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1. Introduction

The damage to houses due to a tsunami is caused not only by the
water flow but also by collision of heavy flowing bodies such as ships
or timbers. In general the extent of damage is a function of the in-
undation height and the water velocity of a tsunami. If one compares
the cases of tsunamis of 1933 (Sanriku) and 1960 (Chile) along the coast
of Sanriku distriet, it is found that the houses suffered severer damage
from the 1983 Sanriku tsunami although the inundation heights were
almost the same in both cases.

In order to explain such a difference, the velocity of sea water
overflowing the land is calculated by means of a hydraulic formula when
the slope of the water surface on land is known. The distribution of
inundation height at several towns has been surveyed in detail for the
tsunamis of Sanriku (1933)", Nankaido (1946)”- and Chile (1960)"-%.
Making use of the water velocity thus estimated, the relation between
the total pressure of flow acting on the houses and the percentage of
damaged houses is discussed.

2. Relation between the inundation height above M.S.L. and
the percentage of damaged houses
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are, as has already been said, the inundation height above ground and
the water velocity. In this chapter, inundation heights above M.S.L.
are used instead of inundation heights above ground in order to utilize
as much data as possible.

According to I. Aida and M. Kageyama®, the percentage of damaged
houses D has been defined as follows :

= 0+b+el2 100 (g
atbtctd (%),

where a is the number of houses washed-away, b, destroyed houses, ¢,
half-destroyed houses, and d, inundated houses (including the inundation
under-floor). From statistical data of the damage in urban areas in cases
of tsunamis of 1933 (Sanriku)”, 1944 (Tonankai)®-®, 1946 (Nankaido)!”-V1»,
and 1960 (Chile)™ ', the values of D were calculated and H was plotted
against the inundation height of the location, as shown in Fig. 1. In
calculating D, the damage caused directly by the earthquake shock has
been omitted for the case of the 1946 Nankaido earthquake. We have
considered only such damage that was caused by the tsunami. These
plotted circles are scattered as shown in Fig. 1, because of various factors
such as the high elevation of the ground, the existence of a powerful
sea wall, or other topographical conditions of the locality. The damage
due to the 1933 Sanriku tsunami was generally severer than that due
to other tsunamis for the same inundation height, suggesting that the
Sanriku tsunami might have had a larger water velocity than other
tsunamis.
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According to the field investigation, in fact, the nature of the tsunami
invasion was gonsiderably different in each case of tsunami and from place
to place. Although the 1933 Sanriku tsunami attacked houses in the
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Fig. 1. The relation between the inundation heights above M.S.L. and
the percentage of damage to houses.

shape of a wall of running water, the tsunami waves acted like a tide
in the cases of the 1946 Nankaido® and the Chile tsunamis.

3. Velocity of water overflowing land

The water velocity of a tsunami that flows into a bay 'is difficult to
estimate, because it depends on various factors, such as the directivity
and length of wave etc., and what is worse, because of the complexity
of flow conditions the velocity of water invading dry land can only be
speculated from meager evidence collected at the time of a field investiga-
tion.

In the case of the 1933 Sanriku tsunami, the velocity of water over-
flowing the land was calculated by M. Ishimoto, T. Hagiwara™® and T.
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Matuzawa etal.™ respectively at Kamaishi and Sasu (Toni) in Iwate
prefecture. In the present paper, the author estimated the surface
inclination of the water that overflows into streets, and used the hydraulic
formula of Forchheimer to calculate the water velocity.

The mean water velocity is given by

v:%h“ it (Unit : m, sec.)
where & is the mean inundation height above ground (m), ¢, the incli-
nation of the water surface, and =, the coefficient for roughness of the
bottom, which was taken to be 7=0.023 from data of a flood®. This
value corresponds to a full water level of a natural river according to
Ganguillet-Kutter’s study. As shown in Figs. 2 and 8, the water velocities
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Fig. 2. Sanriku and Shikoku districts.

were calculated at the central part of the inundation area along the solid
lines shown in Fig. 3. For Shin-Usa and Susaki additional lines Shin-
Usa (B) and Susaki (B) were also taken where the damage percentages
were 189 and 5096 respectively. The mean inundation height and the
inclination of the water surface have been read from the vertical section
of water flow shown in Fig. 4. Which indicates that the inclination of
the water surface is large at the rear side of the sea wall and at the
end of the flow near the hill. Except for these places, the order of

17) T. MATUZAWA, K. KANBARA, and T. MINAKAMI. ¢ Horizontal Movement of Water
in the Tunami of March 3, 1933,” J. Astr. Geophys. Japan, 11 (1933-1934), 11.

18) T. HATORI, «“ The Roughness Coefficient in a Town Area Observed in the Case
of the Kanto Flood of Sept. 1947, ” Bull. Earthq. Res. Inst., 41 (1963), 681.
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Fig. 8. Maps showing the inundation area and locality of the profile line.
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inclination of the water surface is approximately 1/1000. The calculated
water velocity is shown in Table 1.

Table 1. Inundation height, water surface inclination and the
calculated water velocity at various localities.

