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Lessons from the Failure of Full-Scale Models and Recent
Geosynthetic-Reinforced Soil Retaining Walls

F. Tatsuoka', M. Tateyamaz, Y. Tamurd® & H. Yamauchi®

ABSTRACT

Geosynthetic-reinforced soil retaining walls having a full-height rigid have been constructed for a
total wall length of about 35 km as permanent important railway and highway soil retaining structures in
Japan. The walls are first constructed by placing gabions filled with crushed gravel on the shoulder of
each soil layer. A full-height rigid facing is cast-in-place on a wrapped-around wall that has been
constructed to its full-height. The construction procedure and design methodology has been developed
based on several lessons learned from the failure of a number of full-scale geosynthetic-reinforced soil
retaining wall models. The backfill soil was a volcanic ash clay with a water content of about 100 % for
four embankments, a highly weathered tuff for one embankment and a cohesionless soil including some
amount of fines for the other. Failure was.caused either by allowing natural rain percolating through the
backfill for a long duration, by providing a large amount of water from the crest, by loading vertically
with a footing placed on the crest of a wall, or by leaving unreinforced or wrapped-around flat wall faces
under unsupported conditions. It was learned that a good drainage function is essential for geosynthetic
reinforcement to be used for a nearly saturated clay backfill, while facing rigidity contributes significantly
in several different ways to the wall stability for any type of backfill soil.

INTRODUCTION

The type of elevated railway and highway structures in Japan has gradually shifted from embankment
with gentle slopes toward backfill with vertical or nearly vertical retaining walls, and then toward steel-
reinforced concrete frame structures (Figure 1a). This shifting is due largely to several drawbacks
inherent to embankments with gentle slopes, including the followings:

1) the slope of embankment is usually difficult to be well compacted, and therefore it may become
unstable during a heavy rainfall and an earthquake, exhibiting too large deformation; and

2) embankment with gentle slopes occupies a too large base area, and therefore the cost-effectiveness of
its construction in urban areas may become too low.

On the other hand, when the space below an elevated railway or highway structure is not utilised for
other purposes and if the following conditions are satisfied, soil structures having a vertical or nearly
vertical wall face could be more cost-effective than RC frame structures:

a) the soil structure is stable, rigid and durable enough when compared with equivalent RC frame
structures; and

b) the construction cost of soil structure is markedly lower than that of equivalent RC frame structures.
The factor b) is relevant particularly when a RC frame structure should be supported by a long pile
foundation while it is not the case with the soil structure, and/or when on-site soil is available for the
backfill.
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Despite that backfill supported by conventional type cantilever RC retaining walls (Figure 1b) may
satisfy the above condition a), this type of retaining structure should usually be supported by a pile
foundation for the following reasons and therefore its construction may not be cost-effective:

1) Backfill having stable vertical wall face cannot be constructed without using a massive propping, of
which the use is however not cost-effective. Therefore, the backfill should be placed on the back face
of a RC retaining wall that has been constructed in advance.

2) Large settlement and lateral flow of the supporting ground may take place due to the backfill weight.
As RC retaining wall structures are rigid, if it is not supported by a deep foundation, the allowable
deformation of supporting subsoil is usually very small. Therefore, it is usual that the wall is
supported by a pile foundation. In particular, when a RC retaining wall is constructed on a relatively
thick soft subsoil layer, the total amount of necessary piles may increase due to large negative friction
and bending force that may be exerted to the piles. In addition, the sliding force at the base of
retaining wall by the lateral earth pressure from the backfill soil is approximately in proportional to the
square of wall height H and the overturning moment about the toe is approximately in proportional to
H?. So, the construction cost of conventional cantilever retaining wall increases at an increasing rate
with the wall height, particularly when the walls become higher than, say, 5 m. '
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Figure 1. a) Elevated RC framework structure; b) backfill supported by conventional type cantilever RC
retaining walls; and c) GRS-RW with a full-height rigid facing,.

Geosynthetic-reinforced soil retaining walls
with a full-height rigid facing

On the other hand, it has been shown that ORAINAGE
geosynthetic-reinforced soil retaining walls (GRS- AL
RWs) having a full-height rigid facing can be »
more cost-effective, satisfying the conditions a) 1) BASE CONGRETE 2) LAYING GEOTEXTILE
"AND SANDBAG

and b) above. Figure 2 shows the standard

staged-construction procedure for GRS-RWs,

which is described below;

1) a small foundation pad for full-height rigid
facing is first constructed;

2) a full-height wall is constructed with a help of
gravel-filled bags placed at the shoulder of each
soil layer, which is wrapped-around with a
reinforcement geosynthetic sheet; and

3) after having confirmed that most of possible
deformation of the backfill and supporting
subsoil layers has taken place, a thin lightly
steel-reinforced concrete facing is cast-in-place

. ; . 5) LAYING COMPLETED 8) CONCRETE FACING
on the wall face in such a way as that it is EREGTED
firmly connected to the reinforcement layers gure 2. Standard  staged-construction

ams the-wall fage of baclfll procedure for GRS-RWs with a full-height rigid

facing.
The main features of the GRS-RW system can e

be summarised as follows (Tatsuoka 1993,
Tatsuoka et al., 1994, 1997a):
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1) Before casting-in-place a full-height rigid facing, GRS-
RWs are essentially flexible during the filling-up and

*r L)
i i 5. cantilever | |6.backfili
compacnon_ qf backfill apd therf:fore, free fro.m. seve_ral S reraiming I
problems arising from the interaction between a rigid facing wall

and deformable backfill. Therefore, the walls can (@ a i 2
accommodate relatively large deformation of supporting heet pilesyanchor
ground without serious problems.

2) Actually, all the GRS-RWs that have been constructed so
far (Figure 4) are not supported with a pile foundation. In
case the supporting ground is too soft and weak, the surface

4,
pile foundation

{A.wall construction

soil layer is usually improved by in-situ cement mixing. ; =

After casting-in-place a full-height rigid facing, the GRS- —Z

RWs becomes stable, rigid, durable and aesthetically il //

acceptable enough and could be equivalent to corresponding = ae:m,;ﬂm o . - -

RC cantilever soil retaining structures. In particular when
concentrated load is to be applied on the top of facing or the

crest of wall, the use of full-height rigid facing can increase A=
the wall stability and decrease the wall deformation. () o4 existing embankment
3) By using a full-height rigid facing, a GRS-RW can become ) 1.excavation
stable and rigid enough even with relatively short kn
reinforcement.  This feature becomes advantageous
particularly when reconstructing a gentle slope of existing Figure 3. Comparison of; a)

embankment to a vertical wall (Figure 3) by reducing the
amount of soil to be excavated and to be filled, in addition
to a reduction in the number of construction stage.

4) Inferior on-site soil such as sand including a large amount
of fines is not allowed to use as the backfill when
conventional steel strip-reinforcement is used (e.g., Terre
Armee retaining walls). On the other hand, a polymer grid
is much better in reinforcing such a type of soil. Even a
nearly saturated clay can be used as the backfill soil for a GRS-RW by using a composite geosynthetic,
which has a drainage function of a non-woven geotextile component and a large tensile stiffness by 2
woven geotextile component.

conventional RC cantilever RW; b)
conventional steel-reinforced soil RW
having long reinforcement; and ¢) GRS-
RW having short reinforcement, for
reconstructing an” existing slope; the
numbers mean the construction
sequences.

Figurc 4. GRS-RWs with a full-height rigid facing constructed by the staged construction procedure
shown in Figure 2 (as of the year 2000); the numbers mean the chronological order.
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A large length of elevated RC frame structures for railways and highways was seriously damaged or
totally collapsed during the Hyogo-ken-Nambu Earthquake of January 17, 1995. On the other hand, all
the GRS-RWs with a full-height rigid facing that had been constructed for a length of about 2 km in the
affected areas performed very well (Tateyama et al., 1995, Tatsuoka et al., 1995, 1997b). Based on the
experience mentionerd above, a number of conventional type retaining walls, mostly gravity type, that
were seriously damaged during the earthquake were re-constructed to this type of GRS-RW. This fact is
another factor that has enhanced the trend of "returning” to soil structures (not to conventional types but
to the new type, GRS-RW having a full-height rigid facing constructed as shown in Figure 2). The
mechanism of high seismic stability of this type of GRS-RWs was discussed in detail by Tatsuoka et al.
(1998). Very recently, the importance of a high facing rigidity and a firm connection between the facing
and the reinforcement layers was proven again by the failure of a couple of modular block geogrid-
reinforced walls in Taiwan during the 1999 ChiChi Earthquake (Huang, 2000).

