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Geosynthetic-reinforced soil (GRS) integral bridge was developed to overcome several
inherent serious problems with conventional type bridges comprising a simple-
supported girder (or multiple girders) supported via bearings typically by RC abutments
retaining unreinforced backfill (and a pier or piers for multiple girders). The problems
include: (a) relatively high construction and maintenance costs with relatively long con-
struction time resulting from the use of bearings and massive abutment structures usually
supported by piles; (b) bumps immediately behind the abutments; and (c) a relatively low
stability of the girders supported by roller bearings and the approach embankment against
seismic and tsunami loads. For a GRS integral bridge, a pair of GRS walls (and an interme-
diate pier or piers if necessary for a long span) are first constructed. After the deformation
of the supporting ground and the backfill of the GRS walls has taken place sufficiently,
steel-reinforced full-height-rigid (FHR) facings are constructed by casting-in-place con-
crete on the wall face wrapped-around with the geogrid reinforcement. Finally a continu-
ous girder is constructed with both ends integrated to the top of the FHR facings. The girder
is also connected to the top of an intermediate pier, or piers, if constructed. The background
and history of the development of GRS integral bridge is described. The first four case his-
tories, one completed in 2012 for a new high-speed train line and the other three com-
pleted in 2014 to restore a railway damaged by a great tsunami of the 2011 Great East
Japan Earthquake, are reported.

� 2016 Elsevier Ltd. All rights reserved.
Introduction

Geosynthetic-reinforced soil (GRS) retaining wall (RW)
having staged-constructed full-height rigid (FHR) facing
(Fig. 1) was developed in the mid-1980s (Tatsuoka et al.,
1997a). By extending this GRS RW technology, GRS bridge
abutment, placing a girder via a hinged bearing on the top
of FHR facing of a GRS RW, or via a pair of hinged and roller
bearings on the top of FHR facings of a pair of GRS RWs,
was developed in 1990s (Aoki et al., 2005; Tatsuoka
et al., 2005). In 2000s, GRS integral bridge, integrating
without using bearings both ends of a continuous girder
to the top of the FHR facings of a pair of GRS RW (and also
an intermediate pier, or piers if constructed for a long
span), was developed (Tatsuoka et al., 2008, 2009, 2012,
2014a,b, 2015). GRS integral bridge is now becoming one
of the standard bridge types for railways in Japan (RTRI,
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Fig. 1. GRS RW with FHR facing: (a) staged construction; (b) a typical geogrid type; and (c) details of facing construction at stage 6.
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Fig. 2. (a) Construction sites; and (b) history of GRS structures including RWs with a staged-constructed FHR facing, GRS abutments and GRS integral
bridges (as of May 2015).
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2012). These types of GRS structure have been constructed
at more than 1100 sites (Fig. 2a) and for a total wall length
of more than 160 km (Fig. 2b), mainly for railways includ-
ing high-speed train lines (Shinkansen in Japanese). Many
of them were constructed in place of gentle-sloped
embankments, cantilever RC RWs, conventional type
bridge abutments, RC viaducts and conventional type
bridges.

One of the most typical recent cases of GRS structure is
the construction of Hokkaido Shinkansen (see Fig. 2a for its
location). As described in details by Yonezawa et al. (2014),
at many sites within a length of 37.6 km between Kikonai
and Shin Hakodate-Hokuto Stations, the following various
types of GRS structure were constructed (Table 1). Fig. 3a
shows a series of GRS structures constructed at Mantaro
section.

(1) GRS RWs having FHR facing (denoted by R in Fig. 3a)
for a total length of 3.5 km: The largest wall height is
11 m. No conventional type cantilever RW was
constructed.

(2) In total 29 GRS bridge abutments (denoted by A in
Fig. 3a): The tallest one is 13.4 m-high (Fig. 3b). No
conventional type bridge abutment was constructed.

(3) A GRS integral bridge at Kikonai: This is the first
prototype.

(4) Three GRS box culverts accommodating local roads
under-passing the railway (denoted by B in
Fig. 3a): Each RC box structure is integrated to GRS
RWs at both sides. The tallest one is 8.4 m-high.

(5) Eleven GRS tunnel entrance protections (denoted by
T in Fig. 3a): A GRS arch structure stabilizes the slope
immediately above the tunnel entrance to protect
trains against falling rocks and sliding soil masses.
The tallest one is 12.5 m-high.

The primary reason for such a popular use of GRS struc-
tures as described above is high cost-effectiveness together
with relatively short construction period and high perfor-
mance. Among the GRS structures that have been con-
structed so far (Fig. 2), any problem has not taken place
during construction and long-term service and also by pro-
longed/heavy rainfalls and severe earthquakes despite a
wide variety of topological, geotechnical, structural and
loading conditions. Despite high performance, the life cycle
cost (i.e., the total cost for the construction and mainte-
nance for a full life span) of these GRS structures is much
Table 1
GRS structures constructed between Kikonai and Shin Hakodate-Hokuto
Stations of Hokkaido Shinkansen (Yonezawa et al., 2014).

Symbol Structure type Total length or
total number of
site

Maximum
height (m)

R GRS retaining wall
with FHR facing (RW)

3528 m 11.0

A GRS bridge abutment 29 13.4
I GRS integral bridge 1 6.1
B RC box culvert

integrated to GRS RW
3 8.4

T GRS tunnel entrance
protection

11 12.5
lower than conventional type soil structures (i.e., gentle-
sloped embankments, conventional cantilever RWs and
bridge abutments retaining unreinforced backfill). The
above is the case in particular when piles become neces-
sary with conventional type soil structures. The following
is the important factors for the high cost-effectiveness of
GRS structures described above:

(1) At sites where on-site backfill material is available,
embankment retained by this type of GRS RW at
both sides is much less costly and more
environment-friendly than RC viaducts.

(2) Ballast-less RC slab track was introduced for Sanyo
Shinkansen in 1970s to substantially reduce the
maintenance work. Their use was initially limited
to tracks on RC structures (i.e., bridges and viaducts).
For the southern part (between Tokyo and Nagano)
of Hokuriku Shinkansen (opened 1997a) and subse-
quent Shinkansen lines, RC slab tracks were con-
structed also on GRS structures. It has been
confirmed that the long-term residual settlement
of RC slab tracks on GRS structures are negligible
(Tatsuoka et al., 2014a,b). The maintenance cost for
RC slab tracks is substantially lower than the one
for ballast tracks under otherwise the same condi-
tion. So, the maintenance cost of GRS structures sup-
porting RC slab tracks is much lower, by a factor of
about 0.5, than the one conventional type embank-
ments supporting ballast tracks. For this reason,
embankment retained by this type of GRS RW at
both sides supporting RC slab tracks is much less
costly than gentle-sloped embankments supporting
ballast tracks, particularly at sites where the land
price is high (Tatsuoka et al., 2014b).

(3) With an integral bridge, any settlement and lateral
displacement at the top of the facing, to which the
girder is integrated, that results in structural and
functional problems is not allowed. So, it is irrele-
vant to use any flexible or deformable facing type.
If a RC abutment structure is supported with a pile
foundation with pure frictional connections to the
approach embankment, it becomes difficult to pre-
vent the development of bump due to the settle-
ment of the approach embankment relative to the
FHR facing. On the other hand, GRS bridge abut-
ments and GRS integral bridges exhibit negligible
bumps by long-term train loads and seismic loads
immediately behind the facing. This can be attribu-
ted to such staged construction that, after the settle-
ment of the approach embankment associated with
its construction has taken place sufficiently, the
FHR facing is constructed firmly connecting the geo-
grid layers reinforcing the approach embankment to
the back of the FHR facing.

