F. Tatsuoka, M. Tateyama, T. Uchimura and J. KosekKi

GEOSYNTHETIC-REINFORCED SoIL
RETAINING WALLS AS IMPORTANT
PERMANENT STRUCTURES

1996-1997/ MERCER LECTURE

ABSTRACT: During the past decade, more than 26 km of geosynthetic-reinforced
soil retaining walls (GRS-RWs) with full-height rigid (FHR) facings were constructed
in Japan as important permanent structures mainly for railways and occasionally for
highways. These include retaining walls for embankments, bridge abutments, a wall
backfilled with a nearly saturated clay constructed on athick soft clay deposit, awall
that survived a very severe earthquake, and walls constructed to support bullet train
tracks. The full-height rigid facings are cast in place using staged construction proce-
dures. A new method of stiffening reinforced soil by vertical preloading and prestress-
ing is also described.
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1 INTRODUCTION

1.1  Geosynthetic-Reinfor ced Soil Retaining Walls (GRS-RWs) With
Full-Height Rigid (FHR) Facings

A construction system for “permanent” geosynthetic-reinforced soil retaining walls
(GRS-RWs) isnow widely used in Japan. This system is characterized by thefollowing
features:

* Theuseof afull-height rigid (FHR) facing that iscast in place using staged construc-
tion procedures (Figure 1).

* The use of polymer geogrid reinforcement for cohesionless soils to provide good in-
terlock with the soil, and the use of acomposite of nonwoven and woven geotextiles
for nearly saturated cohesive soils to facilitate both drainage and tensile reinforce-
ment of the backfill.

® The use of relatively short reinforcement.
® The use of low-quality on-site soil as the backfill, if necessary.

(@) Drainage (b) Gravel-filled bag
Geotextile
v/ /A
v/
/4

Figurel. Standard staged construction procedurefor a GRS-RW: (a) concrete base;

(b) geotextile and gravel-filled bag placement; (c) backfill and compaction; (d) placement
of the second layer of geotextile and a gravel-filled bag; (e) all layers constructed; (f)
concr ete facing constructed.
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The staged construction method (Figure 1) consists of the following steps:

1. asmall foundation for the facing is constructed,

2. ageosynthetic-reinforced soil wall with awrap-around wall face is constructed us-
ing gravel-filled bags placed at the shoulder of each soil layer; and

3. athinand lightly steel-reinforced concrete facing is cast in place directly adjacent
to the wall face after deformation of the backfill and the subsoil layer beneath the
wall has occurred, and a good connection is made between the facing and the main
body of the wall.

1.2 A Typical Recent Case History

Figure 2 shows arecent GRS-RW project with aFHR facing in Japan. The wall sup-
ports the main tracks of a new bullet train line (Hokuriku Shinkansen), which is now
under construction between the north of Tokyo and Nagano City, Japan, where the win-
ter Olympic games will be held in 1998. The wall is 4.6 to 8.6 m high and 260 m long
extending between abridge abutment and atunnel exit. The completed wall lookslike
a conventional reinforced concrete (RC) cantilever wall (Figure 2c). The backfill isa
well-graded crushed gravel reinforced with a polyester geogrid coated with polyvinyl
chloride (PVC). The reinforcement comes in two types having arupture strength Tg =
35.3 kN/m and 68.6 kN/m for relatively low and high walls, respectively. Thisis one
of the first walls to directly support the main tracks of a bullet train. Retaining walls
supporting bullet train foundations are some of the most critical civil engineering struc-
tures in Japan. For this new line, GRS-RWs with FHR facings were constructed at 11
sites comprising atotal length of 3,330 m. Thisincludes thewalls constructed at arail-
way yard in Nagano City, which are described in Section 3.

1.3 Brief History

The study of the GRS-RW system started in 1982. Since 1987, and particularly since
itsapproval in 1992 by the Ministry of Transport of Japan, alarge number of permanent
GRS-RWs with FHR facings (typically 5 m high) have been constructed to support
more than 26 km of important railway tracks as of April 1997 (Figure 3). Two typical
large-scale railway application projects arein Nagoya (Location 4, Figure 3; Tateyama
et a. 1994b) and Amagasaki (Location 7, Figure 3; Kanazawa et al. 1994). More than
760 m of GRS-RWswith FHR facings have been constructed to support highways. The
most recent large GRS-RW withaFHR facing project isin Yamagata Minami (Location
60, Figure 3) where the Japan Highway Authority is reconstructing an embankment
slopeto widen ahighway lane (Tadaet al. 1997). The greatest wall height is11.3 mand
the total wall length is 240 m. The stability of GRS-RW systems has been validated by
the excellent post-construction performance of these walls (Tatsuoka et al. 1992,
1996a; Murata et a. 1991, 1994; Kanazawa et al. 1994; Doi et al. 1994).

Beforethe GRS-RW construction system wasintroduced, the Terre Armée technique
dominated the permanent reinforced-soil retaining wall market in Japan. Japan Nation-
al Railways, the predecessor organization to Japan Railways (JR), wasthe first nation-
wide organization that extensively constructed Terre Armée walls. However, many
conventional GRS-RWs with wrap-around wall faces had been constructed, but only
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Figure 2. GRS-RW with a FHR facing constructed to support bullet train tracks
(Hokuriku Shinkansen) west of Karuizawa (Location 50, Figure 3): (a) typical cross
section (gravel-filled gabions are not shown); (b) wall under construction; (c) completed

wall.
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4, 23, 31

Figure3. Locations of the major GRS-RW projectsin Japan (numbered in chronological
order).

astemporary walls or for secondary applications, and not for permanent railway related
structures. Today, in Japan, the use of the Terre Armée construction technique for rail-
way support structures has declined, and the use of GRS-RWs with FHR facings has
become more common (Tatsuokaet al. 1994). In the current JR design standard for soil
retaining structures, the GRS-RW and Terre Armée wall systems, in addition to other
conventional techniques, are specified design and construction methods, thusproviding
the designer with achoice. Inmany railway projects, however, the GRS-RW system has
been adopted instead of conventional RC retaining wall techniques andthe Terre Armée
technique.

Among the project locations shown in Figure 3, the following recent projects will be
discussed in this paper: “Seibu Bridge Abutments’ (Location 42); “Nagano Wall”,
which usesanearly saturated backfill soil constructed onavery soft clay deposit (Loca
tion 38); “railway embankments’ damaged by flood and reconstructed using the GRS-
RW system in southern Kyushu (Location 35); and “Tanata Wall” (Location 5) which
survived a severe earthquake. The important lessons learned from these case histories
involve the following issues:

1. cost performance;
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2. wall deformability;
3. wall stahility; and,
4. durability and acceptable aesthetics of the wall face.

Issues1to 4 arediscussed by comparing GRS-RWswith FHR facingsto conventional
retaining walls and conventional steel-reinforced soil retaining walls. Theissue of geo-
synthetic reinforcement durability is beyond the scope of this paper.

2 LOW COST/PERFORMANCE RATIO
21 CantheFacing be Simpler?

It is known that reinforced soil retaining wall systems in general are cost-effective
because the facing structure is much smpler than that of most conventional retaining
wall systems, which results in lower construction cost, higher construction speed and
use of lighter construction machines. In addition, the wall performance is eguivalent
to, or better than conventional retaining wall systems. In addition, for flexible walls,
the pile foundation that supports the facing of conventional retaining wall systems be-
comes unnecessary, resulting in a more cost-effective system.

Using the design earth pressure, which isusually the active earth pressure, Pa , inthe
unreinforced backfill, aconventional retaining wall isdesigned asacantilever structure
supported at its base (Figure 4a). Large internal moment and shear forces may be maobi-
lized in the facing structure, and alarge overturning moment and sliding force may de-
velop at the bottom of the wall structure. In the case of areinforced soil retaining wall,
the backfill is retained by the tensile force in the reinforcement (Figure 4b). The con-
ventional explanation, which ismisleading, saysthat because of this reinforcement ef-
fect only very small earth pressures act on the back of the facing, and accordingly only
alight and flexible facing is required to contain the backfill soil.

Realigtically, however, the earth pressure acting on the back of the facing can never
approach zero unless the backfill soil isvery cohesive, or unless alarge amount of soil
arching devel ops between two vertically adjacent reinforcement layers. Soil archingis
most likely to develop at the lower reinforcement layersin awall. If the earth pressure
activated on the back of the facing is approximately zero, there must be zero tensile
force at the connection between the reinforcement and the back of the facing, which
resultsin alarge reduction of the soil retaining capability of the reinforcement (Figure
5a) (Tatsuoka 1993). Consequently, asthe lateral confining pressure on the soil in the
active zone decreases, the active zone becomes more deformable and less stable, partic-
ularly when the backfill is a cohesionless soil.