This type of GRS-RW has already been constructed to support railway and highway embankments for
a length of about 35 km (Tatsuoka et al., 1991, 1997a, Emura et al., 1994, Doi et al., 1994, Kanazawa et
al., 1994). Figure 4 shows the locations of the main projects. It is very important to note that there has
not been any problematic case with this type of GRS-RW, and the staged construction procedure of GRS-
RW (Figure 2) is now the most popular wall construction procedure for railways, replacing the
conventional wall construction procedures.

The study into this type of GRS-RW started early 1980's by, in parallel, full-scale model tests in the
field and small-scale model tests in the laboratory. In the laboratory tests, small models were brought to
failure by static loading tests using a footing (Tatsuoka et al., 1989) and by shaking table tests on large
and small models (Murata et al., 1994). These model tests were then numerically analysed (Murata et al.,
1992, Ling et al, 1995). However, this type of GRS-RW was adopted for the actual construction
projects for important permanent civil engineering structures, such as railways and highways, only after
this construction system was validated by a series of full-scale failure tests. In the tests, the full scale
model walls were brought to failure by several different methods to get a better insight into the failure
mechanism of reinforced soil retaining walls, as summarised below, which was essential for the
development of cost-effective GRS-RW structure, appropriate construction procedure and rational design
method.

FIELD TEST PROGRAM

The following three groups of full-scale test walls reinforced with geosynthetic reinforcement,
according to the soil type for the backfill, were constructed since 1982.

Nearly saturated volcanic ash clay (Kanto loam by local naming) that was available on site

1) Chiba No. 1 embankment (Figure
5 and Table 1; Tatsuoka et al., 1986, P4 s el 3“‘”52
1991, Tatsuoka and Yamauchi, 1986, ] = P Bors | "'"GE%—FH]
Nakamura et al., 1988): This test I

embankment was constructed in i T eemmes | ] | resesmesse £11%

1982 at Chiba Experiment Station, () I o (R)
Institute of Industrial Science, the
University of Tokyo, to examine L—‘l e : memmmmmeo
whether nearly vertical stable walls
can be constructed by reinforcing a
nearly saturated clay with a

eotextile. Because of its drainage 1D1,1D2: INGLINOMETERS

%unction, a non-woven geotextile [ = TIPS FoR :o:: WATER PRESSURE 1
(spun-bonded 100 % polypropylene) )

was selected as the reinforcement.
This material is however not used at
present as tensile reinforcement for

E le[ -

P1~P8: DISPLACEMENT TRANSDUCERS

Figure 5. [Initial cross-section of Chiba test embankment No. 1.
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Enbankennt

No. 1} No, 2 No. 3 Kani-Onda
Properties of the backfill (Kanto loam)
| Water at filling 100 120 110 116
content (%) at demolishing 93+ | 104-1190 -" 123
Dry density | at tilling - 0.55-0.,85 0.80. 0.58
(g/cn) at demolishing 0.89" 0.60-0.87 -0 0.58
Degree of at Tilling -2 90% 85% 83%
saturation at demolishing 86X 78-85%*? - 2 87x
q. 3 at filling 2-10 §-10* and §-10 = 0
2_ 74)
(kgf/cm?) at demolishing 2-10 4-12% -0 2-4.5
Dimenslons of embankment and srrangements of geotextile
Height st filling (n) 4.0 5.2 5.6 |3.0, 5.4
Vertical spacing of L3 0.8
geotextole sheets (m) R*>: 0.4 0.4 0.5 0.5
Length of geotextile, from L:2.24-3.8
the lowest layer to the top 2.0 R:1.24-2.8] 2.5-5.0 2.0-3.0 -
layer (m) (constant) | B:1.0-3.4
Slope in 0.2 : 1.0 L and R:
horizontal : vertical 0.3:1.0( 0.2 : 1.0} 0.2 : 1.0
B: 0.5:1.0
Facing structure: Flexi- Gabjons''® | L: G+S'?! Lower wall
ble*®? R: . Pensls
Panels'?? | Upper wall
B:Flexible| : Gabions
1) Averaged except for a slightly dried thin fayer near the crest.
2) not measured.
3) For the mechanically compacted central places of embankment.
4) For the manually compacted places near the slope facs.
5) Cone penetration resistances obtained with a cone having a
cross~soctional area of 6.45 c¢m2 and an apex angle of 30 degrees.
6) The height of the lower wall and the height in total after the
upper wall was constructed, respectively.
7) L: left-hand slope, 8) R: right-hand slope and
9) B: back-side slope. :
10) The slope face of each soil layer was wrapped around with a

geotextile sheet.
[BD)

12) A shotcrete laver

constructed with the aid of gabions.
13) The facing stucture consisted of discrete concrete panels.

Gabions were placed at the shoulder of eash soil
was placed on

the

laye

r.

slope face which had been

Table 1. Description of test embankments, Chibé Nos. 1,2 and 3 and Kami-Onda
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prototype GRS-RWs because of its low
stiffness and low rupture - strength.
Appropriate composites consisting of non-
woven/woven geotextiles having both a
proper drainage function and high tensile
stiffness and strength were not available at
that time. Nearly vertical flat face of
each soil layer was wrapped-around with
each non-woven geotextile reinforcement
sheet. The strength and deformation

characteristics of undisturbed soil samples e - N

obtained from compacted soil layers and =t T Cryemeey o

those of the non-woven geotextile were & . I T LI AU AW}

studied by, respectively, triaxial - ' J; O By N RETH TR T m

compression tests and tensile tests v.\'\ 1 | e O s T z:z;

(Tatsuoka et al,, 1986, Tatsuoka and ] i —— 2o T as .
Yamauchi, 1986, Yamauchi, 1986). The e e 1. N s S o AL T : N
wall exhibited large deformation already I e T i

during construction and also for a long S - w ] T

period, particularly by heavy rainfalls, , i e i W

after construction, showing that a high e

deformability of such a wrapped-around

wall having flat wall face is a real serious Table 1 (continued). Dimensions and relative

problem. locations of Chiba Nos. 1, 2 and 3 embankments.

2) Chiba No, 2 embankment (Figure

6 and Table 2; Tatsuoka et al., 1986, EMBANKMENT I REFERENCE STEEL FRAME TO MEASURE THE DEFOPMATION OF EMBANKGMENT

1991, Tatsuoka and Yamauchi, 1986, Satgm dres

(oml ]
£

{02y
(s3) sa)
Sty 0a 14 32

Yamauchi et al., 1987, Nakamura et T
al., 1988): This test embankment, p
which was slightly larger than Chiba
No. 1 embankment, was constructed 35m : v idg oLy
in 1984, using the same types of o e | '
backfill soil and reinforcement as  $°:i{ 2> g || [ TSTTTTTTTT
Chiba No. 1 embankment, to confirm

the lessons obtained from the test
described above and also to
investigate the effects of gabions
placed at the wall face on the wall
stability. That is, gabions filled

ﬁ" ——== Yoo '(US)F"'“;
S A v2 am - V3. __(o16)
3 : - X

CONCAETE BLOCK
WODOEN PILE‘{

19m |

with Kanto loam were placed at the cross-secTion ¢

shoul(.ier of. each §01I Iayef to conf.me 100 DIMNCHNNT TARUSONERY) . sk i

backfill soil behind gabions during T AT ATEN PRESAE

compaction and also during and after ¢ ):Cnoss-secTION 2 .
w?“ construction.  Despitc its ]0, Figurc 6. Initial cross-scction of Chiba test embankment No.

stiffness of the non-woven geotextile 5

reinforcement, the reinforced clay
walls performed very well.

3) Kami-Onda embankment (Figure 7 and Table I; Tatsuoka ct al., 1987, 1989, Nakamura ct al., 1988):

This was constructed in Yokohama City in 1985 to confirm the lessons obtained from the behaviour of
Chiba Nos. 1 and 2 ecmbankments and also to investigate into the cffects of discrete precast concrete
panels (Figure 8a) at the wall face on the wall stability. Using nearly the same types of backfill soil and
reinforcement, Chiba Nos. 1 and 2 embankments were constructed on stift intact Kanto loam ground,
while Kami-Onda embankment was constructed on a 7 m-thick fill of very soft remoulded Kanto loam.
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For this reason, Kami-Onda embankment settled down largely during and after construction.