(4) During the 1995 Great Kobe Earthquake, gentle-
sloped embankments, conventional type RWs, other
types of mechanically stabilized earth RW than GRS
RWs of this type (Fig. 1), RC viaducts and conven-
tional type bridge abutments were seriously dam-
aged or fully collapsed at many places. In
comparison, several GRS RWs of this type all
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Fig. 3. (a) A view of a variety of GRS structures at Mantaro section of the south part of Hokkaido Shinkansen; and (b) GRS bridge abutment (13.4 m-high)
during and after construction, near Mantaro tunnel.

F. Tatsuoka et al. / Transportation Geotechnics 8 (2016) 4–25 7
performed very well (Tatsuoka et al., 1997a,b, 1998).
A number of GRS RW with FHR facing that had been
constructed in the affected areas of the 2011 Great
East Japan Earthquake all performed very well with-
out exhibiting any damage requiring for repair
works, compared with serious damage or full col-
lapse of other types of soil structures at many places
(Tatsuoka et al., 1998, 2014a–c; Kuwano et al., 2012,
2014). They reported a number of discrete panel fac-
ings and thin-metal accordion-shaped facings of
mechanically reinforced earth RWs using metallic
reinforcement elements and flexible type facings of
GRS RWs that exhibited large deformation by seis-
mic loading. These experiences have re-confirmed
that the seismic stability, as well as the long-term
static stability, of this type of GRS RW is very high.

There are several other GRS bridge types that support a
simple supported girder on the crest of the reinforced back-
fill or modular block facing of GRS RW, with or without
using a pair of shoes (roller and hinged) (e.g., Zornberg
et al., 2001; Abu-Hejleh et al., 2002; Helwany et al., 2003;
Lee and Wu, 2004; Skinner and Rowe, 2005; Horvath,
2005). On the other hand, the GRS integral bridge reported
in this paper structurally integrates both ends of a continu-
ous girder, not using any bearing, to the top of a pair of FHR
facings that are integrated to the geosynthetic-reinforced
approach embankment by firmly connecting the geosyn-
thetic reinforcement to the back of the facing. To the best
of the authors’ knowledge, there is no such full-scale bridge
as described above other than those reported in this paper.

Chracteristic features of GRS RW with FHR facing

The characteristic features of the GRS RW system
(Fig. 1), which are the basis for the development of GRS
integral bridge, are summarized below.

Structural features

Tatsuoka (1992) discussed this issue in details. That is,
reinforced soil RWs should be stable against both ‘‘global
failure along any global failure plane” and ‘‘local failure
of backfill and facing”. Among many local failure modes,
the local failure in the backfill immediately behind the wall
face is particularly important. The minimum lateral confin-
ing pressure required for this mode of local stability is the
active earth pressure with unreinforced backfill. If the wall
face is too flexible to develop sufficient earth pressure or if
the connection strength between rigid facing and rein-
forcement is too low, the available earth pressure at the
wall face becomes lower than the one required to achieve
this type of local stability. Then, the tensile forces in the
reinforcement become very low at low levels of the wall,
where the active zone between the wall face and the global
failure plane starting from the facing bottom is very nar-
row (Fig. 4a). This results in low confining pressure thus
low stiffness/strength in the active zone. This situation
may lead to large wall deformation if the backfill is not
reinforced very dense. Typical cases of wrapped-around
GRS RWs which deformed largely by effects of heavy rain
are reported in Tatsuoka and Yamauchi (1986), Tatsuoka
(1992), Tatsuoka et al. (1997a, 2000), while those of GRS
RWs having flexible facing and metallic-reinforced earth
RWs having discrete panel facing or flexible metallic facing
that deformed largely by effects of seismic load are
reported in Tatsuoka (1992), Tatsuoka et al. (1997b) and
Kuwano et al. (2014). With this type of GRS RW having
FHR facing with high connection strength (Fig. 1), on the
other hand, the available earth pressure at the back of
the facing is high enough, thus the tensile forces in the
reinforcement can become high enough even at low levels
of the wall where the active zone is narrow (Fig. 4b). This
results in high confining pressure thus high stiffness/
strength in the active zone, preventing the local failure in
the backfill, which makes the active zone strong and stiff
enough. Then, a high global stability with small wall defor-
mation is not hindered by local failure.

A conventional type RW is a cantilever structure that
resists earth pressure. Therefore, large internal force is
mobilized in the facing while large overturning moment
and lateral thrust force develops at the facing base. Then,
a massive facing structure supported by piles usually
becomes necessary. These disadvantages become more
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serious at an increasing rate with an increase in the wall
height. On the other hand, the FHR facing of this GRS RW
(Fig. 1) is a continuous beam supported by many geogrid
layers with a small vertical spacing (i.e., 30 cm). Therefore,
only small force is mobilised in the facing even by high
earth pressure. Hence, the facing becomes thinner and
the structure becomes much simpler using a much less
amount of steel reinforcement than cantilever RC RWs
retaining unreinforced backfill. Besides, as only small resis-
tance against overturning moment and lateral thrust force
at the facing base is required to maintain the global wall
stability, piles are usually not used.

When large vertical and/or lateral concentrated load is
applied to the top of the facing or on the crest of the back-
fill immediately behind the facing, high integrity of the
active zone is particularly required to maintain high local
and global stabilities of the wall. This requirement is satis-
fied by using a FHR facing to which the reinforcement lay-
ers are firmly connected. That is, concentrated load is
transmitted to the whole of the FHR facing, then to all rein-
forcement layers from the top to the bottom of the wall,
thereby the concentrated load is resisted by the whole of
the wall. Therefore, FHR facing is often used as the founda-
tion for electric poles or noise barrier walls or protective
barriers to be constructed on the wall. GRS bridge abut-
ment and GRS integral bridge fully take advantage of these
structural features of FHR facing. On the other hand, with
reinforced soil RWs having a facing comprising discrete
panels or modular blocks, concentrated lateral load applied
to the top of the facing or the backfill crest immediately
behind the facing is resisted only by the top reinforcement
layer or layers connected to a single panel or block at the
top, or a couple of top panels or blocks at best. Besides,
the facing comprising of discrete panels or modular block
cannot support large vertical concentrated load. Tatsuoka
et al. (1989), Tatsuoka (1992) and Thamm et al. (1990,
1991) reported typical model tests in which reinforced soil
RWs having flexible or deformable facing collapsed due to
local failure near the wall face below the crest by vertical
concentrated loading on the crest. Although failure of this
mode may be somehow alleviated by densely reinforcing
the backfill, it is likely that it is very difficult to be stable
against outward lateral concentrated loading on the crest.

In addition, with facing comprising discrete panels, the
flowable very dry or nearly saturated backfill may flow out
through joints between panels if sealing is lacking or insuf-
ficient. The GRS RW with FHR facing is free from this type
of problem, as the FHR facing has no joints except for
vertical construction joints usually arranged at an interval
of 10 m. Moreover, with facing of discrete panels or modu-
lar blocks, local failure of a single, or a couple of panels or
blocks, which may be associated with local connection fail-
ure or local scouring in the subsoil below the facing base,
may become collapse of the whole wall. This type of pro-
gressive failure is unlikely to take place with the GRS RW
with FHR facing, unless most of the connections fail simul-
taneously or global scouring takes place in the subsoil
below the whole facing base, both being usually very
unlikely.

