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ARTICLE INFO ABSTRACT

Article history: The southern part between Shin-Aomori Station (at the north end of Main Island) and Shin-

Available online 8 January 2014 Hakodate Station (at the south end of Hokkaido Island) of a new high-speed train line
called Hokkaido Shinkansen is nearly completed as of the end of 2013 and will be opened

Keywords: in 2015. In a range of 37.3 km at the south end of Hokkaido Island, a number of various

Box culvert types of geosynthetic-reinforced soil (GRS) structure were constructed: i.e., (1) GRS retain-

Bridge ing walls (RWs) having full-height rigid facing for a length of about 3.5 km, having fully

Geosynthetic-reinforced soil
High-speed train

Retaining wall

Seismic design

replaced the conventional type RWs; (2) in total 29 GRS bridge abutments, having fully
replaced the conventional type bridge abutments; (3) a GRS integral bridge, the world-first
one at Kikonai; (4) three GRS box culvert structures integrated to adjacent GRS RWs; and
(5) nine GRS protection structures at the tunnel entrance. These GRS structures are those
that have been constructed most densely ever for railways, which is definitely so for high
speed trains. In this paper, the design and construction of these GRS structures is described
while several lessons learned from this project are summarized.

© 2014 Elsevier Ltd. All rights reserved.

Introduction types of geosynthetic-reinforced soil (GRS) structure were
constructed:
A new line of High Speed Train (HST), called Hokkaido
Shinkansen, is an extension from the north end of one of (1) GRSretaining walls (RWs) having staged-constructed
the existing HST lines from Tokyo (Tohoku Shinkansen) full-height rigid (FHR) facing (at sites denoted by R in
(Fig. 1). The construction of the southern part between Fig. 2) for a total wall length of 3.5 km: in contrast, no
Shin-Aomori Station (at the north end of Main Island) and conventional type cantilever RW and no gentle-
Shin-Hakodate Station (at the south end of Hokkaido Island) sloped embankment was constructed.
for a length of 149 km of Hokkaido Shinkansen was started (2) In total 29 GRS Bridge Abutments (denoted by A):
in 2005 and will be completed in 2014. The construction of the two ends of a bridge girder are placed on the
the northern part for a length of 211 km extending from top of the FHR facings of a pair of GRS RWs via a
Shih-Hakodate Station to the north until Sapporo City, the fixed and movable bearing or one end is placed on
capital of Hokkaido Island, was started in 2012. the top of the FHR facing of a single GRS RW via a
As shown in Fig. 2, at many sites in a range for a length fixed bearing with the other end of the girder being
of 37.6 km between Kikonai and Shin-Hakodate Stations at placed on the top of a pier via a movable bearing.
the south end of Hokkaido Island, the following various The tallest abutment of this type is 13.4 m-high (as

shown later in Fig. 11). In contrast, no conventional

* Corresponding author. Tel.: +81 471 24 1501; fax: +81 471 23 9766. type bridge abutment was constructed
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(4) Three GRS Box Culverts to accommodate local roads
under-passing the railway (denoted by B): each of
the RC box structures is integrated to adjacent GRS
RWs at both sides.

(5) Eleven GRS Tunnel Entrance Protections (denoted by
T): a GRS arch structure was constructed at the
entrance (or exit) of several tunnels to stabilize the
slope immediately above the tunnel entrance and

km to protect trains against falling rocks and sliding soil

masses.

Shin-Yakumd'(
Importantly, these types of GRS structures were con-
\ structed fully in place of respective conventional type
Shin T \ structures and most densely ever for railways, definitely
/ so for HST lines. They were selected because of their very
‘\/ high cost-effectiveness: i.e., a lower construction and main-
Klkonal f tenance cost while a higher functionality including smaller
E’;‘g‘z";(gn:')”e residual deformation and a higher seismic-stability against
149km severe earthquakes. In particular with GRS Bridge Abut-
N ments, GRS Integral Bridge and GRS Box Culverts, bumping
A by settlement in the backfill immediately behind the facing
Okutugan” 1( due to long-term train loads and seismic loads can be ex-
pected to be negligible, unlike the conventional type struc-
tures. In the following, the design and construction of these
GRS structures is described, while several lessons learned
from this project are summarized. Part of the content of this
paper has been reported by Yonezawa et al. (2013).

T * Tentative staton rames

|Hokkaido Shinkansen |

Seikantwnel
(54km)

R’

Shin-Aomori ‘

|Tohoku Shinkansenl

GRS RW with FHR facing
Fig. 1. Outline of Hokkaido Shinkansen.

Staged construction

(3) A GRS Integral Bridge at Kikonai as the world-first
one (denoted by I): both ends of the girder are inte-
grated without using any bearing to the top of the
FHR facing of a pair of GRS RWs.