4) Chiba No, 3 embankment (Figure 9 and Table 1; Tatsuoka et al., 1987, 1989, Nakamura et al., 1988):
This was constructed in 1986 to confirm the lessons obtained from the previous three tests by comparing
the behaviours of three walls having different facing types; wrapped-around (without gabions), discrete
concrete panels (Figure 8b), wrapped-around (with gabions) covered with a 8 cm-thick shotcrete layer.
The behaviours of these three walls were very different according to very different facing rigidities.

D1-5 : DISPLACEMENT TRANSDUCERS
$1-7 : DISPLACEMENT TRANSDUCERS FOR SETTLEMENT
E1-16 : TENSILE STRAIN GAGES FOR GEOTEXTILES

P1-5 : EARTH PRESSURE CELLS
U1-6 : TIPS FOR PORE WATER PRESSURE.
B4 HRFERENOR PORITS PRESSURE TRANSDUCERS
B i B }
- GABION | &7~ — — ot
@ ! | " T T
N Ds &5 I : ' FLOW METER,
i . 02 %‘.E‘ ,f_‘ﬁ ;1._olz.o v 20 [z.o .29 J_m
Lo . 7 {8 1 _.-NON-WOVEN GEOTEXTRE ¢ , saom X
S ) : WUs AAINED AREA 4.5X10.0m Puwe
3 £ WATER TAKK
ol m}_ Ds Se
o asm )
5 l'——‘——' FLOW ~CONTROL
? 075 I‘i VALVE
i3 © s Wi
, - s of
i
P b
! ; T (@
L . 1T WA= oS e
3 is501 Towater | Ji___
150 ;! L UNIT IN cm TANK
- e~

Figure 7. Kami-Onda test embankment; a) initial cross-section; b) plan; and c) configuraion of
rainfall test.

SCREWED
STEEL BAR

CONNECTION
STEEL BAR ]—.‘ N
| o

| X
ROUND STEEL BAR * FQ\CONNEGTION ; b

PLATE i i /fa :
NON-WOVEN 8l LN e
GEQTEXTILE . i CONNECTION: .i'.v ! ff || HEAT %/ “CONNECTION
L A
i\ . d )
\PRECAST CONGRETE PANEL(48kgl) o 52 " lak e
85 oo 65 :‘Ng“ GEOTEXTILE STRW®

Figurp 8. Precast concrete panel (50 cm x 50 cm x 5 cm thick and a weight of 34 kgf); a) the one for
Kami-Onda embankment; and b) the one for the Chiba No. 3 embankment (the geotextile sheet or strip
connected to each panel was sandwiched between non-woven geotextile sheets used to reinforce the
backfill).
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~
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Dig B2 f B1 [;
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{FIXED POINT) e

V : VERTICAL MEMBER./
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D1-15 : DISPLACEMENT
TRANSDUCERS

U1-18 : TIPS FOR PORE
WATER PRESSURE

E1-15 : TENSILE STRAIN GAGES FOR
NON-WOVEN GEOTEXTILE

15.158

P1-3 : DISPLACEMENT TRANSDUCERS
FOR MEASURING THE TILTING
OF THE VERTICAL MEMBERS

B1-3 : INCLINO-METERS FOR
THE HORIZONTAL MEMBERS

{c)

Figure 9. Initial cross-sections of; a) left-hand and right-hand walls; and b) backside wall; and c)
plan of Chiba test embankment No. 3.

b) SECTION b-b(grid)
D18 DS 014 713 012
a ) i : !
. 36.0 |
25 48,232,315 185 )
T T
1ciibi 3l
RIS UNIT:m b
i ET);(C)' m gcl (M.
SECTION 2-2 (non-woven geotextite) _ SECTION c-c (composite)

o7 (.13 oS o4 L)

«'\u——m
i

i

H

e
E12° ENi_]

Figurc 10. a) Plan; and b) initial cross-scctions (gabions at the wall face arc not shown), JR test
cmbankment No. 2.

5) _JR No, 2 embankment (Figure 10; Murata ct al., 1991, 1992, Tatsuoka ct al., 1992):  This was

constructed at Experiment Station of Japan Railway (JR) Technical Rescarch Institute in the beginning of
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1988 to examine the stability of proto-type full-scale GRS-RWs having a full-height rigid facing. The
backfill soil was also Kanto loam with an initial water content of 120 - 130 %, an initial degree of
saturation of about 90 % and an initial dry density of 0.55 - 0.60 g/cm’. The results from plane strain
compression tests on undisturbed samples retrieved from the compacted soil layers are described in Kato
etal. (1991). Three types of reinforcement were used; a non-woven geotextile as used for Chiba Nos. 1,
2 and 3 and Kami-Onda embankments in section a-a; grid sheets with each being sandwiched between
two gravel drainage layers in section b-b; and a composite consisting of non-woven/woven geotextiles in
section c-c. The hydraulic and mechanical properties of these geosynthetics are described in detail in
Ling et al. (1992, 1993, 1994, 1995). The three test sections, having in total six wall segments
reinforced with different reinforcement types, exhibited similarly very well for a long duration, which
reconfirmed that the effects of facing type could be much more important than the stiffness of
reinforcement on the stability of reinforced soil retaining wall.
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Figurc 11. a) Overall dimensions of test embankment; b-1) unrcinforced clay wall (section a-a in
Figurc a); b-2) wrapped-around clay wall (scction b-b in Figure a); c-1) experimental part of the GRS-

RW for Nagano Shinkansen (bullet train) yard; and c-2) experimental GRS-RW (section c-c in Figure
c-1).
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Nearly saturated highly weathered tuff

This type of soil, which was available on site, was
used to construct the test embankment in 1994 (Figure
11a) to reconfirm the function of full-height rigid facing.
The soil became a nearly saturated soft clay by
compaction, having an average water content of about
30 % and a degree of saturation of 70 % (Figure 12).
This field test was performed in conjunction of the T TR T 1 0 100
construction for a period from 1993 to 1994 of proto- particle diameter {mm)
type GRS-RWs with a complete height of 2 m having a ‘
total length of about 2 km (Figure 13). The backfill Figure 12. Typical grading curves of the
was the same type of soil as the test embankment and  backfill soil for the GRS-RWs supporting
was reinforced with a non-woven/woven geotextile Nagano Shinkansen yard.
composite. The prototype GRS-RWs, which are

100

woathered tu'f

parcent liner weight
&
L)

supporting a yard for Shinkansen (bullet train) in ’ ~8°m i T
the north of Nagano City, are the first actual clay ! geotextile! =
walls for a railway structure in Japan. As the . @
<= preload fill i 25
prototype walls were constructed on a thick very  blow counts '-""‘G P 1t ke T " 5
soft clay layer (Figure 13), a preload fill was placed 330+ RS‘R&: D, j25m 2
on the embankment before casting-in-place a rigid I’I ;;-,da,\-,- R G a5 *
facing on the wrapped-around wall face (Figure 2), i . )
. : 20§ LU M sandy silt
which resulted in a large ground settlement of about :{
=t '.--:::E_MM

1 m. . The initial wall height as constructed was
about 3 m to accommodate this expected large
ground settlement. The walls were not supported
by any pile foundation, which would have been
necessary if conventional cantilever RC retaining
walls were constructed. A full-height rigid facing =0
was cast-in-place in the summer of 1995 after a

preload fill had been removed, without any Figure 13.  Typical cross-section of Nagano
problem by relative settlement between the backfill Shinkansen yard with a GRS-RW on one side (n.b.,
and the rigid facing. full-height full-height rigid facing was cast-in-place

after the preload fill had been removed).
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Figure 14. a) Plan; and b) initial cross-scctions (gabions at the wall face arc not shown) of JR test
cmbankment No. .
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The three test walls were; two walls of the test embankment (Figure 1la), consisting of an
unreinforced wall without gabions (section a-a; Figure 11b-1) and a wrappted-around wall reinforced
with a composite geotextile (section b-b; Figure 11b-2); and a part of the prototype GRS-RW with a full-
height rigid facing (Figure 11c). As the two test wall sections of the test embankment (Figures 11a)
were faced to the prototype GRS-RW (Figure 11c) with a separation of about 1.0 m, the test embankment
was constructed by using large pieces of EPS installed in the separation as a temporary support.