Staged construction of FHR facing

After potential deformation of subsoil and backfill by
the weight of the backfill has taken place sufficiently at
construction stage 5 (Fig. 1a), construction stage 6 starts.
At stage 6, where FHR facing is constructed by casting-in-
place concrete in the space between the geogrid-
wrapped-around wall face and the concrete form
temporally supported with steel rods anchored in the
backfill (Fig. 1c). In this way, the connection between the
facing and the reinforcement layers of geogrid is not dam-
aged by differential settlement between them that may
take place if the FHR facing is constructed prior to, or
simultaneously with, the construction of the backfill. This
procedure is particularly important with GRS bridge abut-
ments and GRS integral bridges, as these structures need a
particularly high connection strength between the facing
and the reinforcement layers. In the design, the required
connection strength is determined by the limit equilibrium
analysis taking into account design seismic loads (Tatsuoka
et al., 2010a; RTRI, 2012; Yazaki et al., 2013). Besides, with
conventional RC RWs, concrete forms and their propping
are necessary on both sides of the facing and they become
more costly occupying wider space in front of the wall at
an increasing rate with an increase in the wall height. With
this type of GRS RW, on the other hand, only the outside
concrete form anchored in the backfill is necessary, thus
only limited space in front of the wall is occupied.

Fresh concrete enters the inside of the gravel-filled bags
through the aperture of the geogrid reinforcement
wrapping-around gravel bags and the geogrid constituting
the bags (Fig. 1c). Then, the facing is eventually firmly
connected to the reinforcement layers. As the front end
of the geogrid reinforcement is buried in fresh concrete
of the facing, the geogrid should have very high resistance
against high alkali environment and high adhesiveness
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with concrete. So, bi-axial geogrid made of polyvinyl
alcohol (PVA) fibre covered with a protection of polyvinyl
chloride (PVC) (Fig. 1b) is usually used.

With help of gravel bags placed at the shoulder of each
soil layer, the backfill immediately behind the wall face can
be compacted efficiently. Prior to the construction of FHR
facing, the gravel bags function as a temporary but stable
facing unit resisting against earth pressure generated by
backfill compaction and the weight of overlying backfill.
With completed GRS RWs, the gravel bags function as
not only a drain but also a buffer protecting the facing/
geogrid connection against potential relative displace-
ments between them by providing an additional strength
component to the connection. In the cold regions, such as
Hokkaido in Japan, the gravel bags function also as frost
heaving restraint.

The design and construction procedures of this type of
GRS RW are explained in details in other literatures
(e.g., Tatsuoka et al., 1997a, 1998, 2010a, 2014a–c; RTRI,
2012).
GRS bridge abutment

With conventional type bridges, intolerable bumps
often develop immediately behind abutments by depres-
sion of unreinforced backfill gradually during long-term
service and suddenly by seismic loads. The bump becomes
larger by displacements of the abutment and/or the wing
RWs. The other problems include needs for a massive RC
abutment structure usually supported by piles to restrain
the settlement and lateral displacement and to ensure suf-
ficient stability particularly against seismic loads and
scouring. To alleviate these problems, a new type bridge
abutment, called GRS bridge abutment, was developed
(Fig. 5) (Aoki et al., 2005; Tatsuoka et al., 2005). That is,
one end of the girder is placed via a hinged bearing on
the top of the FHR facing of a GRS RW, or both ends of
the girder are placed via a pair of hinged and roller bear-
ings on the top of the FHR facings of a pair of GRS RWs.

For railways, to ensure essentially no bump and a high
stability, the zone of the approach embnakment immedi-
ately behind the facing is usually constructed by well-
compacting lightly cement-mixed well-graded gravelly
soil that is reinforced with geogrid layers connected to
the facing (Fig. 5). As the thickness of the backside unce-
mented zone behind the cement-mixed zone increases
Backfill

Geogrid

Girder

Abutment

Cement-mixed gravelly soil

Bearing

(1) Compacted lightly 
cement-mixed gravelly soil

Bags filled with uncemented
gravelly soil

(2) facing

(3) Bearing

(4) Girder

Fig. 5. GRS bridge abutment (the numbers denote the construction
steps).
gradually, a bump doe not develop at the boundary on
the crest between the cement-mixed and uncemented
zones even if the uncemented zone exhibits noticeable
settlement.

GRS abutment exhibits much higher long-term and
seismic stabilities than the conventional type abutment,
while it is much less costly due to much more slender RC
facing and usually no use of piles. The design and construc-
tion procedures of this type of GRS bridge abutment are
explained in details in other literatures (e.g., Tatsuoka
et al., 2005, 2014b; RTRI, 2012; Tatsuoka and Watanabe,
2015). The first GRS abutment was completed in 2003 for
Kyushu Shinkansen (see Fig. 2a for the location). For
Hokkaido Shinkansen, in total 29 GRS abutments were
constructed fully in place of conventional type abutments
(Fig. 3). Until today, GRS abutments for railways were
constructed at about 40 sites.
GRS integral bridge

GRS bridge abutment still has two major serious prob-
lems in common with the conventional type bridge: (1)
high construction and maintenance cost for bearings; and
(2) a low seismic stability of the girder at the bearing
against seismic loads. To alleviate these problems, GRS
integral bridge (Fig. 6) was developed by extending the
technology of GRS bridge abutment (Tatsuoka et al.,
2008, 2009, 2012, 2014a,b, 2015). The construction follows
steps Nos. 1 through 4 shown in Fig. 6a. That is, after the
FHR facing is constructed at stage 3, at stage 4, the contin-
uous girder is constructed with both ends structurally inte-
grated to the top of the FHR facing of a pair of GRS RWs.
When the girder is long, say longer than 30 m, a central
pier is constructed and the continuous girder is supported
only vertically at the top of the pier (Fig. 6c).

GRS integral bridge is more cost-effective exhibiting
higher performance than a bridge comprising a simple
girder supported by a pair of GRS bridge abutments by
the following factors. Firstly, the construction and mainte-
nance of the bearings becomes unnecessary. Secondly, the
girder becomes shorter than the simple-supported girder
for the same span length. Besides, the girder becomes more
slender due to a significant reduction of the maximum
bending moment at the center of the girder (by a factor
of about 0.5 in the maximum) resulting from flexural resis-
tance at the girder/facing connections. Thirdly, the seismic
stability increases significantly due to increased structural
integrity and a reduction in the inertial force of the girder
due to a decrease in the mass. The stability against tsunami
also increases substantially due to increased structural
integrity and a reduction in the thrust tsunami load on
the girder due to a decrease in the thickness. It is to be
noted that the importance of high resistance against
tsunami was recognized after vast damage to a great num-
ber of conventional simple-supported girder bridges dur-
ing the 2011 Great East Japan Earthquake, as described
later in this paper.