The above concept can be explained using the following expression to calculate the
maximum available tensile force, T , iN €ach reinforcement member:

Tmax = Minimum of [TRr Tanchor! Tretain + TWmax] (1)

where: T = tensile rupture strength of each reinforcement layer; Tacnor = aNchorage ca-
pacity, which is approximately proportional to the anchorage length, L, ; Tiqan = avail-
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Figure 4. Force equilibrium for: (a) a conventional retaining wall; (b) a reinfor ced soil
retaining wall; (c) the FHR facing of a GRS-RW.

ableretaining strength, which isapproximately proportional to the retaining length, L, ;
and, Twmax = available tensile force at the connection between the reinforcement and the
back of the facing, which increases with an increase in the available earth pressure on
the back of thefacing. Asthe connection strength, Twmex , decreases to zero, the distribu-
tion of the reinforcement tensile force, T, is represented by B1 and B2 in Figure 5b.
Thus, at lower levelsin the wall, the maximum available tensile force in each reinfor-
cement member, T... , iS not large enough, while alarge Twmax Value resultsin alarge
Trax Value (i.e. the reinforcement tensile force distribution A2 in Figure 5b). In Figure
5b, it is assumed that for distributions A1 and A2, the active zone is confined without
exhibiting large strains, and therefore, large bond stresses are not mobilized at the sur-
face of thereinforcement inthe active zone. Inthiscase, thereinforcement tensileforce,
T, isconstant in the active zone. For thedistributions B1 and B2, asmall value of T(e)s2
may resultin either avalue of T(wye: larger than Tie.a; for afixed potential failure plane
(in the case of Figure 5b) (Jewell 1990) or alonger retaining length, L, , with alarger
deformable active zone to increase T(na)s: t0 avalue similar to T(w)az ,» Mobilized at re-
inforcement locations further from the wall face.

The results of anumber of field and laboratory tests, numerical analyses, and the be-
havior of many full-scale walls have shown that the earth pressure on the back of the
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Figure 5. Tensile force distribution in the reinforcement layers for a reinforced soil
retaining wall: (a) available maximum tensile force in the reinfor cement; (b) two extreme
tensile force distributions in the reinfor cement (Tatsuoka 1993).

facing increases with anincrease infacing rigidity (e.g. Figures4.1 and 4.2 of Tatsuoka
1993). Figure 6 showstheresults of arelatively large-scale plane strain laboratory mod-
el GRS-RW test performed under well-controlled conditions (Tajiri et al. 1996). The
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Figure6. Behavior of alarge-scale GRS-RW laboratory model wall (Tajiri et al. 1996).

wall was constructed on arigid concrete floor. A concrete block facing was constructed
concurrently with backfilling and compaction of acohesionless soil reinforced with al-
ternating long and short geogrid layers having a tensile rupture strength, Tz = 56.8
kN/m. Thedistribution of thetensile forcein thegeogrid layersissimilar to thedistribu-
tions Al and A2 in Figure 5b. Thisis due to the rigidity of the facing.

The use of a FHR facing is more effective for increasing wall stability and reducing
wall deformation than using arelatively flexible facing such as discrete panel facing,
or awrap-around facing (Tatsuoka et al. 1989b; Tatsuoka et al. 1991, 1992). Tatsuoka
(1993) classifies different types of walls based on facing rigidity and discusses the con-
tribution to wall stability.

In the current design method for GRS-RW systems, a FHR facing isdesigned to sup-
port the active earth pressure developed in an unreinforced backfill (Horii et al. 1994).
However, the internal moment and the shear forces in the facing, the overturning mo-
ment, and the diding force activated at the bottom of the facing can be very small be-
cause aFHR facing behaves as a continuous beam supported by anumber of reinforce-
ment layers with avery short vertical spacing (i.e. 300 mm) (Figure 4c). Therefore, the
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facing can be very thin and the required amount of steel-reinforcement in the facing is
minimal (Horii et a. 1994). The minimum facing thickness specified for a GRS-RW
is300 mm, whichisbased on constructability considerations. Thisthicknessistypically
larger than that based on structural requirements.

When thefoundation subsoil isnot very stiff, aconventional reinforced concrete (RC)
cantilever retaining wall is typically supported on a pile foundation to prevent unac-
ceptable wall displacement during construction and after wall completion (Figure 7a).
Figure 8 shows an experimental 5 m high cantilever RC wall constructed directly on
an intact layer of volcanic ash clay (Kanto loam) at the Chiba Experimental Station,
University of Tokyo. The backfill was a nearly fully saturated soil obtained from a

(@) T T
6. Backfilling ,
5. Cantilever RC _|_ 3. Excavation
retaining wall A
FIN
= 1. Sheet 2. Anchor

piles

4. Pile foundation

4. Wall construction
o = -

2. Anchor
K 3. Excavation |~ 1. Sheet
piles
(c) —

2. Wall construction
Existing embankment

3. FHR facing = 1. Excavation

R

Figure 7. Comparison of different retaining wall construction procedures for
reconstructing an existing slope: (a) a conventional RC cantilever reinforced wall; (b) a
reinforced soil retaining wall with relatively long reinforcement; (c) a reinforced soil
retaining wall with relatively short reinforcement and a FHR facing.

Note: Numbersrefer to construction stage.
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Figure 8. The experimental 5 m high cantilever RC wall at the Chiba Experimental
Station, Institute of Industrial Science (11S), University of Tokyo.

nearby deposit of Kanto loam. This soil, under intact conditions, is stable due to dight
cementation, but it becomes very soft after remolding due to a high natural water con-
tent (approximately 100to 120%) and ahigh degree of saturation (85to 90%). Thewall
displaced outward by approximately 100 mm at the top of the wall face within six
months after the commencement of backfilling.

2.2 Advantages of Staged Construction Procedures

It has been advocated that a GRS-RW with a flexible or deformable facing can ac-
commodate the deformation of the backfill and the underlying subsoil layer. However,
it is also desirable that a retaining wall be rigid and stable. This contradiction can be
resolved by using the staged construction method and a FHR facing (Figure 1), that is:

® By using the staged construction method, potential damage to the connections be-
tween the facing and the reinforcement due to settlement of the backfill relative to
therigid facing is avoided.
* |nthe staged construction procedure, good compaction of the backfill adjacent to the
back of the facing can be achieved by allowing relatively large outward lateral dis-
placements to occur at thetemporary wall face. Accordingly, sufficiently largetensile
strains can be devel oped in thereinforcement. Onthe other hand, when adiscrete pan-
el, or afull-height panel facing is constructed prior to soil compaction, the soil adja-
cent to the back of the facing cannot be sufficiently compacted without a large earth
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pressure on the facing, associated excessive lateral outward displacement of the fac-
ing, and damage to the connection between the reinforcement and the back of the fac-
ing. Accordingly, sufficiently large tensile strains cannot be mobilized during back-
filling.

* When afull-height panel facing ispropped during backfilling, uncontrollable outwa-
rd displacement of thefacing may occur upon removal of the prop. Onthe other hand,
when unpropped discrete rigid panels are erected while the backfill is compacted, it
may be difficult to ensure a good final facing alignment and post-construction dis-
placement of the facing may continue (Tatsuokaet al. 1994). For the staged construc-
tion procedure with a cast-in-place FHR facing, the major portion of the potential de-
formation of the backfill and the subsoil layer takes place before facing construction,
and hence good alignment of the facing ispossible. Inaddition, apile foundation used
to support thefacing isnot necessary, mainly because thefacing islaterally supported
with many reinforcement layers, and therefore large moment and shear forces are not
mobilized at the bottom of the facing (i.e. a self-supported structure; Figure 4c). Par-
ticularly, in the staged construction method, the facing is free from the effects of the
downward vertical force caused by the reinforcement layersthat settle relative to the
facing during and after the compaction of the backfill.

Itisnoted that for staged construction procedures, thewall should be stable for aperi-
od of time before aFHR facing is cast in place. It has been confirmed by the full-scale
behavior of many walls that awall without a FHR facing (i.e. before subjecting it to a
live load) isvery stable, although some deformation of thewall may occur. The authors
consider that the use of gravel-filled bags at the shoulder of each soil layer (Figure 1)
with arelatively small vertical spacing of reinforcement layers (i.e. 300 mm) contrib-
utes greatly to the stability of awall on atemporary basis.