As shown in Fig. 33, after the deformation of the subsoil
and the backfill by the construction of geogrid-reinforced
backfill has taken place sufficiently, full-height rigid
(FHR) facing is constructed by casting-in-place concrete

Symbol Structure type :31?';::3;25; total hM;;LTum
R GRS retaining wall with FHR facing (RW) 3,528 m 11.0m
b A GRS bridge abutment 29 13.4m j
GRS integral bridge 1 6.1m /
RC box culvert integrated to GRS RW 3 84m f
GRS tunnel entrance protectlon 11 12.5m 'f

JENORCe R )
Shin-Hakodate
(tentative name)

vra,”..!\_, W N

A2~9

SO —rT Ta

Fig. 2. GRS structures constructed between Kikonai and Shin-Hakodate Stations of Hokkaido Shinkansen (see Fig. 1 for the location of this zone).
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Fig. 3. GRS RW with FHR facing: (a) staged construction; (b) a typical
geogrid; and (c) details of facing construction (Tatsuoka et al., 1987).

in the space between the outer concrete form, supported
with steel rods anchored in the geogrid-reinforced backfill,
and the wall face wrapped-around with geogrid reinforce-
ment (Tatsuoka et al., 1987). The steel rods are temporarily
used only to anchor the steel reinforcement inside the fac-
ing and the outer concrete frame during facing construc-
tion and are not expected to function as a connector
between the facing and the reinforced backfill after the
GRS RW is completed. Fig. 3b shows a typical type of geo-
grid. As the geogrid is directly in contact with fresh con-
crete exhibiting strong alkaline properties, a geogrid
made of polyvinyl alcohol (PVA), which is known to have
high resistance against high alkali environment, is usually
used. The facing and the reinforcement layers are firmly
connected, because fresh concrete can easily enter the in-
side of the gravel-filled bags through the aperture of such
a geogrid as shown in Fig. 3b wrapping-around the gravel
bags. Besides, extra water from fresh concrete is absorbed
by the gravel bags, which reduces the negative effects due
to the bleeding phenomenon of concrete. In this way, the
connection between the reinforcement and the facing is
not damaged by differential settlement between them that

may take place if the FHR facing is constructed prior to the
construction of geogrid-reinforced backfill. Figs. 4a and b
shows typical GRS RWs between stages 5 and 6 (Fig. 3a)
constructed for Hokkaido High Speed Train line. Figs. 4c
and d show the completed GRS RWs.

Before the construction of FHR facing, the gravel bags
function as a temporary but stable facing resisting against
earth pressure generated by backfill compaction and the
weight of overlying backfill. In particular, with help of
gravel bags placed at the shoulder of each soil layer, the
backfill immediately back of the wall face can be com-
pacted efficiently. For completed GRS RWs, the gravel bags
function as a drain and as a buffer protecting the connec-
tion between the FHR facing and the reinforcement against
relative vertical and horizontal displacements that may
take place during a long-term period of service. Moreover,
for the construction of a conventional cantilever RC RW,
concrete forms and its propping are necessary on both
sides of the facing. This arrangement becomes more costly
at an increasing rate with an increase in the wall height.
With this type of GRS RW, on the other hand, only an exter-
nal concrete form anchored to the GR backfill is necessary
without using an internal concrete form (Fig. 3c).

Advantages of FHR facing

The stability of GRS RW is controlled by both of global
stability against failure along global failure planes and lo-
cal stability, in particular, for compression collapse of
backfill immediately behind the wall face at low levels of
the wall (Tatsuoka, 1992). With respect to the latter, the
minimum lateral confining pressure o}, required to keep
the backfill stable is the local active earth pressure when
unreinforced, which is equal to oy, = 6,Ka, Where K =(1 -
—sing)/(1 + sing), in the case of backfill having no cohe-
sion behind smooth vertical wall back face without back
slope under static conditions. The active earth pressure
with actual wall configurations (e.g., unreinforced or rein-
forced backfill with back slope and inclined non-smooth
back wall face under static or seismic loading condition)
can be evaluated by the two-wedge limit-equilibrium sta-
bility analysis (Horii et al., 1994; Tatsuoka et al., 1998). If
the wall face is loosely wrapped-around with geogrid rein-
forcement without using gravel bags, or their equivalent,
or if the reinforcement layers are not connected to rigid
facing, only earth pressure substantially lower than the ac-
tive earth pressure g,K, can be activated at the wall face,
Then, as illustrated in Fig. 5a, no or only very low tensile
forces can be activated at the connection between the fac-
ing and the reinforcement. Then, at low levels of the wall,
as the active zone is very narrow, only very small tensile
forces can be activated in the reinforcement. That is, near
the wall face, the available tensile force in the reinforce-
ment T,yailable iS Much below the tensile force required to
maintain local stability (Trequired)iocal This results in low
confining pressure, therefore low stiffness and strength of
the active zone, which may lead to intolerably large
deformation of the active zone. Then, when there is some-
thing to support the soil at the front from just flowing
outwards, the active zone can be marginally stable. How-
ever, if the local failure starts from near the wall face and
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Fig. 4. GRS RW with FHR facing before stage 6; (a) at the western side of the GRS Integral Bridge at Kikonai; and (b) at both sides of box culvert B2; and (c

and d) completed GRS RWs.

it progressively develops towards inner locations, the glo-
bal failure plane is pushed inwards. This situation becomes
more likely to take place at low levels of the wall. In this
case, the active zone becomes wider, which increases the
maximum tensile force in the reinforcement at the location
crossing the failure plane to maintain the global stability.
In extreme cases, this mode of failure may result in the
overall collapse of the whole RW, as have been observed
with full-scale test embankments (Tatsuoka et al., 1987,
Tatsuoka, 1992).

