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ABSTRACT

This paper deals with what tsunami force acted ricigb girders by Great East Japan Earthquake
broken out in March 11, 2011. First of all, a létefforts were conducted to collect almost all data
of bridge girders in the inundation area. Satellit@ges in internet websites proved effective to
make a quick survey of any bridge in the inundatioea. For damage analysis the detailed data of
bridges were collected through authorities. Théhime proposed by Prof. Kosa was introduced to
see whether bridges were washed away or not bymsuhe resistance of bridge is expressed as a
function of the self-weight of bridge girder, antlet force due to tsunami is defined by
hydro-dynamic equation. More than two hundred d¢eg] including both washed away bridges
and survived ones, were analyzed by the methode deimage analysis showed the importance of
characteristics of tsunami, such as velocity andhten the land. Then, motion pictures taken
during attack of tsunami were examined to evaltizevelocity and height of tsunami in the land.
When bridges in a limited area were taken into antothe method was effective to see whether
bridges were survived or not. Field survey showed bridges washed away by tsunami should
have had uplift force by tsunami. Experimentaleistigation was done using a water channel in
different scales to examine what forces acted aagbrgirders and to develop a proper simulation
model.

Keywords: Tsunami, bridge girders, washed away, satelli@ges, damage analysis, simulation.

1. INTRODUCTION

Great East Japan Earthquake in March 11, 2011 dabsegreatest tsunami we have ever had in
one thousand years in Japan. Comparing the damageekearthquake itself, the damage by the
tsunami was much serious for our modern life inahesa of eastern Japan.
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It was a shocking scene that a lot of bridges niearshore were washed away while very few
bridges inland suffered from the earthquake. StheeGreat Hanshin Earthquake in 1995, bridge
engineers and researchers have been working handwrto improve the seismic design of bridge
structures. The damage of bridge by tsunami wasptately out of our concerns because we have
never had such damage since modern bridge technbémbeen introduced in one hundred years.
Right after the earthquake, JSCE has set up arobseammittee on the tsunami force acting to
bridges, consisting of members from various fieddsh as bridge engineering, concrete engineering,
structural engineering and coastal engineering.allikors have been involved in the committee as
directive members. This paper is a kind of mid-teeport on what we have studied in one and a
half years.

2. DAMAGE OF BRIDGESBY TSUNAMI

At the first stage any data of bridges which lodatethe inundation area from Aomori prefecture in
the north to Chiba prefecture in the south weréect#d by both internet media and on site survey.
Fig.1 shows satellite images taken before and #fteearthquake.

(a) Before Earthquake (?Sune, 2010) (b) After Earthquak& @pril, 2011)
Figure 1. Satellite images

Field survey was conducted several times to contimendetails of bridges. Finally, the statisticadat
are summarized as indicated in Table 1. The tataiber of bridges within the inundation area was
1,793 and the number of washed away bridges wasi288ding 28 of railway bridges and 40 of
major road bridges.

Table 1: Number of bridgesin the area of inundation

Pref Iwate | Miyagi | Fukushimi | Ibarak | Chibe | Total
Washed awa| 78 10z 68 2 2 252
or move(

Unclea 0 0 8 0 0 8
Survivec 427 692 384 3C - 153:
Total 50& 794 46C 32 2 179z




In order to analyze the damage of bridges, the dhtach bridge, such as type, dimension and
structural details were collected from authoritvdso take care of bridges. Currently, the data of
more than 400 bridges are collected and the databasow processed. Using the database, some
trials have started to categorize bridges by thgies and dimensions to see what a key is for
resisting tsunami. Fig.2 shows the number of bsdgéh or without suffering from washed away
in comparison with categorized items, such as tfperidge and bridge length. In the figure, only
the survived bridges located near the washed awdgds are selected for comparison.
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Figure 2: Damage analysisof bridgegirders

Fig.2 may not give us a clear tendency on whatarftes the damage of bridge. This is because no
consideration is taken for the velocity and thegheof tsunami at the location of bridge.

3. EVALUATION OF GIRDER RESISTANCE AGAINST TSUNAMI

Kosa (2010), one of the authors, has already st#nteinvestigation on the tsunami force acting on
bridge girders after surveying the damage of bsddee to the tsunami of Sumatra Earthquake in
2004. The following discussions are based on hihoak

Tsunami force acting to a bridge girder can betégas a hydro dynamic force indicated by EQ.1,
while the resistance of girder is mainly due td salight computed by Eq.3 or Eq.4. The difference
between EQ.3 and Eqg.4 lies in the existence of &ioy judging from the comparison of girder
height with tsunami height. Eq.3 should be usednadnbridge girder is not submerged at the attack
of tsunami, while Eq.4 is for the case of bridedgir being submerged and having buoyancy at
tsunami.