A good connection between the facing and the backfill isessential for a stable com-
pleted GRS-RW. Because astack of gravel-filled bags placed at thewall face hasavery
high drainage capacity, excess water from the concrete mix used to form the facing can
drain through the bags (Figure 9). Thus, the formation of aweak and thin vertical con-
crete layer due to the accumulation of water along the back of the facing is effectively
avoided. Furthermore, it has been observed that somefresh concrete penetrates the sur-
face zone of the gravel-filled bags, and likely increases the contact strength between
the concrete facing and the bags. The strength of the connection between the facing and
the gravel-filled bags was determined from tensile load tests using alarge test appara-
tus. It wasfound that the weakest section of the structure is not the connection between
the concrete facing and the bags, but the geosynthetic wrapping around the bags (i.e.
the geosynthetic) ruptured first. In addition, for prototype GRS-RWSs, 13 mm diameter
steel bars are typically placed at vertical and lateral spacings of 600 mm and are ex-
tended into the concrete facing (Figure 9) and connected to the steel reinforcement
framework. This arrangement ensures an integral connection between the facing and
the backfill.

2.3  Full-Height Rigid (FHR) Facing

The use of a FHR facing has the following additional advantages:
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* No magjor reinforced-soil retaining wall bridge abutments, including those with Terre
Armée walls, had been constructed in Japan before the construction of a number of
GRSbridge abutmentswith FHR facings (17 GRS bridge abutments were constructed
prior to April 1997). These include three abutments for railways on the Seibu Line
in Tokyo (Figure 10). During peak commute times, passenger trains cross the bridge
every three minutes at high speed. The walls were constructed directly on a Kanto
L oam soil deposit without using a pile foundation; the Kanto Loam is similar to the
soil supporting the experimental cantilever RC retaining wall shown in Figure 8. No
problems caused by settlement of the bridge girder due to the train load have been
reported for these abutments. The use of aFHR facing made the construction of these
GRS bridge abutments feasible. In particular, a GRS-RW with a FHR facing can ef-
fectively resist the seismic generated lateral loads of a bridge girder. This was con-
firmed for the Seibu Line walls by applying a lateral outward force up to 98 kN to
aRC block denoted by the letter A in Figure 10a. Figure 11 shows the relationships
between the lateral wall displacement at the facing at two levels, denoted as U and
L, and the lateral load applied to a RC block to support the bridge girder. The lateral
movement at the top of the facing was only 0.9 mm for this relatively large load. It
may be noted that the displacement at level L was approximately one-half of the dis-
placement observed at level U. This result demonstrates that the entire facing, sup-
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Tokyo (Location 42, Figure 3): (a) general longitudinal section; (b) longitudinal section of
the bridge abutment; (c) detailed cross section of the bridge abutment.

94 GEOSYNTHETICS INTERNATIONAL ® 1997, VOL. 4, NO. 2



TATSUOKA et al. ® Geosynthetic-Reinforced Soil Retaining Walls

(d)

(e)

Figure 10 continued. (d) completed structure; (€) crest of the structure.

ported by al of the reinforcement layers, resisted the lateral 1oad applied to the crest
of the wall.

® This case is aso noteworthy because of the restricted construction space. The space
between thewall face and thetrainsisonly 0.8 m wide, and the distance between the
wall face and the existing buildingsisonly 0.5 mwide (Figure 10c). The facings were
cast in place using concrete forms supported by steel barsanchored in the backfill soil
without external support (Figure 9).

® | aboratory tests (Tatsuoka et al. 1989b) and full-scale loading tests (Tateyama et al.
1994a; Tamura et a. 1994) have shown that a GRS-RW with a FHR facing can sup-
port very large vertical and lateral loads acting at and immediately behind the crest
of the wall without exhibiting noticeable deformation (as explained above). There-
fore, in many cases, FHR facings have been used to directly support other types of
structures (Figure 12a). When deformabl e facings are used, very complicated and ex-
pensive measures must be taken to support the same structure. For example, a RC
block isrequired to support the noise barrier fence structure in Figure 12b (Tatsuoka
et al. 1994).
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Figure1l. Relationships between the outward lateral displacement at the facing and the
lateral load applied to the RC block to support the bridge girder (Seibu Line): (a) wall
displacement at the upper wall location; (b) wall displacement at the lower wall location.

* A FHR facing contributes to the durability and aesthetics of the wall face when
compared to awrap-around wall face of a GRS-RW. For walls constructed in urban
areas, the facings are often formed to give a stacked stone appearance at the face.

* |t hasbeen amajor objective of many engineers to minimize the length of reinforce-
ment when space islimited. When relatively long reinforcement isused (e.g. Figure
7b), sheet piles and anchors may be required to ensurethe stability of the existing em-
bankment during excavation. This may increase the cost of constructing the rein-
forced soil retaining wall. Note that relatively long metal strips must be used so as
to ensure a sufficiently large reinforcement pull-out capacity that is comparable to
the tensile rupture capacity of the metal. On the other hand, when the reinforcement
is shorter (Figure 7c), slope excavation can be minimized without using sheet piles
and anchors, which may result in alarge cost reduction. The allowable reinforcement
length can be made shorter by the use of not only planar reinforcement (i.e. geosyn-
thetic sheets), but also aFHR facing. Thismeansthat, when compared to metal strips,
planar polymeric reinforcement (e.g. geogrid) hasamuch shorter required anchorage
length (typically 300 mm) to mobilize an anchorage capacity, Taenor ; that isequiva-
lent to the tensile rupture capacity, Tz (Figure 5a). However, the use of shorter rein-
forcement may cause larger outward shear deformations of the wall (Jewell 1990).
The use of a FHR facing causes the reinforced zone to behave as a monolith, which
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Figure12. Reinforced soil retaining walls using different types of facing: (a) examples of
structur es constructed directly on a FHR facing; (b) deformable panel facing wall with a
reinfor ced concrete block used to support anoise barrier fence (Tatsuoka et al. 1994).
Note: H = horizontal noise barrier fence force.

increases the stability of awall with a FHR facing and decreases the shear deforma-
tion of thewall. For the GRS-RW system, the allowable minimum length of therein-
forcement is specified to be 35% of the wall height, or 1.5 m, whichever isthelarger
value. Note that, as the reinforcement becomes shorter, more load may be concen-
trated toward the bottom of the facing, particularly during an earthquake. Therefore,
theinfluence of the bearing capacity of the subsoil beneath the facing on wall stability
cannot be ignored. In addition, to prevent overturning failure of a GRS-RW, it may
be necessary to use longer reinforcement layers at higher levelsin the wall as shown
in Figure 13. These factors are considered in current design methods for GRS-RWs
(Horii et a. 1994).

Generally, the construction cost for a GRS-RW system with aFHR facing (Figure 1)
ishigher than the cost of conventional geosynthetic-reinforced soil retaining wallswith
flexible facings. It should be noted, however, that GRS-RWs with FHR facings are
much more cost-effective than conventional retaining walls constructed as permanent
significant structures and, in many cases, more cost-effective than conventional metal-
reinforced soil retaining walls. The authors believe that the use of a FHR facing isone
of the most significant reasons why the GRS-RW system with a FHR facing has been
chosen by practicing engineers for many important permanent retaining walls and
bridge abutments in Japan. Two typical recent case histories that demonstrate the cost-
effectiveness of GRS-RWswith FHR facings are described in Sections 3 and 4. Other
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Figure13. Typical cross section of the GRS-RW with a FHR facing for the Shinkan-sen
(bullet train) train yard at Biwajima, Nagoya (Tatsuoka et al. 1992).

major projects and several case histories have been described by Tatsuokaet al. (1992),
and by Tatsuoka and Leshchinsky (1994).

3 NAGANO WALL
31 Genead

The Nagano wall is2 m high and approximately 2 km long (thick solid linein Figure
14a), and was constructed at atrain yard for the Hokuriku Shinkansen (bullet train) in
the northern section of Nagano City (Location 38, Figure 3). Thiswall isone of the best
examples that demonstrates the advantages of the staged construction method. Thewall
wasconstructed from 1993t0 1996. Additional 100 mlong GRS-RW sectionswith FHR
facings and two 3.4 m high GRS bridge abutments with FHR facings were constructed
commencing in 1995 for the approach fill to the train yard (Figure 14b). For these addi-
tional structures, avery soft clay layer beneath the approach fill wasimproved by ce-
ment-mixing in-place to avoid intolerably large settlements rel ative to the adjacent RC
bridge abutment that is supported by a pile foundation.