As the GRS integral bridge is a highly in-deterministic
structure, settlement of facing by, for example, compres-
sion of soft ground or scouring that results into structural
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and functional damage to the bridge is not allowed. In this
respect, if the FHR facing supported by a pile foundation is
constructed before the construction of the approach
embankment, the approach embankment settles down
relative to the facing developing a bump back of the facing.
With the GRS integral bridge, the FHR facing is constructed
after the ground settlement by the weight of the approach
embankment has taken place sufficiently. Therefore, even
without being supported by pile foundations, the facing
becomes free from settlement by the weight of approach
embankment while the problem of bump does not take
place. Yet, relevant ground improvement of soft soil layers
if they exist in the supporting ground becomes necessary
to ensure negligible residual settlements of the facing dur-
ing a long service period. The construction of a GRS integral
bridge on a thick soft soil deposit or ground susceptible to
deep scouring is one of the current technical issues to be
solved.

Model tests

The GRS integral bridge was developed based on a ser-
ies of model shaking table tests in the laboratory and anal-
ysis of the test results (Tatsuoka et al., 2008, 2009, 2012;
Munoz et al., 2012), followed by the construction of a
full-scale model (Fig. 7a and b; Nagatani et al., 2009) and
full-scale loading tests performed three years after its con-
struction (Fig. 7c: Suga et al., 2012; Koda et al., 2013). As
described below, the stability of the full-scale model was
evaluated by applying cyclic lateral loads simulating ther-
mal deformation of the girder and level 2 design seismic
load to the girder of the model. The current seismic design
method of GRS integral bridge is described in Yazaki et al.
(2013).

The full-scale model of GRS integral bridge (Fig. 7a)
simulating a single-track railway bridge comprises a
3.0 m-wide and 14.75 m-long continuous girder, a pair of
5.55 m-high FHR facings and a pair of approach embank-
ments. This model was constructed spanning a pair of full
models of GRS RW having FHR facing constructed in a
period from the beginning of 1997–1998 (Tatsuoka et al.,
1997a, 2000). A pair of approach blocks of the abutments
were constructed by excavating the backfill of these two
full-scale models of GRS RW. As seen from Fig. 7b, both
lateral sides of the respective approach blocks are in con-
tact with the sheet piles retaining the backfill of the exist-
ing GRS RW via a lubricated interface comprising a grease
layer sandwiched by plywood sheets arranged to minimize
the shear stresses on the lateral faces of the approach fill
during the full-scale loading tests described below. Table 2
lists the construction materials and structural dimensions.

Two types of approach block that are currently used for
railways in Japan were constructed by compacting either
well-graded gravelly soil (GS) (crushed hard rock from a
quarry, M-40) or cement-mixed M-40 with a dry weight
ratio of cement to gravel equal to 4%. The compressive
strength of compacted cement-mixed gravel was designed
to be at least 2 MPa at a curing period of 28 days. Approach



Fig. 7. A full-scale model of GRS integral bridge constructed at Railway Technical Research Institute: (a) overall structure (Suga et al., 2012); (b) the left side
abutment in Fig. a under construction (27 November 2008); and (c) full-scale loading test (January 2012) (Koda et al., 2013).
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blocks of compacted gravelly soil are used for ordinary
train lines. On the other hand, well compacted cement-
mixed GS is used mainly for high speed train lines (Shin-
kansen) to minimize the amount of bump that may
develop immediately behind the RC abutment, as
explained above related to Fig. 5. With GRS integral
bridges, an increase in the seismic stability of whole bridge
system is the other purpose of using cement-mixed GS
approach block (Tatsuoka et al., 2009). With both types
of approach block of the full-scale model (Fig. 7a), the



Table 2
Construction materials and structural dimensions of full-scale GRS integral model (Koda et al., 2013).

Bridge dimensions Girder length 14.75 m
Width 3 m
Girder thickness 0.9 m
Facing thickness 0.9 m
Foundation Spread footing

Concrete Cement Ordianary portland
Design compressive strength fck = 27 N/mm2

Steel reinforcement Type SD345
Main reinforcement D19ctc150 mm (footing & facings)

D22ctc150 mm (girder)
Geogrid PVA fiber covered with PVC Design tensile rupture strength Ta = 60 kN/m
Approach fill Well-graded gravelly soil (WG GS) M-40

Cement-mixed WG GS M-40 mixed with ordinary Portland cement

Backfill in back of the approach block C-40 (crusher run)

Table 3
Two series of lateral cyclic loading tests (Koda et al., 2013).

Loading method Loading history Objective

One-side cyclic loading
(H: constant single
amplitude of lateral
load)

50 cycles of
H = 500 kN in two
directions; and 50
cycles of H = 1000 kN
in two directions

Simulation of
seasonal
thermal
displacements

Reversed cyclic loading
with a vertical train
load Wmax = 35 kN/m
on the girder (Hmax:
largest lateral load)

Hmax = 2300 kN when
loading toward
cement-mixed GS

Simulation of
Level 2 design
seismic load

Hmax = 2600 kN when
loading toward
gravelly soil

Elapsed time (minute)

500

Loading toward 
gravelly soil

Loading toward cement-
mixed gravelly soil

3,000

2,000

1,000
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-1,000

-2,000
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Fig. 8. Reversed cyclic loading simulating seismic loads.
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backfill was reinforced with 19 layers of geogrid with a
vertical spacing of 30 cm. The geogird has a bi-axial struc-
ture comprising PVA fibre covered with a protection of
PVC, thus it has a very high resistance against high alkaline.
This feature is one of the most important features required
for the geogrid to be used for GRS integral bridges, as the
end part of the geogrid is buried in a concrete layer of
the facing for a firm connection. With this type of geogrid,
the allowable tensile strength Ta is reduced by a factor of
0.8 from the yield tensile strength based on a minimum
average role value, while the design long-term tensile
strength is typically 0.6 times Ta and the seismic design
value against realistic high seismic load is 0.9 times Ta
(RTRI, 2012).

Three layers of gravel-filled geogrid bags with a com-
pacted thickness of about 10 cm per each and a compacted
width of about 40 cm were placed at the shoulder of each
soil layer between the vertically adjacent geogrid layers
(Fig. 7b). With help of these gravel-filled geogrid bags,
the backfill was compacted so that the compacted thick-
ness of respective soil layers became 15 cm and the degree
of compaction (i.e., the ratio of compacted dry density to
the maximum dry density by the modified Proctor) became
at least 95%. With the approach block of cement-mixed
gravel approach block, 40 cm-wide unbound gravel-filled
geogrid bags immediately behind the FHR facing
should absorb cyclic displacements caused by seasonal
thermal deformation of the girder. As described later in
this paper, these unbound gravel zone was made wider
for the two GRS integral bridges having longer girders
(40 m and 60 m) for Sanriku railway.

Table 3 shows the outline of two types of full-scale cyclic
lateral loading tests that were performed simulating lateral
cyclic loads in the bridge axis direction due to (1) thermal
expansion and contraction of the girder; and (2) L2 level
design seismic load, which is as severe as the highest hori-
zontal acceleration recorded on the ground during the 1995
Great Kobe Earthquake. Lateral loads were applied to the
girder by using four hydraulic jacks with a capacity of
1000 kN/each on each side (so in total eight jacks). A set
of four jacks were fixed to a steel reaction frame arranged
at each end of the model (Fig. 7c). The tensile load from
the jacks was transmitted to steel rods in sheaths buried
in the approach blocks on both sides of the model, which
was then transmitted to four PC steel bars arranged in
PVC pipe sheaths buried in the girder. Both ends of the PC
steel bars were fixed to the end faces of the girder by using
steel plates and bolts so that the tensile loads from the jacks
were fully transmitted as compressive loads to the respec-
tive ends of the girder. The peak lateral load was set equal
to 500 kN to simulate an expansion/contraction of the
15 m-long girder by a change in the temperature equal to
20 �C. 50 cycles were applied simulating a period of
50 years (i.e., the design life time). It has been confirmed
that effects of daily changes in the temperatures are negli-
gible when compared with those of annual changes
(Hirakawa et al., 2006, 2007; Tatsuoka et al., 2010a).

