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ABSTRACT 
 
The girders of a great number of bridges were washed away and/or their approach fills were significantly eroded by 
the great tsunami of the 2011 Great East Japan Earthquake. Many of the bridges close to coastal lines are required to 
have high resistance against not only seismic load but also tsunami load. The geosynthetic-reinforced soil integral 
bridge (GRS-IB) has been developed and it has been verified that this new type bridge has high seismic stability. 
This paper reports results of small scale hydraulic model tests showing substantially higher stability against tsunami 
load of GRS-IB than the conventional type bridge, having a girder supported by bearings. This high performance can 
be attributed to the fact that the girder, the abutments (i.e., facings) and the approach fills of GRS-IB are structurally 
integrated to each other. Accordingly the resistance of the backfill against erosion is also very high.  
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1. INTRODUCTION 

A great number of bridges were seriously damaged 
by the 2011 Great East Japan Earthquake. Although 
some of them were damaged by pro-longed strong 
seismic motions, most of them (i.e., more than 340 
bridges; Kosa 2012) was collapsed by the great tsunami 
immediately after the earthquake. With these bridges, 
the girders were washed away and/or the approach fills 
were significantly eroded by tsunami currents. Many 
bridges that have been or will be constructed close to 
coastal lines are required to have high resistance against 
not only seismic load but also tsunami load.   

Tatsuoka et al. (2007, 2015) developed a new bridge 
type, called Geosynthetic-Reinforced Soil Integral 
Bridge (GRS-IB) (Fig. 1). GRS-IB is constructed as 
follows: 1) a pair of approach fills of geosynthetic- 
reinforced backfill are constructed; 2) a pair of full- 
height rigid (FHR) facing are constructed by casting-in- 
place concrete on the geogrid-wrapped-around wall 
face firmly connecting the geogrid reinforcement to the 
facing; and 3) a girder is constructed with both ends 
structurally integrated to the top of the facings.  

Aizawa et al. (2007) and Hirakawa et al. (2007), 
among others, performed a series of shaking table 
model tests to show that GRS-IB has much higher 
seismic stability than the conventional type bridge 
comprising a simple-supported girder supported by 
bearings. Koda et al. (2013) confirmed the above by 

performing full-scale model tests. Tatsuoka et al. 
(2015) showed that the construction and maintenance 
cost of GRS-IB is much lower than the conventional 
type bridge under otherwise the same conditions.   

 
Fig. 1. GRS-IB; the numbers show the construction sequence. 

So far, one prototype GRS-IB was completed in 
2012 for a new high-speed train line in Hokkaido and 
three others to restore the bridges of Sanriku Railway 
that were fully collapsed by the great tsunami of the 
2011 Great East Japan Earthquake. Several others are at 
the stage of design or construction.   

This paper reports the result of small scale hydraulic 
model tests on GRS-IB, as well as the conventional 
type bridge, to find whether GRS-IB has high stability 
against tsunami load due to structural integration of the 
girder, facings and approach fills.   
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2 GENERAL SPECIFICATIONS 

Small scale bridge models were placed in an open 
channel (Fig. 2) and subjected to a series of hydraulic 
bore as modelled tsunami. The scaling factors 
employed in this study are listed in Table 1. The scaling 
factors other than those for length, density and 
acceleration were obtained by assuming that the Froude 
number at the crest of the model embankment is equal 
to 1.0.   

Table 1. Similitude of the model test.   
Items Scaling factors (prototype/model) 

Length λ (assumed to be equal to 80) 
Froude number 1.0 at the crest of the model 

Density 1.0 
Acceleration 1.0 

Velocity λ0.5 
Time λ0.5 

Pressure, Stress λ 
Force λ3 

 

2.1 Channel and hydraulic bore 
Hydraulic bores were made by suddenly opening a 

gate at the middle of the open channel (Fig. 2) arranged 
to produce a difference in the water level Δh between 
the opposite sides. The wave of hydraulic bore climbed 
up a gentle slope in front of the model bridge located on 
the horizontal channel floor. The wave was broken 
before reaching the model. The test cases are listed in 
Table 2. The overflow depth is defined at the center of 
the crest of the model embankment (Fig. 3). Two 
models were tested, the conventional type bridge (case 
01) and GRS-IB (case 02). When the damage to the 
model by a given wave was not serious, another wave 
with a larger overflow depth was applied in the 
sequence shown in Table 2. The model of GRS-IB did 
not collapsed even by the largest wave applied in this 
study. 