3.2 Preloading and Settlement

For the walls at the train yard, the subsoil isa significantly thick deposit of very soft
clay. Therefore, apreload fill was placed on the embankment behind the GRS-RWsbe-
fore congtructing the FHR facing. This resulted in a large amount of fill settlement
(approximately 1 m) (Figures 14c and 14d). The initial wall height as constructed was
3 m to accommodate this large amount of settlement. 1t should be noted that no pile
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Figure 14. Nagano GRS-RW with a FHR facing for the Hokuriku Shinkansen (bullet
train) north of Nagano City: (a) plan view of thetrain yard; (b) longitudinal section of the

approach fill tothetrain yard; (c) typical cross section of an embankment with a GRS-RW
inthetrain yard.

Note: SPT = standard penetration test.
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Figure 14 continued. (d) Naganowall during preloading; (e) cast-in-place construction of
the FHR facing after the preload fill was removed; (f) typical gradation curves for the
Kanto L oam backfill.

foundationswere used, which would have been necessary if conventional cantilever RC
retaining walls were constructed. A FHR facing was cast in place during the summer
of 1996, approximately one year after a six month preloading period (Figure 14e).
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3.3 Clay Backfill

The Nagano wall isan important case because it wasthe first time anearly fully satu-
rated on-site clay (highly weathered tuff) wasused asbackfill (Figure 14f). Thedecision
to use the clay was based on the good performance of a series of full-height GRS-RWs
with a backfill of nearly fully saturated volcanic ash clay (Kanto Loam) (Tatsuoka et
al. 1986, 1987; Tatsuoka and Yamauchi 1987; Tatsuoka 1993; Yamauchi et al. 1987,
Ling et al. 1995). This soil became a nearly saturated soft clay after compaction with
an average water content of approximately 30% and adegree of saturation of 70% . The
backfill soil was reinforced with a composite nonwoven-woven geotextile with arup-
ture strength, Tz = 35.3 KN/m at afailure tensile strain of 7%, and a stiffness, J = 490
kN/m at an elongation of 5%.

The use of alow-quality on-site soil as the backfill contributes to alarge cost reduc-
tion as compared to using an expensive imported cohesionless soil and disposing of the
low-quality excavated soil. The results of small-scale laboratory model tests (Ling and
Tatsuoka 1994) showed that saturated clay can be effectively reinforced with ageotex-
tile composite by consolidating the soil anisotropically under operational field condi-
tions. This result is consistent with the good performance of the full-scale walls men-
tioned above.

34  Comparison and Summary

At thissite, the importance of the FHR facing was reconfirmed by comparing the be-
havior of two experimental GRS-RWs with and without a FHR facing after the
construction of fill ontop of thewalls. The deformation of thewalls without aFHR fac-
ing was noticeably larger than that of thewall withaFHR facing (Tatsuokaet al. 1997a).

The success of the Nagano wall demonstrates that most types of on-site soilsinclud-
ing those of “inferior” quality (e.g. sandy soils containing alarge amount of fines, or
nearly saturated fine grained soils) can be used for the backfill soil of a GRS-RW sys-
tem. Thisis a significant advantage over steel-reinforced soil retaining wall systems
that are restricted to clean sand or gravel backfill soils (Zornberg and Mitchell 1994;
Mitchell and Zornberg 1995).

4 RECONSTRUCTION OF RAILWAY EMBANKMENTS IN KYUSHU
4.1 1989 Damage and Reconstruction

Inthe Mount Aso areain Kyushu Island, a series of railway embankments on the Ho-
hi Line located in narrow valleys were destroyed during heavy rainfall on 2 July 1989
(Figure 15). The damage was caused by flood water that was trapped upstream of the
embankment due to the clogging of adrain pipe crossing each embankment. Six entire
sections of the embankment were reconstructed (Figure 16). To reduce the amount of
earthwork, an approximately vertical GRS-RW with a FHR facing was constructed at
the downstream toe of each embankment, and the slope was reinforced with geogrid
(Tatsuoka et al. 1992). Thisremedial work is characterized by very large embankment
heights and alarge diameter corrugated steel drain pipeinstalled in each embankment.
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Figure 15. Location of railway embankments seriousy damaged by heavy rainfalls in
1989 and 1993, and the location of the first PLPS GRS bridge pier (Sasa-guri Line).

4.2 1993 Damage and Reconstruction

From June to September 1993, many railway embankment sections in central and
southern Kyushu at the sites highlighted in Figure 15 were seriously damaged or de-
stroyed by aseries of heavy rainfalls. The scale of damage wassignificantly greater than
the damage incurred in 1989. Thetotal precipitation during these monthsin Kagoshima
and Miyazaki Prefectures amounted to approximately 3,000 mm. By November 1993,
damaged embankment sections denoted by solid circlesin Figure 15 werereconstructed
using amethod similar to that used in 1989 (Figure 17). The total volume of the dam-
aged embankments that were reconstructed was 18,700 m3. The origina fill material
for the wall (at the Hyo-kiyama/Hinatayama site) was a pumice called Shirasu, which
was washed away from the embankment toe by a flood. The total volume of crushed
stone gravel used for the reconstruction was 8,640 m3. The reconstruction method was
adopted based on the successful previous construction on the Ho-hi Line (i.e. it had a
low construction cost, relatively short construction period and required relatively light
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Figure16. Typical cross section of the reconstructed railway embankment at the M ount
Aso site (the Ho-hi Line, Location 8, Figure 3).

construction equipment). The last two factors are particularly important because rapid
remedial work was required, and most of the damaged embankments were located in
remote mountainous areas.

At the site denoted by a hollow circle in Figure 15 (Sakamoto/Haki site), a conven-
tional masonry retaining wall was completely destroyed for alength of approximately
59 m by flooding of the adjacent river. The wall was reconstructed using the GRS-RW
system (Figure 18). At several other sites denoted by hollow triangles in Figure 15, the
slopes of the damaged embankments (total soil volume of 7,700 m3) werereconstructed
using geosynthetic reinforcement layers. The other sections comprising atotal soil vol-
ume of 3,600 m3 were reconstructed without using geosynthetic reinforcement.

5 DEFORMATION OF REINFORCED SOIL RETAINING WALLS
5.1 Creep Deformation

It has been claimed that most currently available geosynthetic reinforcing materials
aretoo extensible and exhibit larger creep elongation than steel strip reinforcement (e.g.
Schlosser et a. 1994). In most cases, however, the deformation of a wall during
construction is not a serious problem. Rather, creep deformation of the wall by dead,
live, and/or seismic loads while in service should be smaller than the specified allow-
ablelimit. There are no cases of GRS-RWswith FHR facings that exhibited noticeable
long-term creep deformation despite the use of so called “extensible”’ reinforcement
(i.e. polymer geogrid). Probable reasons for this fact include the following:

1. GRS-RWswith FHR facings have a sufficient margin of safety resulting from the
conservatism exercised at several design stages. In particular, GRS-RWs are de-
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Figure 17. Railway embankment damage and reconstruction in 1993 at
Hyo-kiyama/Hinatayama site, the Hisatsu Line (Location 35, Figure 3): (a) damaged
embankment; (b) reconstructed embankment; (c) typical cross section of a reconstructed
embankment.

signed for seismic loading using pseudo-static limit equilibrium stability analysis
methods with a horizontal seismic coefficient, k, = 0.2. Thisresults in sufficiently
large factors of safety for GRS-RWs under ordinary load conditions.

2. Inareinforced soil retaining wall with adeformable facing, deformation will occur
mainly at the wall face and in the backfill immediately behind the wall face. The
use of a FHR facing can effectively prevent this deformation.

Creep deformation of GRS-RWswith FHR facingsisdiscussed in more detail by Tat-
suoka and Uchimura (1997b).
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Figure 18. Railway embankment damages and reconstruction in 1993 at the
Sakamoto/Haki site on the Hisatsu Line (Location 35, Figure 3): (a) damaged
embankment; (b) reconstructed embankment; (c) typical cross section of the reconstructed
soil retaining wall.
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5.2 Preloaded and Prestressed (PLPS) GRS-RWs
5.2.1 Background

Thelongest bridge girder supported by GRSbridge abutmentsin Japan with FHR fac-
ings is 13.2 m (Figure 10b). To support a longer and heavier bridge girder, the GRS
bridge abutments should be stiffer than those constructed thus far. It should be noted
that since reinforcement iseffective only after the surrounding soil expands sufficiently
in the horizontal direction, it isvery difficult to substantially increase the vertical stiff-
ness of a reinforced soil mass against a vertical working load even by using densely
spaced, long, and very tiff reinforcement (Huang and Tatsuoka 1990).