Subsequently, 50 cycles with a peak load of 1000 kN
were applied to examine the behavior by more severe,



F. Tatsuoka et al. / Transportation Geotechnics 8 (2016) 4–25 13
exceptional temperature effects simulating an annual tem-
perature change equal to 40 �C.

Fig. 8 shows the time history of reversed cyclic loads
applied to evaluate the behavior of the GRS integral model
when subjected to seismic loads up to L2 level design seis-
mic load. A series of three symmetric reversed cyclic loads
were applied stepwise increasing the single amplitude
from 250 kN to 2000 kN. In the last cycle, a maximum
lateral compressive load equal to 2300 kN was applied
toward the cement mixed gravelly soil approach block,
followed by a maximum load equal to 2600 kN toward
the well-grade unbound gravelly soil approach block.
A lateral load of 2200 kN is equivalent to the inertial of
the girder by a peak response acceleration equal to 1.0 g
(i.e., the gravitational acceleration).

In the model shaking table tests performed in the labo-
ratory (Tatsuoka et al., 2009; Munoz et al., 2012), the fail-
ure of the GRS integral bridge model started with the
passive failure at the top part of the approach fill of the
abutment on the passive side caused by the lateral inertia
load of the girder. Therefore, the evaluation of this factor is
indispensable in the seismic design of GRS integral bridge.
In this respect, under actual seismic loading conditions, as
well as in the model shaking table tests, not only the girder
but also the abutments comprising the facings and the
approach fills on both sides exhibit seismic response accel-
erations, which are usually lower than the response accel-
eration at the girder. Therefore, unlike this full-scale
pseudo-static cyclic loading test, the inertia of the girder
is not fully activated as the lateral push-in load to the abut-
ment on the passive side (Factor A). At the same time, this
lateral load by the inertial of the girder is reduced by the
tensile resistance of the geogrids layers attached to the fac-
ing of the abutment on the active side. This tensile resis-
tance under actual seismic loading conditions should be
much smaller than the one in these full-scale loading tests,
in which the seismic inertia of the abutment on the active
side is zero (Factor B). The shaking table model tests
showed that the effect of Factor B is smaller than that of
Factor A. Therefore, the lateral push-in load to the abut-
ment on the passive side and associated damage to the fac-
ing and approach fill of the abutment on the passive side
under actual seismic loading conditions should be smaller
than the one for the same inertial load applied in this full-
scale loading test. For the same reason, the lateral displace-
ments of the girder relative to the abutments under the
actual seismic condition should be much smaller than
those for the same inertia of the girder observed in this
full-scale test. This conservative simplification of seismic
loading employed in this full-scale pseudo-static cyclic
loading test is adopted when evaluating the damage to
the facings, approach fills and geogrid layers in the current
seismic design of GRS integral bridge (Yazaki et al., 2013).

The essence of the results from the reversed lateral cyc-
lic loading test simulating seismic loading is herein
described. Figs. 9a and b show the relationships between
the lateral load and the lateral displacements at the top
of the facing on both sides of the model. Figs. 10a and b
show the envelopes of the relationships presented in
Figs. 9a and b. It may be seen from these figures that, when
the peak lateral load was lower than about 1000 kN, the
behaviour is highly reversible, showing that the damage
to the approach blocks (including the facing, gravel bag
zone and geogrid-facing connection) was very small. This
result is consistent with the highly reversible behaviour
observed in the cyclic loading test simulating thermal
effects with a peak lateral load of 1000 kN.

As the peak load exceeded about 1000 kN, the load–dis-
placement relation started exhibiting hysteresis relations
with noticeable areas and this trend became more obvious
with an increase in the peak load. In the last cycle, in which
the peak load exceeded the L2 design seismic load, the
residual displacements at both sides became particularly
large, probably due mainly to yielding of the geogrid
immediately behind the connection at the back face of
the facing, where nearly full pull-out load is applied to
the geogrid while the tensile forces in the geogrid at deeper
places embedded in the backfill became lower. Yet, the
peak displacement at the top of the facings in the active
and passive modes when the applied lateral load became
the L2 seismic load was only about 20 mm on both sides.
This very high performance can be attributed to such fea-
tures of GRS integral bridge that all the major structural
components (i.e., a girder, a pair of facings and a pair of
geosynthetic-reinforced approach blocks) are all integrated
to each other and they all together resist applied loads. In
particular, unlike the conventional type integral bridge
(with unreinforced backfill), the resistance by tensile
forces in the geogrid layers in the high level part on the
active side are activated simultaneously with the resis-
tance by compressive forces in the high level part of the
approach block on the passive side. As the secondary com-
ponent of the resistance, the tensile forces in the geogrid
layers at low levels on the passive side and compressive
forces in low level part of the approach block on the active
side are also activated at the same time to restrain rota-
tional displacements of the FHR facings.

It may also be seen from Fig. 10a and b that the differ-
ences between the displacements in the active and passive
modes at the respective approach fills and between the
two types of approach block are insignificant. It is likely
therefore that the displacements when both approach
blocks are made of cement-mixed GS are not significantly
smaller than that of the stiffer response in
Figs. 10a and b, while the displacements at the top of the
facing when both approach blocks are made of unbound
gravelly soil are not significantly larger than that of the
softer response presented in Figs. 10a and b. Yet, it may
be seen from Fig. 10a that the displacement in the active
mode at the top of the facing for the approach block of
cement-mixed GS was noticeably smaller than that for
the approach block of unbound gravelly soil. It may also
be seen from Fig. 10b that the displacement in the passive
mode at the top of the facing for the approach block of
unbound gravelly soil was noticeably smaller than that
for the approach block of cement-mixed GS. These results
show that the displacement of the girder was noticeably
smaller when the compressive load was activated toward
the unbound gravelly soil approach fill (i.e., the cases with
a superscript ⁄ in Figs. 10a and b) than when the compres-
sive load was activated toward the cement-mixed GS. It is
likely that these trends are due to the following two



Fig. 9. Relationships between the lateral load and the lateral displacement at the top of the facing for: (a) cement-mixed gravelly soil approach block; and
(b) gravelly soil approach block, from reversed lateral cyclic loading test (Koda et al., 2013).
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factors. Firstly, the tensile stiffness of the geogrid in the
approach block of cement-mixed GS is larger than the
one in the approach block of unbound gravelly soil. It is
likely that the tensile deformation of the geogrid in the
approach block of cement-mixed GS is more restrained
due to much higher stiffness of cement-mixed GS.
Secondly, the coefficient of lateral sub-grade reaction for
compression of the approach block of cement-mixed GS
is similar as the one of the approach block of unbound
gravelly soil. That is, it is likely that the values of compres-
sive stiffness of the approach blocks of cement-mixed GS
and of unbound gravelly soil are similar, because both
are largely controlled by the compressive stiffness of the
unbound gravel-filled bags arranged immediately back of
the FHR facings.