Table 2. List of tests. 
Case Bridge type ∆h  

(cm) 
Approximate overflow depth  

in model scale (cm) 
01-1 Conventional 30 10 
01-2 40 15 
02-1 

GRS-IB 

30 10 
02-2 40 15 
02-3 50 20 
02-4 50 20 

Model

Overflow depth

Flow

 
Fig. 3. Definition of the overflow depth.  

2.2 Bridge models 

Fig. 4 shows the whole of the model of GRS-IB. 
The model embankment was constructed by 
compacting a poorly graded fine sand (Toyoura sand, 
emin = 0.62, emax = 0.97) at the optimum water content 
(i.e. 15.2 %) to a relative density Dr = 85 %. The panels 
covering the steep slopes and crest were made by 
cutting a 5 mm-thick duralumin plates. The model 
geogrid (Fig. 5) was made by cutting a net of polyester 
and polyvinyl chloride with an aperture of 4 mm. 

10
0

Unit: mm
  

Fig. 4. Model of GRS-IB. 

 
Fig. 5. Model geogrid.   

Width: 1 m

Unit: m

1.
2

36
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1125.5 ∆h

Gate Model

 
Fig. 2. Open channel used in this study. 
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The model geogrid reinforcement layers were 
connected to the back faces of the panels on the slope 
and the abutments (facings) by using bolts and stainless 
steel strips. The connection between the geogrid layers 
and the slope panels and facings was made strong 
enough not to rupture during the test. The panels on the 
crest of the embankment were connected to those on the 
sea side slopes. The girder and facings were also made 
of 5 mm-thick duralumin plates. The facings had no 
footing. The girder was integrated to the crest of the 
abutments (facings) by using bolts.   

Fig. 6 shows the whole of the model of the 
conventional type bridge. The model was made in the 
similar way as the model of GRS-IB except for the 
followings. The slope of the embankment was much 
gentler than the model of GRS-IB, while the backfill 
was not geogrid-reinforced and the covering panels 
were simply placed on the slopes and crest of the 
embankment. The girder was placed on the crest of the 
bridge abutments (Fig. 7). A footing was arranged at 
the heel of the abutment as the prototype of 
conventional type bridge so that the model abutment 
can be stable against earth pressure and other external 
loads. Note that the facing of the model of GRS-IB had 
no such a footing.  
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Unit: mm  
Fig. 6. Model of conventional type bridge.  

10 mm

 
Fig. 7. Back side view of the abutment of conventional type 

bridge model. 

The two bridge models were placed on the rigid 
floor of the channel (Fig. 2). The gap between the end 
faces of the model embankment and the side walls of 
the channel was sealed by using silicon grease. 

2.3 Measurements of earth and water pressures  
Wave pressure and earth pressure were measured by 

using small disk-type pressure transducers with 0.6 mm 

in thickness and 6 mm in diameter. They were glued on 
the model as shown in Fig. 8.  

 
Fig. 8. Pressure sensors placed on the abutment of conventional 

type bridge model. 

3 TIEST RESULTS 

Movies of the model tests were taken by multiple 
digital video cameras. Some typical observations from 
these movies and pressure measurements are reported 
below.  

3.1 Collapse process from movies 
In case 01 on the conventional type bridge, two 

waves were applied. The girder was washed away by 
the first wave. As the damage to the abutment and 
backfill was not noticeable, the second wave was 
applied consecutively to the model that had lost the 
girder. The panel immediately behind the abutment on 
the crest of the embankment (i.e., the one on the right 
side in Fig. 9) was washed away only two seconds after 
the start of over flowing of the wave current. Then, 
erosion and washing away of the backfill material 
started, followed by continuous erosion of the backfill. 
Ultimately, the panels on the slopes and the abutments 
were washed away. This result indicates that the weak 
points against tsunami current of the conventional type 
bridge are the girder bearings, the panels on the slopes 
and the unreinforced backfill. That is, this unstable 
behaviour is due to the fact that the members of the 
bridges (i.e., the girder, the abutments, the panels and 
the approach fills) are not integrated to each other.  

Land side

Sea side

Flow

 
Fig. 9. During overflow in case 01-2. 