F :% 0,CV°A, 1)



C = {2.1— 0.1(B/D) (1l<B/D< 8)} 2
13 (8<B/D)

S= W (3)

S=uW-U) (4)

Where,p,, is density of water (1030kgfn Cq is the drag coefficient with its value decideddmhs
on reference (Japan Road Association, 2002), BDaade width and depth of girder; v is tsunami
velocity (6.0m/s is used based on surveys of theoko area); Ais the projected pressure area of
the girder in the horizontal directiop;is friction coefficient (0.6, based on researctRapbat et al.
(1985)); W is the girder’s self weight (kN), and$Jbuoyancy (kN) as computed by Eq. 5.

U=p,0V (5)
Where, V is volume of the bridge girder inner thertami ().

The ratio of girder resistance (S) to tsunami f@feis an index to judge whether a bridge girder i
washed away or not by tsunami. The indic@ite introduced in this paper as shown in Eq. 6.

S
Whenp is smaller than 1.0, a bridge girder has a greasipility of being washed away by a given
magnitude of tsunami. Although the velocity of tamm is most important in this study, observe
records of velocity of tsunami are very few at ¢ite of bridge. In this study, some recorded videos

throughout the Tohoku area were used for determmatf velocity. The average value of velocity
is taken as 6.0m/s based on the research by Fu(2042) and this value is used for analysis.

For evaluation of Eq.6 with comparison of the attbehavior of bridge girder, the observed
condition of girder is defined as shown in TabldRBree levels are introduced; Rank A (completely
washed away) to Rank C (slightly damaged).

Fig.3 illustrates the computdgtvalues for 37 different types of girders. In gehegirders having
the B value being larger than 1.5 are categorized inrkRamhile girders with3 being smaller than
0.6 suffered the damage in Rank A.

Table 2: Definition of damage of bridge girder

Damage Observed condition of
level superstructure
Rank A Washed away
Moved but not fallen from
Rank B abutment
Rank C Slightly damaged
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Figure 3: Classification of p by girder type

There observes some girders survived (in Rank @pnpe values being less than 1.0. In the
previous research works done by Kosa et al. (2028¢ng et al. (2012), obvious differences are
recognized in the value ¢f for Rank A and Rank C. Types of girders were erach and a
general tendency is drowned such that girders hanalatively low height and wider width of cross
section show higher resistance against tsunami.adttition, the height of pier should play an
important role because the velocity of tsunami farection of tsunami height. In this discussion
the tsunami velocity was assumed as 6.0 m/s. Aghdurther development is necessary, fithe
value defined here could be effective to evaluate much safe a bridge girder is against tsunami.

4. CHARACTERISTICSOF TSUNAMI INTHE CITY ( SHIZUGAWA)

Japan Meteorological Agent keeps observation ahgaakes and tsunamis constantly at certain
points in Japan. The equipments to measure tsuhaigit and velocity, however, are set in the
sea, not inland. The agent does not have any reasirdsunami velocity in residential areas.

Fortunately, some citizens have taken motion pgstwf tsunami in the city by digital cameras.

Based on the motion pictures taken by citizensctiaacteristics of tsunami in the city are able to
be analyzed. Fig.4 shows the side view of Hachinfamdge in Shizugawa area in
Minamisanriku-Chou, Miyagi prefecture. Both camenasre focused on the bridge named
Hachiman Bridge. Fig.5 shows a picture cut outnftbe recorded motion pictures at 7.05 second.
In advance of picture analysis, key reference hliagyastimated as follows; (a) the height from the
top of guardrail to static water level was 5.7 b),the height from the top of building-(a) to thogt

of guardrail was 5.9 m, (c) the height from the tdgyuardrail to the window of building-(a) was
about 2.0 m.
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Figure 4: Side view of Hachiman bridge Figure5: Shot of tsunami wave at Hachiman

bridge

The analysis of tsunami is done in such a way thatsurface of tsunami reached the top of

guardrail at 7:05 second of motion picture, mearia the tsunami height was 5.7 m. The surface
of tsunami reached the window of a house at 7:58rag meaning that the tsunami height was 7.7
m. Comparing these two set of data, the rising dpéesunami can be determined. Motion picture

analysis tells that the tsunami height rose withgpeed of 3.19 m/min at a time of 4 minutes after
the hit of tsunami on Hachiman bridge, and thattsi@ami ran up to the maximum 14.8 m high at

7 min. after the hit, at a rising speed of 1.1 m/nlihe average rising speed of tsunami height is
estimated to be 2.24 m/min. It was relatively Igvesd, inferring that the wave shape was not the
bore type.

There observed much debris flowing in the pictur€éhese are good references to measure the
velocity of tsunami. For example, take debris (id debris (2) in the motion picture and trace them
with a certain time interval shown in the picturkccurate distance of debris move can be
confirmed by both internet media and on site survey

By the above mentioned process, the wave heighvaluotity of tsunami can be estimated. Based
on the analyzed results the relationship betweenatsi height and tsunami velocity is obtained
and shown in Fig.6. In the figure the assumpticat the velocity should be 0 when the tsunami
height is 0 is added. When the tsunami began tdb&alk, the velocity was treated as 0 as well.
Before the tsunami reached about 2m, the tsunalocitaerose to about 6 m/s.