With this GRS RW system, on the other hand, before the
construction of the FHR facing (i.e., at stage 5 in Fig. 3a), the
gravel bags function as a temporary facing structure on
which high earth pressure can be activated. Relatively high
earth pressure that has been activated to the gravel bags
are transferred to the FHR facing upon its construction.

Then, as illustrated in Fig. 5b, high connection forces with
high tensile forces in the reinforcement in the active zone
are realized. Such a pattern of reinforcement tensile force
distribution as illustrated in Fig. 5b was observed in many
full-scale RWs having rigid facing connected to reinforce-
ment (Tatsuoka, 1992). High tensile forces in the reinforce-
ment in the active zone result in high confining pressure in
the active zone, thus high stiffness and strength of the ac-
tive zone, then only a limited amount of deformation of the
active zone takes place. Near the wall face, the reinforce-
ment tensile force required to maintain local stability of
the backfill ((Trequired)iocal) is €qual to the active earth pres-
sure times the vertical spacing of reinforcement layers S,.
In this case, as the active zone is stable, shear stresses
due to relative displacements mobilised at the interface
between the backfill and the reinforcement become low.
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Fig. 5. Schematic figures showing effects of firm connection between the reinforcement and the rigid facing on the distribution on tensile forces (T) in the
reinforcement T (Tatsuoka, 1992): (a) when the connection force is zero; and (b and c) when connection force is high.

Then, it can be assumed that the lateral earth pressure is
constant in the active zone. Besides, the maximum value
Of (Trequired)global along respective reinforcement layers
(Tmax) develops at the point at which the critical failure
plane is crossing. The value of T.x is equal to the active
earth pressure at that point times S,. Then, it is relevant
to assume that (Trequired)iocat at the wall face, which is equal
to the active earth pressure times Sy, is equal to the value of
Tmax- In that case, the tensile force in the reinforcement be-
comes essentially constant in the active zone as illustrated
in Fig. 5b.
The following additional notions are also important:

(1) When the facing is rigid and when the connection
strength is high enough, the available tensile force
Tavailable iS equal to the smaller value of the tensile
rupture strength of reinforcement and the pull-out
strength in the stationary zone (in the back of the
failure plane). The value of (Trequired)iocal 1S USU-
ally much lower than this value of Tayailable
(Fig. 5c). That is, the local failure of the backfill
near the wall face can be easily prevented by
using rigid facing connected to the reinforcement
layers.

(2) Near the wall face, the actual T value may become
higher than (Trequired)iocal, fOr €xample, immediately
after very good compaction. With completed GRS
walls, this situation becomes more likely at higher
levels of the wall, while, at lower levels of the wall,
due to vertical compression taking place by subse-
quent wall construction after compaction of the soil
layer, the actual T value may become similar to
(Trequired)local-

(3) In Fig. 5¢, (Trequired)giobal denotes the reinforcement
tensile force that required only to maintain global

stability of the wall. The value of (Trequired)global 1S
largest at the location crossing the critical failure
plane and becomes smaller at locations more distant
from the critical failure plane. Then, near the wall
face in the active zone, the value of (Trequired)giobal
may be smaller than (Tiequired)iocal, therefore may
be smaller than the actual tensile force T. If the
actual tensile force T can reach only the value
(Trequired)global, the deformation of the backfill in the
active zone becomes too large due to local failure,
as in the case illustrated in Fig. 5a.

(4) Under the seismic conditions, both (Trequired)iocal and

(Trequired)global iNcrease. In particular, the value of
(Trequired)global N€ar the wall face increases due to
the outward inertia of facing. Therefore, high con-
nection strength is particularly important to ensure
a high seismic stability of the wall.

(5) When concentrated loads, either vertical or lateral in

the outward direction or both, are applied to the
crest immediately back of the wall face, both
(Trequired)local and (Trequired)global increase near the
wall face. As the location of critical failure plane
becomes closer to the wall face, at some levels of
the wall, (Trequired)globat May become similar to
(Trequired)iocal- By using rigid facing connected to the
reinforcement layers, the value of T,yajable €asily
can become higher than the tensile forces required
for local and global stabilities. Therefore, GRS RWs
using FHR facing with high connection strength
becomes stable by preventing the global failure
along the critical failure plane that crosses the wall
face at an intermediate height (Tatsuoka, 1992).