In case 02 on the GRS-IB model, any noticeable 
damage by the first wave was not observed. After the 
second wave, which caused extensive damage to the 
conventional type bridge model, and even after the third 
wave, the damage was not noticeable. Therefore, the 
fourth wave was applied. In this case, the structural 
damage to the bridge members was negligible. 
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However, three seconds after the start of overflow, the 
model started deforming to an arch shape by a force of 
this wave, as shown in Fig. 10. The two broken lines 
shown in Fig. 10 indicate the initial locations of the toes 
of the slopes. This deformation of the model continued 
during subsequent steady state overflow. It was also 
observed that a small amount of the backfill material 
was eroded and washed away.   

Land side

Sea side

Flow

 
Fig. 10. After fourth wave in case 02-4. 

One of the characteristics features of GRS structures 
is high stability despite of such steep slopes that 
unreinforced embankment cannot be stable. 
Steep-sloped embankment requires smaller earthwork 
and occupies smaller land. Then, steep-sloped 
reinforced embankment is usually more cost-effective 
than conventional gentle-sloped unreinforced 
embankment. In view of the above, the slope of the 
approach fills of the GRS-IB model (Fig. 4) was made 
much steeper than that of the conventional type bridge 
model (Fig. 6). However, the steep-sloped reinforced 
embankment has the following two drawbacks: 1) a 
reduction in the resistance against the lateral impact of 
tsunami current due to a reduction of the total weight; 
and 2) an increase in the impact of tsunami on the 
upstream slope due to an increased slope. As a result, 
such deformation as seen in Fig. 10 becomes likely to 
take place. This issue will be studied in the future 
taking into account the actual magnitude and continuing 
time of the devastating tsunami current.   

It seems that the internal erosion of backfill took 
place after the start of the deformation seen in Fig. 10 
started. Fig. 11 shows the soil layers overlying the 
respective geogrid layers observed when dismantling 
the model from the top after test case 02-4. The eroded 
area are enclosed in red line. The backfill in the three 
layers from the top were noticeably eroded, but less in 
the lower layers. The bottom layer was not eroded. This 
performance is substantially better than the 
conventional type bridge model (case 01) and can be 
attributed to the fact that the panels on the slopes and 
crest of the embankment survived the waves because of 
connection of the panels and abutment facings to the 
geogrid layers reinforcing the backfill. Such an 
effective suppression of backfill erosion as observed in 
case 02 eventually increased the stability of the 
abutment facings and girder of GRS-IB, thus the 
stability of the whole of the structure.   

1st layer

3rd layer

5th layer

7th layer 
(bottom)

 
Fig. 11. Erosion of the backfill observed after test case 02-4. 

3.2 Water and earth pressures 
Figs. 12 and 13 show the time histories of water and 

earth pressures by the first wave measured in test cases 
01 and 02. These are typical of all the measurements in 
this study. In test case 01-1 (Fig. 12), the erosion of 
backfill was very limited despite the washing away of 
the girder. The water and earth pressures acting on the 
abutment presented in Fig. 12 were essentially free 
from the effects of the girder. In these figures, the 
horizontal (time) axis was set zero at the time when the 
wave arrived at the sea side slope of the embankment. 
Before this moment, the water pressure were essentially 
zero and set zero at the time of wave arrival. The earth 
pressures shown in these figures are the increment from 
the values before the wave arrival. In both tests, the 
duration of the overflow of wave was around ten 
seconds. The names shown in these figures, P01 - P54, 
denote the positions of the sensors.   

The following trends of behaviour may be seen from 
Fig. 12 for the conventional type bridge model. Firstly, 
the impact water pressure at P03, near the bottom of the 
upstream slope of the abutment, was about 5 kN/m2 
(Fig. 12a). In comparison, the water pressure at the 
subsequent steady state during the overflow was much 
lower and rather constant while similar to the 
hydrostatic pressure. The water pressure acting on the 
front face of the abutment in the direction of bridge axis 
is also similar to the hydrostatic pressure (Fig. 12b). 
The water pressures at the abutment bottom along the 
abutment width (P41, P13 & P43) are rather similar. 
Secondly, the overburden earth pressure on the top face 
of the heel of the footing of the abutment (P31, P32 & 
P33) largely fluctuated in the flow direction (Fig. 12c). 
Yet, these overburden pressures are generally much 
larger than the lateral earth pressures acting on the back 
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face of the abutment (P21 & P22). This large increase 
in the overburden earth pressure on the footing heel was 
due likely to an increase in the water pressure at the 
crest of embankment that was transmitted towards the 
bottom of embankment.     