Cohesionless soil

JR No. 1 test embankment (Figure 14; Murata et al. , 1992, 1991, Tatsuoka et al., 1992) was
constructed for a period from the end of 1987 to the beginning of 1988 to examine the stability of proto-
type GRW-RWs with sand backfill having a full-height rigid facing (Figure 2). For comparison
purposes, one test wall segment (segment h) was constructed to have a discrete panel facing, as used for
Chiba No. 3 embankment. Each panel was fixed to gabions filled with gravel that had been placed on
the shoulder of each soil layer. The backfill soil was Inagi sand, with D;,= about 0.2 mm and a fines
content= 16 %. Plane strain compression tests were performed on specimens prepared in the laboratory
to have nearly the same averaged density (= 1.493 g/cm®) and water content (15.3 %) as the backfill (Park
and Tatsuoka, 1989). The reinforcement was a grid consisting of longitudinal and transversal members
with a rectangular cross-section of 0.9 mm x 3 mm and an aperture of 20 mm. The tensile rapture
strength was 2.8 tonf/m and a secant tensile modulus at an elongation of 5 % was 1.0 tonf/m, both
measured at a strain rate of 5 %/min. The grid was polyester fibers coated with PVC protection, For
most of the prototype GRS-RWs that were subsequently constructed (Figure 4), a grid of Vinylon fibers
coated with PVC protection (Vinylon is the trade mark of polyvinyl alcohol) was used because of its high
resistance against the effects of alkaline, which is important when used in contact with concrete (Tatsuoka
etal.,, 1994).

TEST DESCRIPTIONS
The test walls were brought to failure by the following different methods.

Chiba Nos. 1, 2 and 3 test embankments

The following test wall sections were designed to be purposefully weak as follows:
1) The left-hand side wall of Chiba No. 1 embankment (denoted as L in Figure 6) had a vertical spacing
of as large as 80 cm between reinforcement layers,
2) The right-hand side wall of Chiba No. 2 embankment (denoted as R in Figure 7) had very short
reinforcement layers with a length of only 1.24 m at the top layer.
3) The backside wall of Chiba No. 3 (Figure 9b) had a flat wrapped-around wall face without using
gabions despite a relatively large wall height of 5.5 m.

The long-term behaviour of these walls

was continuously and automatically §BD_$_E§ILQN73‘$
monitored, expecting that these walls CROSS-SECTION 1

would  exhibit large deformation,
particularly during natural heavy rainfalls \\

as they did).

e T

Chiba No. 2 and Kami-Onda | l(m) :

embankments 2 e
To bring Chiba No. 2 embankment to .y

failure, for a period of eight days in
October 1985, about 70 m’ of water,
equivalent to as much as of a 900 mm !

precipitation for the whole crest area, was | 23-26,0ctober1986

supplied from a pond made on the crest Figure 15. Plan of Chiba No. 2 embankment and cracks

(Figure 15). Similarly, for Kami-Onda developed by water supply from the pond.
embankment, for a period of four days in
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December 1985, an artificial rainfall,
equivalent to as much as of a 620 mm
precipitation, was supplied from many

. . Hydrauic jack Hydradic jack 3 /nm«. Freme
small holes made in four PVC pipes on [ ] 7]
the crest (Figures 7b and c). T Loading i
Acter ] platen( 3x2m) -
JR Nos. 1 and 2 embankments Test o
Any sign of instability of the walls cmgg'"*{ seament A ot s
was not observed for a long period of
nearly two years after construction.  Lubrication
From the end of 1989 to the beginning - — . =
of 1990, three of the six test wall  aso—A | - [
segments of JR No. 1 embankment and Cross—section From view

one of the six test wall segments of JR
No. 2 embankment were brought to Figure 16. Loading method for JR No. 1 sand embankment

failure by loading vertically with a (n.b., reinforcements are not shown for simplicity).
footing placed on the crest of the wall.

For JR No. 1 embankment, a footing

with a base area of 2 m times 3 m was 3 3 lm Frorme
placed nearly at the center of the crest, A T 17
immediately behind the reinforced zone Load cel
(Figure 16). For JR No. 2
embankment, the first loading test was _p 5
similar to the one shown in Figure 16, segment | cowrd section
which did not bring the wall to ultimate ’
failure. The second loading test, is ! ;‘
shown in Figure 17, in which a smaller . ] | 3 :
footing with a base of 1 m times 3 m : L--k--—----——’—- e
was used to bring the wall to failure. Anchor = ,
“Crozs—section Front view

Figure 17. Front loading method for JR No. 2 clay

Nagano test embankments embankment (n.b., the back loading method is the same with the

Expecting that the unreinforced wall one shown in Figure 16).
and the wrapped-around wall (without
gabions) would exhibit large deformation under unsupported conditions, the temporary support of EPS
pieces was removed for a very short duration to expose the wall faces (Figure 11b).

FAILURE AND LESSONS

Chiba No. 1 test embankment
Figure 18 shows two of the cross-sections that were exposed when the embankment was demolished in

1985 after a continuous observation of its behaviour for three years and four months (Tatsuoka et al.,

1986, 1989, Tatsuoka and Yamauchi, 1986, Nakamura et al., 1988). Figure 19 shows the deformation

of the cross-section 2 for a) the first year; and b) the subsequent three years. The left-hand side wall, in

which the vertical spacing between reinforcement layers was as large as 80 cm, deformed very largely

mostly by a series of heavy rainfalls in the first year after construction (see Fig. 6 of Tatsuoka et al., 1986).

The failure was triggered by a local compressive failure that occurred immediately behind the wrapped-

around wall face in the bottom soil layer as follows (Figure 20):

a) Rain water percolated through the backfill and accumulated in the bottom soil layer, which led to a
reduction in the soil suction (negative pore water pressure) and further an increase in the positive pore
water pressure, making the soil very weak, despite a relatively large vertical pressure in the bottom soil
layer.

b) The geotextile wrapping the nearly flat wall face could not restrain effectively the deformation of the
soil immediately behind the wall face until the soil deformed largely and the deformed wall face
became round sufficiently. It seems that the vertical spacing of 80 cm was too large for an effective
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arch action to be activated in the soil layer to prevent such deformation as above to occur. It seems
that the compressive failure, which first took place behind the wall face in the bottom soil layer,
proceeded towards deeper places.

c¢) Consequently, the reinforced soil zone locating above the bottom soil layer settied down and displaced
outward as a monolith, creating a shear zone between the reinforced zone and the unreinforced zone
behind. The deformation in the right-hand wall was smaller, but-it is too large for the wall to be used
as an important permanent structure.
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Figure 19. Deformation of Chiba No. 1
embankment about three years and four months
after construction.

Figure 18. Two exposed cross-sections of Chiba
No. 1 embankment.

We can learn the following several lessons from this
failure:

1) The fact that a local soil failure triggered the overall
failure of wall shows that it could be more important
for the wall stability to prevent a local failure in the
backfill immediately bchind the wall face than to
attempt to restrain the lateral deformation of backfill
soil by using very stiff reinforcement.

2) Flat wrapped-around wall face without using gabions
cannot confinc cffectively the deformation of soil
bchind the wall face.  This type of wall face cannot be
recommended unless the structure is secondary and
tcmporary. In case wrapped-around wall is to be
constructed without gabions, the wall face of cach soil
layer should be constructed round.

LOCAL / 4
COMPRESSIONAL [ COMPRESSION

DISTORTED UNRENFORCED ZONE /7]
7 :COMPRESSION

* SHEAR
" BAND

~—

3) For clay backfill, a vertical spacing of 80 cm between Figurc 20.  Schematic figures showing
geotextile layers is too large; local compressive failure  immediatcly

i) to cffectively drain water from the inside of cach  pehind the wall face in the bottom soil layer
soil layer and to maintain a high suction in the soil  and associated overall failure of wall.
layer:- the importance of keeping a sufficiently high
suction in the backfill soil for the stability of clay wall cannot be over-emphasised; and

it)  to effectively confine the back-fill soil, in particular at and ncar the wall face, when the wall
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face is a wrapped-around one without gabions.