A conventional type RW is a cantilever structure that

resists against the active earth pressure from the unrein-
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Fig. 7. (a) Locations; and (b) history of GRS RWs with a stage-constructed
FHR facing as of June 2013.

forced backfill. Therefore, large internal moment and shear
force is mobilized inside the facing while large overturning
moment and lateral thrust force develops at the base of the
facing. Thus, a pile foundation is often used, which is par-
ticularly so when constructed on thick soft subsoil. These
disadvantages become more serious at an increasing rate
with an increase in the wall height. On the other hand,
the FHR facing of this GRSRW system (Fig. 3) is a continu-
ous beam supported by many reinforcement layers with a
small span (i.e., 30 cm) (Fig. 6). Therefore, only small forces
are mobilised inside the FHR facing even when subjected
to high earth pressure. Hence, the structure of FHR facing
becomes much simpler and lighter than conventional can-
tilever RWs. Besides, as only small overturning moment
and lateral thrust force is required at the facing base to
maintain the global stability of the wall, a pile foundation
is not used in usual cases. These features make the GRS
RW with FHR facing much more cost-effective (i.e., much
lower construction and maintenance cost and much spee-
dy construction using much lighter construction machines
despite higher stability) than cantilever RWs. The use of
FHR facing becomes more advantageous when concen-
trated external load is activated to the top of the facing
or the crest of the backfill immediately behind the facing.
Concentrated load is transmitted to the whole FHR facing
then to the all reinforcement layers, thereby resisted by
the whole of the wall. GRS Bridge Abutment and GRS Inte-
gral Bridge were developed by taking advantage of this fea-
ture. In comparison, reinforced soil RWs having discrete
panel facing lack such a structural integrality as above,
thus they have lower resistance against concentrated load.
Besides, local failure of the facing (such as loss of stability
of a single panel), if it takes place, may result in the col-
lapse of the whole wall.

A brief history of GRS RW with staged-constructed FHR facing

The major advantages of near vertical retaining walls
(RWs) over conventional gentle-sloped embankments for
railway structures, in particular for HST, are: (a) much
smaller base areas required, which significantly reduces
the cost for land acquisition; (b) no needs for barrier walls;
(c) no needs for protection work, as well as vegetation and
its long-term maintenance, of the slope; and (d) a much

Fig. 8. (a) lllustration of a large bump behind the conventional type abutment; and (b) a typical case near Shin-Nagata Station of JR Kobe Line during the

1995 Kobe earthquake.
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block.

smaller volume of ground improvement of soft sub-layer
when required. For these reasons, for railways, conven-
tional type RWs (typically unreinforced concrete gravity
type and RC cantilever type) were often constructed in

’ Cement-mixed gravelly soil ‘
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place of gentle-sloped embankments. However, due to
their high construction cost, it has been used only in urban
areas, where land restriction is very strong. Besides, their
construction is very costly when dense long piles are
necessary.

Until June 2013, GRS RWs with FHR facing have been
constructed for a total length of nearly 150 km, mainly
for railways (including Shinkansen lines), in place of con-
ventional type RWs (Fig. 7). This is due to a much higher
cost-effectiveness resulting from: (1) no need for a pile
foundation (i.e., with GRS RWs with FHR facing, usually
shallow ground improvement by cement-mixing to ensure
the bearing capacity is sufficient even when constructed on
soft ground); (2) a much higher stability, in particular
against severe seismic loads; (3) the use of FHR facing as
the foundation for electric poles (typically one pole per
50 m) and noise barrier walls; and (4) a negligible bump
immediately behind the bridge abutment (as explained in
the next section).
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Fig. 10. GRS bridge abutment; (a) structure; and (b) construction procedure.

(c¢) Completed

(d) Completed

Fig. 11. GRS Bridge Abutment at Mantaro (A21 in Fig. 2).
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A GRS RW of this type for HST was constructed for the
first time between Takasaki and Karuizawa Stations of
Hokuriku Shinkansen in 1991 (Tatsuoka et al., 1987). In
the meantime, a very high seismic stability of this type of
GRS RWs was validated by its high performance during
the 1995 Kobe Earthquake (Tatsuoka et al., 1998) and the
2011 Great East Japan Earthquake (Tatsuoka et al., 2012).
The other advantages over gentle-sloped embankments
and conventional type RWs, described above, were also
demonstrated by a number of successful cases not only
in urban areas but also at country sides. The RWs of
Hokkaido Shinkansen were all constructed by this technol-
ogy, as typically shown in Fig. 4a through d. It may be seen
from Fig. 4c and d, the FHR facing is used also as the foun-
dation for noise barrier walls. The seismic design code for

4. Girder

[Structurally integrated 2. GRS wall

3. FHR facing

{ L
pD)

1. Ground improvement
(when necessary)

Fig. 12. Structure of GRS integral bridge (the numbers show the
construction sequence).

Cement-mixed backfill

this type of GRS RW has been developed (Koseki et al.,
2007a,b; Tatsuoka et al., 2010).