The following trends may be seen from Fig. 13 for 
the GRS-IB model. Firstly, Fig. 13a shows the water 
pressure acting on the girder. The horizontal load 
developed by this water pressure was about 2.2 times as 
large as the total submerged weight of the girder and 
two abutments, tW ′ = about 8.2 N·(1.0 − 1.0/2.79) ≈ 

5.26 N, where 2.79 g/cm3 is the density of the 
duralumin. Moreover, the horizontal load by the wave 
pressure acting on the upstream face of the abutment 
reaches about 0.3 tW ′ . So the total lateral wave load is 
about 2.5 tW ′ . On the other hand, the friction angle at 
the bottom of abutment is very low (about 0.5). 
Therefore, the frictional resistance at the base of the 
abutments is about 0.5 tW ′ , which is much lower than 
total wave load. This means that large part of the wave 
load applied to the girder should have been supported 
by the weight of the reinforced backfill. Similar data of 

a) a) 

b) 

c) c) 

Fig. 12. Test case 01-1 on conventional type bridge model; a) 
wave pressure applied on seaside of abutment, b) wave 
pressure applied on the front face of abutment, c) increment of 
overburden and earth pressure applied on the back face of 
abutment.   

Fig. 13. Test case 02-1 on GRS-IB model; a) wave pressure 
applied on bridge girder, b) wave pressure applied on the front 
face of abutment, c) increment of back earth pressure applied 
on the back face of abutment. 
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the wave pressure acting on the girder could not be 
obtained in test case 01, because the girder was washed 
away immediately after the wave arrival. Secondly, Fig. 
13b shows the water pressure acting on the front face of 
the abutment facing in the direction of bridge axis. A 
relatively large noise in the measurements at P11 and 
P12, located close to the girder, might be due to 
unstable streamlines around the girder. These water 
pressures are similar to those shown in Fig. 12b and 
similar to the hydrostatic pressure. Thirdly, Fig. 13c 
shows the earth pressures acting on the back face of the 
facing in the direction of bridge axis. A very low 
increase at P22 and P23 may indicates that the 
abutment facings were very stable against the wave 
load. On the other hand, the value at P21, located close 
to the girder, increased significantly. It is likely that the 
displacement of the girder by wave load was highly 
restrained at the location of P21 by the facing and 
reinforced backfill together, then the earth pressure at 
P21 responded sensitively to potential displacements of 
the girder. That is, this trend at P21 indicates a high 
structural integrity of the GRS-IB model contributing to 
high stability against tsunami current.   

4 SUMMARY 

The following conclusions can be derived from the 
small hydraulic model tests performed to evaluate the 
stability of GRS-IB against tsunami described above:  
1) The conventional type bridge is highly vulnerable 

to strong tsunami load due to low stability of the 
girder at bearings placed on the top of the 
abutments and low resistance of the backfill 
against erosion as a result of low resistance of 
panels placed on the slopes and crest of the 
unreinforced embankment.   

2) GRS-IB has the following advantageous features 
in resisting against strong tsunami load:   

a) As the girder and abutment facing are 
structurally integrated to each other, the girder 
is stable as long as the abutment facing is stable.   

b) The total weight of the girder and abutment 
facings may be insufficient to survive strong 
tsunami load. However, as the abutment facings 
and approach fills are integrated to each other 
by geogrid reinforcement layers and the 
approach fills are rather heavy, the abutment is 
stable as long as the geogrid reinforcement and 
its connection to the facing are not ruptured and 
the backfill is not eroded.   

c) The backfill is stable against erosion from the 
slope face as long as the panels covering the 
slopes and crest are stable.   

d) The panels covering the slopes are very stable, 
as they are connected to the geogrid layers 
reinforcing the backfill and the panels on the 
crest are connected to those on the slopes.   

e) As the abutment facing is relatively thin as a 

result of structural integration to the girder and 
approach fill, the tsunami load acting on its 
upstream face is relatively low. 

3) When the slope of the geogrid-reinforced approach 
fills is made steep as in this study, a decrease in 
their stability against lateral sliding associated with 
a decrease in the weight should be examined. 

4) Even when the backfill is geogrid-reinforced, the 
joints between adjacent panels and between panels 
and the abutment facings should be tightly sealed as 
much as possible to reduce the amount of internal 
erosion and washed away of the backfill.   
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