4) Although large deformation occurred in the lowest soil year in the first year after construction, the
walls were very stable in the subsequent years (see Figure 19b). Further, the main body of the
reinforced zone (excluding the largely deformed bottom soil layer) behaved like a monolith without
including major failure planes inside, in particular in the right-hand wall (Figure 18). This result
indicates that stable reinforced soil walls can be constructed using nearly saturated clay if the backfill

is effectively reinforced with reinforcement having proper functions of drainage and tens:le-remforcmg
and a proper ngld facing is used
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Figure 21. Accumulated deformation of Chiba

volcanic ash clay

No. 2 embankment for a period from the end of o oven seoteatie
construction (May 1984) and an artificial heavy
rainfall test (October 1985) and the deformation
by the rainfall test: a) cross-section 1; and b)
cross-section 2 (see Figure 15 for the locations of
cross-sections 1.& 2).

Figure 22. Time histories of lateral displacements
at the wall face and pore water pressure in the
backfill at cross-sections 1 & 2 and supplied water
during the artificial heavy rainfall test, Chiba No. 2
embankment.
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Chiba No. 2 test embankment

This embankment was demolished in October
1986 after a continuous observation of its
behaviour for about two and a half years with an
artificial heavy rainfall test at an intermediate
stage (Tatsuoka and Yamauchi, 1986, Tatsuoka et
al., 1987, Yamauchi et al., 1987). Both side
walls deformed noticeably by rainfalls in the first
year after construction (see the top figures of
Figures 21a and b). The wall deformation
could be well correlated to the decrease in the soil
suction and the increase in the positive pore water
pressure. It is to be noted that by using gabions,
the wall deformation became much smaller than
that of Chiba No. 1 embankment. In particular,
outward inclination of wall face, which is a sign
of wall instability, was practically a nil.

In the heavy rainfall test, water was supplied
first from Pond A at the center on the crest
(Figure 15), starting in 23rd October 1986
(Figure 22). The moments when the cracks,
numberd 1~8 in Figure 15, appeared are indicated
in Figure 22b. By 24th, two major cracks, Nos.
1 and 2, appeared on the crest of the central
unreinforced zone immediately behind the left-
hand reinforced zone, despite that the
reinforcement was much longer in the left-hand
wall. This was because Pond A was located
above the back face of the left-hand reinforced
zone, but not above the back face of the right-
hand reinforced zone, while vertical cracks can
develop most easily along the back face of
reinforced  zone. Therefore, the wall
deformation was much larger in the left-hand
wall than in the right-hand wall (see Fig.22).
From the noon in 29th October, water was
supplied from Pond B, which had been relocated
closer to the right-hand wall face. As a
consequence, other cracks, Nos. 7 and 8 in
Figure 15, appeared on the crest along the back
face of the right-hand reinforced zone, resulting
into large deformation of the right-hand wall
(see Figure 22). The bottom figures of Figures
21a and b show the total deformation caused by
this artificial rainfall test. It may be seen that
the total deformation was larger in the right-hand
wall than in the left-hand wall, while noticeable
outward inclination occurred in both the walls.

The pore water pressure that was recorded in
the reinforced zones during the rainfall test was
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Figure 23.  Relationships between wall face

inclination and pore water pressure observed during
the artificial rainfall test, Chiba No. 2 embankment.

much smaller than that in the central unreinforced zone (Figure 22b and d). This was mainly due to the
fact that major cracks developed in the unreinforced zone, but not in the reinforced zones, and perhaps

due partly to the drainage function of the non-woven geotextile.

It is very likely that the pore water

pressure controlled the wall deformation, as the wall deformation is well correlated to the variation in the

pore water pressure (Figure 23).
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Figure 24 shows one of the cross-sections that were exposed at



demolishing. Several vertical

tension cracks were observed only in octosennae}/mmn(macm90,'4)

the central unreinforced zone. Two [ ____ £ ___ LARGELY DISTORTED ZONE

sht?ar zones appeared, starting from ,. ’ sfy » *i'f"l Jf

Points B and C at the crest and i v . m GABIONS

developing downwards. In the iz SHEARBANDTY . / ‘ ! ; ]

right-hand wall, the direction of the - i LN 12 a N\ g

shear zone changed at Point D from Sy ! i \\( l I\

the vertical direction to a more 7 \ N \ ~

horizontal one towards the toe of the R - ]

wall face (Point E). L \ ‘\\
We learned the following several 2 3 %
lessons from this failure case history: = \'c'm.\é/m "-.D -2 ]

1) The use of gabions at the shoulder S NON-WOVEN GEQTEXTILE \ N e i
of each soil layer is very effective . . . . \ L 4 , . . -°
not only for a good compaction of o s 0m
backfill, but also for confining the S

soil near the wall face, so for Figure 24. Cross-section of Chiba No. 2 embankment exposed
maintaining a high soil strength. at demolishing; lines numbered 1 & 2 are the critical failure
Although gabions were filled with surfaces obtained by the limit equilibrium stability analysis
the backfill soil (i.e., Kanto loam) withut and with taking into account the positive pore pressure in
for this embankment, it was found cracks (Tatsuoka et al., 1987).

later that gabions should be filled

with gravel for a much better RIGHT-HAND SLOPE, EMBANKMENTII, 6
function while not losing cost- B‘Fo FOR THE TOTAL PERIOD
effectiveness. It was further WIRE RS It | aeore
considered that if the wall face | LEFT-HAND /]
were made more rigid than it was, Smamcments [ ot Y al
the wall deformation had been B \ g |,
< 4 1
smaller. € 1 E L o
. E L a2 o]
2) The continuous record of pore § i L |R
water  pressure  at  several % | @ 2l
- . . . . 2 —
Tepresentative points inside the KAMI - ONDA
backfill reconfirmed that the major EMBANKMENT
cause for the wall deformation was [~ !
the decrease in the suction and the ) g’ Numbors show cr008 ~eestion No. 0 A
- . s, L A (] i L A 1 A 1 J 5
increase in the p'osmve pore water () 6 10 SETTLEMENT
pressure. The lines numbered as 1 HORIZONTAL OUTWARDS GISPLACEMENT AT SLOPE FACE(cm)

and 2 in Figure 24 are the critical AT SLOPE FAGE(cm)

failure planes obtained by the limit

fgsl:izrixrll;, ::3:;2:{ aniim])v'vsiltsl; Figure: 25. a) Horizontal outwards. displacergent; and b)
taking into account the positive settlement at the wall face, plo.ttfzd. against the helght_ from the
pore water pressure in the cracks. wall bottf)m, caused by the artificial rainfall test, Chiba No. 2
The result from the analysis and Kami-Onda test embankments.

indicated that the failure of the wall
by the rainfall test can be explained much better by taking into account the effects of positive pore
water pressure (Tatsuoka et al., 1987).

3) The relationships denoted as R and L in Figure 25 show; a) horizontal outward displacements; and b)
settlements at the right-hand and left-hand wall faces that occurred during the total period of rainfall
test. The relationship denoted as Ra shows the wall displacements that took place only in the last day
of the test (30" October 1985). Similar data obtained from the rainfall test on Kami-Onda
embankment is also shown (denoted as K). It was found that the wall deformation consisted of those
by the following three failure modes (Figure 26); a) rotation (or over-turning) of reinforced zone about
the wall face toe; b) sliding out of reinforced zone along a failure plane; and c) local compressive
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failure near the wall face in the several
bottom soil layers. This result shows that
safety factors for all these three failure modes
should be examined in design. -~ The failure
mode a) was observed to a much less extent
in the left-hand wall because of using longer
(and sufficiently long) reinforcement. It is
likely that the failure made c) would have ., i oo ueror  SLDEALONGDE © SETTLEMENT OUZ TO LOCAL
been prevented if the wall face were more GRBPRESEIONAL FAMURE
rigid.