GRS Bridge Abutment
Problems with conventional type bridges

The development of bumps immediately behind the
bridge abutment by depression of the unreinforced back-
fill, which may be escalated by displacements of the side
RWs and the abutment, during a long-term service period
and by seismic loads (Fig. 8) is one of the most serious
problems with conventional type bridge abutments. To
alleviate this problem, an approach fill of compacted
well-graded gravelly soil, called an approach block
(Fig. 9), was introduced in the 1967 design standard for
railway structures. However, it was revealed that this mea-
sure is not effective enough. Typically, during the 1993
Hokkaido Nansei Earthquake, at Tate-Arigawa Bridge, de-
spite that the maximum horizontal peak acceleration was
only 200 cm/s?, the backfill immediately behind a 8.5 m-
high abutment exhibited about 50 cm settlement, which
exceeds the allowable limit, in particular with high speed
trains. Then, a new bridge abutment was developed based
on results from a series of model tests in the laboratory
(Figs. 10a and b) (Aoki et al., 2005; Tatsuoka et al., 2004;
Tatsuoka et al., 2005). With this new bridge type, the two
ends of a girder are placed via a pair of bearings (movable
and hinged) on the top of the FHR facings of a pair of GRS
RWs that have been constructed by the procedure
described in Fig. 3, or one end of a girder is placed via a

Well-graded gravelly soil
6850

~ Hydraulic
jacks |

- Reaction
.. frame

Fig. 13. (a) A full-scale model of GRS integral bridge, completed Feb. 2009 at Railway Technical Research Institute, Japan (Suga et al., 2012); and (b) cyclic
lateral loading tests applying simulating thermal deformation of the girder and level 2 design seismic loads (Jan, 2012) Koda et al., 2013.
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bearing (usually hinged) on the top of the FHR facing of a
GRS RW while the other end is placed on the top of a pier.
To ensure long-term high performance of the GRS bridge
abutments for HST lines, the backfill immediately behind
the facing is lightly cement-mixed geogrid-reinforced
well-graded gravelly soil, while the gravel bags immedi-
ately behind the facing are filled with un-cemented gravel.
The mixing proportion, field compaction control and the
strength and deformation characteristics of cement-mixed
soil are described in details elsewhere (Tatsuoka et al.,
2004, 2005).

Another type of GRS bridge abutment has been devel-
oped by other researchers (Zornberg et al., 2001; Helwany
et al., 2003). Unlike the system described in Fig. 10, with
their bridge system, a girder is placed via a bearing on
the crest of geogrid-reinforced backfill immediately behind
a discrete facing consisting of modular blocks.

The first advantage of GRS Bridge Abutment illustrated
in Fig. 10 is a much higher seismic stability with a mini-
mum bump even against very severe seismic loads. Yet, it
is much less costly resulting from much more slender RC
facing and usually no use of a pile foundation. Not including

East (to Shin-Hakodate) =

‘ RC slab

Cement-mixed -
/ gravelly soil Bacidill

=
I
------ === 0.6 4
o 10.75 N
- Original
© 0.6
Road surface ground
A 1. To7 078 [ B
G.L=5m GCM

2.2 5.4

5.04 2.2

9 GCM: Ground improvement
"~ | by cement-mixing

(b)

Fig. 14. GRS Integral Bridge at Kikonai (at site I in Fig. 2): (a) structural details; (b) during construction (14 Oct. 2011); and (c) completed (31 July 2012).

Table 1
Comparison of different plans for the over-road bridge at Kikonai.

Original plan: Alternative plan No. 1: PC through girder bridge Alternative plan No. 2: GRS integral bridge
box culver

Figure number Fig. 15 Fig. 16 Figs. 14 and 17

Construction cost ratio 1.0 1.25 0.5

Maintenance of bearings None Yes None

Total rating Reasonable Less acceptable than the original plan Much more acceptable than the original plan
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a cost reduction with the foundation structure and long-
term maintenance, the construction cost decreases by
about 20% when compared with the conventional type.
The first one was constructed during a period of 2002-
2003 at Takada for a new HST line in Kyushu Island, called
Kyushu Shinkansen, with which full-scale vertical and lat-
eral loading tests of the facing were performed to confirm
its high stability (Aoki et al., 2005; Tatsuoka et al., 2005).
It was confirmed that the tensile rupture strength at the
back of the FHR facing is sufficiently high to resist against
the lateral inertial force of the girder and the facing by high
seismic loads by which a number of RC structures collapsed
during the 1995 Great Kobe Earthquake (i.e., Level 2 seismic
design load). For Hokkaido Shinkansen, in total 29 bridge
abutments were constructed by this technology while no
conventional type bridge abutment was constructed. The
tallest GRS bridge abutment is 13.4 m high (Fig. 11a-d). Un-
til today, about 50 abutments of this type have been con-
structed for railways in Japan.

GRS Integral Bridge
A brief history of development

Most of the remaining serious problems with GRS Bridge
Abutment (Fig 10) are due to the use of a girder bearing
(movable or fixed). To alleviate those problems, GRS
Integral Bridge (Fig. 12) was developed based on results

13

from a comprehensive series of model tests in the labora-
tory (Tatsuoka et al., 2008, 2007; Munoz et al., 2012), the
construction of a full-scale model and loading tests on the
full-scale model (Fig. 13) (Suga et al., 2012; Koda et al.,
2013). The only but significant difference from GRS Bridge
Abutment (Fig. 10) of GRS Integral Bridge (Fig. 12) is that
the girder is structurally integrated to the top of the FHR
facing of a pair of GRS RWs without using bearings.
The advantages of GRS Integral Bridge are as follows:

(1) The construction and maintenance of the bearings
becomes unnecessary.