5.2.2 Working Principles

Tatsuoka et al. (1996b, 1996c, 1997b) and Uchimura et al. (1996) proposed a new
construction method to produce a significantly stiff reinforced soil by preloading and
prestressing (PLPS) (Figure 19). In this paper, for the backfill soil, preloading (PL) is
defined asthe application of avertical load that islarger than the final and current load

Pc
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Gravel-filled bags

” Po¥ 1 /

Reaction block

Reinforcement

5m

Y

N
’ Reinforced concrete facing

&

:1.5 m-
f-——————————|
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Figure 19. A typical PLPS GRS retaining wall (tie rods act as a compressive structural
component against the external vertical load, Pc ).
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on the crest of the backfill, while prestressing (PS) corresponds to a non-zero load at
the time of external load application (see Figure 20).

For this method, a GRS-RW is constructed using a modified staged construction
method (Figure 1), with a pair of lower and upper reaction blocks connected by four
tie rods, or with only atop reaction block connected to tie rodsthat are anchored in the
ground below the backfill. Before a FHR facing is cast in place, the wall is preloaded
and prestressed as follows:

1. A sufficiently large preload isapplied using hydraulic jacks that are mounted at the
top ends of the tie rods. A relatively large preload can be applied without causing
failure of the backfill because the backfill soil is reinforced. Since preloading and
subsequent unloading bring the backfill to an unloaded condition, the wall deforms
nearly elastically when the external vertical load, Pc , isapplied on top of the reac-
tion block (Figure 21).

4 PL—
a
ze) P
©
o
; |
@
g —PS
< S/
> S
Settlement, S I

Figure20. Definition of preload (PL) and prestress (PS) (P =Pc + Py ).

Pc

AP = AC — AT

= =g
Figure21l. Load equilibrium (defining Pc, T and C).

Notes: C =compressive load applied to the top of the backfill; T = tension in the rods; Pc = external
vertical load.
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2. After unloading from the preloaded state to a certain load level, the top ends of the
tie rods are fixed to the upper reaction RC block and the hydraulic jacks are re-
moved. Thetension, T, remaining in thetie rodsfunctions asthe “ prestress’, which
is balanced by the corresponding compressive force C acting on top of the backfill
(Figure 21). There are four additional reasonswhy ahigh prestress should be main-
tained to achieve a high performance of PLPS GRS-RWs.

» Firgt, the prestress maintains alarge value of elastic stiffness in the backfill when
compared to the value in the case without prestress. That is, asdescribed previously
(Tatsuoka et al. 1997b; Uchimura et al. 1996; Jiang et al. 1997), the Young'smodu-
lus, E, , defined for achange in the major elastic principal strain in the vertical di-
rection, ¢, is proportiona to (o, )™ for most cohesionless soils where mis a
constant; i.e. ¢, isthe vertical normal stress, and E, = (d g, /0¢¢ ) in the rigorous
mathematical expression. For most cohesionless soils, the value of mis approxi-
mately 0.5. Inan extreme casewith ¢, =0, thevalue of E, becomes zero even after
alarge preload (PL) has been applied.

» Second, a rebound to zero load after preloading results in “soil swelling” (Figure
224). The“swelling” behavior isdueto: (i) arelease of elastic energy stored in sec-
tions of the soil; and, (ii) a 90° rotation in the ¢, -direction.

Thisswelling behavior issimilar to that observed in one-dimensional compression
tests on soils (i.e. oedometer tests). The 90° rotation isimportant particularly for
preloaded reinforced soil. That is, theresidual tensile forceisintroduced intherein-
forcement by preloading and subsequent unloading to azero load level. Then, the
local stress condition in the soil could be such that the local lateral stress, (01,)10ca s
is larger than the local vertical stress, (0,),. (Figure 22b) in comparison to the
compression stress condition with (0,),,. |arger than (o), during preloading.
This changein stress conditions upon unloading to azeroload level causes asudden
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/
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Il from @ (Ov local
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Figure22. Preloading and prestressing the backfill soil: (a) swelling and the subsequent
soft response of the backfill soil after preloading; (b) local stress conditions when the
backfill isunloaded to a zeroload level after preloading.
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90° rotation in the direction of the principal stresses, which is known to damage
the soil structure and reducethetangential stiffnesswhenreloaded. Dueto the com-
bined effects of these two factors, the soil stiffness upon reloading after preloading
to azero load level (Case 1in Figure 22a) becomes much less than when unloaded
to and reloaded from a non-zero load level (Case 2 in Figure 22a).

The above-mentioned behavior has been observed in the full-scale PLPS GRS
bridge pier as described in Section 5.2.4 (Uchimura et a. 1996, 1997), and in a
plane strain compression (PSC) test on geogrid reinforced Toyoura sand performed
inthelaboratory (Figure23) (Tatsuokaand Uchimura1997a). It may beseeninFig-
ure 23 that arelatively large amount of swelling occurs when the soil is unloaded
to near-zero load states, followed by arelatively softer response when subsequently

120 y ) "
Toyoura sand with 11 geogrid layers

100 ...03/ — 196 kPa JUUSURSONN SURROR: ............ '

. 80 — / S ——

> 60 * »’?/-’ S— 5
40 ¥ ............... SUR B
20 .7* Creep for 60 minutes

" % Creep for 10 minutes |
0 A\ Creep for 24 hours

60

S sl |

) ' '

0

o
(3
1

Volumetric strain
8vo/ (%)
o

|
o
[¢)]

2 3 4 5 6 7 8
Axial strain, &; (%)

Figure23. Results of a plane strain compression (PSC) test on reinfor ced Toyoura sand
(specimen size = 214 mm X 244 mm X 570 mm high; void ratio = 0.609; vertical geogrid
spacing = 52 mm) (Tatsuoka and Uchimura 1997a).
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Notes: 07 ande; aretheaverageaxial stressand strain, respectively.
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reloaded. The decrease inthe axial strain, ¢, , for atime duration of one day from
Point ato Point b and from Point ¢ to Point d is due to creep recovery of the soil
caused mainly by the residual tensile force in the reinforcement.

 Third, for aPLPS GRSto achieve high seismic resistance, shear strain valuesinthe
backfill soil should be maintained as small as possible. In particular, shear strains,
€, should be small (Figure 24). For this purpose, ahigh shear modulus, G, should
be achieved, which can aso be obtained under a high pressure (i.e. high o, ).

 Lastly, to achieve an acceptable performance of a PLPS GRS when subjected to
high seismic loads (i.e. the level 11 design seismic load used in Japan), the PLPS
GRS should be very ductile (i.e. capable of not losing strength even after large de-
formations). Sufficient ductility can be expected for a very densely compacted
backfill if aconstant (or nearly constant) volume condition isachieved during seis-
mic loading. Figure 25 illustrates the ductile behavior of a dense soil under a

oy
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Figure25. Constant volume versus constant normal stress, g, , behavior of a dense soil.
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constant volume condition dueto strong dilatancy, compared to the drained behav-
ior. A PLPS GRS can deform under nearly constant volume conditions when the
height of the backfill iskept constant, because the lateral tensile strainsin the back-
fill are restrained by the reinforcement. A constant backfill height can be main-
tained by preventing the top reaction RC block from moving upwards relative to
thetierods. Figure 26 showsthe behavior of dense sand under constant volume sim-
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Figure 26. The behavior of a dense Toyoura sand (e = 0.680), under constant volume
cyclic smple shear conditions: (a) shear stress and shear strain relationship; (b) effective
stress path for a cyclic torsional simple shear test on an undrained specimen (Tatsuoka et

al. 1989a).
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ple shear conditions when subjected to cyclic shear stresses. Prestressed GRS-RW's
are expected to behave in this manner when subjected to very high seismic loads.

For the above mentioned reasons, sufficiently large prestresses should be main-
tained while the wall isin service. A possible practical method to maintain a high
backfill prestress for along service life when subjected to continuous cyclic live
loads is discussed in Section 5.2.4.

3. Whentheload, P, isapplied to thetop reaction block, thetension, T, inthetierods
decreases somewhat dueto the compression of the backfill. Theincrease inthe ver-
tical load, C, on the top of the backfill due to the load P; becomes smaller by the
same amount, when compared to the increase in T for the case without prestress
(Figure 21).

