed a set of numerical experi-

ment to parameterized conditions that will allow the sudden drop of tsunami height

due to the building configuration at intersection. Once the placement criteria for

Tsunami-deck are established, further analysis from the structural point of view can

be conducted.

18.2 Methodology

18.2.1 Fragility Curves for Pedestrian Bridge

We compiled 52 pedestrian bridges placed inside the tsunami affected areas

through the visual inspection of satellite image, field survey data and utilizing the

oblique photograph provided by the Geographic Survey Institute of Japan (2011).

The damage levels of pedestrian bridges were then classified into three classes

(see Table 18.1): (A) is heavily damaged, which described as a condition where

bridges are swept away or damage on its deck, (B) is partially damage indicated by

damage in the stairs or fence so it needs to be fixed before re-use, and (C) is a condition

where bridges are only inundated and it can be directly used after the tsunami.

We are now analyzing the fragility of pedestrian bridge in term of their suscepti-

bility related to tsunami flow depth around the bridge. In general, higher tsunami flow

depth will increase the damage probability of the pedestrian bridge. Even though the

damagemight be caused by the impact of debris collision, in this studywe use tsunami

Fig. 18.1 An artist figure to describe the conception of tsunami-deck
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flow depth as the only observable parameter from field survey. Some of debris

stranded on the bridge’s stairs was visible from satellite imageries, but incomplete

figures for all bridgesmight yield inconsistent interpretation. Therefore, debris impact

is excluded from the analysis.

The cumulative damage probability is given through the widely used fragility

equation (e.g. Koshimura et al. 2009) as follow,

Pi xð Þ ¼ Φ
lnx‐μ0

σ0

� �
(18.1)

Here, P is the cumulative probability of specific damage classification (i), Φ is

the standardized lognormal distribution function, x is the median of the observed

tsunami flow depth, and is the mean and standard deviation of random variable

of x respectively. In order to obtain the last two statistical parameters, we first

calculate the inclination (μy) and intercept (σy through performing the least-square

fitting plot of ln x and the inverse of lognormal distribution function Φ�1. Next the

mean and standard deviation were determined by (�μy/σy) and (1/σy) respectively
(e.g., Shoji and Moriyama, 2007).

For the fragility in term of the exposure, Eq. 18.1 is modified since the damage

probability will be decreased along with the increment of the distance from the

shoreline. The modification is given as follows,

1� Pi xð Þ½ � ¼ 1�Φ
lnx‐μ0

σ0

� �
(18.2)

By applying these equations, fragility curves for pedestrian bridges are

developed and discussed in the next chapters.

18.2.2 Placement Criteria of Tsunami-Deck

In principle, the deck height should be higher than the maximum surrounding

tsunami flow depth. If the buildings around the intersection withstand the tsunami,

the so-called sudden expansion phenomenon where the flow depth is suddenly

dropped due to the rapid change of flow direction toward different direction will

be occurred depending on the building configuration at the intersection. This

section will focus to elaborate the building configuration that will allow the sudden

expansion phenomenon to occur.

Table 18.1 Damage criteria

of pedestrian bridge
No Damage classification Indicator

1 Heavily damage (swept away) A

2 Slight damage (i.e., stairs) B

3 Survived (only inundated) C
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Goto and Shuto (1983) analyzed factors that influence the expansion coefficient

when tsunami flows along the lined obstacles. However, their works were limited in

two parallel obstacles where there was no actual representation of the intersection.

In this study, we perform numerical exercises using a hypothetical town that is set

as shown in Fig. 18.2. Residential block prior the intersection occupied all areas,

while the second is not. This design allows the flux at intersection to spread out

through different direction, and minimizing the unnecessary reflecting flows from

the sidewalls. In reality, this design can only able to represent areas where the width

of residential block is much bigger than the width of the road between them.

A set of non-linear shallow water equation as given in Imamura (1996) is used to

model the propagation and inundation of the tsunami, which is initialized by a sine

wave in the ocean boundary of the domain. Goto and Shuto (1983), and Tsudaka

et al. (2011) had demonstrated the reliability of 2D ShallowWater Equation (SWE)

to represent flow passing through obstacles. They validated the result of numerical

calculation using SWE with experimental data and obtained a good agreement.

However, one should note that this approach has limitation on reproducing flood-

water behind building (Tsudaka et al. 2011). Also, the absence of the momentum

diffusion term in the traditional SWE might yield less accurate of modeled water

level due to the lack of lateral diffusion at intersection.

We conducted the numerical exercises to assess the influence of four parameters in

determining the flow characteristic at intersection. The initial sine wave – assumed as

the tsunami – is set in different amplitude ranging from2 to 6mas shown inTable 18.2.

The numerical exercises were conducted in flat (slope 0) and in sloping topography

(1/100 and 1/50). In the following explanations, four parameters assessed in the

numerical exercises are described. Symbols are referring to Fig. 18.2 and values of

each numerical case are referring to Table 18.2.