(2) The RC girder becomes more slender due to a signif-
icant reduction of the moment at the center of the
girder (becoming about a half) resulting from flex-
ural resistance at the connections between the gir-
der and the facing at both ends of the girder.

(3) The seismic stability increases significantly due to a
significantly increased structural integrality and a
reduction of the weight of the girder and the facings.

(4) Due to higher structural integrality and a smaller
cross-section of the girder, the resistance against
tsunami current increases significantly.

The first GRS integral bridge was constructed as the
over-road bridge at Kikonai (Fig. 14). Taking of the
advantages listed above, three other GRS integral bridges
were adopted to restore the bridges that fully collapsed
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Fig. 17. GRS integral bridge (alternative plan 2): (a) transversal cross-sections of the girder at the top of the facing (left) and the center (right); and (b)

longitudinal cross-section of the bridge.
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by tsunami during the 2011 Great East Japan Earthquake
(Tatsuoka et al., 2012) and they were completed by the
end of 2013.

Advantages of GRS Integral Bridge

GRS Integral Bridge was selected for the bridge at Kiko-
nai based on the following comparative study (Table 1).
The original plan was a RC box culvert (i.e., an underpass
structure) (Fig. 15), which is basically relevant for this
short span. However, due to a rather thick top slab, the
road face should be made lower by excavation to have an
inner height required for traffic (i.e., 4.0 m). The ground
should be excavated largely also for a rather thick bottom
slab. The first alterative plan was a PC through-girder
bridge (Fig. 16). However, the vertical walls (i.e., facings)
become rather thick and their foundations become rela-
tively large and the span of the girder, supported by a pair
of bearings, becomes relatively long (14 m). For these rea-
sons, this structural type is more costly than the original
plan (Fig. 15). Moreover, as the ratio of the span to the gir-
der length is rather small compared with many ordinary
ones, the pre-axial stress at the center of the central con-
crete slab that is to be introduced becomes rather small
and some sophisticated numerical analysis by the FEM be-
comes necessary to estimate this pre-stress with confi-

dence. The second alternative was GRS Integral Bridge
(Fig. 17), which was finally adopted for the following rea-
sons. Firstly, by the bending moment activated at the con-
nections between the girder and the facings, the maximum
bending moment in the girder, which is developed at the
center of the girder, becomes nearly a half of the value in
the case of simple-supported girder. This makes the girder
much thinner. Secondly, due to no use of bearings, the gir-
der span becomes 12 m, shorter than the PC through bridge
(Fig. 16). Thirdly, with a lighter girder and by being sup-
ported with many geogrid layers and the backfill, the fac-
ings become thinner and their foundations become
smaller than the PC through bridge (Fig. 16). Fourthly,
due to a thinner girder and no bottom slab, the depth of
ground to be excavated to achieve the required inner
height (i.e., 4.0 m) becomes much shallower than the box
culvert (Fig. 15). Lastly, the volume of ground improve-
ment becomes much smaller than the box culvert
(Fig. 15). For these reasons, the construction cost becomes
lowest with the GRS integral bridge (Fig. 17), despite the
higher performance described above.

This GRS integral bridge is the first full-scale one while
it is for a HST line. For these reasons, to confirm its high
stability against thermal deformation and seismic load
indicated by various model tests (Tatsuoka et al., 2008,
2007; Munoz et al., 2012) and numerical analysis (Yazaki
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Fig. 19. Schematic diagram showing the stress distribution patterns in the steel reinforcements when subjected to the self-weight of RC members.

et al,, 2013), the behavior of this bridge was monitored
continuously from the start of construction (Kuriyama
et al., 2012). The monitoring will be continued until some-
time after the start of service. The ambient temperature
and strains in the steel reinforcement in the RC structures,
strains in the geogrid, the displacements of the RC struc-
tures and the backfill and earth pressures at selected places
are being observed. Typically, Fig. 18 shows the time histo-
ries of ambient temperature and axial force in the steel
reinforcement (corrected for effects of temperature
changes) in the west side facing for more than one year
from the start of its construction. It may be seen that the
compressive stress in the steel reinforcement on both sides
of the facing increases by: (a) the weight of concrete gen-
erated by the casting-in-place of concrete of the facing
and the removal of concrete form and its support for the
construction of the girder; (b) continuing shrinkage by dry-
ing of concrete; (c) axial extension of concrete that is smal-
ler than that of steel reinforcement when the ambient
temperature raises; and (d) the restraint to the thermal
expansion of RC members by the reinforced-soil approach

(2a) Geogrid-reinforced compacted
cement -mixed gravelly soil (approach block)

fill when the ambient temperature raises. Fig. 19 shows the
general distribution patterns of the stresses in the steel
reinforcement by “factor a”. That is, the tensile stress in
the steel reinforcement in the back of the facing increases
by moment caused by the weight of the girder (upon the
removal of the concrete form and its support). It seems
that the effect of earth pressure on the stress in the steel
reinforcement is negligible (although this effect may be-
come large during severe earthquakes). These results show
that the structures are not over-stressed at all. Detail anal-
ysis will be made to quantify the effects of these factors
and will be reported by the authors in the near future.