No. Tsunami Locé.lity (r}:x) % ' (1::/8>
1 Ozuchi- | 15 0.0026 5.6 (5-4)
2 g8 Hongo (Toni) | 5.0 0.0010 4.2 3.7
3 Kamaishi 2.2 0.0011 2.5 (1.0)
4 Shin-Usa (A) | 1.2 0.0084 4.6 (2.8
& Shin-Usa (B) | 1.2 0.0018 2.1 (2.0)
5 N o Susaki (A) 1.8 0.0015 2.5 (2.2)
5 Susaki (B) 2.0 0.0028 3.7 (3.4)
6 Kure 0-6 0.0020 1.3 (1.1)
7 1960 Ofunato 2.0 0.0030 3.9

8 Chile Onagawa 2.1 0.0013 2.6 (2.1)

() The water velocity calculated by M. Ishimoto and T. Hagiwara’s method.

The water velocity at Ozuchi in Iwate prefecture is calculated assum-
ing n=0.012, because the water flows mostly through open field as shown
in Fig. 8. The roughness coefficient #=0.012 corresponds to the case of
the flooded water passing through open field®.

M. Ishimoto and T. Hagiwara® calculated the water velocity by the
following formula :

v=cot d aH ,
dt

where @ is the slope of the ground, and dH/dt is the velocity of sea
level change. We have tried to find the water velocity by this method
too. H and @ are read from the profile of water flow in Fig. 4. The
periods of tsunami were taken to be 10, 20, and 60 mins for the tsunamis
of 1933 (Sanriku), 1946 (Nankaido), and 1960 (Chile) respectively. Results
of calculation are shown in Table 1 with the bracket. The velocities
estimated by Forchheimer’s method are a little more rapid than those
calculated by M. Ishimoto and T. Hagiwara’s formula.

At Ryori in Iwate prefecture, or at Sasu (Toni) for the case of the
1933 Sanriku tsunami, the wave-height increases towards inland, so that
the Forchheimer’s method cannot be applied. - T. Matuzawa et al”” made
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a study on the water flow in such special cases.

4. Hydrodynamic pressure due to the water flow
and the damage to houses

The damage to houses is caused directly or indirectly by the hydro-
dynamic pressure due to the water flow. This pressure p is proportional
to the square of the velocity, so that, the total dynamic pressure that
acts upon a house may be expressed as poche®. We shall discuss the
relation between h?* and the damage percentage D given in Table 2.

Table 2. Damage to houses.

: | Inundated D
No. | Tsunami Locality i‘?ﬁg?d Destroyed - degcig:ed above | below | 2%
| : floor | floor
1 Ozuchi 135 57 48 113 72 50.8
2 | g 038 | Hongo (Toni) 92 1 99.4
3 Kamaishi 117 123 78 199 472 30.0
4 1946 Shin-Usa 341 130 818 142 55.8
5 Nankaido Susaki 45 136 ’ 218 1089 19.5
6 Kure 3 3 400 1.1
7 1960 Ofunato 181 203 532 250 101 51.3
8 Chile Onagawa* 37 157 288 566 93 29.6

* Counted by the number of household.

As shown in Fig. 5, we find that the percentage D of damage to houses
can be expressed as follows :

D=5.4 (hv*)*%, (Unit : m, sec.)

For practical use this equation may be simplified to
D=%""T -v.

The percentage of damage to houses may therefore be estimated roughly
from the inundation height and the water velocity at the place. The
hollow circles in Fig. 5 show the values computed by M. Ishimoto and
T. Hagiwara’s method.

In the case of the Sanriku tsunami of 1933, N. Nasu” found that
ordinary Japanese wooden houses, both one and two-storied, were partially
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damaged when the water attained a height of 1.0~1.5m above ground,
and when the height of the water exceeded 2 m, the ground floor totally
collapsed, so that one-storied houses and tall houses of poor construction
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Fig. 5. The relation between the total pressure and the per-
centage of damage to houses.

could not escape from destruction. From these observations, N. Nasu
estimated the velocity of the water did not much exceed 10 m/sec for
the 1933 Sanriku tsunami.

By the present equation, the velocity of the water in the 1933
Sanriku tsunami is estimated to be about 4.5 m/sec or 7 m/sec correspond-
ing to heights of 1.5m or 2m above ground respectively. According
to the report of the field investigation of the 1960 Chilean tsunami by
I. Aida and M. Kageyama®, the number of half-destroyed houses were
259 and 509 of the total when the inundation heights were respectively
1.5m and 2m above ground. Thus, the velocity of water, as calculated
by our formula, becomes about 2.5m/sec and 4 mfsec in these cases.
When the height of the water exceeded 2m, the houses that were not
fixed to their foundations began to float, so that in such cases the actual
velocity of water could be less than that calculated on the basis of the
formula. T

The extent of damage to houses depends, as stated already, on various
factors such as the structure, collision by flowing matter and local phe-
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nomena. due ‘to topography. Although precise calculations might be
limited by.the scantiness of data, the.damage to houses may be estimated
roughly from the inundation height .and the water velocity with the aid
of the present expression. On the other hand, it is of course possible
to estimatq the velocity of water at the place of damage. _

5. Conclusion

Mechanism of damage to a house should be discussed by classifying
the cases according to various conditions such as the locality, inundation
height and water velocity. We have, however, little data of the phe-
nomenon of sea water overflowing land, so in the present paper the
mean velocity of water was calculated only at the place which seems to
represent the area of damage. The damage to houses is then expressed
as a function of water velocity and inundation height. The author hopes
the present result will be useful for the advance of preventive measures
against tsunami disasters.

In conclusion the author thanks Prof. R. Takahasi for his guidance
and encouragement in the course of this study. His thanks are also due
to Assist. Prof. K. Kajiura for his valuable advice in the preparation
of the manuscript.
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