The velocity of tsunami increased continually beftre tsunami wave hit the bridge girder. The
maximum velocity is estimated as 7.02m/s just eetbe tsunami wave reached the bridge girder.
When the tsunami wave ran up to about 6m highbtlige gird3er began to be inundated and the
tsunami velocity got to decrease to about 4.86mAdter the tsunami height reached about 12m,
the velocity decreased to 0 gradually.



Fig.6 tells two things. Firstly, the tsunami velyccontinuously increases up to the maximum
before the tsunami begins to overflow the bridgeegi. Secondly, the tsunami velocity decreased
suddenly when the bridge girder is inundated. Iditexh, Hachiman Bridge has a local
geographical feature showing that the level ofgind the same as the level of embankment. When
the tsunami height rises up to the level of girdlee, tsunami would overflow to the land area and
that results in the reduction of tsunami energy\aldcity.
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Figure 6: Time-depended Variation of Tsunami Height

5. EXPERIMENTAL EXAMINATION AND SIMULATION

In the previous section thevalue is introduced to consider the resistanchkridige girder against
tsunami. Thep value counts only the horizontal force by tsunanttield survey, however,
indicates the existence of up-lift force due tonmmi. Some bridge girders were washed away
without any damage of anti-fallen device provideédhe head of piers. Necessary modification
for the B value is to introduce the influence of up-liftéer Experimental works were conducted
to examine the mechanism of production of up-bfce on bridge girders during tsunami.

Using relatively large water channel which enableetalize 1/10 scale model of bridge girder, the
influence of tsunami velocity, water depth as vaallexistence of solitary wave as shown in Figs.7

and 8 were examined in terms of up-lift force.
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Figure 7: Uniform flow Figure 8: Solitary wave



Table 3: Experimental parameters

Uniform flow Solitary wave
Initial V\[/r?]t]er depth Velocity [m/s] Initial V\[/r?]t]er depth Wave height[m]
1.33 1.6-1.8 1.22 0.26-0.40
1.43 1.6-1.8 1.33 0.26-0.50
1.53 1.4-2.0 1.43 0.26-0.50
1.63 0.7~1.7 < 175
1.73 1.0~15 SIRNE R

The size of water channel was 10 m of width, 4.6mepth and 50m of length. Two pumps were
provided to supply water of 284fmin. The model scale is 1/10, and on the girdemye
pressure gauges and pour water pressure gaugesnatléed at 40 locations on the front surface,
back surface, top surface, and bottom surfaceeofjituers.

Table 3 shows parameters in this study. The heifyimtodel girder is 1.33m. In the case of
uniform flow, the height of water flow increases@yOm incrementally. In some cases the
velocity of flow is varied by change of amount cditer supply. The listed velocity in table 3 was
measured ones since flow velocity was not accyratshtrolled.  In the case of solitary wave,
basic wave height is 0.20m and the wave heigheaszs by 0.10m incrementally. The initial
water depth varies from 1.22 to 1.43. The flonoedl was 1.0 — 1.5 m/s.
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Test results are shown in Figs. 9 and 10. Thafufafce was calculated based on the measured
water pressure. In the case of uniform flow, dpflorce was measured negative in all cases.
That means a girder was pushed downward. Therenwasbservation of girder washed away.
In the case of solitary wave, a girder was obsewashed away in 6 cases. A girder was easy to be
washed away when the initial water depth was etpual less than the girder height and the wave
height was large enough to up-lift the girder.

Figure11: Girder under uniform flow  Figure 12: Moved girder under solitary wave

Figs. 11 and 12 show pictures of girder in the expent. Uniform flow could not move a girder
even at a large velocity while solitary wave coliftdand move a girder.

A simulation model has been developed by one ofatldors to study experimental results in
details (Nakamura et.al 2011, 2013). Some figaresshown in Figs. 13 and 14. It needs further
development to simulate test results, but this wookild give deeper understandings on the
mechanism of a bridge washed away by tsunami, esultrin proper evaluation of tsunami force in
design of bridge.
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Figure 13: Graphic simulation Figure 14: Numerical results

6. CONCLUSIONS

The research work in the paper covers the fieldesuof damage of bridges by the tsunami on
March 11, 2011, the damage analysis based on d&tathee characteristic of tsunami after coming
up the land, and the hydraulic experiment with tgwaent of numerical simulation technique. The
followings are concluded.



() Internet media is a powerful tool to survey the dgmby tsunami in wide area.

(2) More than 200 out of 1793 bridges in the inundatioea of east Japan (Tohoku region) were
washed away by the tsunamiComparing survived bridge girders with washed omggslers
with rather shallow cross sections are observechmesistive against tsunami.

(3) Water pressure acted on bridge girder may be etemluay propose@ value. The location of
bridge and the height of pier might influence tbedition of girder at the attack of tsunami.

(4) The velocity of tsunami in the land increases liheas the height of tsunami increases.

(5) Experimental examination reveals that a solitaryevaroduces up-lift force on a bridge girder.
On the other hand, uniform flow eventually causesd to push a girder to abutments.
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