Box culverts integrated to GRS RWs

At three sites (B1, B2 and B3 in Fig. 2), where Hokkaido
Shinkansen crosses local roads, RC box culverts (i.e., under-
pass structures) integrated to the geogrid-reinforced back-
fill on both sides (called GRS Box Culverts) were
constructed for the first time. Fig. 20a shows the structure

b) L(3) Connection concrete

\2

=
=
et

—
—
—

(2b) Backfil

(1) Box culvert -

ey o

(a) 7

Fig. 20. Grs culvert box (site B2): (a) general structure; the numbers show the construction sequence; and (b) a space between the RC box structure and the

approach block before step (3) (at site B1).
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of those constructed at sites B2 and B3. At these sites, a RC
box structure was firstly constructed as it was requested to
re-open local roads as soon as possible. Subsequently, GRS
approach blocks comprising of the backfill of well-com-
pacted geogrid-reinforced lightly cement-mixed well-
graded gravelly soil are constructed at both sides leaving
a narrow space as shown in Fig. 20b. Note that this con-
struction sequence can be reversed depending on respec-
tive site conditions. As discussed below, it is in particular
the case when constructed on a thick soft deposit and
the compression of the soft deposit upon the construction
of the GRS approach blocks is too large. Finally, concrete is
cast-in-place into this space to integrate the box culvert to
the GRS approach blocks. For a high structural integrality
of the whole structure, horizontal anchor steel rods con-
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nected to the steel reinforcement framework of the RC
box structure had been protruded into the space. Fig. 4d-
2 shows the completed GRS Box Culvert at site B2.

GRS Box Culvert in the completed form is different from
GRS Integral Bridge only in that this has the bottom RC
slab. Therefore, GRS Box Culvert has nearly the same supe-
rior features as GRS Integral Bridge over conventional type
box culverts (in contact with unreinforced backfill, or rein-
forced backfill without connecting the reinforcement to
the back face of the side vertical walls of the box culvert,
on both sides) and the conventional type bridges. That is,
the cost-effectiveness is higher with a higher seismic sta-
bility and essentially no bump in the backfill immediately
behind the box culvert. Besides, compared with GRS Inte-
gral Bridge, the contact pressure at the bottom face of

(9) GRS tunnel
entrance protection

+

Geogrid

(8) Connection RC layer

(1) & (3): Ground
improvement by in-place
cement mixing

Fig. 21. RC box culvert at site B1 in front of the entrance of Shin-Moheji tunnel: (a) construction sequences (1) — (10) (stages (2) & (6) are not indicated);

and views (b) after stage (6); (c) during stage (7); and (d and e) completed.
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Fig. 22. (a) Typical problems with a box culvert structure crossing motorway/railway embankment constructed by the conventional method on a deep soft
deposit (the numbers indicate the construction sequence); and (b) most recommendable construction method of a box culvert taking advantage of the “GRS
RW with FHR facing technology” (Fig. 3): the numbers show the construction sequence.

the bottom RC slab is much lower, therefore the stability of
GRS Box Culvert is higher. On the other hand, for a longer
span for which the bottom RC slab cannot be constructed,
GRS Integral Bridge becomes more relevant.

Fig. 21a shows a GRS Box Culvert constructed in front of
the entrance of Shin-Moheji tunnel (at site B1). This GRS
Box Culvert was designed and constructed under the fol-
lowing specific conditions. That is, to decrease the level
of the noise generated by high speed trains going out from
the tunnel, a relatively heavy RC buffer structure was to be
constructed over this box culvert (Figs. 21d and e for the
completed buffer). As the bedrock is inclined and overlain
by a non-uniform soft talus deposit, uneven settlement
may take place damaging the RC buffer structure (in partic-
ular during severe earthquakes) and this should be mini-
mized. Besides, the local road should be kept in service
during the construction. To alleviate these problems, the
following construction sequence was adopted:

(1) As shown in Fig. 21a, a soft soil deposit below the
left side of the box structure is improved by in-place
cement-mixing and the surface soft layer is replaced
with better backfill.

(2) The local road is moved to the detour constructed on
the left side of the box structure.

(3) A shallow thin loose talus deposit below the box
structure is improved by in-place cement-mixing.

(4) A GRS approach block at the tunnel entrance is con-
structed on the right side of the box structure.

(5) ARC box structure is constructed with the right side
vertical thin RC wall (i.e., facing) firmly connected to
the right side GRS approach block constructed by the
procedure described in Fig. 3a-c, as shown in
Fig. 21b.

(6) The road is relocated to its original place (inside the
box structure) (Fig. 21b).

(7) The other GRS approach block and uncemented
backfill behind the left-side facing of the box struc-
ture is constructed leaving a space between the
approach block and the facing (Fig. 21c).