Fig. 18.2 Design of hypothetical town for numerical simulation of tsunami at intersection
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A. The influence of expansion ratio (D). This parameter is assessed by increasing

the road width after the intersection (d2) while the road width of the road before
the intersection (d1) is remaining.

B. The influence of road width parallel to the shoreline (l2) is analyzed by

increasing their width while the length of residential blocks prior the intersec-

tion (l1) is constant.
C. The effect if some part of the houses along the road prior to the intersection

were damaged by the tsunami is assessed by reducing the length of road prior to

the intersection (l1) and comparing it to the width of road that parallel to the

shoreline (l2).
D. Lastly, we estimate the effect of the ratio between the width of the road toward

the intersection (d1) and the width of residential blocks (d3), named as beta (β)
on influencing the sudden expansion at an intersection.

From the results of each scenario, a cross section at the middle of the road

perpendicular to the shoreline is extracted and analyzed. The numerical exercises

are conducted in a topographic domain with 0.5 m cell size. Selection of the grid size

is according to an empirical relation of dx/(g hmax)
1/2 T < 3�10�3 to obtain 0.5 <

predicted value/measured value< 2 proposed by Fujima (2012). The wave period of

0.5 h is selected for the sin wave as initial. This period is similar to the average

observed period of the first wave during the 2011 Tohoku tsunami at Sendai buoys.

18.3 Results and Discussions

We classified the damage rank, cumulative frequency and cumulative damage proba-

bility in the 1-m range. In terms of their location; damage rank, cumulative frequency

and cumulative damage probability were analyzed in every 250 m distance.

The regression analysis gave parameters shown in Table 18.3. There are used to

determine the best fit of fragility curves in term of the exposure with the obtained

Table 18.2 Scenarios for numerical simulation of tsunami at intersection

Case

Slope 0 Slope 1/50 Slope 1/100

d2/d1
(D) l1/l2 l2/l1 β

Amplitude

(A) (meter)

d2/d1
(D)

Amplitude

(A) (meter)

d2/d1
(D)

Amplitude

(A) (meter)

Case 1 1.20 5.9 0.17 0.11 2, 3, 4, 5, 6 1.20 5.00 1.20 5.00

Case 2 1.40 4.7 0.22 0.16 2, 3, 4, 5, 6 1.40 5.00 1.40 5.00

Case 3 1.60 3.5 0.27 0.21 2, 3, 4, 5, 6 1.60 5.00 1.60 5.00

Case 4 1.80 2.3 0.32 0.24 2, 3, 4, 5, 6 1.80 5.00 1.80 5.00

Case 5 2.00 � � 0.28 2, 3, 4, 5, 6 2.00 5.00 2.00 5.00

Case 6 2.20 � � � 2, 3, 4, 5, 6 2.20 5.00 2.20 5.00
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coefficient correlations (R2) as 0.74 for (A) and 0.61 for (A+B). In term of

susceptibility, the coefficient correlations were obtained at 0.64 for (A) and 0.81

for (A+B).

The fragility curves are then developed by plotting the damage probability

of the non-dimensional number for each fragility parameter (Fig. 18.3). The

non-dimensional number for exposure is defined as the ratio between the locations

of the bridge from the shore (l ) with the maximum tsunami inundation distance (L),
which is taken as 6 km. As for the fragility curve in term of susceptibility, the

non-dimensional parameter is given by the ratio between the observed tsunami

run-ups (h) to the height of the pedestrian bridge (H ).

It can be seen that most of pedestrian bridges have more than 50 % probability to

be damaged by tsunami if they were placed in the area up to 1.2 km from the

coastline (or 0.2 of the assumed maximum inundation extent). Also, it has more

than 50 % probability to be swept away by tsunami if the surrounding flow depths

are 1.5 of the height of bridge’s deck or around 6–7.5 m. This height of the tsunami

was experienced by almost whole areas in the Sanriku coast within the distance of

0.5–1 km from the shore (Mori et al. 2011). Therefore, placement criteria for

pedestrian bridge and tsunami-deck are necessary in order to fulfill the need to

have evacuation facilities in the area described above.

Table 18.3 Statistical

parameters for fragility

function obtained from

regression analysis

Variable of fragility (x) μ0 σ0 R2

Exposure (distance from the shoreline)

Damage classification (A) 4.12 1.53 0.74

Cummulative (A) + (B) 5.24 1.13 0.61

Susceptibility (tsunami inundation)

Damage classification (A) 1.72 0.33 0.64

Cummulative (A) + (B) 1.20 0.42 0.81

Fig. 18.3 Fragility curves for exposure (left) and susceptibility (right) parameters. Solid line
indicates the fragility for criteria (A) and dashed line for cumulative (A) + (B)
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18.3.1 Placement Criteria for Tsunami-Deck

The dynamic features of tsunami flow at intersection might be varied depending on

the geometric configuration of the junction and the surrounding building arrangement.