In this loading test program, uniform static vertical load
of 35 kN/m simulating train loads under design seismic
conditions was applied to the full length of the girder. The
vertical settlement at the center of the girder was only
1.4 mm, which is much lower than the allowable service-
ability limit (i.e., 19 mm for safe train operation and
6 mm for comfortable riding, both when a train speed is
260 km/h; RTRI, 2012). These serviceability limits aremuch
smaller than the structurally ultimate limit. This result
indicates that this full-scale GRS integral bridge will exhibit
no problem during ordinary long-term service when used
as an actual railway bridge for a high-speed train line.

All the results from the construction of this full-scale
GRS integral bridge model and this loading test program
confirmed that the GRS integral bridge can be constructed
at many places in place of conventional simple-supported
girder bridges as much more cost-effective bridges exhibit-
ing higher performance with a reduced construction period
and a reduced maintenance cost.



Fig. 10. Envelopes of the relationships between the lateral load and the lateral displacements at the top of the facing for displacements in: (a) active mode;
and (b) passive mode, from reversed lateral cyclic loading tests (Koda et al., 2013).
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The design and construction procedures of GRS integral
bridge are explained in details in other literatures
(e.g., Tatsuoka et al., 2015; Koda et al., 2013; Yazaki
et al., 2013; RTRI, 2012; Tatsuoka and Watanabe, 2015).

First GRS integral bridge

The first GRS integral bridge was constructed as an
over-road bridge at Kikonai for Hokkaido Shinkansen
(Figs. 11a–c: see Fig. 2a for the location). Yonezawa et al.
(2014) reported that the construction cost of this bridge
was estimated to be about a half of that of the equivalent
conventional type simple-supported girder bridge with
unreinforced approach embankment. They also reported
other factors by which it was decided to adopt this first
GRS integral bridge opposed to going with the more stan-
dard GRS abutments at the time. To confirm a high stability
of this bridge, including the one against thermal deforma-
tion of the girder, ambient temperature, strains in the geo-
grid and steel reinforcement, displacements and earth
pressures at selected places were observed from a period
during the construction stage. Fig. 11d shows the time his-
tories of ambient temperature and lateral displacements at
the top and bottom of the two facings relative to the
approach blocks. The locations where these displacements
were measured are indicated in Fig. 11a. Fig. 11e shows the
corresponding relationship between the apparent deflec-
tion of the girder obtained from these measured displace-
ments and the average temperature inside the girder. The
amplitude of the annual lateral displacement change at
the top of each facing is about 3 mm, which is about
0.05% of the wall height, 6 m. Thus, the amplitude of the
annual thermal girder length change is about 6 mm, which
is about 0.05% of the girder length, 12 m. By the thermal
expansion of the girder in summer, the top of the facing
is pushed towards the approach blocks and the tension
force in the geogrid reinforcement decreases. By the ther-
mal compression of the girder in winter, the top of the fac-
ing is pull from the approach block and the geogrid tension
increases. These responses are negligible at the bottom of
the facings. It has been confirmed that the bridge is not
over-stressed at all. This high performance can be attribu-
ted to that the structural components of the bridge (i.e., the
girder, a pair of FHR facing and a pair of approach blocks)
are structurally highly integrated.

The peak value of the active displacement relative to
the approach block at the top of the facing (i.e., the
measured compression of the girder) in the third winter
(around January 2014) is slightly larger than the one in
the second winter (around January 2013) (Figs. 11d and e).
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This phenomenon is due only partly to the drying shrinkage
of the concrete of the girder but it is due mainly to a slight
lateral backward displacement at the top of both facings
(which is the reference points for the measurements of
the girder deflection) caused by a slight rotational displace-
ments about the facing bottom in the passive direction
of the approach block. This behavior resulted from the
delayed compression of the original ground beneath the
approach blocks caused by the weight of a thin top backfill
layer placed on both approach blocks. Although this back-
filling should have been done before the construction
of the facing and girder, it was performed at the final
construction stage due to a restraint in the construction
schedule. The displacement is very small and its effect is
negligible. Moreover, as seen from Fig. 11d, the peak active
displacements at the top of the facings at the third winter
(i.e., around January 2014) and the fourth mid-winters
(i.e., around January 2015) are the nearly same. Besides,
as seen from Fig. 11e, the relationships between the appar-
ent deflection of the girder and the temperature in the
girder observed in the terms denoted by numbers 4
through 7 (from the fall of 2013 to the spring of 2015)
overlap each other nearly perfectly. These results indicate
that the delayed compression of the ground and backfill
has nearly perfectly completed by the third winter
(i.e., around January 2014). Yet, this event should be appre-
ciated as an incident from which we should learn a lesson.

Three GRS integral bridges restoring collapsed bridges

By the 2011 Great East Japan Earthquake, the girders
and/or approach fills of more than 340 bridges for roads
and railways running near coasts were washed away by a
great tsunami. Sanriku Railway, opened 1984, is running
along the coastline (see Fig. 2a for the location). Although
this railway was constructed at a relatively high elevation
based on the previous tsunami disasters in 1896 and 1933,
the tsunami this time was much higher than had been
anticipated. Typically, the run-up height was 22–23 m at
Fig. 12. Locations of Hapie, Koikorobe and Shimanokosi along Sanriku
Railway.
Shimanokoshi (Fig. 12). In particular, the three sites (Haipe,
Koikorobe and Shimanokoshi) shown in Fig. 12 are located
in three narrow valleys between tunnels, where the rail-
way track level was lowest (12.3–14.5 m) and the bridges
were located closest to the coastal line along the whole
of Sanriku Railway. In addition, there was no coastal dyke
between the railway and the coastal line. The tunnels were
inundated and the damage to the railway structures was
very serious. The simple-supported girders of three bridges
were washed away. The abutments and piers and their
foundations of the bridges were also seriously damaged,
while the part above the ground level of many of them
was washed away. These collapsed bridges were restored
by constructing three GRS integral bridges as cost-
effective bridges that are highly tsunami-resistant. The
railway was re-opened 6th April 2014, about three years
after the earthquake.