4. By preloading and subsequent unloading, prestressisalso induced in the reinforce-
ment members as aresult of the interaction between the elasto-plastic properties of
soil and the elastic properties of reinforcement ((o}),,c IN Figure 22b). This pre-
stress can also contribute to maintaining wall integrity.

5.2.3 Field Model Tests

To validate the feasibility of the PLPS method, full-scale test walls were constructed
inearly 1995 at the Chiba Experiment Station, Institute of Industrial Science (11S), Uni-
versity of Tokyo (Figure 27). The test sections were 4 m deep and were maintained un-
der nearly plane strain conditions. A well-graded gravel composed of crushed sand-
stone was compacted to a dry unit weight, yq = 18.4 kN/m3 with an average water
content of 7.0%. The geogrid is made of polyvinyl acohol (PVA) (with the trade mark
name “Vinylon”) and hasanominal tensile rupture strength, Tz = 73.5 kN/m. Thistype
of geogrid iswidely used in GRS-RW construction projects in Japan.

Commencing at the end of August 1995, test segments 3S, 3N and 3M, showninFig-
ure 27, were preloaded. For segment 3S, the first preload with an average contact pres-
sure of 123 kPawas applied to the top reaction block (base area of 5.7 m?) for approxi-
mately ten minutes (Figure 28a). For segment 3N (Figure 28b), creep deformation was
permitted for 63 hours using a constant preload, during which the top block settled
approximately 13 mm. For segment 3M, using a larger top reinforced concrete block
base area of 2m x 3.8 m = 7.6 m?, stress relaxation was permitted for 22 hours after
unloading from thefirst short preloading period (Figure 28c). Then, the second preload
was applied and maintained at a constant level for 66 hourswith the final creep settle-
ment equal to approximately 7 mm.

The summary of the time histories of the contact pressure beneath the top reaction
block are shown in Figure 29. Figure 30 shows the relationship between the average
contact pressure and the average settlement of thetop reinforced concrete block relative
to the bottom reaction block in test segment 3M. The following trends in the behavior
of the backfill may be noted with respect to Figures 29 and 30:

1. When a noticeable amount of creep deformation of the backfill was not permitted
to occur during preloading (i.e. segments 3Sand 3M after the first preloading), the
rate of stress relaxation immediately after unloading was very high.
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Figure 27. Cross section of the test wall divided into three PLPS GRStest segments (test
wall was5 m high, 4 m deep and 8 m wide).

2. By alowing some creep deformation of the backfill to occur during preloading (i.e.
segments 3N and 3M after the second prel oading), the rate of stress relaxation was
noticeably lower.

3. Therate of stress relaxation increased suddenly due to heavy rainfall: 130 mm of
precipitation caused by Typhoon No. 12 on 17 September 1995. Sincethe gravel had
an initial water content of approximately 7.0% with 8.0% fines content, it appears
that capillary suction wascreated during compaction, and that some of thiscapillary
suction may have been lost by wetting.

4. When segment 3M was preloaded, a noticeable reduction in the tie rod tension in
segments 3N and 3S occurred, which islikely dueto the associated compression of
the gravel backfill in these segments.

5. Therelaxation ratein segment 3M after the second preloading period, and the rel ax-
ation rate in segments 3S and 3N after preloading segment 3M, significantly de-
creased. Subsequently, for more than eight months, the prestress only decreased s-

lightly.
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Figure29. Summary of the time histories of the average contact pressure, (P, + T)/A, at
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Figure 30. Rélationship between the average contact pressure, (P, + Pc)/A, and the
aver age settlement of thetop RC block (test segment 3M).

6. The vertical stiffness of segment 3M during reloading (from Point 6 to Point 7 in
Figure 30) is considerably higher than the vertical stiffness at the same load level
during primary loading, whichisdueto the effects of prel oading. Furthermore, since
segment 3M was reloaded from the prestressed condition (i.e. from Point 6), it is
very probable that the stiffnessbecame larger than that during rel oading from alow-
er load level. Thisis due to the effects of prestressing (this statement is confirmed
in Section 5.2.4 using the resultsfrom loading tests onaprototype PL PS GRS bridge
pier).

The results discussed above are quite encouraging. In particular, it is very important
that the relaxation rate of the prestress load significantly reduces due to the creep de-
formation during the preloading stage. Furthermore, in actual projects, the backfill can
be compacted to a denser state. In fact, for field compaction tests using the same type
of gravel and aheavy compaction machine, adry unit weight of 20.5 kN/m3 was easily
achieved (Sekine et al. 1996).

5.2.4 TheFirst Application of the PLPS Method

The first application of the PLPS method (Figure 31) was under way at the time of
writing at Location 57 in Figure 3 (PLPS GRS-RW site in Figure 15). For this project,
atemporary bridge was constructed in 1996 and will be used for several years during
the reconstruction of an existing bridge over asmall river for arailway on the Sasa-guri
Line. Two 16.5 mlong steel girdersfor asingle track which have atotal weight of 390
kN are supported by a GRS bridge abutment at oneend (A2 in Figure 31a), aPLPS GRS
bridge pier at the center of the river channel (P1), and an abutment directly supported
by cement-treated columns at the other end (A1) (A2 and P1 areinstrumented). A soft
clay deposit beneath the GRS pier was strengthened by creating in-place columns of
cement-treated clay. The authors' main concern is the operational rigidity of the GRS
bridge pier against dead and live loads, which are considered in the design to be 196
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Figure 31. The first PLPS GRS bridge pier located on the Sasa-guri Line (Location 57,

Figure 3) (temporary structure): (a) cross section and plan view; (b) detailed schematic of
the pier.
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kN and 1280 kN, respectively, and the effects of the live load on the relaxation rate of
prestress over along period of time. Thistemporary structure will provide an excellent
opportunity to examine the feasibility of the PLPS method for permanent structures.
Thebackfill of the PLPS GRS pier isawell-compacted and well-graded gravel of im-
ported crushed sandstone. The reinforcement is a PVA geogrid coated with PV C and
has a nominal rupture strength of 73.5 kN/m and a nominal stiffness of 1050 kN/m at
strains less than 1%. Alternating vertical reinforcement spacings of 200 and 100 mm,
with an average of 150 mm, were used for conservatism (Figure 32a). The bottom ends
of the tie rods were anchored into the cement-treated columns. Figures 32c and 32d
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Figure 32. PLPS GRS instrumented bridge pier on the Sasa-guri Line (Location 57,
Figure 3), Fukuoka, Kyushu: (a) typical crosssection ; (b) plan view (Uchimura et al. 1996,
1997; Tatsuoka and Uchimura 1997b).
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Figure 32 continued. Time histories of: (c) tie rod tension in the pier (P1); (d) settlement
of thetop reaction block (5m x 2.4 min area) of the pier (P1) and thetop RC block (4.5 m
x 2min area) of the GRS bridge abutment (A2) relative to the bottom of the backfill.

show the behavior of the PLPS GRS bridge pier during preloading, and for a period of
time after construction. The preload was applied using four hydraulic jacksfor only 10
weekdays during daylight hours due to construction restraints at the site (Figure 32c);
the total preloading time was 72 hours. The top ends of the four tie rods were fixed to
the top reaction block during the night (i.e. during the relaxation stage). Before each
relaxation stage started, the tie rod tension dropped by an uncontrolled value (i.e. un-
loading started). After reaching aload level of 2,400 kN, two complete unloading and
reloading cycleswere applied. Lastly, thetie rod tension wasdecreased to approximate-
ly 1,000 kN, reloaded and unloaded to the same load level, and then along-term relax-
ation stage was started (Stage 18 in Figures 32c and 32d).

The settlement of the top reaction block relative to the bottom of the backfill (i.e. the
compression of the backfill) is shown in Figure 32d. Figure 32e showsthe relationship
between thetie rod tension T, which isequivalent to the vertical load, Pc, applied to the
top of the reaction block when T = 0, and the settlement of the top reaction block, S
The step-wise relation that exists between T and Sduring primary loading isdue to an
incremental increase in thetie rod tension, T; an increment of T of approximately 200
kN was applied for 2 minutes and then the same load level washeld for 30 minutes (for
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Figure 32 continued. (e) relationship between tie rod tension and settlement of the top
reaction block.

thefirst four steps) or 60 minutes (for all subsequent steps). Thisprocedure wasrepeated
until an approximate load T of 2,000 kN was reached.
Upon inspection of Figure 32e the following trends are identified:

1. Thereloading settlement, S, was only 0.4 mm when theload, T (Pc), wasincreased
from 1,000 to 2,400 kN (from Stage 16 to 17). This indicates a significantly high
gtiffness and is considered to be very satisfactory. When the load T is assumed to
be supported by the backfill within the area of the top reaction block, a secant
Young'smodulus, E. , of the backfill equal to approximately 400 MPaisobtained.
Thisisahigh E valuethat can be achieved only whenthe backfill isinanear elastic
State.