We first analyzed the influence of expansion ratio (D) as given in Fig. 18.4, panel [1].
If (d1) is relatively similar to (d2), then the hydraulic gradient (tg α) become small

(see description of tg α in Fig. 18.2, panel [2]). The tg α will start to be visible if the

expansion ratio (D) 1.4, and saturated when D equal to 2.

In term of the Froude number (Fr), scenario we used in these numerical exercises

brought the range of Fr as 1.13–1.34. This is higher than critical condition (Fr > 1)

because bore usually observed under super critical condition. By plotting the tg α
with the expansion ratio (D) as given in Fig. 18.5 (A), we confirmed that higher Fr

yields to larger hydraulic gradient at intersection. However, one should note that in

a real situation, sudden expansion in high Froude number could only be observed if

the surrounding building survived the tsunami.

The next analyses are taking into account the effect of road width parallel to the

coastline (l2), and the effect of road length prior to the intersection (l1) on influencing
the hydraulic gradient. Our results show that no significant effect of these factors.

Fig. 18.4 The influence of the following parameters to the modeled water surface at intersection

(refer to panel [1]–[4]): [1] expansion ratio (D), [2] road width parallel to the coastline (l2), [3] the
length of residential block (l1) and [4] β (ratio between d1 and d2)
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It means: first, the water mass that goes to roads parallel to the coastline will not

significantly influence to the observed hydraulic gradient at the intersection. It just

creates a slight difference on the initial position of hydraulic jump, which is not

considered in this study (Fig. 18.4, panel [2]). Second, the length road prior to the

intersection (l1) is not influencing the hydraulic gradient. Their effect is limited only

to slightly reduce the flow depth depending on the road length (Fig. 18.4, panel [3]).

Therefore, one important thing to note is even if some houses along the road prior to

intersection are damaged by the tsunami, the sudden expansion phenomena will still

occur as long as the expansion ratio at intersection meets the requirement as

discussed previously.

The influence of (β) is given in Fig. 18.4 panel [4]. It affects to determine the

initial point of hydraulic gradient at intersection. Higher β will bring larger ΔL
(see description of ΔL in Fig. 18.4 panel [1]). We drew the correlation between β
with the non-dimensional parameter ΔL/l2. The last term indicates the ratio between

initial points of hydraulic gradient from the rearmost cell of road prior to the

intersection (ΔL) with the l2. The result is imaged in Fig. 18.5 (B)–where ‘A’ denotes

the amplitude ofmodeledwaves–indicates thatΔLwill overlap l2 if β> 0.25 because

the flow depth starts to decline when tsunami front already passed the intersection.

It means there will be no hydraulic gradient observed at the intersection even if the

expansion ratio meets the criteria as explained previously.

The results that describes of the influence of four parameters on determining

the tsunami characteristics as we presented above only found in flat topography. We

were not obtained similar results from sloping topography (1/100 and 1/50). Thus,

this becomes a note that the dynamic features of tsunami flow at an intersection can

only be used for consideration in determining the design height of the tsunami–deck

if surrounding topography is relatively flat.

As the practical implications of the developed criteria; first, the tsunami-deck is

applicable only if the predicted tsunami flow depth is lower than their height.

Second, if the predicted maximum flow depth almost reaches the deck height,
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Fig. 18.5 Plotting correlation between: (a) expansion ratio (D) and hydraulic gradient (tg α),
(b) correlation between the initial position of hydraulic gradient with the β
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then an adjustment should be made to the deck’s design to ensure the flow passing

through beneath the structure (Fig. 18.6). Also, it should be ensured that there is no

source of large floating debris such as ships, boats and etc. that has possibility to

strand on the tsunami-deck.

18.4 Conclusions

A new type of tsunami vertical evacuation structure is proposed to be applied in

densely populated areas, especially in the developing countries. The easiness of

their construction and maintenance as well as the flexibility to be put at an inter-

section is combined with larger accommodation space to create a reachable evacu-

ation shelter once the traffic jam occurred during the evacuation.

As the basis for the analysis, fragility curves for pedestrian bridges are devel-

oped based on surveyed data in the tsunami affected areas along the east coast of

Japan. The results indicate that pedestrian bridges placed in the area up to 1.2 km

from the shore, or in the area where the estimated tsunami flow depths are 1.5 of the

height of bridge’s deck have a high probability to be damaged by the tsunami.

Since the above mention high risk’s area might be crucial for the rapid evacua-

tion, determining the placement criteria by using the sudden expansion phenome-

non as the primary consideration solves the limitation due to the existing height.

Intersections with the geometric configuration of the buildings that has (D) > 1.5

and (β) < 0.15 may be appropriate for tsunami deck.

Fig. 18.6 An example of adjustment on the deck shape to accommodate the ΔL
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The present study described only the hydrodynamic part in the introduction of

tsunami-deck concept. It is highly acknowledged that the structural analysis and the

potential of solid debris impact should be taken into account for the further study,

which is now currently on going.
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