Haipe-sawa GRS integral bridge
The previous bridge at Haipe comprised two simple

supported-girders. The girders were fully washed away
as shown in Figs. 13a and b. A GRS integral bridge was con-
structed taking advantage of part of the foundations that
survived the great tsunami and were remaining at the orig-
inal places whereas their upper parts were washed away
(Fig. 13c). The total length of a continuous girder of the
GRS integral bridge at the site is 60 m, which is much
longer than the one at Kikonai (Fig. 11). The width of the
girder for a single track is 6.7 m. Both ends of the girder
are structurally integragted to the top of the FHR facings
of a pair of GRS RWs and a central pier designed to support
only the vertical load. Fig. 14a shows the north abutment
immediately before constructing a FHR facing. A through
girder (Fig. 13d) was employed to ensure a sufficient free
height below the girder for a local road under-passing
the bridge. A steel-framed steel-reinforced concrete (SRC)
structure was adopted to decrease the thermal deflection
(i.e., contraction in winter and extension in summer) of
this relatively long-span girder. A PC girder was not
adopted, because the summation of elastic contraction
when introducing pre-stress, creep contraction and drying
shrinkage becomes larger by a factor of 20 than the SRC
girder, thus a PC girder would exhibit a much larger total
contraction in winter. Too large contraction of the girder
may extend too much and may damage the geogrid located
in the unbound gravel zone immediately behind the facing
(Fig. 14b). In addition, prepared for relatively large thermal
length changes of this relatively long SRC girder, the width
of the unbound gravel zone immediately behind the facing
was made 1.0 m, compared with 40 cm of gravel-filled
bags employed with shorter GRS integral bridges: i.e., the
full-scale model (Fig. 7) and the one at Kikonai (Fig. 11)
and the one at Shimanokoshi (Fig. 18 shown later). In so
doing with the GRS integral bridges at Haipe-sawa and
Koikorobe-sawa, as shown in Fig. 14b, welded metal wire
mesh boxes were used in place of geogrid bags. The use
of wire mesh boxes is to reduce construction time. The
use of gravel bag is preferable by a higher self-adjustable
deformability due to a high flexibility if the construction
time is not an issue. The acceptable performance of the
connection part against relatively large thermal
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deformation of the girder and severe design seismic load of
level 2 was examined and ensured by performing cyclic
loading tests of a full-scale partial model simulating the
connection part shown in Fig. 14b (Tamura et al., 2013).

The stability against tsunami of the GRS integral bridge
at Haipe-sawa and the one at Koikorobe-sawa (explained
below) were evaluated and compared with that of the
previous two-span simple-supported girder bridges, which
were fully washed away by the great tsumani of the 2011
Great East Japan Earthquake. The stability was evaluated
against the estimated maximum tsunami height above
the rail level of the actual tsunami, which is 8.2 m
(Koikorobe) and 4.4 m (Haipe) (Shindo et al., 2015). With
the two simple-supported girders of the previous bridge
at Haipe, the ratio of the tsunami lateral load to the resis-
tance is 5.85 and 5.65 while the ratio of the tsunami uplift
load to the resistance is 1.42 and 1.98. With the two
simple-supported girders of the previous bridge at Koiko-
robe, the ratio of the tsunami lateral load to the resistance
is 5.32 and 9.92 while the ratio of the tsunami uplift load to
the resistance is 3.04 and 2.63. These values significantly
higher than unity are consistent with the actual serious
damage by tsunami. On the other hand, the GRS integral
bridges constructed at Haipe-sawa and Koikorobe-sawa,
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Fig. 14. Heipe-sawa GRS integral bridge: (a) a view of the north abutment immediately before constructing FHR facing (22 May 2013); (b) the struction of
connection between the RC facing and the geogrid reinforcement.
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the evaluated ratio of the tsunami lateral load to the resis-
tance is respectively 1.00 and 0.99, while the ratio of the
tsunami uplift load to the resistance is respectively 0.42
and 0.61. These low ratios equal to, or lower than, 1.0 indi-
cate that the GRS integral bridges are substantially more
stable against tsunami than the conventional simple-
supported girder bridges, while these GRS integral bridges
would have survived the actual tsunami if they had been
exiting at the time of that earthquake. This high stability
of GRS integral bridge results from high integrity of the
girder, the facings and the approach blocks. Kawabe et al.
(2015) reported the results of the small model tests sup-
porting this analysis.

Fig. 15a shows the time histories of ambient tempera-
ture and geogrid strains measured at horizontally
arranged four points immediately behind the facing at a
level near the crest of the wall of the north abutment for
a period during construction in the year of 2013. As shown
in the figure inset in Fig. 15a, points 6-1 and 6-2 are
located in the unbound gravelly soil zone, while points
6-3 and 6-4 are in the cemented gravelly soil zone of the
approach block. The geogrid strains at points 6-1 and 6-4
are relatively small due to restraint of, respectively, a
welded metal mesh member (used at this site in place of
gravel-filled geogrid bags, Fig. 1a) and cement-mixed grav-
elly soil. Upon the structural integration of the girder to
the top of the facings, the geogrid strains at point 6-2
and 6-3 started sensitively responding to ambient temper-
ature changes, similarly as the GRS integral bridge at
Kikonai. Fig. 15b shows the relationships between the
horizontal displacement at the top of the facing relative
to the approach block and the geogrid tensile strain at
point 6-2 in both abutments. It may be seen that the
instantaneous ratio of geogrid strain increment to active
horizontal displacement increment, deg/dd, decreases once
d exceeds the previous maximum value (dmax), while the
eg � d relation becomes rather reversible as far as d is kept
smaller than dmax. It may be seen by carefully examining
Fig. 15a and b that this trend of behavior is due to the fact
that the geogrid strain at point 6-1 increases noticeably
only when d exceeds dmax. This is due likely to that the
welded metal mesh restrains strongly the geogrid strain
at point 6-1 as far as d is smaller than dmax. This trend indi-
cates that the geogrid deforms more uniformly in the
unbound gravelly soil zone once d becomes larger than
dmax. This mechanism is preferable as it keeps the maxi-
mum geogrid tensile strain smaller than the value when
this mechanism is not effective.

Fig. 15c shows the time histories of ambient tempera-
ture and the lateral displacements at the top and bottom
of both FHR facings, d (positive for active displacements),
for a period of about two and a half years starting the
moment at the end of the period indicated in Fig. 15a,
which is about one month after the integration of the gir-
der to the FHR facings (5th October 2013). d is defined zero
at the starting point for the measurements presented in
Fig. 15c, which is close to the time when the girder was
integrated to the facings. It may be seen from Fig. 15c that
the displacements at the bottom of the FHR facings are
essentially zero, indicating that the FHR facings are rotat-
ing about their bottom. This trend of behavior is the same
as the GRS integral bridge at Kikonai (Fig. 11d). The
displacements at the top of the two FHR facings are nearly
the same and the amplitude at the respective sides is about
6 mm. This result indicates a nearly symmetric thermal
deformation of the girder about its center.

The amplitude of the length change of the girder
during the initial observation period described in
Fig. 15a and b was about 6 mm, while the amplitude dur-
ing the first full year period was about 12 mm (Fig. 15c).
12 mm is 0.02% of the girder length, 60 m. This amplitude
of the thermal strain of the girder is much smaller (by a
factor of about 0.4) than the value of the GRS integral
bridge at Kikonai, 0.05%. This is due to the use of SRC
girder at Haipe, compared with the RC girder at Kikonai.
The maximum geogrid tensile strain shown in Fig. 15a
is about 0.05%. The maximum strain during the first and
second full year periods was larger, about 0.14%, which
is still substantially lower than the design allowable
value, 3%.