4) Despite the use of so-called relatively Figure 26. Schematic diagrams showing three typical
extensible reinforcement (i.e., a non-woven failure modes observed in the right-hand wall of Chiba
geotextile), no failure plane and tension No.2embankment.
cracks were observed in the reinforced
zones, except for in the several bottom soil

CROSS-SECTION 1 0YS

layers in the right-hand wall. (Figure 24), as L] ‘ Pt
with Chiba No. 1 test embankment. s - _52%5;
5) Practically no creep deformation of the E T T T T T I T T :::‘:'::,__,_,6;'
embankment took place in the subsequent ;_9 1o Dx3 . \rg_:
years after large wall deformation took place ;’ g\‘,_"/ T
by the rainfall test in the second year (1985) ¥ .|~ ox7
(Figure 27). 1t is likely that this behaviour 3 A .. 4
is due to the effects of preloading on the & %;_;._.; St B PR S8 Ao o o B i s a0

backfill and pretensioning of the —  o[2=
reinforcement applied associated with the
previous relatively large wall deformation.
This result indicates that by effects of
preloading by external loading, heavy e s R A EPRCLS
rainfall, seismic. load and so on, only small 15 _{,“,-»-hn»\ DY12.
creep deformation may take place under e R
ordinary static load conditions for ‘the CROSS-SEGTION 2 ox1s
subsequent periods.  Typical creep test A
results that support this inference are
presented in Figure 28. The specimen was Bxg T
cylindrical with a periphery length of 30 cm 0

DISPLACEMENT (cm)
lcﬂ

D T T TR L PO S

Ly

DAILY RAIN FALL (cm)
o

and a length of 8 cm of a 100 % ' et
polypropylene spun-bond (needle-punched) 100 ' : 192mm
non-woven geotextile with a mass per unit ' . 1
area of 400 g/m’, as used for Chiba No. 1

embankment (see Figure 3 of Tatsuoka and '

Yamauchi 1986). The test results obtained

by this testing method are similar to those J l l

obtained under plane strain conditions, which 11J‘ 1,; ! , ‘21 % b 'l‘l“ rame e“lL‘ ;‘ o

arc  operational  conditions in  the 1886 1986 {(MONTH)
embankment (Yamauchi, 1986). The 0Y3 DY4 DY DY11 UY12 DY13
ultimate tensile rupture strength was about 3 0 oxul Jonis 8
tonf/m. A constant tensilc load was applicd - =l - -

to the specimen stepwise in the sequence of /= (m) =

50 kgf, 100 kgf, 150 kgf, 200 kgf, 250 kgf pRa—— 42__??\:;??‘.‘5
and 300 kgf, and then 250 kgf, 200 kgf, 150 - .

kef and finally 75 kgf. It may be scen that comepnng | vUicanic a3n uiay

creep deformation did not occur in the creep ronHeen geatee

tests after the load level was decreased from  Figure 27. Long-term time histories of deformation and
the  maximum load; cven delayed daily rainfall after the artificial rainfall test until its
contraction took place (i.c., the behaviour demolishing, Chiba No. 2 embankment.
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opposite to tensile creep deformation, known as creep recovery). Similar test results are reported in
Yamauchi (1986).
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Figure-28. Typical results from a creep test of a non-woven geotextile; a) relationships between tensile
strain and log. of elapsed time in each creep test-stage; and b) relationships between tensile load and
tensile strain (the broken line is the result from a tension test at a constant axial strain rate of 100 %/min.)

(Yamauchi, 1986).
a) b)
1
- . 'F o ;4 1%
T F 4 e »
S °
[ 4
S0l J ' o Hed
& | - 1932 f c)
0 d o 9.11 amp——ad o
2 [ ¢2] ] Z g L i p
E ] 2 i 2.0 esd f
N R = ———— 7 Sesf ip2 P2
2 . & E‘ Ak f ra_ & 5 | p3 -1 i p- 4
9 sl Ai=pt-4f 5 9, -3 Pl
< ry - QO g~ = — . -
3 | d1.62 and 03 : displacements 4‘15‘ IS g i | [ ’ﬂ/"‘ — T
5 | ¢uing e perlog of J E A /-- z = 1
o artiliciat ralafal. o1 z e r F
5 < 'fF — W e —0—3-o-¢ 71
. I S : L ==
2 F et atiias i 8, ‘;._‘,58:--‘9' ,f,:” es
- .1 -
R s z 7 g¥ m:ucm’) My 2
. - ST ) E
F . i = = ;%o_n?_o’o,‘mo—-o—o——_-- 3
3r 23 y : wx =
5 L S?M 4 § § P %
40 *
; g Eaf wreA L | o
X = . D g
= < ié 2 “LOWER FILL ¥
T4 UPPTR FRLL ] ) ES o 6co S
-3 N LOWER FILL 4 3 3 ARTIICIAL NANFALLIACCUNULATED)—] 2
Ex, oot 3 g =27 NATURAL PARFALLIOARY] 1 3
;; ) ARTIFICIAL RAINFALL{ACCUMULATED)—] T e ARTIFICIAL RAINFALL - | ,,‘,w 5" l I,I ,I (] N S : H
4 -
== uatumaL nanEaLISDaLY) ] § - A : / 18202428 | 5 2118 Saun
E LI~ Y A N i / ( Y MANCH  APRIL MOV, DEC. 1008
« e — ° L N P Y
S/ 'ewumwt s 27189 30 - 5 3216702478 v 27 1 & o 13112 e
2/ MARCH  APRIL NOV, DEC, 1986 MARCH APHX. NOV. DEC. tans
g [}
aQ .

Figure 29. Time historics of; a) wall deformation, fill height and daily rainfall; and b) tensile strains in
thc rcinforcement; and c) carth pressure at the back of facing and pore water pressure in the backfill,
during and after construction, Kami-Onda embankment.

Kami-Onda embankment

The details of the post-construction bchaviour for about a half year of this embankment and the
behaviour during a heavy rainfall test was reported by Tatsuoka ct al. (1987). The lessons obtained from
the previous tests described above were reconfirmed by the results from this test, as follows:
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1) The effects of suction and positive pore water
pressure could be significant on the stability of
clay wall.  That is, the post-construction
behaviour (Figure 29) showed that the
deformation of the lower part of the wall having
a discrete panel facing during the rainfall test was
much larger than that induced by the weight of
the upper part of the wall. In addition, it can be
seen from the behaviour during the rainfall test
(Figure 30) that the deformation of the wall was
associated with the decrease in the suction and
the increase in the positive pore water pressure.
As seen from Figure 31, the geotextile tensile
strains are well correlated to the increase in the
pore water pressure.

2) When demolishing the embankment, cracks
were observed only in the unreinforced zone
(Figure 32). As a whole, despite large
deformation of the wall and the supporting
ground and the use of a so-called extensible
reinforcement (i.e., a non-woven geotextile), the
reinforced zone behaved like a monolith.

Chiba No.3 embankment

This embankment was constructed in October
1986 and demolished in October 1994, The
essential role of facing rigidity for wall stability was
reconfirmed by its bchaviour. That is, already
during construction, the back-side wall having a flat
wrapped-round face without gabions exhibited large
deformation, which was much larger than that of the
other two walls, having more rigid facing (sce
Figures 33 and 34). About a half yecar after
construction, a counter-weight fill was constructed
to restrain further large deformation of the backside
wall, which may damage scriously the other walls
(Figure 34b).  In the second and subscquent years
after construction, the deformation of the backside
wall still continued, while the deformation of the
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Figure 30. Time histories of; a) lateral
displacement at the wall face; and b) earth pressure,
porc water pressure, reinforcement tensile strains
and daily rainfall, during the artificial rainfall test,

Kami-Onda embankment.
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other two walls became very small. It may be seen from Figure 35 that the major increase in the tensile
strain in the reinforcement (i.e., a non-woven geotextile) occurred only in the first year after the wall
construction. The connection force at the back of facing was very large, indicating its importance for
wall stabilitv
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Figure 31. Correlation between pore water pressure and geotextile tensile strains during the
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Figure 32. Cross-section
exposed at demolishing, Kami
Onda embankment.
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Figure 33. Time historics of wall deformation, pore water pressure in the backfill and daily rainfall
in the threc walls immediately after its construction; and b) estimated deformation of the backside

wall, Chiba No. 3 embankment.
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Figure 34. Deformation of; a) right-hand and left-hand walls; and b) backside wall, Chiba No. 3

embankment.