(8) The RC box structure is integrated to the GRS
approach block on the left side by filling the space
with concrete.

(9) A GRS tunnel entrance protection (described below)
is constructed.

(10) Finally, a RC noise buffer is constructed over the GRS
Box Culvert (Figs. 21d and e). It may be seen from
Fig. 21e that the RC noise buffer has a series of win-
dow at the lateral wall to decrease the level of the
noise generated by high speed trains going out from
the tunnel.

The experiences from the construction of these GRS
Box Culverts indicated that this type of box culvert struc-
ture can be widely used at many other places for railway
and motorway embankments passing over other railways
or motorways, in particular at places where the conven-
tional construction method develops several serious
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problems as illustrated in Fig. 22a. In such a case, it is more
relevant to firstly construct the GRS approach fills on both
sides, followed by the construction of the RC box structure
after the settlement of ground by the construction of the
approach fills has taken place sufficiently, as illustrated
in Fig. 22b. This construction method is most recommend-
able irrespective of the subsoil condition if suitable to gi-
ven site conditions.

GRS Tunnel Entrance Protection

To stabilize the natural slope immediate above the en-
trance of a tunnel, in particular against severe seismic
loads and heavy rains, and to protect trains against falling
rocks and sliding soil masses, two types of GRS Tunnel En-
trance Protection (Fig. 23) were constructed at eleven sites
(T1-T11 in Fig. 2). Type A was adopted where the natural
slope above the tunnel entrance is relatively steep. After

constructing a GRS embankment, the tunnel was excavated
in the embankment in the same way as ordinary tunneling
works in the natural ground. Type B was adopted where
the natural slope above the tunnel entrance is relatively
gentle. The natural ground was cut from the top and the
tunnel lining was constructed in open-air, followed by
the construction of GR backfill covering the tunnel lining.
The embankment around the tunnel becomes much more
stable by geogrid-reinforcing than otherwise. In some
cases, the GR backfill was lightly cement-mixed so that
the stiffness became similar to the natural rock ground.
The structure was completed by casting-in-place of con-
crete for the front facing (Fig. 23b).

Discussions

A number of successful case histories of different types
of geosynthetic-reinforced soil retaining walls (GRS RWs)
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have been reported in the literature [e.g., 20-25]. In partic-
ular, GRS RWs having a stage-constructed full-height rigid
(FHR) facing (Tatsuoka et al., 1987, 1998), which is de-
scribed in this paper, have been constructed as important
permanent RWs for a total length of about 150 km in Japan
and many of them are for HST lines. This RW technology
has been extended to more advanced GRS structures (i.e.,
GRS Bridge Abutments, a GRS Integral Bridge, RC box
culverts integrated to GRS approach fills and GRS Tunnel
Entrance Protections) and all these types of GRS structure
were extensively constructed for Hokkaido HST line, as
described in this paper. These GRS technologies are now
the standard soil structure technologies for railways. Their
current popular use is due basically to high cost-effective-
ness, in particular high performance during severe
earthquakes.

This characteristic feature has been ensured by rele-
vant design, including seismic design, and relevant con-
struction. From the structural point of view, this feature
can be attributed largely to a high structural integrality
resulting from the use of FHR facing that is connected
to geosynthetic reinforcement layers with all the GRS
structures described in this paper while integrated to
the bridge girder with GRS Integral Bridge. A high struc-
tural integrality reduces the possibility of local failure
while preventing the development of local failure at cer-
tain location, if it takes place, quickly toward the global
failure.

With respect to the construction procedure, the
construction of FHR facing after the major potential defor-
mation of the backfill and supporting ground has taken
place is essential to avoid several serious interaction prob-
lems between the backfill and the FHR facing. Besides, any
problematic excessive deformation of the backfill or the
supporting ground or both, if it takes place, can be detected
and can be alleviated before the construction of FHR facing
(i.e., also before the construction of the girder with GRS
Bridge Abutment and GRS Integral Bridge).

Concluding remarks

The following types of geosynthetic-reinforced soil
(GRS) structures were constructed at a number of sites at
the south end of Hokkaido Island for a new high-speed
train line (Shin-kansen): (1) GRS Retaining Walls (RWs)
with staged constructed full-height rigid facing, in place
of conventional type cantilever RC RW and gentle-sloped
embankments; (2) GRS Bridge Abutments, in place of con-
ventional RC abutments with unreinforced backfill ap-
proaches; (3) a GRS Integral Bridge, in place of
conventional bridge supporting the girder via bearings;
(4) box culverts integrated to GRS approach fills, in place
of the conventional type box culverts; and (5) GRS Tunnel
Entrance Protections. These GRS structures were selected
because they can satisfy very high performance require-
ments, including negligible bumps immediately back of
bridge abutments and box culverts and a high stability
for severe earthquakes, and a high cost-effectiveness, defi-
nitely higher than the conventional type soil structures.
These types of GRS structure are now the standard soil

structures for high-speed train lines, as well as ordinary
train lines, constructed fully in place of respective conven-
tional type structures.
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