Fig. 15d shows the relationship between the thermal
deflection (positive for expansion) of the girder, shown in
Fig. 15c, and the temperature measured inside the girder
for the period indicated in Fig. 15c. The numbers 1–6
denote the terms indicated in Fig. 15c. The broken line
represents the following theoretical relation when the
thermal deflection of the girder takes place free from any
restraint of the abutments:



Fig. 15. Performance of GRS integral bridge at Haipe-sawa, Sanriku Railway: (a) and (b) during construction in the year of 2013 (Yamazaki et al., 2014); and
(c)–(e) for a period of more than one year after completion.
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d ¼ a � Dt � L ð1Þ

wherea is the linear thermal expansion coefficient = 10�5/�C;
Dt is the temperature change from the start of observation
(which is close to the temperature change from themoment
when the girder was integrated to the facings); and L is the
girder length (60 m). The difference between the measured
relations and this theoretical relation is due to the restraint
at the ends of the girder by changes in the tensile forces in
the geogrid reinforcement (which increases when d
decreases associated with the active displacement of the
facings and vice versa) and changes in the earth pressure



Fig. 15 (continued)
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(which increases when d increases associated with the pas-
sive displacement of the facings and vice versa). The follow-
ing trends of behaviour may be seen from Fig. 15d:
(1) In terms 20 and 30, d is positive due to high temper-
ature: i.e., the girder became longer than the one
when the girder was integrated to the FHR facings.
The slope of the relations in these terms is larger
than the one under the free thermal deflection
condition. This is due to the fact that the facings
displaced in the passive mode relative to the initial
condition, thus the coefficient of horizontal sub-
grade reaction became higher.

(2) In term 1, after d became negative (i.e., the girder
became shorter than the value at the moment of
integration) due to temperature drop, the thermal
contraction rate was similar to the one under the
free thermal deflection condition. It is likely there-
fore that the coefficient of horizontal sub-grade
reaction in the active mode of the approach blocks
was negligible or very small while the geogrid
tensile resistance was also negligible or very low.
After d became smaller about �6 mm, the slope
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became larger than the one under the free thermal
deflection conditions. It seems that the geogrid ten-
sile resistance gradually started effective.

(3) The rate of the thermal expansion of the girder in
term 2 (when the temperature was rising) was smal-
ler than the one under the free thermal deflection
condition. This event was associated with slight
parallel-shifting of the relation in term 1 to the one
in term 3. It is likely that these trends would be a
continuous decrease in d due to continuous shrink-
age of the concrete of the girder probably by drying.
This inference is supported by the fact that the min-
imum value of d in the second winter (at the end of
term 3) is slightly larger than the one in the first
winter (at the start of term 2): i.e., the length of
the girder slightly decreased, which resulted in
slight active displacements at the top of the facings.
However, the relations in the latest terms 4, 5 and 6
during a period until the end of 4 March 2016 (when
the temperature was rising) nearly perfectly overlap
the relation in term 3. This fact indicates that the
shrinkage of concrete by drying had ended nearly
perfectly by the time when the manuscript of this
paper was written (March 2016). The fact that the
value of d at the same temperature is the same when
the temperature is dropping and rising also indicates
that the behaviour of the unbound gravelly soil zone
immediately behind the facing is now nearly per-
fectly reversible without exhibiting the ratcheting
phenomenon (Tatsuoka et al., 2009, 2010b, 2012).
If this phenomenon had taken place by cyclic lateral
displacements at the top of the facings caused by
cyclic temperature changes, it would had continu-
ously increased the earth pressure on the back of
the facing retaining unbound gravelly soil zones.
Obviously, this phenomenon has not taken place at
all in this case.

Fig. 15e shows the time histories of the increment of
the stress in the steel reinforcement at the section M
denoted in Fig. 13c (at the end of the horizontal haunch
in front of the FHR facing of the north side abutment:
i.e., the left abutment in this figure). The stress increment
is defined zero at the time of the start of observation
(i.e., close to the time when the girder was integrated to
the FHR facings). When the girder shrinks due to a drop
in the ambient temperature, steel reinforcement exhibits
axial compression larger than that of concrete, therefore,
the tensile strain in the steel reinforcement increases.
The opposite phenomenon takes place when the girder
expands due to a rise in the ambient temperature. Yet,
the thermal strain changes in the steel reinforcement
are insignificant, while the peak tensile strains in winter
are very low.
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Fig. 16 shows typical vertical deflection at the center of
the northern span of Heipe-sawa GRS integral bridge when
a two-coach train passed (as shown in Fig. 13e). The axil
load of an empty coach is 80.5 kN, so the total weight of
an empty coach is 320 kN. The measured deflections are
substantially lower than the allowable limit, which is of
the order of 30 mm determined to limit the tension crack
of the girder concrete. A slightly smaller deflection in sum-
mer is due mainly to larger restraint of the approach fill
resulting from a passive displacement of the facing in
summer.

These measurements shown above indicate that the
bridge has been highly stable.

Koikorobe-sawa GRS integral bridge
Another GRS integral bridge was constructed at

Koikorobe-sawa to restore a two-span simple-supported
girder bridge that was completely washed away by the
great tsunami. Part of the previous foundations was
utilized to construct this GRS integral bridge (Fig. 17b).
The length of the girder is about 40 m, shorter than the
one at Haipe-sawa. The thermal deflection of the girder is
smaller for that reason. Besides, there is no specific spatial
restriction below the girder. Therefore, a deck bridge with
a RC girder was employed. The structure of the connection
zone between the facing and the approach block immedi-
ately behind the facing is the same as the GRS integral
bridge at Haipe, presented in Fig. 14b.

GRS structures at Shimanokoshi
The RC viaduct at Shimanokoshi fully collapsed by the

tsunami (Fig. 18a). On the request of the residents at the
site, geosynthetic-reinforced (GR) embankment was con-
structed as a tsunami barrier in place of the RC viaduct
(Figs. 18b and c). Both slopes of the GR embankment are
covered with lightly steel-reinforced concrete facing firmly
connected to the geogrid layers reinforcing the backfill. In
this way, a high seismic stability of embankment is
ensured, while the panels placed on the top and slopes of
the embankment can have a sufficient stability against a
deep over-topping tsunami current.

At this site, a GRS integral bridge was also constructed
(Figs. 18e and f) to restore a simple-supported girder
bridge that fully collapsed by the tsunami (Fig. 18d). The
GRS integral bridge is underlain by a backfill layer to
reduce as much as possible the size of the opening.

It is to be emphasized that the focus of the case histo-
ries presented above is not only the satisfactory perfor-
mance under extreme conditions. That is, although the
first GRS bridge at Kikonai is for a high speed train, this
technology was not developed exclusively for high speed
trains but obviously this technology can be used for ordi-
nary trains (as in the other case histories described in this
paper) and also for highways and ordinary local roads. In
addition, the other three GRS bridges were constructed to
restore the bridges that collapsed by a great tsumani. Yet,
as detailed in the paper, these bridges were designed not
only to be stable enough under extreme loading condition
(i.e., severe seismic loading, tsunami etc), but also to func-
tion satisfactorily under ordinary loading conditions for a
long-term life period, as validated by the satisfactory
performance under ordinary loading conditions for a
couple of years.

Finally, several other GRS integral bridges have been
either completed or at the stage of design and research
for longer spans than the one at Haipe that is currently
underway. The outcome from the above will be reported
elsewhere in the near future.
Conclusions

GRS integral bridge was developed by extending the
technology of GRS retaining wall having staged-
constructed full-height rigid (FHR) facing. Compared with
the conventional type bridge comprising a simple-
supported girder (or girders), GRS integral bridge is much
more cost-effective with a reduced period of construction
and its performance is much higher with a low mainte-
nance cost, negligible bumps behind the facing and a high
stability during long-term service and against severe
earthquakes, floods and tsunamis. These characteristic
features can be attributed to the staged construction of
FHR facing that is firmly connected to the geogrid layers
and the structural integration of a continuous girder to
the top of the FHR facings. For these reasons, GRS integral
bridge is relevant for railways and roads at many places.
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