The wall deformation was carefully observed at
demolishing in 1994 (Figure 36). It was found
that the major part of the backfill of the right-
hand and left-hand walls, having a discrete panel
facing and a gabions covered with a shotcrete
facing, respectively, remained essentially intact
with no cracks, despite that the backfill was
reinforced with a non-woven geotextile. The
cone penetration values ¢, measured when
demolishing the embankment (Figure 37a) were
similar to those measured during construction
(see Fig. 10 of Nakamura et al., 1988). On the
other hand, the g, values measured in the backfill
of the wrapped-around back-side wall were very
small in several zones (Figure 37b). This
reduction may be due to significant disturbances
caused by large deformation of the wall. The
water content measured when demolishing the
embankment (Figure 38) was similar to the
values measured during construction.

The major lessons obtained from this case are
as follows:

1) It was reconfirmed that
the deformations of flat
wrapped-around face
without gabions of clay
wall starts from the wall
face and the deformation
would become too large.
So this type wall cannot B
be used as important *:
permanent structures. {

2) Even nearly saturated
clay such as Kanto loam
can be wused as the
backfill when reinforced
with a proper
reinforcement having a
proper drainage function

N
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Figure 35.  Distributions of tensile strains. in
reinforcement layers in the wall having a discrete
panel facing, Chiba No. 3 embankment.

Figure 36. Cross-section including the right-hand and left-hand walls,
exposed at demolishing, Chiba No.3 embankment.



and a tensile rigidity
and a proper rigid A & (kgt/em’y
facing is used. =
3) Facing of relatively
small discrete panels, as
used for the right-hand
wall, is not rigid enough,
but the use of larger
panels may be better.
It was also found that it
is very difficult to
compact soil
immediately behind
such a panel without
displacing outwards the

panel. For this reason, it was very

difficult to achieve a good wall face
alignment. This problem has been |
appreciated also with Terre Armee Hl, Leed
walls, using a discrete panel facing : {8 /TR (without gabions)
(Tatsuoka et al., 1994). | AN
4) The left-hand wall was constructed |
by a staged construction method, |
similar to that described in Figure 2. 4 |
|

~=po

counter weight fill

That is, a full-height wall was first
constructed by a help of gabions
placed the shoulder of each soil layer.
After the deformation of the wall and Figure 37. Cone penetration resistance q. measured at
the supporting ground became small ~demolishing, Chiba No.3 embankment.

enough, a shotcrete layer with a

thickness of about 8 cm was cast-in-place on the wrapped-around wall face. The construction
efficiency with this facing type was found much better than that with discrete panel facing. It was
found, however, that this about 8 cm-thick shotcrete layer was not rigid enough to keep the wall face
deformation to a very small value. Moreover, shotcrete facing may not be aesthetically acceptable in
many features, in particular when
constructed in urban areas.

P e =
/= S gl
Based on the experiences described oS water content (%)
above, the following studies were e 1§ @93
performed subsequently, g T
1) a series of laboratory model tests to cmm——e-
examine the effects of facing rigidity on inaka

the decformability and stability of “C@0Y ®103

geotextile-reinforced soils rctaining wall e eeee
under static loading conditions (Tatsuoka

et al., 1988) and under dynamic loading  Figyre 38. Watcr contents at demolishing in the right-

conditions (Murata ct al., 1988); hand and left-hand walls, Chiba No.3 cmbankment.
2) two full-scale modcl tests on prototype

walls (i.e., JR Nos. 1 and 2 tcsts cmbankments), considering the usc of this type of GRS-RW as actual
permanent important railway structures; and

3) the development of the design method for this type of GRS-RWs having a full-hcight rigid facing
(Horii et al., 1994).

JR Nos. 1 and 2 embankments
The JR Nos. 1 and 2 embankments, with sand and clay backfill, were constructed by the staged
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construction method
(Figure 2). In place of
a shotcrete layer, an
unreinforced  concrete
facing, with a thickness
-~ of 55 cm at the base and
30 cm at the top, was
cast-in-place on the
wrapped-around - wall
face (with gabions) so
that the facing became
more rigid and the
finished wall face
became aesthetically
more acceptable. The

gabions were
crushed gravel, in
place of Kanto loam.
The long-term

SECTION ©- f SECTIONG h

CJ: CONSTRUCTION JOINT
SEGMENT ¢ i SCALE OF DEFORMATION
SETTLEMENT OF FOOTING {¢m} | 69.4 | 68.3 | 29.8 it
FOOTING PRESSURE (tont/m’) | 57.5 | 50.0| 37.5 10¢cm

fille'd Figure 39. Deformation by loading of three cross-sections of JR No. 1
embankment.

behaviours of the walls for about two years after construction until loading tests, revealed the followings

(Tatsuoka et al., 1992):

a) The test wall segment ~ of JR No.1 sand embankment,
having a discrete panel facing, exhibited deformation
that was much larger than that of the other walls

(Figure 14b).

b) For the other two test wall segments, having a full-
height rigid facing, the outward displacement of the
wall face was practically a nil, and the settlement at

the crest was also very small (Figures 10 and 14).

The following lessons were obtained from the results
of the loading tests (Tatsuoka et al., 1990, 1992, Murata

et al, 1991, 1992):

1) The test wall segment A, having a discrete panel

facing, was most deformable and weakest among the
three test segments of No. 1 embankments that were
loaded at the crest (Figure 39), showing that this
type of discrete panel facing cannot be used for
permanent important structures.

2) Having the same type of full-height rigid facing, the
grid reinforcement for segment f was shorter than
that of segment d (1.5 m vs. 2.0 m). The cffect of
reinforcement length was found noticeable. A FEM
analysis (Ling ct al., 1995) showcd that the three
reinforcement layers placed over the embankment
width contributed only partly to the stability of the
wall.  Undoubtedly, thc stability of GRS-RW
incrcascs  with the increasc in the lcngth of
rcinforcement.

3) When reconstructing a gentle slope of cxisting
cmbankment to a vertical wall so as to widen the crest,
the use of long reinforcement may require a large
cxcavation into the slope, which may not be cost-
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effective and also may unstabilize the slope
(Figure 3b). On the other hand, the use of
short reinforcement may eliminate or minimise
excavation into an existing slope during
reconstruction. In this test program, it was
examined whether sufficiently stable GRS-
RWs can be constructed using very short
reinforcement. The wall segment f, with
reinforcement having a length of only 1.5 m,
was stable enough against ordinary design
loads. Based on this fact and associated
numerical simulation of the test result, the
current design method specifies that the
minimum allowable reinforcement length is
equal to the smaller value of 1.5 m and 35 % of
the wall height, on the premise that the wall
stability is ensured by proper stability analysis,
as described in Murata et al. (1992) and Horii et
al. (1994).

-4) The yielding of the test wall segments f and d
upon vertical loading on the crest is described
in Figure 40, which was controlled by the
failure at the construction joint in the
unreinforced facing, as shown in Figure 39.
Apparently, the walls would have been stronger
if the construction joints had been reinforced
with steel reinforcement. Based on this
experience, the facing used for prototype GRS-
RWs. is lightly steel-reinforced so that it can
withstand the design earth pressure, which is
equal to the active earth pressure when the
backfill soil is not reinforced.

5) The unreinforced concrete
facing of the test wall

Footing settlement =50.2cm
Footing average pressure =31.83tf/m’
(excluding the footing welght)

Scale for
displacement

0
Tioce

Clay fill—back loading

Footing settlement =67.5cm
Footing average pressure =53 06tf/m’
(excluding the footing weight}

Scale for
displacement

Do

Clay fill—front loading

Figure 41. Deformation by loading of three cross-
sections of JR No. 2 embankment.

Average footing presswre (tf/m’)

segment of JR No. 2 clay
embankment was made
stiffer and stronger by
attaching a pair of H-shaped
steel beam as a stiffener on
the wall face before the
loading test. The clay
backfill of the test segment
was reinforced with a
composite geotextile. A
footing, which was 2 m wide
and 3 m long (in the
direction orthogonal to the
plane of this page), was used
for back loading (Figure
41a), while another one,
which was 1 m wide and 3
m long, was used for front
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Figure 42. Relationships between footing pressure and outward
horizontal displacement at the mid-height of facing by back-loading

loading  (Figure  41b). and front loading of JR No. 2 embankment, compared with that of
Under nearly or fully wall segment d of JR No. 1 embankment (denoted by the letter A).
drained conditions, the
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bearing capacity in terms of the

maximum  footing  pressure rigid facing discrete panel facing
decreases with the decrease in )

the footing width. Despite this 1&

factor and the fact that the 1 m- A '

wide footing was located much e

closer to the wall face, the . 3
bearing capacity in terms of
footing pressure was larger in
the front loading test (Figure
42). It is likely that the effects
of reinforcing the backfill zone
immediately below he footing

wall height =5 m

using a composite geotextile a)
overwhelmed the effects of the f

above two factors. In addition,

the deformation of the clay wall o

(JR No. 2) at a average footing

pressure of, say, 20 tonf/m?, was

only slightly larger than that of

the sand wall (JR No. 1). An

important lesson is, therefore, that a

properly designed and constructed

GRS-RW using a nearly saturated clay

backfill can be constructed as an

important permanent structure that

supports large concentrated load on the b)

crest.