2. Alaboratory triaxial test was performed to evaluate the elastic deformation charac-
teristics of the gravel using the method described by Uchimura et al. (1996). Local
strainsinthetriaxial test were measured to an accuracy of 0.0001% because vertical
strains in the backfill soil caused by cyclic load applications (which have an ampli-
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tude of approximately 1,000 kN, as between Stages 15and 17, and are similar tothe
design maximum live load), are only approximately 0.5 mm/2700 mm X 100 =
0.019%. It was found that the elastic Young's modulus, E, , can be calculated as:

E, = Eo(0v/09)" )

where E, (= 400 MPa) isthe value of E, when the vertical stress, ¢, , isequal tothe
reference pressure, o, (=98 kPa), and m= 0.5 (refer to Uchimura et al. 1996; Tat-
suokaet al. 1997b; Jiang et al. 1997 for more details with regard to Equation 2). The
estimated rebound curve obtained based on Equation 2 is presented in Figure 32e.
It may be noted that between Stages 15 and 16, the tangent modulus, K, = T/9S,
decreases as the load T decreases, as suggested by Equation 2. Although only dis-
crete data points are available, the behavior from Stages 12 to 13 is similar.

3. Thesettlement, S, observed during primary loading consists of elastic reversible de-
formation and irreversible deformation. Thelatter consistsof plastic (time-indepen-
dent, irreversible) deformation and viscous (time-dependent) deformation. Thevis-
cous deformation presented in Figure 32e was obtained using integration of the
settlement increments observed when the load, T, was kept constant. It can be seen
that alarge part of theinitial settlement isviscous. This viscous deformation can be
eliminated if a proper preloading procedure is used.

4. The secant tiffnessmodulusvalue, K. = AT/AS, isvery high and similar to the K.
value during unloading when the pier isrel oaded after asmall partial unloading (e.g.
when reloaded from Stage 3 to 4 after unloading from Stage 1 to 2). Asthe amount
of unloading becomeslarger, K. decreases (i.e. when reloaded from Stage 10to 11).
In particular, the K« value when reloaded from the zero-load state (e.g. from Stage
13 to 14), is very low. This phenomenon is likely due to the swelling effect of the
soil illustrated in Figure 22a. It is interesting to note that at the same load level T,
the K, value during reloading becomes smaller as the amount of unloading in-
creases. Thisislikely dueto theresidual tensile force introduced in the reinforce-
ment by prel oading and subsequent unloading (Figure 22b). Thisresult clearly dem-
ongtrates that a large part of the benefit obtained by preloading is lost by the
subsequent unloading to zero load.

Tensle strains in the geogrid were measured at many locations. Figures 32f and 329
show the measured tensile strain at Point E1 (see Figure 32a). It can be seen that for a
time period during the first relaxation stage (i.e. from Stage 2 to 3), the tensile geogrid
strains typically decreased with time, despite the fact that the load, T, was maintained
at an approximately constant value. This trend is opposite to what can be expected if
creep was a problem for GRS structures.

For atime period of approximately 160 days after the start of therelaxation stage (i.e.
after Stage 18), creep recovery was observed (Figure 33). That is, asdenoted by thelet-
ter A with an arrow in Figure 32e, with the top of the tie rods fixed to the top reaction
block, the tie rod tension, T, increases with time (as seen from Figure 32c) while the
backfill isexpanding vertically (as seen from Figure 32d) at a dlope determined by the
gtiffness of the tie rods. This result also demonstrates that creep deformation of PLPS
GRS structures does not need to be considered in design.
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Figure 32 continued. (f) relationship between thetensile strain at E1 (see Figure 32a) and
thetierod tension; (g) relationship between thetensile strain at E1 and the settlement of the
top reaction block.

Finally, the settlements of the PLPS GRS pier and the GRS bridge abutment during
and after placement of the pair of bridge girders are shown in Figure 32d. Theinstanta-
neous settlement of the pier (P1) was 0.08 mm for a girder load of 200 kN while that
of the abutment (A2) was 0.5 mm for a girder load of 100 kN. It is very important to
note that creep deformation still continues to occur in the abutment (A2). After loading
the girders for approximately 160 days, the settlement of the abutment (A2) is 2 mm,
while the PLPS pier (P1) has expanded dightly in the vertical direction. These large
effects observed in the PLPS GRS bridge pier are quite encouraging.

Degspite the above observations, it is likely that the tie rod tension, T, may decrease
over along period of time dueto the gradual vertical compression of the backfill caused
by a continuous application of live cyclic loads (i.e. atrain load). A potential construc-
tion method that may alleviate this problem would be the use of a connection device
between the top end of each rigid tie rod and the top reaction block which would act
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as a soft spring when the height of the backfill decreases. This method is equivalent to
the use of aflexible tie rod with arigid connection. Using this method, the prestress may
decrease only dlightly when the backfill is compressed vertically (Tatsuoka et al.
1997b). However, if only this method is used, the advantage of using tie rods, which
restrains the movement dueto dilation of the densely compacted backfill when sheared
laterally, islost. This problem could be solved by using rigid tie rods with connection
devices that perform rigidly when the backfill dilates, and softly when the backfill is
compressed (e.g. aratchet system). This method is currently being studied by the au-
thors.

5.2.5 Other Possible Applications of the PLPS Method

The PLPS method can be used to increase the vertical subgrade reaction of level
ground to support a heavy structure that can tolerate only limited displacements. In
addition, this method is effective not only for compressive loads, but aso for tensile
loads. Therefore, the rocking motion of atall structure constructed on PLPS reinforced
soil could be effectively restrained (Tatsuoka et al. 1997b).

6 SEISMIC STABILITY OF REINFORCED SOIL RETAINING WALLS
6.1 Genea

At5:46am. on 17 January 1995, adevastating earthquake measuring 7.2 onthe Rich-
ter scale occurred in the southern section of Hyogo Prefecture, including Kobe City and
neighboring urban areas. In the severely affected areas (Figure 34), an extensive length
of railway embankments had been constructed more than seventy years before the
earthquake, which had anumber of old and new retaining walls. Most of the wallswere
seriously damaged. The details have been reported by Tatsuoka et al. (1996a, 1996b).
The conventional types of retaining walls can be categorized into four groups:

1. masonry retaining walls (denoted by MSin Figure 34);
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Figure 34. Seriousy damaged areas during the 1995 Great Hanshin Earthquake
(modified from Chuo Kaihatsu Corporation 1995).
Note: EM = damaged embankments.

2. leaning (supported), unreinforced concrete retaining walls (L);
3. gravity, unreinforced concrete retaining walls (G); and
4. cantilever or inverted T-shaped steel-reinforced concrete (RC) retaining walls (C).

The first three types of retaining walls were the most serioudy damaged, while the
damage to cantilever walls was generally less serious.

6.2 Tanata Wall

Despite thefact that the seismic intensity at thissitewas severe, the damageto aGRS-
RW with aFHR facing located at Tanata (GR1 in Figure 34) was significantly |ess seri-
ous when compared to the damage experienced by the four types of retaining walls de-
scribed in Section 6.1 (Figure 35). The Tanata wall was completed in February 1992
on the southern slope of an existing embankment for the JR Kobe Line to increase the
number of railway tracks from four tofive. Thetotal wall length is305 m and the great-
est height is 6.2 m. The surface layer in the subsoil consists of relatively stiff terrace
soils (Figure 35b). The backfill soil isbasically acohesionless soil with asmall amount
of fines. The reinforcement isageogrid (PVA) coated with soft PV C for protection, and
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Figure 35. Tanatawall: (a) plan view (G-RW = gravity retaining wall); (b) cross section
of the embankment.

has a nearly rectangular cross section of 2 mm by 1 mm and an aperture size of 20 mm
with anominal tensile rupture strength, Tz = 30.4 kN/m.

Thiswall deformed and moved dlightly laterally in an outward direction. The largest
outward displacement occurred at the highest wall location, which isin contact with
a RC box culvert structure crossing the railway embankment. The displacement was
260 mm and 100 mm at the top of the wall and at ground level, respectively (Figure
364).
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Figure 35 continued. (c) front view (from the south) of the GRS-RWs and RC retaining
walls supported by a pile foundation; (d) typical cross section of a GRS-RW.
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@

(b)

Figure 36. Tanata wall immediately after the earthquake: (a) front view; (b) side view
showing collapsed wooden houses.