6) After the loading test, the backfill of
the wall segment h, having a discrete
panel facing, of JR No. 1 embankment
was excavated to investigate into the
failure mode (Figure 43a). In this
figure, white circles denote the places
where shear bands were identified.
As seen from this figure, two failure
planes (or shear bands) developed from the toe and heel of the footing. Figure 43b shows the details
around the second circle from the crest along the failure plane extending at the back face of the
reinforced zone. The failure plane starting from the footing toe did not penetrat into the reinforced
zone, but developed downward vertically along the back face of the reinforced zone. Near the wall
bottom, the two failure planes joined into a single failure plane, which developed towards the wall face,
penetrating the reinforced zone. This failure mode indicates how difficult a failure plane develops in
a reinforced zone even when the reinforcement is a so-called extensible one. It was also noted that
this failure mode is very similar to the one that had been observed in the corresponding small model
tests at a scale of one tenth (see the failure modes of the models Types B and B' shown in Fig. 9 of
Tatsuoka et al., 1988). These observations validate the two-wedge failure mechanism that is assumed
in the current design method employed for GRS-RWs (Horii et al., 1994).

7) The section c-c of JR No.2 clay embankment was also excavated after the loading tests (Figure 44).
It may be seen that in the front loading test, the gabions functioned as a buffer for the relative
settlement between the rigid facing and the backfill soil, preventing serious damage to the connection
between the facing and the reinforcement. Further, any clear failure plane was not observed in the
reinforced zone subjected to vertical loading at the crest. This is another result showing how difficult
a shear band (or failure plane) develops in a reinforced soil.

Figure 43. Shear zone observed in segment s having a
discrete panel facing of JR No. 1 embankment.

The stability of the failed walls of JR Nos. 2 and 3 embankments was analysed by the limit equilibrium
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a)

Figure 44. Cross-section of section c-c
after loading test, JR No. 2 embankment.

b)

v

-a} unreinforced b) wrapped-around GRS-RW

Figure 45. Failure and deformation of test walls at Nagano; a) unreinforced wall; b) wrapped-around
reinforced wall (without gabions); and c) GRS-RW having a full height rigid facing.

-

method, taking into account the effects of facing rigidity (Murata et al., 1992). The deformation of JR
No. 2 clay embankment was analysed by FEM analysis (Ling et al., 1995). The results from these
studies contributed to the decision of adopting this type of GRS-RWs as important permanent
structures for railways (see Figure 4). .
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Nagano Test Embankment

Figure 45 shows; a) the failure of the unreinforced clay wall; b) large deformation of the wrapped-
around reinforced clay wall (without gabions); and c) the deformation (actually no observable
deformation) of the GRS-RW. Large deformation of the unreinforced and wrapped-around clay walls
started immediately after the removal of a support of EPS piece (see Figure 11b). Without having
received any heavy rainfall, the walls exhibited deformation continuously for a subsequent period of 20
days. The failure of the unreinforced clay started form ripping off of small soil pieces from the wall face,
which triggered the failure of the overlying soil mass. The failure in the similar manner continued
progressively towards deeper places of the wall. Large outward deformation of the wrapped-around
reinforced wall started at the wall face of the top three layers, which was followed by the deformation of
the lower part caused by a local compressive failure of soil at the wall face. In fact, the stability at the
wall face of the wrapped-around wall was found not much better than that of the unreinforced wall. The
results showed again that the weakest part of wrapped-around clay wall is facing (in particular when the
wall face is flat not using gabions).

TYPICAL RECENT CASE HISOTRY OF GRS-RW

Based on the lessons obtained from a series of full-scale failure tests described above and results from a
comprehensive series of laboratory model tests and numerical analysis, the staged construction procedure
of GRS-RW having a full-height rigid wall (Figure 2) was developed. Tatsuoka et al. (1997a) reported a
number of case histories of GRS-RWs that had been constructed by the staged construction procedure
(Figure 2) as important permanent structures for railways and highways. The sites of these projects are
numbered up to around 100 in the chronological order in Figure 4. Figure 46 shows one of the latest
typical projects, located close to Shinjuku station in Tokyo, which is the busiest station in Japan. The
project is the reconstruction of a very old bridge for Chuo Line and an associated relocation of two
railway tracks for Yamanote Line, as shown in Figure 46a. Figure 46b shows three typical cross-
sections. As Chuo and Yamanote Lines are the busiest and most important rapid transits in Japan, this.
project has been considered as one of the most critical and challenging geosynthetics engineering case
projects. The project started five years ago and completed in the beginning of this year (2000).

It was decided to adopt GRS-RWs having a full-height rigid facing for this project because of the
following advantages over the conventional retaining wall types:

1) The subsoil consists of several lightly cemented volcanic ash clay layers (locally called Kanto loam),
which deposited at different epochs during the Pleistocene period, underlain by an older dense gravel
deposit (Figure 46c). The surface Kanto loam layer can support a two or three story wooden
residential house without using a pile foundation, and it is also a usual practice that embankment of
about 5 m high is constructed directly on this soil deposit without any serious problem of excessive
settlement. In comparison, conventional cantilever RC soil retaining walls, if constructed at this site,
should be supported by a pile foundation that is longer than 15 m, reaching to the Pleistocene gravel
layer (see Figure 46c). On the other hand, reinforced backfill can be constructed without using a pile
foundation. In fact, the GRS-RWs were constructed without using a pile foundation, exhibiting only
a small ground settlement.

2) Due to a very severe space restriction at the site, large construction plants cannot be used. The
construction of GRS-RWs needs only small construction plants.

3) The GRS-RWs becomes stable and stiff enough after a full-height rigid facing is cast-in-place.

4) The GRS-RWs are therefore much more cost-effective than conventional type soil retaining walls.

In this project, as shown in Figure 46b, the existing railway embankment was fist excavated after it
had been reinforced by; a) pre-propping by using vertical sheet piles; and b) nailing using large diameter
(about 40 cm) in-situ cement-mixed columns with central reinforcement of fibre-reinforced plastic (FRP).
The nail is denoted as Radish Anchor in Figure 46b (Tateyama et al., 1992 and Tatsuoka, 1993). GRS-
RWs were then constructed in front of the nailed walls. Figure 46d shows the details of the GRS-RW,
Figures 46e and f show views during construction, and Figure 46g shows views of the completed GRS-
RWs.
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Figure 46 (continued). d) details of GRS-RW and ¢) a view during wall construction; f) a view during
finishing the wall; and g) views of completed GRS-RW.

CONCLUDING REMARKS

Among those learned from the failure of a series of full-scale test walls described in this report, the
following lessons are important:

1. Wrapped-around walls are generally too deformable, particularly when the wall facgis finished flat
without using gabions. Therefore, this type of reinforced soil retaining walls may‘not be used as
-important permanent structures that allow a limited amount of wall deformation. As discussed in 5
detail by Tatsuoka (1993), a rigid facing, in particular a full-height continuous rigid facing, to which
reinforcements are fixed helps in substantially increasing the stability of wall and in decreasing the
deformation of wall.

2. The construction of sufficiently stable and rigid clay walls as important permanent structures is quite
feasible by reinforcing the backfill with a proper composite geotextile having sufficiently high
drainage function and tensile rigidity and using a full-height rigid facing. In the design of GRS-RWs
having clay backfill, due consideration of drainage and consolidation of clay soil layers between
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geosynthetic reinforcement layers is essential (e.g., Giroud, 1983).

3. For the last decade in Japan, a large number of prototype GRS-RWs, with a total wall length being
about 35 km, have been constructed by the staged construction procedure shown in Figure 2. It is
significant that so far any problematic case has been reported.
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