Based on the following facts and despite the above observations, the performance of
the GRS-RW was considered satisfactory by the railway engineers responsible for this
structure:

* The peak ground acceleration at the site was estimated to be more than 700 gals
(0.79). Thisisconfirmed by the high collapse rate of wooden houses at the site (Figure
36b). Many of the collapsed houses were constructed less than approximately ten
years ago.

® On the opposite side of the RC box structure, a RC retaining wall with a maximum
height of approximately 5.4 m (Figure 37) had been constructed concurrently with
the GRS-RW. Thiswall issupported by arow of bored piles despite the similar subsoil
conditions asthe GRS-RW. Therefore, the construction cost per wall length of the RC
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Figure37. RCretaining wall at Tanata: (a) cross section; (b) front view.

retaining wall wasapproximately doubletotriple of that for the GRS-RW. In addition,
atemporary cofferdam still existed at the time of the earthquake in front of the RC
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retaining wall. Thismay have contributed to the stability of the RC retaining wall dur-
ing the earthquake. Despite these differences, the RC retaining wall displaced simi-
larly to the GRS-RW (Figure 37b), i.e. at the interface with the RC box structure, the
outward lateral displacement of the retaining wall was215 mm at thetop and 100 mm
at ground level.

* Thelength of geogrid reinforcement used in GRS-RWswith FHR facingsisgenerally
shorter than that for most metal strip-reinforced soil retaining walls and other types
of GRS retaining walls with deformabl e facings. For conservatism, most of the GRS-
RwWswith FHR facings constructed to date have several longer reinforcement layers
at highwall levels (Figures2aand 38). For the Tanatawall, thelength of all reinforce-
ment layers were truncated to approximately the same length due to construction re-
straints at the site (Figure 35d). This arrangement may have reduced the seismic sta-
bility of the wall; the wall would have tilted lessif the top geogrid layers had been
made longer.

6.3 Other GRS-RWsWith FHR Facings

In addition to the Tanata GRS-RW, the following GRS-RWs with FHR facings were
constructed at three other locations where the seismic intensity was five or six on the
Japaneseintensity scale and anumber of wooden houses, railway and highway embank-
ments, and conventional retaining wallswere seriously damaged; however, these GRS
RWs were not damaged (Tatsuoka et a. 1996b):

* The Amagasaki No. 1wall (Kanazawa et al. 1994) isthefirst large-scale construction
project of the GRS-RW system to directly support the tracks of avery busy railway
(Kobe Line, Figure 38). The average wall height is5 m and the total length is 1,300

Foundation

49 m

.__E).S m

Geogrid (Tz = 29.4 kN/m)

Figure38. Typical cross section of GRS-RWsfor the Kobe Linein Amagasaki (L ocation
7, Figure 3).
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m. At afew locations along thewall, foundationsfor steel frame structuresfor an elec-
tric power supply were constructed inside the reinforced zone. Four pairs of GRS
bridge abutments were also constructed to directly support bridge girders.

® Walls having a maximum height of 6.3 m and a total length of 120 m at the Maiko
sitein Tarumi-ku, Kaobe City, were completed in May 1993 in order to expand thetop
of the road adjacent to one of the approach roadsto the Akashi Kaikyo (Strait) Bridge,
which was under construction at the time of the earthquake. This siteis located only
5 km from the earthquake epicenter.

* The Amagasaki No. 2 wall with a height of 3 to 8 m and alength of approximately
400 m, located west of the Amagasaki No. 1 GRS-RW. The wall was completed in
March 1994 to support anew approach fill for aJR bridge on the Fukuchiyama Line.

One of the mechanisms that makes GRS-RWs with FHR facings much more stable
against seismic forces than conventional gravity retaining walls is that the reinforced
zone can behave as arelatively flexible monolithic masswith arelatively large width/
height ratio. For additional discussionswith regard to the seismic stability of GRS-RW
systems, refer to Tatsuoka et al. (1996b).

7 SUMMARY

The GRS-RW system discussed in this paper has been used to construct important
permanent retaining walls and bridge abutments in Japan to a much greater extent and
at a much higher rate than anticipated when the study of GRS-RW systems began in
1982. Thusfar, these GRS-RW systems have mainly been constructed as railway sup-
port structures. The authors believe that their useisdue not only to their cost-effective-
ness, but also that their performance isequivalent to, or better than that of, other modern
reinforced concrete retaining walls and reinforced concrete bridge abutments. One of
the prime reasons for the success of GRS-RW systems is the use of the proper type of
geosynthetic (a geogrid for cohesionless soils or a nonwoven/woven geotextile com-
positefor nearly saturated cohesive soils), and the useof full-height rigid (FHR) facings
that are cast in place using staged construction procedures.

Itisanticipated that the new construction method of preloading and prestressing will
assist in exploring new applications of GRS-RWSs for bridge abutments and piers that
can tolerate only very small displacements.
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NOTATIONS

Basic Sl units are given in parentheses.

C = compressive load applied to top of backfill (N/m)
c = soil cohesion (N/m?)
e = void ratio (Figure 26) (dimensionless)
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Esc = secant Young's modulus (Pa)
E = Young's modulus calculated as (3o, /08 ) (Pa)
E

= ¢lagtic Young's modulus when vertical stress equals atmospheric
pressure (i.e. when o, = o) (Pa)

G = shear modulus (Pa)

H = noise barrier fence force (Figure 12b) (N)
h = height (Figure 35a) (m)

J = geosynthetic stiffness (N/m)

Keee = secant modulus (Pa)

Kian = tangent modulus (Pa)

ki = horizontal pseudo-static seismic coefficient (dimensionless)
La = anchorage length (Figure 5a) (m)

L, = retaining length (Figure 5a) (m)

I = length (Figure 35a) (m)

M = overturning moment (Figure 4) (N-m/m)

m = constant (Equation 2) (dimensionless)

P = total vertical load at top of soil mass (N/m)

Pa = active earth pressure (N/m)

Pc = external compressivelvertical load (N/m)

Pw = lateral earth force acting against wall facing (Figure 5a) (N/m)

P, = vertical load due to self-weight of RC block (Figure 28) (N/m)

S = settlement (m)

T = tendle force in reinforcement (N/m)

Te = uniform tensile force along a prestressed anchoring system (Figure 5)
(N/m)

Tr = tensle rupture strength of reinforcement (N/m)

Tanchor = maximum available anchor capacity of reinforcement (N/m)

Trrax = maximum available tensile force in reinforcement (N/m)

Tmewar = Mmaximum tensile force in distribution A1 (Figure 5) (N/m)

Treyae = maximum tensile force in distribution A2 (Figure 5) (N/m)

Treyer = Mmaximum tensile force in distribution B1 (Figure 5) (N/m)

Treyez = mMmaximum tensile force in distribution B2 (Figure 5) (N/m)

Tretain = maximum available retaining force (Figure 5) (N/m)

Tw = tensileforcein reinforcement at connection between reinforcement and

back of facing (Figure 5) (N/m)

Twmax = maximum tensile force in reinforcement at connection between
reinforcement and back of facing (Figure 5) (N/m)
V = dliding force (Figure 4) (N/m)
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unit weight of soil (Figure 32¢e) (N/m3)

dry unit weight of soil (N/m?3)

strain (Figure 33) (dimensionless)

volumetric strain (dimensionless)

major principle elastic (vertical) strain (dimensionless)
shear strain (dimensionless)

major principle axial strain (dimensionless)
gtrain rate (Figure 33) (dimensionless)

normal stress (Figure 33) (Pa)

local lateral stress (Pa)

vertical normal stress (Pa)

pressure due to self-weight of concrete blocks (Pa)
local vertical stress (Pa)

pressure due to self-weight of the backfill (Pa)
vertical effective stress (Figure 26) (Pa)
reference pressure (Pa)

major principal stress (Pa)

major principal effective stress (Pa)

minor principal effective stresses (Pa)

shear stress (Pa)

internal friction angle of soil (°)

ABBREVIATIONS

CJ

FHR:
GRS-RW:
G-RW:
IS:

JR:

PL:
PLPS:

construction joint

full height rigid
geosynthetic-reinforced soil retaining wall
gravity retaining wall
Institute of Industrial Science
Japan Railways

prel oaded

preloaded and prestressed
prestressed

plane strain compression
polyvinyl alcohol

polyvinyl chloride

reinforced concrete
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RwW: retaining wall
SPT: standard penetration test
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